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ABSTRACT OF THE DISSERTATION

Molecular Mechanism that Leads to Development of Epilepsy
by a Sodium Channel Mutation
By
Eric Velazquez
Doctor of Philosophy in Biomedical Sciences
University of California, Irvine, 2014

Professor Alan L. Goldin, Chair

The number of mutations in the voltage-gated sodium channel Navl.1,
encoded by SCN1A, that have been associated with genetic epilepsy is
extremely high compared to the other sodium channel genes. The crucial
function of the voltage-gated sodium channels in the central nervous system
(CNS) is to regulate the influx of sodium or sodium current into the neurons.
Sodium currents are required for the generation and propagation of action
potentials. Subsequently the action potentials cause the release of
neurotransmitters that allow the communication and synchronization among
neurons in a circuit. Most of the previous mouse models of Scnla sodium
channel mutations result in loss-of-function of sodium currents and decrease of
excitability of interneurons. In this study, | investigate the mechanism by which a

novel SCN1A mutation, D1886Y, causes epilepsy in a mouse model. Chapter 1



examines the activation, inactivation and dynamics of sodium currents in
parvalbumin-expressing (PV+) interneurons from the hippocampus. The Sncla-
D1866Y mutation in these neurons resulted in gain-of-function of sodium current.
Chapter 2 investigates how the Sncla-D1866Y mutation affects the excitability of
excitatory and inhibitory neurons to generate action potentials. In PV+
interneurons, the mutation reduced the excitability to fire action potentials. A
reduction in action potential firing was also detected in pyramidal neurons, but to
a lesser degree. Chapter 3 examines the seizure susceptibility in vivo and in the
hippocampal circuit of mice expressing the Sncla-D1866Y mutation. Our findings
suggest the existence of different molecular mechanisms for how Scnla
mutations cause epilepsy. ldentification of the molecular mechanisms that lead to

epilepsy is crucial for the development of new anti-epileptic drugs.
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INTRODUCTION

Epilepsy is a disease that has been described thousands of years ago
since the first human civilizations (Wolf, 2010), and is one of the most common
neurological disorders. It affects about 1% of the global population (Tuchman,
Hirtz, & Mamounas, 2013) and over 3 million Americans of all ages — more than
multiple sclerosis, cerebral palsy, muscular dystrophy, and Parkinson’s disease
combined. In the United States, almost 500 new cases of epilepsy are diagnosed
every day, and it is estimated that up to 50,000 deaths occur annually associated
with epilepsy (WHO, 2009). Most recent estimations predict that in United States,
1 in 26 people will develop epilepsy during some point in their life (CURE, 2013),
and about 5-10% of all people will have an unprovoked seizure (Pallin et al.,

2008).

Although it has been known for centuries that epilepsy results from
dysfunction of the brain, we still don’t have a cure or a complete understanding of
the pathology, despite the advance of scientific tools that has helped to
understand the function of both normal and epileptic brain. We know that
seizures arise from abnormal electrical activity of neural networks (Berg et al.,
2010). Some of the factors that have made it difficult to find a cure or better
treatments are “intrinsic” to the nature of epilepsy. First, epilepsy affects the most
complex organ in vertebrates, the brain. The brain contains tens of billions

neurons, with great heterogeneity such that each neuron may contact tens of



thousands of other neurons (Silvestri, Sacconi, & Pavone, 2013). All this by itself
could make a single human brain more complex than all the computer, routers
and internet combined together. The intricacy is so vast that Nobel laureate
physics and mathematician Sir Roger Penrose considered the brain as the most
complex structure in the universe (Krulwich, 2012). If we consider this complexity
in conjunction with the plasticity, dynamics and different patterns in the brain, it is
not surprising how daunting it is to understand the brain. Second, epilepsy is not
one but a group of neurological disorders that affect the brain, with the majority of
the epileptic disorders being precipitated by multiple genetic, acquired and
precipitating factors (Bladin, 2011; Lennox, 1947). This means that there are
multiple phenotypes and multiple ways to produce seizures, with complex gene
interactions and modifiers (epistatic) with the internal or external environment
(epigenetic) taking place (Kim et al., 2011; Roopra, Dingledine, & Hsieh, 2012).
This complexity makes it very difficult to determine the cause of epilepsy. For
example, two patients with similar phenotype may have different neural circuits
affected, with different mechanisms of seizure generation. Therefore, their
prognosis and treatment could be very different despite the same set of

symptoms (Wilmshurst, Berg, Lagae, Newton, & Cross, 2014).

Several of the factors that lead to the development of epilepsy include
stroke, head trauma, brain tumors, and genetic mutations. The most common
type of epilepsy comprising 40% of cases is considered idiopathic, meaning that

the cause is unknown (Steinlein, 2002). It is likely that most of these idiopathic



epilepsies are due to genetic mutations (Hirose, Mitsudome, Okada, & Kaneko,
2005). Therefore, genetics is believed to be the main driving force, directly or
indirectly, responsible for epilepsy. Mutations in some genes result in alterations
of brain structure and development that lead to seizures (Guerrini & Dobyns,
2014), but the majority of the genes identified so far that are involved in seizure
generation contribute in some way to the excitability or conductance of neurons.
These genes can encode for neurotransmitter receptors, ion channels, or
enzymes that affect either the production, release or removal of the

neurotransmitters and channels (Calhoun & Isom, 2014).

Genetic Epilepsy with Febrile Seizures plus (GEFS+) is a genetic epileptic
disorder that has an autosomal dominant pattern of inheritance (Scheffer &
Berkovic, 1997). Individuals affected with GEFS+ can experience febrile seizure
before age of six, and beyond this age they often experience afebrile seizures of
many different types. Mutations in five genes have been shown to cause GEFS+,
although mutations in SCN1A (Nav1.1) are the major cause of GEFS+ and other
related epileptic disorders (L. R. F. Claes et al., 2009; Lossin, 2009). All of the
genes that have been identified as causing GEFS+ are related to inhibition. The
first two genes are GABRG2 and GABRD that encode the gamma2 and delta
subunits of the GABAa receptor (Baulac et al., 2001; Harkin et al., 2002; Wallace
et al., 2001). The other 3 genes encode different subunits of the voltage-gated
sodium channel (VGSC). VGSC are composed of one core a subunit and two

modulatory or accessory 3 subunits. 3 subunits do not form the sodium channel



by themselves, but they modulate localization, cell surface expression and
electrophysiological properties of the a subunit of VGSCs (Calhoun & Isom,
2014). Although there are 4 isoforms of the 8 subunits (31-f4) that are expressed
in the CNS of mammals, only mutations in the 31 subunit (SCN1B) have been
associated with GEFS+. Na,1.1 (SCN1A) and Na,1.2 (SCN2A) are two of a
subunit VGSC isoforms that are expressed in the adult central nervous system in
mammals and that have been associated with GEFS+. Approximately 20
mutations in SCN2A have been associated with mild epileptic disorders including
GEFS+, while over 800 mutations of SCN1A have been associated with epileptic
disorders. Over 70% of SCN1A mutations cause Dravet syndrome (formally
known as Severe Myoclonic Epilepsy of Infancy), a more severe epileptic
disorder than GEFS+ (Catterall, 2014; Singh et al., 2001). About 29 missense
mutations cause GEFS+, making SCN1A mutations the major cause of this

syndrome.

The function of the VGSC is to initiate and propagate action potentials, by
controlling the sodium influx. These pore-forming a subunits isoforms have about
80% homology and they therefore share the same structure (Catterall, 2000).
Each isoform contains four homologous domains, where each domain has six
transmembrane segments, as well as intracellular N and C domains (Catterall,
1993). The VGSCs are in a closed state when the membrane potential is at
resting. When the membrane potential of a cell is raised above the resting

potential, this change is sensed by the VGSCs, causing a conformational change



from closed to open that allows sodium ions to flow from the outside to inside of
the cell (Hille, 2001). The influx of sodium causes further depolarization of the
cell, causing more VGSCs to activate into the open state. After a few
milliseconds, the positive membrane potential due to the sodium influx causes
another conformational change of the VGSC from open to inactive that blocks the
flow of Na*. As VGSCs inactivate, potassium channels open, allowing the flow of
potassium ions from the inside to the outside of the cell to repolarize the
membrane potential. Once the resting potential is reestablished, the VGSCs go
through another conformational change from the inactivated to the closed state,
which is necessary for the VGSCs to fire another action potential (Armstrong &
Hille, 1998). Therefore, the properties of the open, closed and inactive states and
the transition kinetics from one state to another help to determine the shape and
frequency of the action potentials. Thus, if a mutation causes changes in the
properties of any of the VGSC states and/or kinetics, these changes are likely to
affect the firing of action potentials. Erratic firing of action potentials disturbs the
delicate excitatory and inhibitory balance in the CNS and can lead to an epileptic

phenotype.

Since the identification of the first mutation associated with GEFS+,
researchers have being trying to determine the molecular mechanisms that lead
to epilepsy. The first approach that was used was to study the properties of the
mutant channels and anti-epileptic drugs (AEDs) in heterologous expression

systems such as Xenopus oocytes (Tomaselli, Marban, & Yellen, 1989). In these



experiments, cDNA of the sodium channel subunit containing mutations that
cause epilepsy were injected into the oocytes (Spampanato, Escayg, Meisler, &
Goldin, 2001; Wallace et al., 1998). An alternative system was to express the
mutant channels either transiently or stably in mammalian cell lines such as
human embryonic kidney (HEK) cells (Alekov, Rahman, Mitrovic, Lehmann-Horn,
& Lerche, 2000; Lossin, Wang, Rhodes, Vanoye, & George, 2002). Because of
the relatively easy expression of mutant sodium channels in these systems, the
heterologous systems have been very important for the characterization,
development and screening of AEDs. Unfortunately, these systems do not model
all the physiological aspects of the disease, for two reasons. First, a single
mutation of Scnla has been shown to have different effects among different
expression system (Escayg & Goldin, 2010). Therefore, the results using
heterologous systems may not reflect the real physiological effects of the
mutations (Mantegazza, 2011). Second, the heterologous systems cannot
replicate some of the basic characteristic of a neuron, which are the generation
of action potentials, formation of circuits and seizures (Mantegazza, Rusconi,

Scalmani, Avanzini, & Franceschetti, 2010).

More recently, genetically modified mice have been used to more
accurately model epileptic human diseases (Noebels, 2001). Introduction of gene
deletions or specific single point mutations makes it possible to use the mice to

characterize the effects of the mutations at the molecular, tissue or organ, and in



vivo behavior level. Several models of GEFS+ and Dravet Syndrome (DS) had

been produced in the last decade using mice.

About half of the mutations in SCN1A that result in DS encode for
nonsense or frameshift mutations (Marini et al., 2007). These types of mutations
result in non-functional Na,1.1 sodium channels or haploinsufficiency (Bechi et
al., 2012; Meisler & Kearney, 2005). Therefore, most of the mouse models with
alterations in Scnla have been exon removal or nonsense mutations, which
eliminate expression of the sodium channel (Mistry et al., 2014; Ogiwara et al.,
2007; Yu et al., 2006). The reduced expression of Scnla in all these mouse
models appears to affect only the sodium current of the interneurons at the age
at which symptoms become apparent. The reduction of sodium current density
consequently leads to a reduction in the excitability of the affected interneurons.
Because interneurons are GABAergic, they cause inhibition of the neurons
receiving their input (Babb, Pretorius, Kupfer, & Brown, 1988; Wallingford,
Ostdahl, Zarzecki, Kaufman, & Somjen, 1973). These results have led to the
current hypothesis concerning the mechanism of DS, which is that it results from
loss of inhibition. This model of loss of inhibition was also supported by results
with the Scnla-R1648H mutation that causes GEFS+ (Martin et al., 2010). The
Scnla-R1648H mutation neutralizes one of the positively charged argentines
located in the voltage-sensing transmembrane segment of the sodium channel.

The R1648H mutation caused a reduction in the sodium current density in



inhibitory neurons (Martin et al., 2010; Tang et al., 2009), similar to the results for

the DS mutations.

An important question is whether all mutations in SCN1A that are
associated with GEFS+, DS or other related epileptic disorders cause seizures
by the same pathological mechanism. Although there has been an expansion in
the number of antiepileptic drugs (AEDs) in recent years, the percentage of
epileptic patients with good seizure control has not improved. Seizures cannot be
completely controlled in about 30% of epileptic patients, a percentage that has
not changed over the past decades (Kwan & Brodie, 2000; Laxer et al., 2014).
This lack of success in seizure control suggests that there are other molecular
mechanisms responsible for causing seizures, and these mechanisms are not
blocked by current AEDs. Uncontrolled seizures from refractory epilepsy are
known to increase the risk of death (Sillanpaa 2010). Patients with epilepsy also
suffer from a variety of other disorders and comorbidities (Helmstaedter et al.,

2014), which contribute to a poor quality of life.

One of the mutations in SCN1A that causes GEFS+ is D1866Y
(Spampanato et al., 2004). The D1866Y mutation is found in different domain
from the GEFS+ mutations of the sodium channel that have been previously
studied. This mutation is located in the C terminus of the VGSC, specifically in
what is predicted to be an EF-hand domain (Chagot, Potet, Balser, & Chazin,

2009; Wingo et al., 2004) . Including D1866Y, there are 3 additional mutations in



the small EF-hand domain of SCN1A have been identified as causing GEFS+
(Annesi et al., 2003; Hindocha et al., 2009; Nagao et al., 2005), making this
domain one of the most common sites of GEFS+ mutations. Mutations in the
same domain in Na,1.5 (SCN5A), the main cardiac VGSC isoform, have been
associated with Long-QT syndrome (LQTS) and Brugada syndrome (Zimmer &

Surber, 2009).

In this study, we investigated the mechanism of how the D1866Y mutation
causes GEFS+. First, we determined the changes in the gating properties of the
sodium channel due to the mutation. To accomplish this aim, we isolated and
recorded sodium currents from dissociated interneurons in the hippocampus that
express parvalbumin. We selected these neurons because they have been
shown to express high levels of Scnla (Ogiwara et al., 2007). Second, we
determined the alterations of neuronal excitability resulting from the mutation. To
accomplish this objective, we measured the ability of the same hippocampal
interneurons and excitatory neurons to fire action potentials in brain slices. Third,
we determined the effect of the mutation on the susceptibility for seizures. To
accomplish this aim, we measured susceptibility to induced convulsions in vivo

and the seizure-like activity in the hippocampal network in brain slices.



CHAPTER 1

Epileptic Scn1a-D1866Y Mutation Increases Sodium Current in

Interneurons

Abstract

The D1866Y mutation in the SCN1A sodium channel gene is one of
hundreds of mutations in the channel that can result in an epilepsy syndrome.
Several heterologous expression systems have been used to determine the
functional effects on the sodium currents of some of these mutations. However,
conflicting results between those system and mammalian neurons from mouse
models suggest that findings in heterologous systems may not reflect the results
in vivo. To determine the physiological effects of one of these mutations
(D1866Y), we analyzed the gating properties of the mutant sodium channels in
parvalbumin-expressing interneurons from the hippocampus of knock-in mice.
This population of neurons was selected because they have been shown to
endogenously express high amounts of the Scnla sodium channel. The sodium
current density was unaffected by the expression of the Scnla-D1866Y,
suggesting that there is no trafficking defect due to the mutation. The Scnla-
D1866Y shifted the voltage-dependence of activation to depolarized voltages,
consistent with a loss-of-function due the mutation. There was no effect on the

voltage-dependence of inactivation. However, we observed acceleration in

10



recovery from inactivation, reduced use-dependent inactivation and the slower
kinetics of inactivation, all of which are consistent with increased sodium channel
activity. These findings suggest that the Scn1a-D1866Y mutation results in a net

gain-of-function of the sodium channel.

11



Introduction

Mutations in SCN1A can be associated with several genetic epileptic
disorders, one of them being Genetic Epilepsy with Febrile Seizures plus
(GEFS+). GEFS+ is considerate to be part of a spectrum of genetic epileptic
syndromes, including febrile seizures, severe myoclonic epilepsy, borderline
severe myoclonic epilepsy (SMEB), intractable childhood epilepsy with
generalized tonic-clonic seizures (ICEGTC) and Dravet Syndrome (DS), among
others (Parihar & Ganesh, 2013). A common characteristic among these epileptic
disorders is that they are inherited in an autosomal dominant fashion. Other
similarities among these disorders are the phenotypes and the ages of onset of
seizures, which occur during infancy. The phenotypic spectrum ranges from mild
seizure as in febrile seizures to severe seizures in patients with Dravet

Syndrome, with GEFS+ representing an intermediate phenotype.

The mutation D1866Y in SCN1A that causes GEFS+ is found in the
predicted EF-hand domain in the sodium channel C-terminus (Babitch &
Anthony, 1987; Chagot et al., 2009; Wingo et al., 2004). Although mutations in
SCNI1A that are associated with epilepsy are found throughout the whole sodium

channel gene (http://www.scn1a.info/ and

http://www.molgen.ua.ac.be/SCN1AMutations/Statistics/Mutations.cfm),

mutations in the C-terminus in other homologous sodium channels have been
associated with changes in sodium current properties that result in a wide range

of diseases. Analysis of the effects of the D1866Y mutation in Xenopus laevis

12



oocytes suggested that the mutation produces a change in the interactions with
the auxiliary subunit 1, encoded by Scnlb (Spampanato et al., 2004). The
consequences of this disrupted interaction were a depolarized shift in the
voltage-dependence of inactivation, accelerated recovery from inactivation,
increased persistent current and reduced use-dependent inactivation of the
sodium current (Spampanato et al.,, 2004). These results suggest that the

Scnla-D1866Y mutation results in a gain-of-function of the sodium channel.

Previous studies in our lab and others have characterized the effects on
the sodium current properties of a number of different mutations that also cause
GEFS+ and DS. Not surprisingly, different mutations in Scnla result in different
changes in gating properties, although there has not been any correlation
between the position of the mutation with the gating property modified or
phenotype. Many of these studies were done using Xenopus oocytes or HEK
cell heterologous expression systems (Escayg & Goldin, 2010). One of the most
studied GEFS+ mutations in SCN1A is R1648H, a mutation found in the
transmembrane segment that senses the membrane voltage (Escayg et al.,
2000). First, the effects of the Scnla-R1648H mutation were studied in Xenopus
oocytes, in which the mutation resulted in gain-of-function of sodium channels
due to acceleration of recovery from inactivation and reduced use-dependent
inactivation of the sodium current (Spampanato et al., 2001). Scnla-R1648H
expressed in HEK cells also resulted in gain-of-function changes, although by a

different mechanism involving increased persistent current (Lossin et al., 2002).

13



When the Scnla-R1648H mutation was studied in a knock-in mouse model,
which is most likely a more relevant model to determine physiological effects, the
mutation resulted in reduced current density, increased use-dependent
inactivation and slower recovery from inactivation in dissociated bipolar shaped
cortical interneurons, which are inhibitory (Martin et al., 2010). The Scnla-
R1648H mutation’s effects on dissociated cortical pyramidal neurons, which are
excitatory, were minimal. These results suggest that the Scnla-R1648H mutation
results in loss-of-function of the sodium channel in inhibitory neurons, which

would lead to decreased inhibition (Martin et al., 2010).

Taking into consideration all of these contradictory findings about the
effects of the Scnla-R1648H mutation in different expression systems, it appears
that each expression system modified the effects of the mutation in different
ways (Escayg & Goldin, 2010). This is not surprising because each system is
likely to have different protein interactions, post translational modifications and
other regulatory factors in the cell environment (Mantegazza et al., 2010).
Therefore, to more accurately determine the effects of the D1866Y mutation in
vivo, we examined sodium currents in a specific population of interneurons from
knock-in mice. It is important to examine a specific neuronal subpopulation
because of the heterogeneity of neurons in the hippocampus (Klausberger &
Somogyi, 2008). Parvalbumin-expressing (PV+) inhibitory interneurons express a

high level of Scnla (Ogiwara et al., 2007), making them an excellent neuronal

14



target to detect changes of sodium current properties resulting from the D1866Y

mutation.

Based on observations made in neurons from diverse mouse models of
mutations in Scnla, the mutations have a significant effect only on the properties
of inhibitory interneurons at early ages (Martin et al., 2010; Mistry et al., 2014;
Ogiwara et al., 2007; Yu et al., 2006). The goal of this research is to determine
how the Scnla-D1866Y mutation alters the function of the Scnla sodium
channel, for which it is crucial to analyze the sodium current properties in the
native neuronal environment in which the sodium channel is expressed.
Therefore, we isolated sodium currents from PV+ interneurons of the

hippocampus from infant-juvenile mice of age P16-P17.
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Materials and Methods

Animals

Generation of Scnla-D1866Y mice was performed by our collaborator, Dr.
Andrew Escayg in Emory University, Georgia, using homologous recombination.
Once mice were received at the University of California, Irvine, the Scnla-
D1866Y mice were backcrossed to C57BL/6 mice for at least 8 generations. The
G42 transgenic mice expressing enhanced green fluorescent protein (EGFP)
specifically in PV+ interneurons (Chattopadhyaya et al., 2004), which is on the
C57BL/6 genetic background, were crossed to the Scnla-D1866Y mice.

D1866Y/+)

Heterozygous mice for the Scnla-D1866Y mutation (Scnla were bred to

obtain mice homozygous for Scn1a-D1866Y (Scn1aP'8%¢/P18eeY

). Only one of the
breeders is hemizygous for the expression of EGFP. Mice were maintained at 22
°C on a 12-h light/dark cycle. Food and water were available ad libitum. All

experiments were performed in accordance with the Institutional Animal Care

and Use Committees of University of California, Irvine.

Genotyping

To detect the presence of the Scnl1a-D1866Y mutation, tail samples were taken
from mice between postnatal days 4 and 14 (P4-P14) and digested overnight at
60°C. DNA from tails samples was amplified by PCR using a specific Scnla
primer pair in which the forward primer is ACATGTACATTGCTGTCATCCTG and
the reverse primer is TTTCCCAACAGAAACCCTGC. PCR amplification was

performed with 1 cycle at 94°C for 4 min, 38 cycles at 94°C for 30 sec, 64°C for
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30 sec, 72°C for 1.5 min and 1 cycle at 72°C for 4 min. The 1163 base pairs (bp)
band was digested with the restriction enzyme BsrGl overnight at 37°C. DNA
fragments were resolved in 0.8% agarose gel. The wild-type band is 1163 bp and
the mutant bands are 904 bp and 259 bp. To detect the presence of expression
of EGFP on mice, we used goggles with light source and emission filters to
visualize EGFP (Model:FHS/LS-1B from BLS Ltd., Budapest, Hungry) in the
brains of mice between the ages P0-P4. After P4, the skin pigmentation and
thickness of mice makes it impossible to detect EGFP with the goggles. If EGFP
expression was not determined by P4, then EGFP expression was determined by
PCR analysis. Amplification of EGFP was done using same DNA extracted from
tail samples to determine the genotype of the D1866Y mutation. Primers
AAGTTCATCTGCACCACCG and TCCTTGAAGAAGATGGTGCG with 1 cycle at
94°C for 4 min, 35 cycles at 94°C for 30 sec, 62°C for 30 sec, 72°C for 1 min and
1 cycle at 72°C for 4 min produced a 173 bp band. Forward Primer
CTAGGCCACAGAATTGAAAGATCT and reverse primer
GTAGGTGGAAATTCTAGCATCATCC were also used with EGFP primers as

DNA positive control that produces a 324 bp band.

Preparation of dissociated cells
Dissociated cells were acquired using a slightly modified method previously
described by Li et al. (L, Massengill, O'Dowd, & Smith, 1997)

(http://www.jove.com/video/562/preparation-of-dissociated-mouse-cortical-

neuron-cultures). Briefly, EGFP-positive male mice between P16-P17 were
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anesthetized with halothane and decapitated. The brains were removed and put
quickly on oxygenated ice-cold dissociation solution and horizontally sliced with a
vibrotome (300 microns) while oxygenating with 95% O, and 5% CO,. Using a
bright field microscope and capillary glass, the hippocampus was identified,
removed from slices, minced and then digested for 30 min with a papain-
containing solution at 37°C. Enzyme digestion was halted by washing the
minced hippocampus once with ice-cold dissociation solution, 3 times with ice-
cold high concentration of BSA/Trypsin Inhibitor solution (HI) and then 2 times
with ice-cold low concentration BSA/Trypsin Inhibitor solution (LI). The minced
hippocampus was transferred to neurobasal medium supplemented with B27
solution, in which cells were mechanically dissociated using a fire polished
Pasteur pipette. Dissociated cells were plated on poly-L-Lysine (PDL)-coated
coverslips and cultured at 37°C in 5% CO,. After 1 hour, cells were fed with glial

conditioned media previously warmed to 37°C.

Electrophysiological recordings

Voltage-clamp recordings on dissociated cells were done at 23°C in the whole-
cell configuration within 2-36 hours after being plated to let them recover. This
time allowed the cells to re-grow some of the processes lost during the
dissociation while still limiting space clamp artifacts. Identification of parvalbumin-
EGFP positive cells was done visually using an inverted Axiovert A100
microscope. Sodium currents were isolated and recorded by transferring

coverslips with dissociated cells to bath (external) solution consisting (in mM):
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150 NaCl, 3 KCI, 15 TEA-CI, 4 BaCly, 0.1 CdCl, and 10 HEPES (pH 7.4). The
electrode solution consisted of (in mM): 190 N-methyl-D-glucamine, 1 NaCl, 4
MgClz, 0.1 BAPTA, 4 Na,-ATP, 1.6 phospocreatine-Na,, 0.2 GTP-TRIS and 30
HEPES (pH 7.4). Patch pipettes with a resistance of 4-7 MQ were pulled from
borosilicate glass (1.5 mm OD, 0.86 mm ID; Sutter Instruments, Novato, CA) with
a P-97 Flaming-Brown puller (Sutter Instruments, Novato, CA). Recordings were
done using an Axopatch 1C patch clamp with Digidata 1322A interface and
Clampex 10.2 software. After forming a gigaseal and breaking into the cell, fast
capacitance and whole cell capacitance and resistance were compensated,
followed by series resistance compensation to 40-80%. Corrections for leak and
capacitance currents were done using P/4 subtraction. Currents were filtered at

5 kHz and sampled at 25 kHz.

Channel properties were examined using different pulse protocols based on the
procedures previously described by Spampanato et al. (Spampanato et al.,
2004). Voltage-dependence of activation and inactivation, kinetics of inactivation,
persistent current and current density were determined using a two-step protocol,
in which a conditioning pulse was applied from a holding potential of -80 mV to a
range of potentials from -100 to 15 mV in 5 mV increments for 100 msec,
immediately followed by a test pulse to -15 mV for 10 msec. The time between
the end of the conditional step pulse and the start of the conditional step pulse of
the next sweep was 3.8 sec, which was determined to be long enough for the

sodium channels to completely recover from inactivation. To analyze the voltage-
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dependence of activation, peak currents from the conditional pulse were
normalized to the maximum peak current and plotted against voltage to calculate
reversal potential. Current was converted to conductance and plotted against
voltage and fit with a Boltzmann distribution. The equation used is G =1/ (1
+exp(-0.03937z(V - V4)), in which G is conductance, z is the apparent gating
charge, V is the potential of the conditional step pulse, and V4, is the potential for
half-maximal activation. The voltage-dependence of inactivation data were fit
with the equation | =1/ (1 + exp(V - V42) / @), in which | is equal to the test pulse
current amplitude, V is the potential of the conditioning pulse, V4, is the voltage
for half-maximal inactivation, and a is the slope factor. The peak current
amplitudes during the test pulses were normalized to the maximum peak current
amplitude of the test pulses, plotted against the potential of the conditioning
pulse, and fit with a Boltzmann distribution. To analyze the kinetics of

inactivation, the decaying sodium current were fit using the Chebyshev method

with a double exponential equation | = Arast X exp[-(t - K)/ Trast] + Asiow X €xp[-(t -
K)/ Tsiow] + C, in which | is the current, Arast and Asiow are the relative proportions

of current inactivating with the time constants Trast and Tspw, K is the time shift,

and C is the steady-state non-inactivating current. The time shift was selected
manually from the point at which the macroscopic current began to inactivate

exponentially until 7 msec after the pulse started.

Current density was analyzed by dividing the maximal peak current by the cell

capacitance. Persistent current was analyzed by dividing the mean current during
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the last 10 milliseconds of the conditional pulse at 0 mV by the maximal peak
current. Recovery from inactivation was analyzed using a two-step protocol in
which the conditional pulse and test pulse were changed from a holding potential
of -80 mV to -15 mV for 50 and 5 msec, respectively. The initial time between
the conditional pulse and test pulse was 25 msec and subsequently reduced by
to 1 msec on each sweep until the time between pulses was 1 msec. Peak
currents during the test pulses were normalized to the peak current of the
corresponding conditional pulse. Normalized currents were plotted as a function
of time between pulses. To determine use-dependent inactivation, a train of 100
depolarizations was applied, with each depolarization from a holding potential of
-80 mV to -15 mV for 17.5 msec. The time between pulses was controlled by
changing frequency of the pulses to 39 Hz, 20 Hz or 10 Hz. The peak current
during each depolarization was normalized to the peak current during the first
depolarization and normalized currents were plotted as function of the
corresponding start time of each pulse. The start time of the first pulse was time

0.

Statistical Analysis

Pulse generation and data collection were done with pCLAMP 10.2. All data are
reported as mean * standard error of mean (SEM). All statistics analysis was
performed with SigmaStat 3.10. Statistical significance was determine with p-
values under 5% (p<0.05). When comparing only 2 genotypes with respect to a

single parameter, data were analyzed using Student’s t-test. When comparing 3
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genotypes, we used analysis of variance (ANOVA) followed by post-hoc pairwise
comparison using the Holm-Sidak correction. One way ANOVA was used when
the genotype was the only variable with multiple levels. Two way ANOVA was

used when the time or voltage variable also had multiple levels.
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Results
Mice carrying the Scnla-D1866Y mutation were identified by
electrophoresis after PCR and BsrGl digests of DNA obtained from tail samples.
Heterozygosity and homozygosity of the Scnla-D1866Y mutation (Fig. 1.1A) and
hemizygosity of EGFP expression (Fig. 1.1B) were detected in Mendelian ratios.
Mice carrying the Scnla-D1866Y mutation were undistinguishable from wild-type

littermates, regardless of the genetic dose.
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Figure 1.1. Scnl1a-D1866Y mutation identification

12 3 42567 8 910111213 14 15

Figure 1.1. Scnla-D1866Y mutation identification

Agarose gel electrophoresis of DNA from mice with the Scnla-D1866Y mutation.
Lanes 1 through 6 are from one litter and lanes 10 through 15 are from a second

litter. Lanes 7-10 are controls. Lanes 2, 5, 6, 12 and 13 identify Scnla*” (wild-

type) mice. Lanes 3, 4, 11 and 15 identify Scn1a®'®®®"*

D1866Y/D1866Y

(heterozygous) mice.
Lanes 1 and 14 identify Scnla (homozygous) mice. Lane 8 is a PCR
control from heterozygous mice, while lane 9 is PCR-digested DNA from the
same heterozygous control mouse. Lane 7 is a 100 bp ladder (NEB), with the

brightest bands representing 1 Kb and 500 bp.
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PV+ interneurons from Scnla-D1866Y mice exhibit small changes in voltage-

dependent properties

To investigate the mechanism(s) of how the Scnla-D1866Y mutation in
the voltage-gated sodium channel leads to seizures, we measured the peak
sodium current amplitude in dissociated neurons from the hippocampus.
Previous studies using other mouse models of GEFS+ and DS have suggested
that the mutations only affect the properties of sodium currents of interneurons
and not excitatory pyramidal neurons (Martin et al., 2010; Ogiwara et al., 2007;
Yu et al., 2006). Those studies examined neurons during the second postnatal
week, so we studied dissociated neurons from P16-P17 mice so we could
compare the effects to those observed in the other mouse models. The
hippocampus has more than twenty different populations of interneurons
(Klausberger & Somogyi, 2008), and each one has different biochemical and
electrophysiological properties. Therefore, it is critical to record sodium currents
from a defined subpopulation of interneurons to compare mutant and wild-type
properties. By crossing the Scnla-D1866Y mice with the G42 transgenic mice
(Chattopadhyaya et al., 2004), we were able to identify the subpopulation of PV+
interneurons by their EGFP expression. PV+ inhibitory interneurons are the
subpopulation of interneurons with the most abundant expression of Scnla

during the age range of our experiments (Ogiwara et al., 2007).
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Scnla encodes the voltage-gated sodium channel Na,1.1, which is
important for regulating neuronal excitability. Therefore, we first examined the
voltage-dependent gating properties of the mutant channels. Using a two-step
voltage protocol, we measured the voltage-dependence of both activation and
inactivation (Fig. 1.2A). Peak currents elicited during the conditional step
voltages were analyzed to determine the voltage-dependence of activation. The
voltage-dependence of activation in PV+ interneurons from homozygous mice
was slightly shifted to depolarized voltages compare to wild-type littermates (Fig.
1.2B). PV+ interneurons from heterozygous mice were similar to wild-type. For
quantification and comparison of the shift in the voltage-dependence of activation
due to the D1866Y mutation, the data were fit with a Boltzmann distribution to
determine the V4, of activation (Fig 1.2C). The V4, of activation for homozygous
neurons was -28.6 £ 1 mV (n=6), which is significantly more positive than that of
wild-type neurons (-35.3 £ 4 mV, n=6) (One way ANOVA; p<0.05). The V4, of
activation in heterozygous neurons was -33.2 £+ 3 mV (n=4), which was not
significantly different from either homozygous or wild-type neurons (Table 1).

We also examined the voltage-dependence of inactivation by plotting peak
currents during the test pulse against the conditional step voltage. The Scnla-
D1866Y mutation did not have a significant effect on the voltage-dependence of
inactivation (Fig. 1.2D). As for activation, a Boltzmann equation was used for a
quantitative comparison (Fig 1.2E). The V4, of inactivation for wild-type,
heterozygous and homozygous neurons was -58.2 + 4 mV (n=6), -57.0 £ 3 mV

(n=4), -54.8 + 2 mV (n=6), respectively (One way ANOVA; p=0.22) (Table 1).
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Figure 1.2. Scnl1a-D1866Y shifted the voltage-dependence of activation but

not steady-state of inactivation
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Figure 1.2. Scnl1a-D1866Y shifted the voltage-dependence of activation but

not steady-state of inactivation

A, Voltage protocol used for studying sodium channel activation and steady-state
inactivation. Conditional pulses of 100 msec from a holding potential of -80 mV
were applied, ranging from -100 to 15 mV in increments of 5 mV. The conditional
pulses were immediately followed by a test pulse to -15mV for 10 msec (top
graph). Representative voltage-clamp traces of currents obtained during the
protocol are shown in the lower graph. B, Voltage-dependence of activation was
determined by calculating the conductance from the peak current of the
conditional pulse and plotted as function of the voltage of the conditional pulse.
The voltage-dependence of activation was significantly shifted in the positive
direction for homozygous (DY/DY) neurons compared to wild-type littermate
(+/+), while heterozygous (DY/+) neurons had an intermediate phenotype. C,
Potential for half-maximal (V,) activation for wild-type, heterozygous and
homozygous neurons was -35.3 £+ 4 mV, -33.2 + 3 mV and -286 + 1 mV,
respectively. D, The voltage-dependence of inactivation was determined by
plotting peak current during the test pulse as a function of the conditioning pulse
voltage. E, Potential for half-maximal (V) inactivation for wild-type,
heterozygous and homozygous neurons was -58.2 £+ 4 mV, -57.0 £ 3 mV and -
54.8 £ 2 mV, respectively. The voltage-dependence of inactivation was similar
among neurons of wild-type, heterozygous and homozygous (p=0.22). Wild-type
n=5, heterozygous n=4 and homozygous n=5. The values shown are mean +
SEM. Statistical comparison of the half-maximums (V) of activation and
inactivation by one way ANOVA followed by Hold-Sidak correction (Table 1).
Asterisk (*) indicates significant difference (p<0.05) between (+/+) and (DY/DY).
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PV+ interneurons with Scnla-D1866Y exhibit slower kinetics of entry into

inactivation

Scaling and superimposing the transient currents revealed that decay of
sodium current in PV+ interneuron of homozygous was slower than that of PV+
interneurons of wild-type littermates (Fig. 1.3A). To quantify the kinetics of

inactivation, the time constants of fast (Trast) and slow (Tsow) inactivation were

determined by fitting each trace with a two exponential equation. The time
constants of fast inactivation of PV+ interneuron of homozygous (n=5) mice were
significantly larger compared to the time constants of inactivation of wild-type
(n=5) and heterozygous (n=4) littermates. There was no significant difference
between wild-type and heterozygous mice (Fig. 1.3B). Likewise, the time
constants of slow inactivation of PV+ interneuron of homozygous (n=5) mice
were significantly larger compared to the time constants of inactivation of wild-
type (n=5) and heterozygous (n=4) mice, but there is also a significant difference
between wild-type and heterozygous mice (Fig. 1.3C). Differences in time
constants among the three genotypes were smaller at greater membrane

depolarizations.
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Fig 1.3. Scnl1a-D1866Y slowed the kinetics of inactivation
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Fig 1.3. The Scnla-D1866Y resulted in slower inactivation kinetics

A, Comparison of normalized current traces at -25 mV demonstrated subtle
slowing in the kinetics of inactivation for neurons expressing ScnalP'8¢6Y/D1866Y
(DY/DY) compare to wild-type (+/+) neurons. Kinetics of inactivation were
determined by fitting the decay of transient sodium currents with a double
exponential equation. B, Kinetics of fast inactivation (teast) are slower for
homozygous (DY/DY) compared to wild-type (+/+) and heterozygous (DY/+)
neurons. C, Kinetics of slow inactivation (tsiow) followed a similar pattern, with
slower kinetics for homozygous neurons compared to wild-type and
heterozygous neurons. Heterozygous neurons also demonstrated significantly
slower slow inactivation compared to wild-type. For both time constants, the
largest differences are in the -30 mV to -20 mV range, and the differences were
smaller at more depolarized potentials. The values shown are mean + SEM.
Wild-type n=5, heterozygous n=4, and homozygous n=5. Statistical comparison
by two way ANOVA followed by Holm-Sidak test, statistical significant (p<0.05).
Asterisk (*) indicates significant difference between (+/+) and (DY/DY), dagger
(1) indicates significant difference between (+/+) and (DY/+) and double dagger
(¥) indicates significant difference between (DY/+) and (DY/DY).

31



Once sodium channels inactivate, further activity is limited by the time it
takes for the channels to recover from inactivation. Sodium channels need to
return from the inactivated state to the closed state to be activated and open
again (Bezanilla & Armstrong, 1977). Recovery from inactivation was determined
by comparing the peak currents during test pulses to the peak currents of
conditional pulses, where the time between the conditional and test pulse was
changed to provide variable time for recovery from inactivation (Fig 1.4A). PV+
interneuron of homozygous mice (n=5) showed significantly faster recovery of
sodium current compared to heterozygous (n=5) and wild-type (n=6) littermates.
In addition, heterozygous neurons recovered faster than wild-type neurons (Two

way ANOVA,; p<0.05) (Fig 1.4B).
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Fig 1.4. Scnla-D1866Y accelerated recovery from inactivation
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Fig 1.4. Scnl1a-D1866Y accelerated recovery from inactivation

A, Voltage protocol used for measuring recovery from inactivation. Conditional
pulses to -15 mV for 50 msec from a holding potential of -80 mV were followed
by test pulses to -15 mV for 5 msec. The time between conditional and test
pulses was reduced from 25 msec (above) to 1 msec in decrements of 1 msec.
Representative voltage-clamp traces of currents obtained from the neuron are
shown below. Scale bars indicate 400 pA and 10 msec. B, Recovery from
inactivation was significantly faster in homozygous compared to wild-type and
heterozygous littermates. Recovery in heterozygous neurons was significantly
faster than wild-type. The values shown are mean + SEM. Wild-type n=6,
heterozygous n=5, and homozygous n=5. Statistical comparison with two way
ANOVA followed by Holm-Sidak test, statistically significant (p<0.05). Asterisk (*)
indicates significant difference between (+/+) and (DY/DY), dagger (1) indicates
significant difference between (+/+) and (DY/+) and double dagger () indicates
significant difference between (DY/+) and (DY/DY).
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To determine the effect of the Scnla-D1866Y mutation on bursting
behavior of sodium channels, we compared the peak currents obtained during
each depolarization in a train of 100 depolarizations (Fig. 1.5A). This protocol
provided information about use-dependent inactivation of the sodium channels.
Use-dependent inactivation should correlate with recovery from inactivation, with
less use-dependent inactivation corresponding to faster recovery from
inactivation. PV+ interneurons of homozygous (n=6) and heterozygous (n=4)
mice showed significantly less use-dependent inactivation compared to wild-type
mice (n=5) during depolarization trains at 39 Hz (Fig. 1.5B), 20 Hz (Fig. 1.5C)
and 10 Hz (Fig. 1.5D). In addition, homozygous PV+ interneurons showed
significantly less use-dependent inactivation compared to heterozygous
interneurons at 39 Hz, 20 Hz, and 10 Hz (Two way ANOVA; p<0.05).
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Figure 1.5. Scn1a-D1866Y reduced use-dependent inactivation
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Figure 1.5. Scn1a-D1866Y reduced use-dependent inactivation

A, Protocol to determine use-dependent inactivation, showing just the first 5 of
the 100 pulses (above) and representative voltage-clamp traces of currents
obtained from the neuron at 39 Hz (below). B, C and D, Currents elicited at
frequencies of 39 Hz, 20 Hz and 10 Hz, respectively. Neurons expressing the
Scnal-D1866Y mutation, both heterozygous and homozygous, had significant
less use-dependent inactivation at 39 Hz, 20 Hz and 10 Hz compared to neurons
from wild-type littermates. Similarly, homozygous neurons demonstrated a
significant decrease in use-dependent inactivation compared to heterozygous
neurons at 39 Hz, 20 Hz, and 10 Hz. The values shown are mean + SEM. Wild-
type n=6, heterozygous n=5, and homozygous n=5. Statistical comparison with
two way ANOVA followed by Holm-Sidak test, statistically significant (p<0.05).
Asterisk (*) indicates significant difference between (+/+) and (DY/DY), dagger
(1) indicates significant difference between (+/+) and (DY/+) and double dagger
(¥) indicates significant difference between (DY/+) and (DY/DY).
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PV+ interneurons with Scnla-D1866Y have significantly increased persistent

current but not current density

Previous studies have suggested that increased persistent current may
contribute to the mechanism by which some GEFS+ mutations cause seizures
(Lossin et al., 2002). Therefore, we measured the persistent current in mutant
and wild-type neurons. Scaling and superimposing the transient currents
indicated that the residual (persistent) current of PV+ interneurons from
homozygous mice was higher than the current from PV+ interneuron from wild-
type littermates (Fig. 1.6A). Normalized persistent current of PV+ interneurons
from homozygous mice (DY/DY) was 0.036 £ 0.006 (n=6), which is higher than
the persistent current of 0.010 £ 0.003 (n=5) from PV+ interneuron from wild-type
mice (Fig. 1.6B). Persistent current from PV+ interneurons from heterozygous
mice was 0.018 £ 0.005 (n=3), which is intermediate between wild-type and

homozygous neurons (Table 1).

Another mechanism by which a mutation can increase excitability is to
increase the sodium current density, which is the total current divided by the
cellular capacitance (a measure of cell volume). We therefore determined the
current density by normalizing the peak transient currents to cell capacitance.
The current density of homozygous neurons was -99.6 + 50 pA/pF (n=6), which
is not statistically different compared to -122.7 + 25 pA/pF of wild-type (n=4)

littermates (Student’s t-test; p=0.50) (Fig. 1.6C).
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Figure 1.6. Scn1a-D1866Y increased persistent current but did not affect

current density
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Figure 1.6. Scnla-D1866Y mutation increased persistent current but did not

affect current density

A, Comparison of normalized current traces at 0 mV for 100 msec. Inset shows
persistent current during the last 10 msec. Persistent current was measured by
taking the mean current during the last 10 msec of a 100 msec depolarization
and normalizing it to the peak of the transient current. B, Persistent current was
increased to 0.036+£0.01 (n=6) in neurons from homozygous (DY/DY) mice from
0.010£0.008 (n=5) in wild-type (+/+) littermates. Heterozygous (DY/+) mice had
an intermediate phenotype with 0.018+0.005 (n=3). Statistical analysis was
performed using a one way ANOVA followed by Holm-Sidak test,. Asterisk (*)
indicates significant difference (p<0.05) between wild-type and homozygous. C,
Current density was not significantly different between neurons expressing wild-
type or mutant channels, with -122.7 £ 50 pA/pF (n=4) for wild-type neurons and
-99.6 + 25 pA/pF (n=6) for homozygous neurons. The values shown are mean +

SEM. Statistical analysis was performed using the Student’s t test; p=0.50.
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Table 1.1 Parameters of sodium current in hippocampal PV+ interneurons

of P16-P17 mice

++ \ DY/+ \ DY/DY
Voltage-Dependence of Activation
Gating Charge (z) 91+13 10.3+2 6.5+0.6
Vi, (MmV) -35.3+1.8 -31.7+£29 -28.6 + 0.6*
n 6 4 6
Voltage-Dependence of Inactivation
Slope (a) 7.0+0.5 7.5%0.6 7.3£05
Vi, (MmV) -59.0+1.8 -57.0+1.6 -55.0+ 1.1
n 6 4 5
Persistent Current
Fraction 0.010 £ 0.003 0.018 £ 0.005 0.036 + 0.006*
n 5 3 6
Current Density
(pA/pF) -122.7 + 50 N.D. -99.6 + 25
n 4 - 6

Table 1.1 Parameters of sodium current in hippocampal PV+ interneurons

of P16-P17 mice

The electrophysiological parameters were determined using the equations

described in the Materials and Methods. The values shown are means + SEM.

Significant difference when p<0.05. One way ANOVA followed by Holm-Sidak

test was performed to determine statistical

difference between pairwise

comparisons of genotypes for parameters with single values. Student’s t test was

performed to determine the statistical significance of the differences in current

density. Asterisk (*) indicates significant difference between (+/+) and (DY/DY).

Two way ANOVA followed by Holm-Sidak test was performed to determine

statistical difference between genotypes for the kinetics of entry of inactivation

(Trastand Tsiow), recovery from inactivation and use-dependence (not in table).
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Discussion

Mutations in the Scnla gene that result in GEFS+ have been previously
studied using the heterologous expression system of Xenopus oocytes. Results
from heterologous systems like Xenopus oocytes have been shown to be quite
different from those obtained by studying mammalian neurons, suggesting that
heterologous system are not a good model for determining the mechanisms of
seizures in humans. The differences among systems can result from a variety of
factors, including different protein interactions, post translational modifications
and other regulatory factors in the cell environment (Mantegazza et al., 2010).
In the case of Scnla-D1866Y, some of the effects of the mutation on sodium
currents were very similar in the oocyte system compared to mammalian
interneurons. The Scnla-D1866Y effects between oocytes and neurons were
comparable with respect to the time-dependent properties, but not with respect to
the voltage dependent properties (Spampanato et al., 2004). The similarities in
effects of the Scnla-D1866Y mutation across different expression systems
contrasts with the different effects of Scnla-R1648H, which also results in
GEFS+, but which has different effects on sodium channel properties in oocytes
(Spampanato et al., 2001), HEK cells (Lossin et al., 2002), and mouse neurons

(Martin et al., 2010).

One potential explanation for the different results with the Scnla-D1866Y
and the Scnla-R1648H mutations is that they are located in different structural

domains of the sodium channel. Scnla-D1866Yis located in the C-terminus and
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Scnla-R1648H is located in the voltage sensing transmembrane segment. The
oocyte might provide the basic and essential post-translational modifications and
protein interactions for the C-terminus. Scnla-D1866Y is located in a predicted
EF-hand domain (Chagot et al., 2009; Wingo et al., 2004), which is a calcium
binding domain. Calcium is a universal secondary messenger used by all
eukaryotic cells, and the EF-hand domain is part of many calcium signaling
proteins. Therefore, the results of expression in a heterologous system may be
valid for a mutation in a domain or secondary structure for which the
heterologous system utilizes the same endogenous proteins and pathways. On
the other hand, oocytes may not provide all the modifications and interactions
required for the voltage-sensing transmembrane segment to function correctly,
as in mammalian neurons. Transmembrane segments or protein domains with
the capacity to sense and change conformation in a voltage-dependent way are
found only in excitable cells, which oocytes are not. This lack of voltage sensing
in oocytes could also explain why the voltage-dependent properties of Scnla-

D1866Y specifically are the ones not comparable among expression systems.

Variability in the effects of different mutations in the same gene and in the
same system or organisms are also frequently observed (Escayg & Goldin,
2010). The variability of the effects can result from diverse sources. Differences
in the phenotype can be seen even among different mice strains, where some
mice strains are more susceptible while other strains less susceptible to seizures

(McKhann, Wenzel, Robbins, Sosunov, & Schwartzkroin, 2003; Schauwecker,
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2011; Yu et al., 2006). The subtle differences in genetic background could give
rise to higher expression of a gene or set genes in one mouse strain compared to
the other strain (Meisler & Kearney, 2005). This variation is also true for GEFS+
in humans, where there is considerable variability in the epileptic phenotype, with
some people being asymptomatic despite carrying a mutation that causes

epilepsy in others (Scheffer & Berkovic, 1997).

The effects of the Scnla-D1866Y and Scnla-R1648H mutations were
both analyzed in dissociated neurons from mice with same genetic background.
Therefore genetic background is not responsible for the differences seen
between Scnla-D1866Y and Scnla-R1648H mutations. Different neuronal
subpopulations which most likely have different expression patterns, specifically
PV+ interneurons of the hippocampus for Scnla-D1866Y and bipolar shaped
interneurons of the cortex for Scnla-R1648H, can contribute to the differences
seen between Scnla-D1866Y and Scnla-R1648H. However, it is unlikely that
the different targeted inhibitory neuronal populations will be enough to elicit all
the differences in the sodium current properties. The two mutations are found in
different domains of the sodium channel, and each domain has its own role and

contribution to the function of the channel.

The Scnla-D1866Y mutation’s effects on the voltage-dependent

properties in PV+ interneurons are completely different from the effects in

Xenopus oocytes. In oocytes, the voltage-dependence of activation was
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unaffected, whereas in PV+ interneurons expressing only the mutant channel,
activation was shifted to depolarized voltages. In neurons, a larger stimulus was
required to activate a significant population of sodium channels when the mutant
channel is expressed compared to wild-type channels. This change suggests
that the Scnla-D1866Y mutation results in a loss-of-function. In contrast, the
Scnla-D1866Y mutation did not have an effect on the voltage-dependence of
inactivation in PV+ interneurons, but it was shifted in the depolarized direction in
oocytes. The results in oocytes suggest that a comparable depolarization will
shift a larger population of sodium channels into the inactive state, which was not

observed in interneurons.

On the other hand, the Scnla-D1866Y mutation’s effects on the time-
dependent properties are very similar between PV+ interneurons and oocytes.
First, the kinetics of inactivation were significantly slower in cells expressing the
Scnla-D1866Y mutation compared to the ones expressing the Scnla wild-type
channel. This change in kinetics is easily noticeable in a voltage range of -30 mV
to -20 mV, which is the range in which conductance through the sodium channel
is maximal. The reduction in the difference of the time constants of inactivation
as the voltage becomes more positive could be due to the fact that as the voltage
step increases and gets closer to the reversal potential of sodium, the driving
force for sodium to enter the cell is reduced. In addition, as the voltage becomes

more depolarized, more sodium channels will enter the inactive state.
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Consequently, the sodium current decreases comparably for the wild-type and

mutant channels.

Second, recovery from inactivation is faster in cells expressing the
D1866Y mutation compared to cells with the Scnla wild-type channel. The faster
recovery from inactivation suggests that the Scnla-D1866Y mutation promotes
the sodium channels to cycle back more rapidly to the closed state. The reduced
time in the non-conductive state would allow more sodium channels to be
available to re-open. The increase in time to enter together with the shorter time
in the inactive state suggests that the mutation destabilizes the inactive
conformation. It has been shown that the C-terminus domain of that sodium

channel stabilize the inactivation state (Kass, 2004).

Furthermore, the Scnla-D1866Y mutation resulted in reduced use-
dependent inactivation at 10 Hz, 20 Hz and 39 Hz. Therefore, PV+ interneurons
expressing Scnla-D1866Y mutation expressed sodium currents that are more
active than the sodium currents in PV+ interneurons expressing wild-type Scnla.
These results are exactly what is expected when slowed kinetics of inactivation
are combined with faster recovery from inactivation in a population of sodium
channels. This supports a gain-of-function resulting from the Scnla-D1866Y

mutation.
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In addition to the increase of sodium current resulting from the changes in
time-dependent properties, the Scnla-D1866Y mutation also resulted in
increased persistent sodium current in PV+ interneurons. Increased persistent
current has been observed in several mutations in the EF-hand domain of the
sodium channel (Rhodes et al., 2005). Increases in persistent current are caused
by incomplete inactivation of the mutant channel, which leads to a proportion of
channels either remaining open or re-opening (Crill, 1996). The increased
persistent current due to the Scnla-D1866Y mutation would also result in
increased channel activity, adding to the effects of slower kinetics of inactivation
and faster recovery from inactivation. The increased persistent current could
reduce action potential subthreshold and may amplify the responses of neurons
to excitation, leading to increased activity in an affected population of neurons

and resulting in an epileptic phenotype (Stafstrom, 2007).

An alternative explanation for the increased persistent current and the
increased sodium current could be that PV+ interneurons expressing the Scnla-
D1866Y mutation have more functional sodium channels in the membrane.
GEFS+ and DS mouse models Scnla-R1648H and Scnla-kcockout,
respectively, demonstrated reduced current densities in bipolar-shaped
interneurons (Martin et al., 2010; Mistry et al., 2014; Ogiwara et al., 2007; Yu et
al., 2006). This implies that the loss-of-function of the sodium current in these
cells is responsible for the reduction of interneuron activity. However, we did not

observe any effects of the Scn1la-D1866Y mutation on the current density of PV+
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interneurons, suggesting that the Scnla-D1866Y mutation doesn’t decrease or
increase the amount of functional sodium channels that are expressed. This
result suggests that the mutation doesn’t alter trafficking of the sodium channel,
which has been suggested for other GEFS+ and DS mutations (Rusconi et al.,
2009), and that the increase in persistent current is due to a change in the

properties of the channels that are being expressed in the membrane.

While compensation by other sodium channel isoforms is a possibility that
could affect the recorded sodium current properties, we believe that this kind of
compensation is unlikely at the time when sodium currents were recorded. That
is because compensation was not observed for other sodium channel mutations
that have more severe phenotypes. The Scnla-R1648H mutation and Scnla-
knockout mouse models for GEFS+ and DS, respectively, demonstrate more
severe phenotypes during the second week of age. In both models,
homozygosity of the mutations resulted in a strong phenotype, with death of the
mice by P15. Northern blot, western blot and RT PCR analysis for Na,1.2, Na,1.3
and Na,1.6, which are the other main sodium channel isoforms in the CNS, did
not show an increase or compensation of the these sodium channels in the CNS
in these mice (Martin et al., 2010; Mistry et al., 2014; Yu et al., 2006). Therefore,
the decreased severity of the Scnla-D1866Y mutation compared to these mouse

models at the same age suggests that compensation is unlikely.
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Single channel recordings can provide some light of how the Scnla-
D1866Y mutation increases sodium channel activity at the molecular level. One
possibility is that once mutant channels enter the active state and open, they
spend more time in the open conformation. This would explain the slower kinetics
of inactivation observed in interneurons expressing Scnla-D1866Y. The other
possibility is that the mutation increases the probability of a single channel re-
opening. This would also explain faster recovery from inactivation. It is possible
that both effects could be present in a single mutant channel. Unfortunately, the
Scnla sodium channel isoform is not the only sodium channel expressed in PV+
interneurons, and combined with the current lack of a drug that could selectively
block the other sodium channel isoforms, it is impossible to specifically examine

the properties of the mutant channels in PV+ interneurons.

The Scnla-D1866Y mutation differs from most of the GEFS+ and DS
mutations in Scnla that have been studies in previous mouse models. The
majority of the effects of the Scnla-D1866Y mutation, except for the voltage-
dependence of activation, would result in increased sodium current. That
suggests that the Scnla-D1866Y mutation results in a more active sodium
channel. The gain-of-function of sodium current by Scnla-D1866Y contrasts with
the theory of haploinsufficiency and loss-of-function of Scnla mutations, like
Scnla-R1648H and Scnla-knockout models, associated with epilepsy (Catterall,
2014). Autosomal dominant disorders like GEFS+ can result from gain-of-

function or by haploinsufficiency of loss-of-function of the mutated protein. In
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these other mouse models, loss-of function of the sodium channel generated
loss-of-function of neuronal activity to fire action potentials. Increased sodium
currents in inhibitory neurons also have been reported from induced pluripotent
stem cells (iPSC)-derived neurons from DS patients (Jiao et al., 2013; Liu et al.,
2013). These results must be interpreted with caution because the maturity of
these induced neurons is unknown now is it known how similar they are to
neurons in the CNS. It is possible that the gain-of-function of sodium current by
the D1866Y mutation would result in increased action potential firing in PV+
interneurons. However, gain-of-function at the sodium channel level does not
necessarily translate into gain-of-function at the cellular level. Either gain-of-
function or loss-of-function can result in decreased cellular activity, depending on
where the channel is expressed and the other channels expressed in the neuron
(Ragsdale, 2008). Therefore, to completely understand the mechanism of how
the Scnla-D1866Y mutation leads to seizures and epilepsy, it is necessary to
determine how the mutation affects the action potential firing in PV+ interneurons
and pyramidal excitatory neurons, which are the main neurons in the

hippocampus.
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CHAPTER 2

Excitability of excitatory and inhibitory neurons is reduced by Scnla-

D1866Y mutation

Abstract

Voltage gated sodium channels (VGSC) are responsible for the initiation
and propagation of action potentials in most neurons. Mutations in the voltage
gated sodium channels that are expressed in the central nervous system (CNS)
are known to be associated with the development of a wide variety of
pathologies. Genetic epilepsy with febrile seizure plus (GEFS+) and other
epileptic syndromes in the same spectrum have been shown to be caused by
mutations in SCN1A, which encodes the VGSC Na,1.1, and several mouse
models had been constructed to study the epileptogenic mechanisms of these
mutations. Modifications of Scnla in previous mouse models resulted in loss-of-
function of sodium channel activity, leading to the reduction of excitability of
inhibitory interneurons in the cortex and hippocampus. In this study, we
characterized how the Scnla-D1866Y mutation, which results in gain-of-function
of sodium current in parvalbumin-expressing (PV+) interneurons, affects the
ability of the neurons of the hippocampus to fire action potentials. Firing of action
potentials of PV+ interneurons expressing one copy of a mutant channel was

decreased compared to wild-type littermates. On the other hand, the firing of
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action potentials of excitatory pyramidal neurons was reduced by the mutation
only in homozygous mice. These results support the hypothesis that SCN1A

mutations affect mainly the GABAergic neuronal population.
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Introduction

The excitability of a neuron is determined by the gating properties of all
the functional ion channels that are expressed on its surface (Bean, 2007).
Therefore, the combination of the properties of all the ion channels together with
the proteins that modify and interact directly or indirectly with them shape the
characteristics of excitability or action potential firing of a neuron. Mutations that
can alter any of the properties of ion channels, including gating, permeability and
trafficking, can result in diseases that are called channelopathies (Celesia, 2001).
Channelopathies are defined as any of a wide array of conditions in which an
altered ion channel causes the disease (S.G. Waxman, 2001). Channelopathies
of the central nervous system may be the most serious ones because of the
broad impact of the CNS, affecting other systems and organs, and effective

treatment options are often limited.

Genetic epilepsy with febrile seizure plus (GEFS+) is a channelopathy in
the CNS in which patients start to present at infancy (Scheffer & Berkovic, 1997).
GEFS+ is considerate a spectrum, encompassing severe myoclonic epilepsy of
infancy (SMEI) or Dravet Syndrome (DS), borderline SMEI (SMEB) and
intractable epilepsy of childhood (IEC) (Scheffer, Zhang, Jansen, & Dibbens,
2009). The association between all these conditions is based on the phenotype,
in which seizures are associated with fever and often refractory to treatment, and

also with genetic factors. So far, 5 genes, GABARD, GABARG, SCN1B, SCN2A
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and SCN1A, have been associated with GEFS+ and the other associated
syndromes. Of those genes, SCN1A is the most prominent because more than
800 mutations that cause epilepsy have been identified in it (L. R. F. Claes et al.,

2009; Lossin, 2009).

To provide insight about the mechanism of how mutations or alterations in
SCN1A cause seizures, several mouse models had been created. Knockdown of
Scnla resulted not only in the reduction of Scnla levels but also in an epileptic
phenotype. In the first two Scnla-knockout mouse models of DS, the gene was
deleted in all the cells, but only the inhibitory interneurons from cortex and
hippocampus demonstrated a reduction of sodium current in mice at an infant
age (Ogiwara et al., 2007; Yu et al., 2006). The loss-of-function of sodium current
in the interneurons resulted in a reduction in the ability of those neurons to fire
action potentials. The loss-of-function of interneurons with reduced excitability is
an excellent model for about the 50% of DS patients, who have a mutation that
produces a non-sense mutation, frameshift or other change that prevents

expression of the SCN1A channel (Mulley et al., 2005).

About 10% of DS patients have chromosomal rearrangements (Marini et
al., 2009). However, there are about 40% of DS patients who have a point
mutation in SCN1A (Marini et al., 2009), in which it is not clear if the mutation
results in loss-of-function or some other alteration (Escayg & Goldin, 2010). In

addition, all mutations that have been identified in SCN1A as causing GEFS+ are
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point mutations. The hypothesis is that mutations in SCN1A that cause DS result
in loss-of-function of sodium current, while the mutations that cause GEFS+ may
result in loss-of-function or gain-of-function. Loss-of-function of sodium current
causing reduced excitability of the interneurons has been shown with the
R1648H point mutation of Scnla, which models GEFS+ (Martin et al., 2010). In
contrast, we have identified a mutation in SCN1A associated with GEFS+ that
results in a net gain-of-function of sodium current in parvalbumin-expressing
(PV+) inhibitory interneurons in mice. The Scnla-D1866Y mutation resulted in
faster recovery from inactivation, slower kinetics of inactivation, reduced use-

dependent inactivation and increased persistent current (Chapter 1).

Though gain-of-function of sodium current had been shown to increase
neuronal excitability in some cells (S. G. Waxman & Zamponi, 2014), in other
cases gain-of-function can also decrease excitability (Burge & Hanna, 2012).
Because the D1866Y mutation is the first Scnla mutation shown to result in gain-
of-function of sodium current in PV+ interneurons, we examined how the Scnla-
D1866Y mutation affects the firing properties of excitatory and inhibitory neurons

in the CNS.
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Materials and Methods

Animals

Mice generation, maintenance and identification (genotyping) was performed as
previously described in Chapter 1. Briefly, generation of Scnla-D1866Y mice
was performed by Dr. Andrew Escayg at Emory University, GA using
homologous recombination. Once mice were received at the University of
California, Irvine, the Scnla-D1866Y mice were backcrossed to C57BL/6J mice
(JAX) for at least 8 generations. The G42 transgenic mice expressing enhanced
green fluorescent protein (EGFP) specifically in parvalbumin-containing
interneurons (Chattopadhyaya et al., 2004), which was also in the C57BL/6
genetic background, were crossed to the Scnla-D1866Y mice. The EGFP gene
was carried only in the hemizygous state and detected visually with a stimulating
light source and emission filters in PO-P4 mice. Mice were maintained at 22 °C
on a 12-h light/dark cycle. Food and water were available ad libitum. All
experiments were performed in accordance with the Institutional Animal Care

and Use Committee of University of California, Irvine.

Preparation and recordings from hippocampal slices

Mice were anesthetized with halothane, decapitated, and brains were rapidly
placed in ice-cold sucrose artificial cerebrospinal fluid (ACSF) containing (in mM):
85 NaCl, 65 sucrose, 2.5 KClI, 25 glucose, 1.25 NaH,PO4, 4 MgSO,, 0.5 CaCly,

and 24 NaHCO; (oxygenated with 95% O,, 5 % CO,). Horizontal hippocampal
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slices (300 um) were cut using a Leica VT1200S vibrating blade microtome
(Leica, Germany). Slices were incubated at 33°C for at least 1 h before
electrophysiological recordings in oxygenated (95% O,, 5% CO,) standard ACSF
containing (in mM): 126 NaCl, 2.5 KCI, 1.25 NaHPOQOy4, 1.2 MgSQOy4, 10 glucose,

1.2 CaCl,, and 26 NaHCO:s.

For the electrophysiological recordings, slices were submerged in a recording
chamber and continuously perfused at 2 mL/min with oxygenated ACSF at 30°C.
Cells were visualized with an upright microscope (Zeiss Axioskop Plus) equipped
with infrared differential interference contrast optics and epifluorescence.
Recording from PV+ interneurons were identified by expression of EGFP in the
dentate gyrus. A Qimaging Iclick camera was used for the detection of the EGFP.
Pyramidal cells were identified by localization of their soma and the distinctive
morphology in the pyramidal cell layer in the CA1. Positive pressure of 5-9 inches
of water (0.18-0.33 psi) in the electrode was used to approach the cells.
Proximity was accessed by change of the response to a square pulse, at which

point the positive pressure was reduced.

The electrode solution consisted of (in mM): 126 K-gluconate, 4 KCI, 10 HEPES, 2 Mg-

ATP, 0.3 TRIS-GTP, 4 Na,-ATP and 10 phospocreatine-Na, (pH 7.3). Patch pipettes
with a resistance of 3-5 MQ were pulled from borosilicate glass (1.5 mm OD,
0.86 mm ID; Sutter Instruments, Novato, CA) with a P-97 Flaming-Brown puller

(Sutter Instruments, Novato, CA). Recordings were performed at 30°C. Cell
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attachment and penetration to the inside of the cell were carried out in the
voltage clamp mode, but the electrophysiological recordings were obtained in
current clamp mode using a MultiClamp 700B amplifier (Molecular Devices,
Union City, CA) and digitized with a Digidata 1322A digitizer (Molecular Devices).

Data were analyzed offline with pClamp 10.2 software (Molecular Devices).

Action potential stimulation was done by injecting current for 2 seconds and
reported as action potential frequency. Action potentials were counted if the
membrane potential reached at least 0 mV. For PV+ interneurons, the number of
action potential fired during the first 0.5 seconds of the stimulus was used to
quantify excitability, while 2 seconds used to quantify excitability of the pyramidal
cells. Action potential threshold was determined by the membrane potential at
which the rate of change of depolarization (dV/dt) was 5 during the first fired
action potential. To determine the point in which dV/dt was 5, we took the dV/dt
point immediately below and above 5 from the phase plot and estimated the
membrane potential value that will result in dV/dt=5. Input resistance was
determined by the change in membrane potential due to negative current
injection of -10 and -5 pA. This was calculated by subtracting the difference
between the mean membrane potential value 100 milliseconds before the current
stimulus from the mean membrane potential value 100 milliseconds during the
stimulus. The 100 milliseconds during the stimulus were taken from the point at

which the membrane potential reached a plateau. The changes in membrane
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potential at these negative current injections were fitted with a straight line, in

which the slope is the input resistance.

Statistical Analysis

Pulse generation and data collection were done with pCLAMP 10.2. All data are
reported as mean + standard error of mean (SEM). All statistics analysis was
performed with SigmaStat 3.10. Statistical significance was determine with p-
values under 5% (p<0.05). When comparing only 2 genotypes with respect to a
single parameter, data were analyzed using Student’s t-test. When comparing 3
genotypes, we used analysis of variance (ANOVA) followed by post-hoc pairwise
comparison using the Holm-Sidak correction. One way ANOVA was used when
the genotype was the only variable with multiple levels. Two way ANOVA was

used when the time or voltage variable also had multiple levels.
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Results

Mice were maintained and their genotypes were identified as described in
Chapter 1. The Scnla-D1866Y knock-in line was constructed and provided by
our collaborator Dr. Andrew Escayg from the Human Genetics Department at
Emory University. The different genotypes were obtained in Mendelian ratios

regardless of whether they were crossed to the G42 transgenic mice.

Action potential firing is lower in PV+ interneurons from Scnla-D1866Y mice

compared to wild-type littermates

The excitability of PV+ interneurons was determined by recording action
potential firing in slices from the hippocampus of P21-P24 mice. Current was
injected for 2 seconds and the number of action potentials fired during the first
half second was recorded. This protocol avoided the complication of trying to
account for the accommodating nature of PV+ interneurons, in which the number
of action potentials decreases with continued stimulation (Fig. 2.1). PV+

D1866Y/+

interneurons from Scnla (heterozygous) mice (n=4) fired fewer action

+/+

potentials compared to Scnla™ (wild-type) mice littermates (n=3) (Two way

ANOVA; p<0.05) (Fig 2.2).
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Fig 2.1. Elicited action potentials of PV+ interneurons
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Fig 2.1. Elicited action potentials of PV+ interneurons

A, Representative firing of wild-type PV+ interneuron during 2 seconds (top) of
current injection and zoom-in of the first 500 milliseconds of current injection
(bottom). B, Representative firing of heterozygous PV+ interneuron during 2
seconds (top) of current injection and zoom-in of the first 500 milliseconds
(bottom). Current injections from left to right are 10 pA, 50 pA, 100 pA and 150
pA. Scale bars indicate 250 ms and 20 mV.
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Fig 2.2. Scnla-D1866Y reduced action potential firing of PV+ interneurons
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Fig 2.2. Scnl1a-D1866Y reduced action potential firing of PV+ interneurons

Neuronal excitability measured as the frequency of action potential that were
fired during the first 500 ms of the current injected. The frequency of action
potential firing of heterozygous (DY/+) neurons was significantly lower than the
frequency of wild-type (+/+) neurons. The values shown are mean + SEM. Wild-
type has n=3, and heterozygous has n=4. Asterisk (*) indicates statistical
significance (p<0.05) between wild-type and heterozygous mice as determine by

two way ANOVA followed by Holm-Sidak test, statistically significant (p<0.05).
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Action potential firing frequency could be decreased because of an
increase in the action potential threshold. We determined the action potential
threshold as the membrane potential in which the dV/dt of the phase plot of the
first elicited action potential was 5 (Fig. 2.3a). The action potential threshold of
the PV+ interneurons in the dentate gyrus of P21-P24 mice was not altered by
the D1866Y mutation (Fig 2.4b). Action potential thresholds for wild-type and
heterozygous littermates were -39.1+ 1.1 mV (n = 3) and -34.5t 2.9 mV (n=4),

respectively (Student’s t-test, p=0.62)
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Fig 2.3. Scnla-D1866Y did not affected action potential threshold of PV+
interneurons
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Fig 2.3. Scnla-D1866Y did not affected action potential threshold of PV+
interneurons

A, On the right side, representative phase plot of the 1% fired action potential of
PV+ interneurons. On the left side, zoom-in of phase plot region where dV/dt
increases abruptly (orange box on right figure). Membrane potential where dV/dt
equals 5 is considered the action potential threshold. B, Action potential
threshold was -39.1 £ 1.1,mV (n=3) in wild-type neurons, and -34.5t 2.9 mV
(n=4) in heterozygous neurons. The values shown are mean + SEM. Statistical
analyzes done by Student’s t-test (p=0.62)
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Another neuronal property that could affect the ability of the cell to fire
action potentials is an alteration in the input resistance. To determine the input
resistance, we plotted the change of the membrane potential as a function of the
current injected (Fig. 2.4a). The input resistance of PV+ interneurons was 878 +
286 MQ (n=4) for interneurons from heterozygous mice and 870 £ 113 MQ (n=3)
for interneurons from wild-type littermates (Fig. 2.4b). Therefore, the input
resistance of the PV+ interneurons from the dentate gyrus of P21-P24 mice was

not altered by the D1866Y mutation (Student’s t-test, p=0.98).

65



Fig 2.4. Scnla-D1866Y did not altered the input resistance of PV+

interneurons
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Fig 2.4. Scnla-D1866Y did not altered the input resistance of PV+
interneurons

A, Subthreshold changes in the membrane potential as a result of small current
injection of -10 pA, -5 pA, 0 pA, 5 pA and 10 pA during 2 s. Scale bar 250 ms.
Input resistance was determined from the change in membrane potential as a
function of the injected current producing the change. B, Input resistance was
870 £ 113 MQ (n=3) in wild-type neurons, and 878 + 286 MQ (n=4) in
heterozygous neurons. The values shown are mean + SEM. Statistical analysis
done by Student’s t-test (p=0.98)
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Excitability of the pyramidal cells from CA1 was decreased by the homozygous

Scnla-D1866Y mutation

To determine if the changes in excitability by the D1866Y mutation are
specific to PV+ interneurons or if changes in excitability were more general, the
excitability of pyramidal excitatory cells was determined (Fig 2.5). Because these
neurons are abundant and easily identified by their morphology, we did not need
to use a fluorescent marker to label this population. There was no differences in
the action potential frequency between excitatory pyramidal neurons of
heterozygous (n=7) and wild-type mice (n=5) from P21-P24. However, pyramidal
neurons from homozygous mice (n=4) had a lower frequency of action potential
firing compared to wild-type and heterozygous littermates at high current

injections (Two way ANOVA) (Fig 2.6).
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Fig 2.5. Elicited action potentials of pyramidal neurons
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Fig 2.5. Elicited action potentials of pyramidal neurons

Representative action potential firing of CA1 pyramidal cells during 2 seconds of
current injection from wild-type, heterozygous and homozygous Scnla-D1866Y
mice. Current injections from top to bottom are 10 pA, 50 pA, 100 pA and 150
pA. Scale bars indicate 250 ms and 20mV.
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Fig 2.6. Pyramidal neurons from homozygous but not heterozygous Scnla-

D1866Y mice demonstrate reduced action potential firing
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Fig 2.6. Pyramidal neurons from homozygous but not heterozygous Scnla-
D1866Y mice demonstrate reduced action potential firing

Neuronal excitability measured as the frequency of action potentials that were
fired during 2 s of current injected (pA). Frequency of action potential firing of
homozygous (DY/DY) neurons was significantly lower than frequency of wild-type
(+/+) and heterozygous (DY/+) neurons at high current injections. The values
shown are mean + SEM. Wild-type n=5, heterozygous n=7, and homozygous
n=4. Statistical comparison with two way ANOVA followed by Holm-Sidak test,
statistically significant (p<0.05). Asterisk (*) indicates significant difference
between (+/+) and (DY/DY), dagger (1) indicates significant difference between
(DY/+) and (DY/DY) (p<0.05).
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Since we observed a difference in action potential firing in pyramidal
neurons from homozygous D1866Y mice, we tested the neuronal properties to
determine which alteration was responsible for the effect. First, we determined
the action potential threshold, which determines the initiation of the action
potential. As for the PV+ interneurons, we converted the first fired action potential
in a phase plot and determined the threshold as the membrane potential at which
dV/dt was equal to 5. Action potential thresholds for wild-type, heterozygous and
homozygous neurons were -48.4 + 1.1 mV (n=5), -48.0 £ 2.7 mV (n=7) and -48.0
+ 4.7 mV (n=4), respectively (Fig 2.7). Therefore, the action potential threshold of
the pyramidal neurons from CA1 of P21-P24 mice was not altered by the

D1866Y mutation (One way ANOVA, p=0.99).
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Fig 2.7. Scnla-D1866Y did not altered the action potential threshold of

pyramidal neurons
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Action potential threshold (mV)

Fig 2.7. Scnla-D1866Y did not altered the action potential threshold of
pyramidal neurons

Action potential threshold was -48.4 + 1.1 mV in wild-type neurons (n=5), -48.0
2.7 mV in heterozygous neurons (n=7) and -48.0 £ 4.7 mV in homozygous
neurons (n=4). The values shown are mean + SEM. Statistical analysis done by
one way ANOVA (p=0.99).
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Finally, we determined the input resistance of the excitatory pyramidal
neurons. The Scnla-D1866Y mutation increased the input resistance of
pyramidal cells in CA1 from 222 + 10 MQ for wild-type mice (n=5) mice to 316 +
25 MQ for heterozygous (n=7) mice. Homozygous littermates had an
intermediate input resistance of 276 + 33 MQ (n=4) (Fig. 2.8). The values for both
heterozygous and homozygous mice were increased, but only heterozygous

mice were significantly different from wild-type mice (One way ANOVA, p<0.05).
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Fig 2.8. Scnl1a-D1866Y increased the input resistance of pyramidal neurons
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Fig 2.8. Scn1a-D1866Y increased the input resistance of pyramidal neurons
Input resistance of the pyramidal cells from wild-type neurons was 222 + 10 MQ
(n=5). Input resistance was increased to 316 £ 25 MQ in heterozygous neurons
(n=7) and 276 £ 33 MQ in homozygous neurons (n=4). The values shown are
mean + SEM. Statistical analysis was performed using a one way ANOVA
followed by Holm-Sidak test. Asterisk (*) indicates significant difference (p<0.05)
between wild-type (+/+) and heterozygous (DY/+) (Table 2.1).
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Table 2.1. Excitability of neurons from the hippocampus of P21-P24 mice

+/+ DY/+ DY/DY
PV+ interneurons in Dentate Gyrus
Maximal frequency of
_ o 53.3+6.6 255+78* N.D.
action potential firing (Hz)
Action potential threshold
-39.1+ 1.1 -34.5£ 2.9 N.D.
(mV)
Input Resistance (MQ) 870 + 113 878 + 286 N.D.
n 3 4 0
Pyramidal neurons in CA1
Maximal frequency of
action potential firing (Hz) 38.3+1.3 36.7 £3.2 298+4.0*¢
Action potential threshold
-48.4 £ 11 -48.0+£ 2.7 -48.0+4.7
(mV)
Input Resistance (MQ) 222 +10 316 £ 25~ 276 + 33
n 5 7 4

Table 2.1. Excitability of neurons from the hippocampus of P21-P24 mice

The procedures used to determine the neuronal properties were described in the

Materials and Methods. The values shown are means + SEM. Two way ANOVA

test followed by Holm-Sidak test was performed to determine the statistical

significance of the differences

in action potential firing values between

genotypes. Statistical significance of the action potential threshold and input

resistance differences of PV+ interneurons was performed with Student’s t test,

while for pyramidal cells one way ANOVA followed by Holm-Sidak test was used.

Asterisk (*) indicates significant difference (p<0.05) between wild-type (+/+) and

homozygous (DY/DY) mice. Double dagger (f) indicates significant difference

(p<0.05) between heterozygous (DY/+) and homozygous (DY/DY) mice.
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Discussion

The field of channelopathies is one that has been expanding in the last
decades since the completion of sequencing the human genome. Because of the
critical role and abundance of ion channels in some tissues, they have been
linked with several disorders resulting from mutations in their genes (Schwartz,
Ackerman, George, & Wilde, 2013; S.G. Waxman, 2013; Zaydman, Silva, & Cui,
2012). Although all systems are essential for proper development, function and
simply survival of the human being, the nervous system is special because it
controls other systems. A single neuron can express over a dozen different
genes encoding ion channels, and all of these channels contribute to the function
and excitability of the neuron (Bean, 2007). The high heterogeneity of the CNS
means that the channelopathies of the nervous system are complex and difficult
to fully understand. Dravet Syndrome (DS) and GEFS+ are two channelopathies
that cause epilepsy. Both DS and GEFS+ have been associated mainly with
mutations in the SCN1A gene that encodes the voltage-gated sodium channel
Na,1.1 (Hirose et al., 2013). In an effort to understand the mechanism by which
mutations in SCN1A cause epilepsy, a number of mouse models have been
constructed. Knockout of Scnla provides a model for DS, in which about 50% of
the human mutations cause a premature stop codon (Mulley et al., 2005).
Premature stop codons generally result in nonfunctional proteins and hence the
loss-of-function of the sodium channel. In contrast, mutations in SCN1A

associated with GEFS+ are primarily missense mutations (L. R. F. Claes et al.,
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2009; Lossin, 2009), which could result in either loss-of-function or gain-of-

function of the sodium channel (Escayg & Goldin, 2010) .

Because of the high expression of Scnla in PV+ interneurons during
infant and juvenile stages in mice (Ogiwara et al., 2007), we wanted to determine
which inhibitory neuronal subpopulations are most affected by the Scnla-
D1866Y mutation. We have previously shown that the Scnla-D1866Y mutation
results in an increase in sodium current in a heterologous expression system
(Xenopus oocytes) as well in PV+ interneurons from primary neuronal culture
(Chapter 1). These results suggested that the mutation resulted in a gain-of-
function of the sodium channel, which is opposite to the loss-of-function caused
by the Scnla-knockout (Ogiwara et al., 2007; Yu et al., 2006) and Scnla-
R1648H mutation (Martin et al., 2010; Tang et al., 2009). In the mouse models of
those alterations, the decrease of sodium currents resulted in the reduction of
action potential firing by the affected inhibitory interneurons. Even though the
effects on the sodium current due to alteration in Scnla had been detected at the
age of P14-P17 in those studies, we decided to characterize the effect on the
excitability in mice from P21-P24, because at this age Scnla-D1866Y mice have
a more pronounced seizure phenotype and increased incidence of sudden death

(Chapter 3).

We determined that the Scnla-D1866Y mutation resulted in a significant

reduction in the excitability of the PV+ interneurons in heterozygous mice
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compared to wild-type littermates. We measured action potential firing during the
first 500 milliseconds of the 2 seconds of stimulating current because action
potential firing decreased in PV+ neurons after 500 milliseconds due to
depolarization block. The depolarization block in the PV+ interneurons could be
due in part to the small size of the soma. The small soma also explains the high
values of input resistance seen in these neurons, in which even small injections
of current result in strong depolarizations. The depolarization block was

enhanced in heterozygous neurons.

Because the reduction of action potential firing could be due to an
increase in the action potential threshold, we determined the threshold for
neurons from mutant and wild-type mice. The action potential threshold of PV+
interneurons carrying the mutation was more depolarized compared to the wild-
type neurons, although the difference was not statistically significant. Therefore,
it is possible that small increase in the threshold voltage could contribute to the
significant reduction in the frequency of the action potentials fired by the

heterozygous PV+ interneurons.

In addition to the action potential threshold, the input resistance of a
neuron can also affect action potential firing. The input resistance is a measure of
how easy or difficult it is to change the membrane potential from its resting value.
An input resistance that is very low or is reduced will result in a small change in

the membrane potential for the same size stimulus, which may be insufficient to
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reach the action potential threshold. The input resistance of PV+ interneurons of
heterozygous mice was similar to the input resistance of wild-type littermates. All
these findings suggest that changes in the input resistance and the action
potential threshold are not responsible for the reduction of action potential firing

of PV+ inhibitory interneurons.

The vast majority of neurons in the brain are not inhibitory interneurons
but excitatory neurons. In fact, the hippocampus and neo-cortex are composed of
about 20% inhibitory neurons (Markram et al., 2004). Despite the preponderance
of excitatory neurons in the CNS, most alterations due to Scnla mutations have
been described to affect almost exclusively the inhibitory interneurons (Martin et
al., 2010; Ogiwara et al., 2007; Yu et al., 2006), even though this channel can
also be expressed in pyramidal cells (Westenbroek, Merrick, & Catterall, 1989). A
recent study has shown that excitatory pyramidal neurons can also have altered
excitability resulting from mutations in Scnla (Mistry et al., 2014), which
prompted us to examine the excitability of the pyramidal neurons. The action
potential firing frequency of pyramidal neurons from heterozygous mice was not
significantly different from that of wild-type littermates. However, there was a
reduction in the frequency of action potential firing in pyramidal neurons from

homozygous mice.

This result is different from what was observed in one of the Scnla-

knockout mouse models, in which there was increased action potential firing in
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pyramidal neurons from heterozygous mice. This difference could be due to
several reasons. First, the effects of the Scnla mutations in our model and the
Scnla-knockdown are very different. Scnla-D1866Y most likely results in a
functional sodium channel while the knockout results in complete loss-of-
function. Second, the results were obtained under different sets of conditions.
Excitability of pyramidal neurons in the Scn1la-D1866Y model was determined in
cells from the pyramidal cell layer of CA1 in brain slices, while the excitability of
pyramidal neurons in the Scnla-knockdown was determined from acutely
dissociated cells. It is possible that the variation of the neuronal environment in
the different preparation is responsible for difference in the excitability. Third, the
genetic background of the Scnla-D1866Y was C57BL/6, whereas the
background for the Scnla-knockdown was 129S6/SvEvTac (129) or the F1
generation of the C57BL/6 x 129. The influence of the genetic background on the
variability of genetic epilepsy mouse models has been well-demonstrated,
including for Scnla mutations (Mistry et al., 2014; Yu et al., 2006). Other studies
have shown an increase in action potential firing of excitatory and inhibitory
neurons from SCN1A deletions using neurons derived from induced pluripotent
stem cells (iPSC) from DS patients (Jiao et al., 2013; Liu et al., 2013). Although
this technique has considerable potential for individualized screening and
therapeutics, it is difficult to determine if the neurons derived from iPSCs are

comparable to the actual neurons in the patient.
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In the same way that we looked at the action potential threshold and input
resistance with respect to the excitability of PV+ interneurons, we also examined
these properties in pyramidal cells. There were no significant differences among
the action potential thresholds of pyramidal neurons from wild-type, heterozygous
and homozygous mice. However, the input resistance of pyramidal neurons form
heterozygous mice was significantly higher than that of wild-type mice. Pyramidal
neurons from homozygous mice also had an increased input resistance, although
this difference was not statistically significant. The effect of the mutation on the
input resistance of pyramidal neurons was quite different than for PV+
interneurons, in which the input resistance was unaltered. Although we do not
know the reasons for this difference, the increased input resistance in pyramidal
neurons did not alter the ability of those neurons to fire action potentials. The
opposite was true in the heterozygous PV+ interneurons, in which there was no
change in the input resistance but there was a decreased frequency of action
potential firing. The discrepancy in the correlation of input resistance and action
potential firing suggests two conclusions. First, the mechanisms involved in
determining the input resistance and the firing of action potentials are different.
Although the input resistance and the action potential threshold are determined
by the ion channels expressed in the membrane, the type of ion channels
activated at subthreshold levels differs from the channel activated during action
potential firing. Therefore, once a neuron reaches its action potential threshold,

its excitability changes and it is no longer linear, as it is at subthreshold levels.
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Second, the subthreshold and threshold activity behavior of the channels seem

to be affected differently by the Scnla-D1866Y mutation.

The most widely accepted model of the pathology of DS and GEFS+ is
that reduction of the activity or firing of inhibitory neurons is responsible for the
pathology. It is interesting to note that the Scnla-D1866Y mutation resulted in
decreased action potential firing in both PV+ interneurons as well as in the
excitatory pyramidal cells. However, the defect in PV+ interneurons is much
larger than that in excitatory neurons. These results are consistent with the high
levels of Scnla expression in PV+ interneurons. Because of the low level of
expression of Scnla in pyramidal cells, the effects of the Scnla-D1866Y
mutation were not detected in heterozygous but only in homozygous mice.
Therefore, our results concerning the Scnla-D1866Y mutation support the model

that reduced inhibition is the primary pathology in DS and GEFS+.
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CHAPTER 3

Scnla-D1866Y Mutation Increases Seizure Susceptibility and Hippocampal

Network Activity

Abstract

Epilepsy is one of the most common neurological disorders. Its high
prevalence is a major incentive for the development of more effective anti-
epileptic drugs, better known as AEDs. Even with the development of new
AEDs, there are about 30% of epileptic patients who suffer from intractable
epilepsy. Uncontrolled seizures can lead to death and increase the risk of
Sudden Unexpected Death of Epilepsy (SUDEP). To provide better treatment
options for this population, it is necessary to develop new models that can be
used to test potential drugs. Numerous mutations that cause epilepsy have been
identified in the sodium channel SCN1A gene, making it an excellent candidate
to study generalized genetic epilepsy. Several mouse models had been
constructed to mimic human Dravet Syndrome (DS) and Genetic Epilepsy with
Febrile Seizures Plus (GEFS+), which are two epileptic disorders caused by
mutations in SCN1A. The main effect of the Scnla mutation in these mouse
models was a reduction of the sodium current in interneurons at an early age,
which resulted in less excitable interneurons. These findings gave rise to a

hypothesis that reduction of inhibition is responsible for the seizure phenotype. In
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this study, we characterized the in vivo and hippocampal network effects of
Scnla-D1866Y, a mutation associated with GEFS+ that resulted in gain-of-
function of parvalbumin-expressing (PV+) interneurons. Heterozygous mice had
lower thresholds for chemically, electrically and thermally induced seizures and
had an increase in mortality during the first year of life. Local field recordings of
the hippocampus network of heterozygous mice demonstrated reduced latency
and higher frequency of burst firing activity. These results suggest that the gain-
of-function of sodium currents of interneurons can also lead to seizures and

could serve as alternative model for AED development.
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Introduction

Epilepsy is one of the most common neurological disorders. The
worldwide population affected with epilepsy is estimated to be 50 to 65 million,
with about 3 million in the United States (CURE). 80% of the worldwide
population with epilepsy is found in developing countries. A primary cause of
epilepsy is brain injury, including brain tumors (Goonawardena, Marshman, &
Drummond, 2014), strokes (Menon & Shorvon, 2009), severe head trauma
(Gallentine, 2013), fever (Cross, 2012), congenital brain malformation, and
infections (Marchi, Granata, & Janigro, 2014). In addition to structural
abnormalities, epilepsy can result from genetic factors. However, the cause is not
known for approximately 40% to 60% of people suffering with epilepsy
(Organization, 2012). It is thought that most of the unknown cases, known as

idiopathic epilepsies, result from genetic mutations (Hirose et al., 2005).

People suffering from epilepsy also have a high risk of suffering other
pathologies (Helmstaedter et al., 2014). The comorbidities of epilepsy include
migraine, intellectual deficit, schizophrenia, ADHD and other psychiatric
disorders (Pellock, 2004). An important risk is death from either Sudden
Unexpected Death in Epilepsy (SUDEP) or other causes. It's estimated that
about 50,000 deaths annually in the United States alone are associated with
epilepsy (CURE, 2011). These deaths can be the direct result of seizures or

accidents and injuries resulting from seizures. When sudden death is not due to
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injuries nor directly resulting from seizures, it is classified as SUDEP. SUDEP
accounts for 34% of the deaths of children with epilepsy (CURE, 2011).
Therefore, more effective anti-epileptic drugs (AEDs) are necessary to alleviate

seizures, comorbidities and death in patients with epilepsy.

Genetic mutations are a major cause of epilepsy, accounting for 40% of all
epilepsies (Steinlein, 2002). This number includes both cases in which the gene
or mutation is known and unknown (idiopathic). Most of the mutations that have
been identified as causing epilepsy are in genes encoding ion channels (Lerche
et al., 2013). Of these ion channel genes, the one in which the most epilepsy-
causing mutations has been identified is the sodium channel SCN1A gene, with
over 800 mutations identified to date (L. R. F. Claes et al., 2009; Lossin, 2009).
For this reason, the SCN1A gene is a promising target for AEDs (Meisler &
Kearney, 2005; Mulley et al., 2005). Dravet Syndrome (DS) is one of the epileptic
disorders caused by mutations in SCN1A. About 40% of the mutations resulting
in DS are nonsense mutations (Marini et al., 2011). People with DS suffer from
severe, generalized tonic-clonic seizures, along with other symptoms (L. Claes et
al., 2001). Genetic epilepsy with febrile seizures plus (GEFS+) is another
epilepsy syndrome associated with mutations in SCN1A and resulting in a slightly

less severe phenotype than DS (Scheffer & Berkovic, 1997).

To understand the mechanism that is responsible for these disorders,

three mouse models have been constructed. These models included a knockout
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of Scnla (Ogiwara et al.,, 2007; Yu et al., 2006), a knock-in of an Scnla
nonsense mutations, and a knock-in of an Scnla missense mutations (R1648)
(Martin et al., 2010). All these models produce a similar effect at the molecular
and cellular level. The common feature of these models is the reduction in the
current density in interneurons expressing the Scnla mutation. This loss-of-
function of sodium current results in a decrease of excitability in the interneurons.
The fact that all three of these models have the same effect suggests that cell-
type selective loss-of-function of sodium current is a common mechanism for

reduced of inhibition and seizure susceptibility.

Efforts to establish any correlation between phenotype and the mutations
in Scnla have not been informative so far (Kanai et al., 2004). Nevertheless, it is
generally accepted that mutations in different domain of the sodium channel
could alter sodium current properties in different ways (Lossin, 2009). One such
mutation is SCN1A-D1866Y, which causes GEFS+ (Spampanato et al., 2004).
GEFS+ is in the same spectrum as DS, in which DS can be considered to be the

most severe phenotype of GEFS+ (Scheffer et al., 2009).

The goal of this research is to determine the effects of the Scnla-D1866Y
mutation on seizure susceptibility and hippocampus network activity. Chapter 1
presented data showing that the Scn1a-D1866Y resulted in a gain-of-function of
the channel in PV+ interneurons. This increase of sodium influx resulted in

decreased excitability of PV+ interneurons so they fired fewer action potentials.
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The excitability of the pyramidal neurons to fire action potentials was unchanged
by the Scnla-D1866Y mutation in the heterozygous mice (Chapter 2). We
hypothesize that these effects of the Scnl1a-D1866Y mutation result in increased
seizure susceptibility. To test this hypothesis, we determined the latency to and
thresholds for behavioral seizures induced in mice by chemical, electrical or
elevated body temperature. In addition, we measured micro-EEG or Local Field
Potential (LFP) to assess the propensity of the hippocampus network to produce

synchronous electrical seizure-like events, also known as bursting activity.
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Materials and Methods

Animals

Mice generation, maintenance and identification (genotyping) was done as
previously described in Chapter 1. Briefly, generation of Scnla-D1866Y mice
was performed by Dr. Andrew Escayg at Emory University, GA using
homologous recombination. Once mice were received at the University of
California, Irvine, the Scnla-D1866Y mice were backcrossed to C57BL/6J mice
(JAX) for at least 8 generations. Mice at Emory University were independently
backcrossed to the same strain. The Scnla-D1866Y mice were crossed to G42
transgenic mice, which express enhanced green fluorescent protein (EGFP) in
pavalbumin-expressing (PV+) interneurons (Chattopadhyaya et al., 2004). The
EGFP gene was carried only in the hemizygous state. Mice were maintained at
22 °C on a 12-h light/dark cycle. Food and water were available ad libitum. All
experiments were performed in accordance with the Institutional Animal Care

and Use Committees of Emory University and the University of California, Irvine.

Hyperthermia-induce seizure paradigm

Mice from P22-25 age were put individually in a chamber for 10 minutes to allow
body temperature to acclimatize at 37.5°C. Core body temperature was
monitored with a rectal temperature probe connected to heating lamp via
temperature controller (TCAT 2DF, Physitemp). Using a heating lamp, the core

body temperature of the mouse was increased by 0.5 degrees every two minutes
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starting at 37.5°C until the mouse experienced a behavioral partial seizure or
until a maximum temperature of 42.5°C. If a behavioral seizure was recorded, the

experiment was stopped immediately.

Flurothyl-induced seizure paradigm

Mice from 3 to 5 months of age were put individually in a chamber and flurothyl
(2,2,2-trifluroethylether, Sigma-Aldrich) was introduced at a rate of 20 ul/min.
Latencies to the first myoclonic jerk (MJ) and to the generalized tonic-clonic

seizure (GTCS) were recorded.

Psychomotor 6 Hz-induced seizure paradigm

Mice from 3 to 5 months of age were subjected to electrical pulses of 0.2 ms
duration at 6 Hz for 3 seconds. Prior to the testing, a topical anesthetic was
applied to the cornea. Each animal in a group was stimulated at a selected
current intensity. Mice were manually restrained during stimulation. Immediately
following stimulation, mice were placed in their home cage and examined for
seizures. Seizures were characterized by forelimb clonus, rearing and falling
and/or staring behaviors. Mice were left to recover for a week before being

stimulated again with higher current.

Preparation of hippocampal slices

Brain slice preparation was done as previously described in Chapter 2. Briefly,

mice were anesthetized with halothane or isoflurane, decapitated, and brains
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were rapidly placed in ice-cold artificial cerebrospinal fluid (ACSF) containing (in
mM): 85 NaCl, 65 sucrose, 2.5 KCI, 25 glucose, 1.25 NaH;PO4, 4 MgSQOy4, 0.5
CaCly, and 24 NaHCO; (oxygenated with 95% O,, 5 % CO;). Transverse
hippocampal slices (350 pum) were cut using a VT1200S vibrating blade
microtome (Leica, Germany). Slices were incubated at 33°C for at least 1 h
before electrophysiological recordings in oxygenated (95% O,, 5% CO,) standard
ACSF containing (in mM): 126 NaCl, 2.5 KCI, 1.25 NaHPQO,4, 0.5 MgSQO4, 10

glucose, 1.2 CaCly, and 24 NaHCOs.

Electrophysiological recordings

Slices were submerged in a recording chamber and continuously perfused at 2
mL/min with oxygenated ACSF at 30°C during electrophysiological experiments.
Cells were visualized with an upright microscope (Zeiss Axioskop Plus) equipped

with infrared differential interference contrast optics and epifluorescence.

Patch pipettes with a resistance of 3-5 MQ were pulled from borosilicate glass
(1.5 mm OD, 0.86 mm ID; Sutter Instruments, Novato, CA) with a P-97 Flaming-
Brown puller (Sutter Instruments, Novato, CA). Recordings were conducted at
30°C using a MultiClamp 700B amplifier (Molecular Devices, Union City, CA) and
digitized with a Digidata 1322A digitizer (Molecular Devices). Data were analyzed

offline with pClamp 10.2 software (Molecular Devices).
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Micro-EEG or Local Field Potential recordings

For extracellular recordings, pipettes were filled with 150 mM NaCl and
positioned in the CA3 stratum pyramidal layer. Field recordings were obtained in
current clamp mode at 100X AC. Continuous extracellular recordings were
acquired at 10 kHz and population spikes were acquired at 50 kHz. All
extracellular field recordings were low-pass filtered at 1 kHz. ACSF with elevated
potassium was prepared by supplementing standard ACSF with 3 M KCI to raise
the external potassium concentration ([K']o) to 8.5 mM. The experimental
paradigm consisted of a control recording for 2-5 min in standard ACSF, followed

by 20-25 min with 8.5 mM [K']o, in which burst activity was recorded.

To evoke population spikes, constant-current stimuli (100 psec) were applied via
a stimulus isolator (A365D; WPI, Sarasota, FL) using a bipolar tungsten
electrode (50 ym in diameter; A-M Systems, Carlsborg, WA) positioned in the
mossy fiber tract. Population spikes were evoked in physiological 2.5 mM [K']o
before and after exposing the slice to 8.5 mM [K']o. Slices in which population
spike amplitudes did not change more than 20% after exposing the slice to 8.5

mM [K']o were used for analysis.

Statistical Analysis
Pulse generation and data collection were done with pCLAMP 10.2. All data are
reported as mean * standard error of mean (SEM), except for age of deceased

breeders reported as mean + standard deviation (SD). Due to the preliminary
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small n of homozygous mice in local field potential recordings, 2 slices from 1
mouse; all statistics analysis did not include data from homozygous mice during
that portion. The preliminary data from homozygous are reported as the average
of those 2 slices. Therefore, all statistical analysis was performed with SigmaStat
3.10 using Student’s t-test between wild-type and heterozygous mice. Statistical

significance was determine with p-values under 5% (p<0.05).
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Results

Scnla-D1866Y mice utilized for the micro-EEG or local field potential
recordings and life span statistics were maintained and identified as described in
Chapter 1. All mice were backcrossed to C57BI/6J at least 8 generations and
crossed to G42 transgenic mice (Chattopadhyaya et al., 2004). Generation of the
different genotypes was obtained in Mendelian ratios. Mice utilized in the
hyperthermia, flurothyl and 6 Hz induced seizure were maintained at Emory

University, and were also backcrossed at least 8 generations to C57BL/6J.

Scnla-D1866Y facilitated spontaneous seizure and reduced life span

After the Sncl1aP'®®"* (heterozygous) mice were backcrossed to
C57BL/6J, they exhibited an increased number of seizures compared to the
original strain. Generalized tonic-clonic seizures were observed in mice as young
as postnatal day 21 (P21). Behavioral seizures were also observed in adult mice
and ranged from motionlessness to death, corresponding to seizure severity of 1
to 7 on the modified Racine scale (Racine, 1972). Although some heterozygous
mice demonstrated a normal life span, there was 56% mortality during the first
year (Fig. 3.1A). The mean age of heterozygous breeder mice that died was 4
months (Fig. 3.1B). There were twice as many females (n=214) as males
(n=100) in the breeding colony, and most of the dead mice (84%) were female

(Fig. 3.1C). Mice that were hemizogous for the EGFP gene, which was acquired
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from the G42 transgenic strain, had the same percentage of mortality as those
without the EGFP gene (Table 3.1). We did not observe any seizures in

ScnlaD1866Y/D1866Y (

homozygous) mice, although they started to die at the age of
P21 and their life span was reduce to less than 2 months (Fig. 3.1D). The death
of homozygous mice was not due to lack of nutrition or obvious movement

disorders.
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Fig. 3.1. Reduction of life span of Scnla-D1866Y mice
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Fig. 3.1. Reduction of life span of Scnla-D1866Y mice

A, Mortality of Scnla-D1866Y heterozygous breeder mice was 56% (179
deceased out of 319). Mortality was measured from date of birth up to 1 year
during the first year of age. B, The mean age of breeders at death was 121 £ 48
days (n=179). C, Percentage of deceased mice that were female was 84%.
(Table 3.1). D, Scnal-D1866Y homozygous mice (DY/DY) started to die around
P21. The majority died around P30, although some survived up to 7 weeks.
Homozygous Scnla Knockdown (-/-) and Scnla-R1648H (RH/RH) mice had a

shorter life span. Ages are presented as mean + SD.
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Reduction in latency to flurothyl-induced seizures in Scnla-D1866Y mice

To determine the susceptibility of seizures resulting from the Scnla-
D1866Y mutation, the mice were first exposed to the chemiconvulsant flurothyl.
There was no significant difference in the latency to the myoclonic jerk between
wild-type mice (254.2 + 7.8 seconds, n= 24) and heterozygous mice (253.2 +
11.5 seconds, n= 25) (Fig. 3.2A). The latency to the first tonic-clonic seizure was
significantly shorter for heterozygous mice (344.4 + 10.1 seconds, n= 25)

compared to wild-type littermates (392.7 + 13.0 seconds, n= 24) (Fig 3.2B).
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Fig 3.2. Scnl1a-D1866Y reduced latency to flurothyl-induced seizures

Myoclonic Jerk GTCS
A. 500, B. 500
0 400- 5 12%
- - ——
Q Q
£ 300- 2
s —— S
=1 -
200+
100- : :
WT DY/+ DY/+

Fig 3.2. Scnl1a-D1866Y reduced latency to flurothyl-induced seizures

A, Latency in seconds to the myoclonic jerk induced by flurothyl in wild-type mice
(+/+) was 254.2 + 7.8 (n=24) compared to 253.2 + 11.5 (n=25) in heterozygous
mice (DY/+). B, Latency in seconds to generalized tonic-clonic seizure (GTCS)
induced by flurothyl in wild-type mice (+/+) was 392.7 £ 13.0 (n=24), while in
heterozygous mice (DY/+) the latency was 344.4 + 10.1 (n=25). The values
shown are mean + SEM. Asterisk (*) indicates statistical significance (p<0.05)

between wild-type and heterozygous mice with Student’s t test (Table 3.2).
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Scnla-D1866Y mice had psychomotor-induced seizures at lower current

injections compared to wild-type mice

To determine if the susceptibility to experience seizures was specific for
one paradigm or common to multiple seizure paradigms, we also induced
psychomotor seizures by injecting current pulses at 6 Hz in the cornea of the
mice. Increased current injection increased the fraction or percentage of mice in
any group that experienced a seizure, but heterozygous mice required less
current to induce seizures at any level compared to wild-type littermates (Fig

3.3).
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Fig 3.3. Scnla-D1866Y mice had 6 Hz-induced seizures at lower current

injections compared to wild-type mice
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Fig 3.3. Scnla-D1866Y mice had 6 Hz-induced seizures at lower current
injections compared to wild-type mice

The percentage of mice exhibiting a seizure phenotype is plotted against the
amount current in milliamperes (mA) applied to the cornea at 6 Hz. About 20% of
heterozygous mice (DY/+) experienced a seizure with 6 mA of current for both
males (n=6) and females (n=11). With 12 mA of current, all heterozygous
females seized, but not all males. Wild-type (WT) littermates required 18 mA of
current to induce a seizure in about 30% of males (n=6) and females (n=9).

Seizures were induced in all wild-type mice with 26 mA of current (Table 3.2).
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Scnla-D1866Y mice displayed hyperthermia-induced seizures at lower

temperature than wild-type mice

Because GEFS+ in children has been associated with febrile seizures, we
tested if increased body temperature induced seizures in juvenile mice. Body
temperature was increased up to 42.5°C. The fraction or percentage of mice that
did not exhibit a seizure decreased for mice expressing the Scnla-D1866Y
mutation as temperature was increased. Some homozygous mice exhibited
seizures at the normal body temperature of 37.5°C, and by 40.5°C all the mice
seized (n=12). Heterozygous mice started to exhibit seizures at 41.0°C and by
42.5°C all of them seized (n=12). Wild-type littermates never exhibited a seizure

in this paradigm (n=12) (Fig 3.4).
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Fig 3.4. Scnla-1866Y reduced threshold of hyperthermia-induced seizures
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Fig 3.4. Scnla-1866Y reduced threshold of hyperthermia-induced seizures

The percentage of mice not exhibiting a seizure phenotype is plotted against the
increase in body temperature. About 20% of homozygous mice (DY/DY)
exhibited seizures at normal temperature of 37.5°C. All homozygous mice
experienced seizures by 40.5°C. About 20% of heterozygous mice (DY/+)
exhibited seizures starting at 40.0°C and by 42.5°C all of them seized. Wild-type

littermates (WT) never exhibited seizures. For each group n=12 (Table 3.2).
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Hippocampal slices from Scnla-D1866Y mice exhibited reduced latency and

higher frequency of seizure-like activity

To determine if the Scnla-D1866Y mutation had an effect on the neuronal
network of the hippocampus, micro EEG or LFP recordings were performed. The
recording electrode was placed in the pyramidal cell layer of the CA3 region. In
normal ACSF, neuronal activity was at the basal level with a field potential at 0
mV. Perfusion of ACSF with an elevated concentration of 8 mM potassium
resulted in seizure-like or burst activity, in which a group of neurons were
activated at the same time. This was reversible by reintroducing regular ACSF
(Fig 3.5A). The slices from wild-type mice had a latency to burst activity of 5.5 +
0.5 min (n=4), while slices from heterozygous mice had a significantly shorter
latency to burst activity of 3.7 + 0.4 min (n=6) (Fig 3.5B). To determine if the
health of the slices was affected by the procedure, population spikes before and
after the recordings were performed in all slices, and were not significantly

different before and after bursting (Fig 3.5C).
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Fig 3.5. Scnl1a-D1866Y reduced latency of bursting
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Fig 3.5. Scnl1a-D1866Y reduced latency of bursting

A, Representative trace of brain slice perfused for 2 min in regular ACSF, then in
ACSF with potassium elevated to 8.5 mM [K']o, and finally washed with regular
ACSF. B, Latency in minutes (min) to the beginning of the bursting events in
CA3. The latency in wild-type mice (+/+) was 5.5 = 0.5 (n=4), the latency in
heterozygous mice (DY/+) was 3.7 + 0.4 (n=6), and the latency in homozygous
mice (DY/DY) was 3.5 = 0.4 (n=2). The values shown are mean + SEM.
Statistical comparison was performed with Student’s t test. Asterisk (*) indicates
statistical significance (p<0.05) between slices from wild-type and heterozygous
mice (Table 3). Slices from homozygous mice were not included in the statistical
analysis because of the small sample size. C, The health of the slice was

assessed by comparing population spikes before and after the recordings.
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Because the Scnla-D1866Y mutation caused epilepsy in mice, we wanted
to determine if more neurons were recruited in the seizure-like events during
bursting in hippocampal slices from mutant mice. Using the previous paradigm of
recording micro-EEG from the pyramidal cell layer of CA3 with ACSF containing
a high concentration of potassium, we measured the total amplitude of the burst
event during one minute (Fig 3.6A). The bursting amplitude of slices of wild-type
slices was 1.9 + 0.2 mV (n=4), which was not significantly different from
heterozygous slices, which was 1.8 £ 0.4 mV (n=6) (Student’s t-test; p=0.85) (Fig

3.6B).
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Fig 3.6. Scnl1a-D1866Y did not affect bursting amplitude
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Fig 3.6. Scnl1a-D1866Y did not affect bursting amplitude

A, Bursting amplitude was measured from the peak of the positive deflection to
the peak of the negative deflection of all the events during 1 minute of bursting.
B, Bursting amplitude in millivolts (mV) of the bursting event in CA3. Bursting
amplitude of CA3 from wild-type slices (+/+) was 1.9 £ 0.2 (n=4). Bursting
amplitude from heterozygous slices (DY/+) was 1.8 = 0.4 (n=6), while for
homozygous slices (DY/DY) it was 1.5 £ 0.2 (n=2). The values shown are mean
+ SEM. Statistical analysis done with Student’s t test (p=0.85) (Table 3.3). Slices

from homozygous mice were not included in the statistical analysis due to the

small sample size.
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Another way in which the Scnla-D1866Y mutation could have an effect on
hippocampal network excitability is by changing the frequency of the bursting
activity. Using the previous paradigm of high potassium ACSF in the pyramidal
cell layer of CA3, we measured the number of bursting events during one minute.
The slices from wild-type mice had a bursting frequency of 0.57 + 0.07 Hz (n=4),
while slices from heterozygous mice had a significantly higher bursting frequency

of 0.86 + 0.9 Hz (n=6) (Student’s t-test; p<0.05) (Fig. 3.7).

106



Fig. 3.7. Scnl1a-D1866Y increased bursting frequency
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Fig. 3.7. Scn1a-D1866Y increased bursting frequency

A, Bursting frequency was measured by counting the amount of bursting during 1
minute of activity during the 8.5 mM [K']o stimulation. B, The frequency(Hz) of
bursting events in the CA3. The bursting frequency of CA3 in wild-type slices
(+/+) was 0.57 + 0.07 (n=4). The bursting frequency in heterozygous slices
(DY/+) was 0.86 + 0.09 (n=6), while the bursting frequency in homozygous slices
(DY/DY) was 0.63 £ 0.05 (n=2). The values shown are mean + SEM. Asterisk (*)
indicates statistical significance (p<0.05) between wild-type and heterozygous
mice with Student’s t test (Table 3.3). Slice from homozygous mice were not

included in the statistical analysis due to small sample size.
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It was possible to separate the frequency of bursting into two main
components. One component is the duration of the event, known as intra-burst
duration, while the second component is the time between events, known as the
inter-burst duration (Fig. 3.8A). We wanted to determine which of these
components was responsible for the change in frequency. Slices from wild-type
mice had an intra-burst duration of 165 + 10 msec (n=4), which was comparable
to the intra-burst duration of slices from heterozygous mice (162 £ 8 msec, n=6)
(Student’s t-test; p=0.82) (Fig. 3.8B). On the other hand, inter-burst duration from
wild-type mice was 1560 + 180 msec (n=4), which was significantly longer than
the inter-burst duration of 1050 + 105 msec (n=6) from heterozygous mice

(Student’s t-test; p<0.05) (Fig 3.8C).
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Fig. 3.8. Scnl1a-D1866Y effects on intra-burst and inter-burst duration
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Fig. 3.8. Scnl1a-D1866Y effects on intra-burst and inter-burst duration

A, Intra-burst duration was measured from the beginning (a) to the end (b) of a
single bursting event, while the inter-burst duration was measured from the end
of one bursting event to the beginning of the next one. B, Intra-burst duration in
milliseconds (msec) in the CA3 of wild-type (+/+), heterozygous and homozygous
slices was 165 + 10, 162 £ 8, and 200 msec, respectively. Student’s t-test
between wild-type and heterozygous (p=0.82). C, Inter-burst duration in the CA3
of wild-type, heterozygous and homozygous slices was 1560 + 180 msec, 1050 +
105 msec , and 1250 msec, respectively. The values shown are mean £ SEM.
Asterisk (*) indicates statistical significance (p<0.05) between wild-type and
heterozygous mice as determine by Student’s t test (Table 3.3). Slice from
homozygous mice were not included in the statistical analysis due to the small

sample size.
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D1866Y/+

Table 3.1. Life span of deceased of Scnla breeders
Males Females Total
Breeders with the EGFP gene
Life span (days) 141 £ 15 116 £ 5 120+ 5
n 16 82 98
Ratio of gender 0.163 0.837 -
Breeders without the EGFP gene
Life span (days) 137 £9 120+ 6 122+ 6
n 13 68 81
Ratio of gender 0.160 0.840 -
Total Breeders
Life span (days) 1399 118+ 4 1214
n 29 150 179
Ratio of gender 0.162 0.838 -
Table 3.1. Life span of deceased of Scn1a”'®®"* breeders

Female breeders had a higher mortality rate than male breeders, independent of
whether the breeders carried the EGFP gene. Life span and ratio of deceased
females was not affected by being hemizygous for the EGFP gene. The same
effect was true for the males, for which hemizygosity for EGFP did not change
the mortality rate. Therefore, the numbers of mice with and without EGFP were
pooled for analysis. The values shown are mean + SEM. No statistical

differences (p<0.05) were detected using Student’s t test. Homozygous mice

were not included in the statistical analysis due to the small sample size.
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Table 3.2. Thresholds for induced seizures

+/+ DY/+ DY/DY
Latency to Flurothyl-Induced Seizure
MJ (sec) 2542 +7.8 253.2+11.5 n/a
GTCS (sec) 392.7+1.8 344.4 + 10.1* n/a
n 24 25 0
Current for 6 Hz-Induced Seizures
Current to induce seizure
18 6 n/a
in at least 1 mouse (mA)
Current to induce seizure
26 12 n/a
in all mice (mA)
n 14 17 0
Temperature for Hyperthermia-Induced Seizure
Lowest temperature to
N.D. 41.0 37.5
induce seizure (°C)
Temperature to induce
N.D 42.5 40.5
seizure in all mice (°C)
n 12 12 12

Table 3.2. Thresholds for induced seizures

The procedures to determine the threshold for induced seizures were described
in the Materials and Methods. The values shown for the flurothyl-induced
seizures are means + SEM. Asterisk (*) indicates statistical significance (p<0.05)
with Student's t test. No statistics were performed for the threshold for
hyperthermia or 6 Hz induced seizures. Not detectable (N.D.) indicates that data
were not measured because the paradigm did not induce a seizure. Not

applicable (n/a) indicates that data could not be obtained because the mice did

not survive to the age for testing.
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Table 3.3. Properties of CA3 bursting activity

+/+ DY/+ DY/DY
Bursting latency (min) 55+05 3.7+£04* 3.5
Bursting amplitude (mA) 1.9+£0.2 1.8+04 1.5
Bursting frequency (Hz) 0.57 £ 0.07 0.86 £ 0.09 * 0.63
Intra-burst duration (msec) 165 + 10 162+ 8 200
Inter-burst duration (msec) 1560 + 180 1050 + 105 * 1250
n (slice; mice) 4; 2 6; 2 2:1

Table 3.3. Properties of CA3 bursting activity

The values shown are mean = SEM. Asterisk (*) indicates statistical significance
(p<0.05) between wild-type and heterozygous mice with Student’'s t test.. The
preliminary data from the homozygous comes from 2 brain slices from same
mice. Therefore the homozygous mice were not included in the statistical
analysis due to the small sample size. Value shown of homozygous is the

average of the 2 slices.
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Discussion

Epilepsy syndromes, including those caused by monogenetic mutations,
can have multiple phenotypes. While some individuals experience severe
seizures, others can suffer mild seizures and others can be completely
asymptomatic (Scheffer et al., 2009). This is due in part to differences in genetic
background, although it is not completely understood how the expression of
genetic modifiers is related to differences in pathology (Scheffer & Berkovic,
1997). This genetic background influence on seizures has been known for many
years and it has been exploited recently by the use different strains of mice, in
which a particular mutation in different mouse strains results in different seizure
susceptibility (Mohajeri et al., 2004; Schauwecker, 2011). To avoid the influence
of modifier genes in modeling the human epileptic phenotype caused by the
SCN1A-D1866Y mutation, we backcrossed mice with the mutation to the

C57BL/6J strain, which is commonly used for analyzing mouse models of

epilepsy.

As we backcrossed the Scnla-D1866Y mice on the C57BL/6J genetic
background, mice carrying the mutation started to exhibit a more severe epileptic
phenotype. Carriers started to experience spontaneous generalized tonic-clonic
seizures on a regular basis. Generalized tonic-clonic seizures lasted from a few
seconds up to half a minute. After a generalized tonic-clonic seizure, the mice

were abnormally lethargic and immobile, which is commonly seen in patients
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right after they experience a generalized seizure (R. S. Fisher & Schachter,
2000). Mice carrying the Scnla-D1866Y mutation also exhibited abnormal
behaviors that resembled other types of seizures, including stillness and
repetitive motions related to absence seizure and myoclonic jerks (Scheffer &

Berkovic, 1997).

The most extreme or severe phenotype was death, which we observed in
almost 60% of heterozygous mice for the Scnla-D1866Y mutation by the age of
4 months. Almost all the dead mice were found in the morning, which is very
similar to the SUDEP phenotype in humans (Smithson, Colwell, & Hanna, 2014).
Although in humans the cases of SUDEP are not as high as the incidence of
sudden death observed in our mice, SUDEP can account for up to 17% of deaths
in patients with epilepsy (Sperling, 2001). SUDEP is the leading cause of
premature death in patients with severe epilepsy, with a frequency ranging from
10-50% (Shorvon & Tomson, 2011). The difference in the risk between mice and
humans could be in the heterogeneity of genetic background in the human

population in addition to differences in the brain network (R.S. Fisher, 1989).

When we looked at gender in the population of the deceased mice that are
heterozygous for the Scnla-D1866Y mutation, we found that females comprised
almost 90% of the mice that died. This gender difference could be due to the
differences in the hormones produced by the females, which have been shown to

exacerbate an epileptic phenotype (Savic & Engel, 2014; Verrotti et al., 2010). In
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addition, it has been shown that the levels of PV+ interneurons continue to
increase in the hippocampus of female mice during the first three months of age
(Wu, Du, van den Buuse, & Hill, 2014). This increase of the affected neuronal
population in females could be contributing to the high mortality seen in Scnla-

D1866Y females.

Because the mice were not monitored by video-EEG, we cannot define
the location of the seizure focus, the electrographic signature, the duration, or the
frequency of seizures in mice that survived compared to those that did not
survive during the first year of life. In addition, we cannot determine if the
seizures were the direct cause of death in these mice or if cardio-respiratory
failure contributed to it (Auerbach et al., 2013; Kalume, 2013). However, we do
know that the incidence of both severe seizures and death became evident at
P21, which is about one week after the expression of Scnla is detected (Ogiwara
et al., 2007). Conditional knockdown of Scnla only in PV+ interneurons has
shown that loss of Scnla in only that specific neuronal population is sufficient to
elicit spontaneous and induced seizures (Cheah et al., 2012; Dutton et al., 2013;
Ogiwara et al., 2013) that are comparable to those seen in mouse models with
global knockdown of Scnla (Ogiwara et al., 2007; Yu et al., 2006) and in patients

with DS and GEFS+ (Scheffer et al., 2009).

To determine if the in vivo effects of the Scnla-D1866Y mutation were

similar to the Scnla-knockout (Ogiwara et al., 2007; Yu et al., 2006) and Scnla-
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R1648H mutation (Martin et al., 2010), we determined the seizure thresholds for
several paradigms commonly used to elicit seizures. First, heterozygous mice for
Scnla-D1866Y mutation had a 12% reduction in the latency to GTCS but not to
MJ compared to wild-type littermates when exposed to flurothyl. These results
are comparable to the latency reduction in GTCS of 19% in the heterozygous
Scnla-R1648H (Martin et al., 2010) and the 15%-19% reduction in the
heterozygous conditional Scnla knockout (Dutton et al., 2013) under similar
conditions. To more closely mimic the seizures observed in DS patients, we used
the paradigm of psychomotor seizures elicited by current pulses at 6 Hz, which
models intractable seizures (Barton, Klein, Wolf, & White, 2001). In this
paradigm, wild-type mice required more current to induce seizures compare to
the heterozygous mice. This result suggests that mice expressing the D1866Y
mutation are more likely to develop intractable seizures. One of the main
characteristics of children under the age of 6 years that suffer from GEFS+ is that
fever or warm baths have been associated with their seizures. About 2-5% of
human infants experience febrile seizures, but most of those individuals don’t
develop epilepsy (Improvement & Management, 2008). When we elevated the
body temperature of young mice, we observed that mice expressing the Scnla-
D1866Y mutation were more susceptible to seizures. On the other hand, wild-
type littermates never experienced any type of behavioral seizure when body
temperature was increased up to 42.5°C. Taking the observations made in all the
induced seizure paradigms together, we conclude that the Scnla-D1866Y

mutation increases seizure susceptibility and reproduces some of the main
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seizure characteristics found in patients on the GEFS+ spectrum. Those
characteristics include “intractable” seizures and susceptibility to hyperthermia or
fever-induced seizures (Scheffer & Berkovic, 1997). Therefore, identification of
the changes in the neurological network activity of mice carrying the Scnla-
D1866Y mutation can provide insight about the increased seizure susceptibility in

GEFS+ patients.

Evaluation of the network activity of epileptic patients requires
electroencephalogram (EEG) recordings. EEG allows monitoring of brain function
and neuronal networks activity. The seizure or ictal period is characterized by
hypersynchronous activity of the neurons in the network (R. S. Fisher et al.,
2014). Because the Scnla-D1866Y mutation resulted in changes in the PV+
interneurons at the molecular (Chapter 1) and cellular levels, but no changes in
the pyramidal neurons of the hippocampus in heterozygous mice (Chapter 2), we
wanted to determine if those changes could lead to an increase in the neuronal
network activity of the hippocampus that could explain the increased seizure
susceptibility. To determine the effects of the Scnla-D1866Y mutation that are
specific to the hippocampal network in young mice, we used local field potential
recording as micro EEG (Bedard, Kroger, & Destexhe, 2004). In regular ACSF,
action potential firing activity of the hippocampal network was minimal and similar
for both slices expressing the Scnla-D1866Y mutation and wild-type. When we
stimulated brain slices by increasing the extracellular concentration of potassium,

the hippocampal network produced oscillations in the field potential. The
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oscillations in the field potentials induced by the higher potassium concentration
in CA3 are similar to the population spike during the electric stimulation of the
mossy fiber tract. Increasing the external concentration of potassium depolarizes
the resting potential of the neurons, bringing it closer to the threshold for action
potential initiation (Baylor & Nicholls, 1969; Somjen, 2002). Excitation of the
mossy fiber tract results in excitation of the CA3 pyramidal cells (Andersen, Bliss,
& Skrede, 1971) as well as inhibitory interneuron in the hilus, which in turn
projects to CA3 (Acsady, Kamondi, Sik, Freund, & Buzsaki, 1998). Excitation of
pyramidal cells results in depolarization of the individual membrane potentials
due to an influx of sodium (Hodgkin & Huxley, 1952). The collective and
synchronous depolarization of membrane potentials translates into a downward
or negative shift of the field potential. Once the membrane potentials of the
pyramidal cells are repolarized, the field potential increases. These oscillations in
the field potential resulting from synchronous neuronal activity of neurons are

defined as seizure-like activity or bursting events.

The hippocampal network from both wild-type and Scnla-D1866Y mutant
mice produced bursting events when stimulated by increasing extracellular
potassium. However, the time to develop bursting events in slices from the
Scnla-D1866Y mice was shorter compared to wild-type littermates. These
results are consistent with those from flurothyl-induced seizures in that although
both mutant and wild-type mice exhibited behavioral seizures, the latency for the

onset of GTCS was shorter in Scnla-D1866Y mice compared to wild-type mice.
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In addition to the reduction in latency for the bursting events, the hippocampal
network of the Scnla-D1866Y mice also showed a higher frequency of bursting
events. The increase in the bursting event frequency in slices with the mutation
could be the result of the reduction of time between two bursting events, the
reduction of time of the bursting events, or a combination of both. Analysis of the
time between bursting events, known as inter-burst duration, demonstrated that
this duration was reduced in the Scnla-D1866Y hippocampus. In contrast, the
time of the bursting events, known as intra-burst duration, was unaffected by the
mutation. These results suggest that under our stimulating conditions, each
independent synchronous event in the hippocampal network was similar between
mutant and wild-type, but the reappearance of the events was facilitated by the
Scnla-D1866Y mutation. The increased frequency in conjunction with the
reduced latency of bursting events in the hippocampus could predispose to the
increase in seizure susceptibility as well as the spontaneous seizures in vivo.
Bursting event amplitude remains unaffected by the Scnla-D1866Y mutation,
suggesting that there are no differences in the number of neurons that are
participating during synchronous firing or activation. However, it is possible that
the limitation of a single pipette measuring field potential at a single location in
CA3 makes it impossible to detect differences in the quantity of the neurons

participating during the bursting event in other regions of the network.

In conclusion, the mouse model of the Scnla-D1866Y mutation was able

to recapitulate many of the characteristics of GEFS+ and intractable epilepsies,
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including spontaneous seizures, SUDEP and a reduced threshold for
hyperthermia-induced seizures. Increased neuronal activity was also observed
at the hippocampal network level, where the Scnla-D1866Y mutation increased
the frequency and reduced the latency to bursting events. These results, in
conjunction with the gain-of-function in sodium current and loss-of-function of
action potential firing in PV+ interneurons with no changes in the excitability of
pyramidal neurons by the Scnla-D1866Y mutation, suggest that not all Scnla
mutations that cause GEFS+ or DS have the same molecular mechanism. The
reduction in the excitability of PV+ interneurons supports the model of reduction

of inhibition leading to a hypersynchronous neuronal circuit.

The development of new epileptic models, like the Scnla-D1866Y mouse
model, are important for the development of new AEDs or the re-evaluation of
current AEDs that are contraindicated in some patients. The mechanism of action
of many AEDs like valproate, phenobarbital, carbamazepine, phenytoin, and
lamotrigine includes block of sodium channels. In many instances, these AEDs
exacerbate seizures in patients with mutations that result in loss-of-function of
Scnla (Guerrini et al., 1998). Because Scnla-D1866Y results in gain-of function
instead of loss-of-function, the use of specific sodium channel blockers for Scnla
might be beneficial in patients with this mutation or other mutations that increase
Scnla function. Consistent with this prediction, valproate and phenobarbital have
been effective drugs to control seizures in some family members with the Scnla-

D1866Y mutation (Spampanato et al., 2004).
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CHAPTER 4

Discussion

The goal of this study was to characterize and understand the mechanism
by which the sodium channel Scn1a-D1866Y mutation results in the development
of epilepsy and seizures. An additional goal was to determine if all mutations in
the voltage-gated sodium channel Na,1.1, encoded by Scnla, that cause GEFS+
or DS do so by a similar molecular mechanism. This goal is particularly important
for the current and future development of AEDs, since different mechanisms are

likely to require different therapeutic approaches.

Previous research characterizing the effects of Scnla mutations that
cause epilepsy can be divided into two main groups. The first group consists of
studies using heterologous expression systems (Alekov et al., 2000; George,
2004; Lehmann-Horn & Jurkat-Rott, 1999; Spampanato et al., 2001; Sugawara et
al., 2002; Vanoye, Lossin, Rhodes, & George, 2006), and the second group
consists of studies using mammalian neurons. Studies using heterologous
expression have the advantage of being high-throughput (Goldin, 2006). This is
beneficial for the screening and development of new AEDs. However, the
alterations in the electrophysiological properties characterized in heterologous

systems can be markedly different from the alterations in neurons (Lossin et al.,
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2002; Martin et al., 2010; Spampanato et al., 2001; Tang et al., 2009). Therefore
the results in the heterologous systems may not be directly relevant to the
situation in vivo. In addition, heterologous systems are not able to produce action
potentials or electrical communication like neurons, which are required for
seizure activity (Mantegazza et al., 2010). Hence, the determination of the
molecular mechanisms that lead to seizure using heterologous systems may not
be accurate (Avanzini, Franceschetti, & Mantegazza, 2007). On the other hand,
studies that use actual neurons to determine the electrophysiological alterations
are more relevant to the in vivo situation. This is in part because the sodium
channel is not overexpressed and it has experienced the normal post-
transcriptional processing (Lossin, 2009), post-translational modifications and
functional interactions with other proteins (Cantrell & Catterall, 2001).
Additionally, in the neuronal system the characterization of the effect by the
mutation can include an analysis of cell and network excitability, which provides a

better understanding of the complexity of seizure generation.

A third smaller group of studies that have been carried out in recent years
include the use of non-mammalian animals such as Drosophila melanogaster
(Sun et al., 2012) and Danio rerio (Baraban, Dinday, & Hortopan, 2013). Each of
these systems has the advantage that they can be used to obtain high-
throughput drug screening based on in vivo behavior. Because these models use
whole animals, they can provide a framework to study the neuronal system from

the molecular level to behavior. Unfortunately, it is unknown if the seizure-like

122



behaviors in these models really involves the same mechanisms and neuronal
networks that are responsible for seizures in mammals. Hence, to be able to
better understand the pathological mechanisms in humans caused by the

D1866Y mutation, we used a mouse model.

The gating properties of an ion channel determine how the channel fires
and how much current it conducts. The gating mechanisms of Na,1.1 and the
other mammalian homologs and orthologs are similar (Catterall, 1996). When a
neuron is at rest, the voltage-gated sodium channels are in a closed
conformation. When there is a stimulus that depolarizes the membrane, the
sodium channel transitions from the closed to the open, conductive conformation.
This results in further depolarization of the membrane. If the depolarization of the
membrane reaches the action potential threshold, all available sodium channels
will transition to the open conformation, which results in the rising phase of the
action potential. The strong depolarization of the membrane then causes the
sodium channels to go into the non-conductive, inactivated state. Once the
membrane potential is re-polarized by the potassium channels, sodium channels

can then return to the closed state from which they can be reactivated.

In Chapter 1, we examined the effects on the gating properties of the
sodium channel by the Scnla-D1866Y mutation. To study the alterations in the
sodium current properties, we selected a neuronal population that has very high

levels of Na,1.1. PV" inhibitory interneurons have the highest levels of Na,1.1
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expressed in the hippocampus (Ogiwara et al., 2007), and these neurons can be
identified in the G42 transgenic mice (Chattopadhyaya et al., 2004). In these
neurons, the Scnla-D1866Y mutation resulted in a positive shift in the voltage-
dependence of activation, slower kinetics of inactivation, faster recovery from
inactivation, reduced use-dependent inactivation and increased persistence
current. The positive shift in activation in homozygous mice suggests a loss-of-
function because of the higher threshold for firing an action potential, but all the
other gating alterations are consistent with a gain-of-function of the sodium

channel.

The activation of sodium channels is essential for the generation of action
potentials (Hodgkin & Huxley, 1952). Action potentials mediate the phasic
release of neurotransmitters, which in turn modulates electrical propagation in
the postsynaptic neurons (Hall, 1972; Miledi & Slater, 1966). The firing of an
action potential initiates when the membrane potential reaches the action
potential threshold. At that point, available resting voltage-gated sodium channels
will activate. However, during subthreshold depolarizations, most of the sodium
channels are closed and other channels are more active. Therefore, membrane
excitability is determined by the entire population of ion channels, and action
potential firing of each neuron is shaped and influenced by the whole set of
functional ion channels expressed in that neuron (Bean, 2007; Carter, Giessel,

Sabatini, & Bean, 2012).
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In Chapter 2, we analyzed the effect of the Scnla-D1866Y mutation on
the firing of action potentials and membrane excitability of neurons. First, we
looked at the effect of the mutation on PV" interneurons. Action potential firing
was greatly reduced in heterozygous mice. The reduction in the firing appeared
to be the consequence of an early onset of depolarization block. The action
potential threshold was increased by the mutation, but this change was not
statistically significant. The membrane excitability at subthrehold levels was
analyzed by the input resistance, which was not altered in PV+ interneurons. The
mutation also resulted in a slight reduction of action potential firing of excitatory
pyramidal cells from CA1, although this reduction was only seen in the
homozygous mice. Action potential threshold were not affected but the input

resistance was increased in pyramidal neurons from heterozygous mice.

Abnormal activity of a neuronal population can lead to the pathological
phenotype of seizures. GEFS+ and DS are considered to be part of the same
epileptic spectrum, with similar symptoms but varying in severity. Children with
GEFS+ as well as those with DS experience seizures that are precipitated by
fever (Scheffer & Berkovic, 1997), although as the patient grows older, fever is
no longer required to initiate seizures. Patients with GEFS+ or DS are also
commonly affected by other comorbidities. Lack of effective treatment can result
in the most severe symptom of GEFS+ or DS, which is SUDEP (sudden

unexplained death in epilepsy). Both seizures and their comorbidities are the
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result of irregular and hypersynchronous network activity, which is driven by the

abnormal firing activity of the neurons in the network.

In Chapter 3, we characterized the seizure susceptibility of Scnla-D1866Y
mice as well as the susceptibility of the hippocampal network to generate
seizure-like activity. Mice carrying the mutation experienced generalized seizures
more quickly when exposed to flurothyl. They also required less corneal current
stimulation and less of an increase in body temperature to evoke seizures.
Heterozygous mice not only were more susceptible to evoked seizures, but they
demonstrated spontaneous seizures. Heterozygous mice demonstrated a high
mortality rate due to SUDEP, while the life span of homozygous mice was
dramatically reduced to less than 2 months. Local field potentials from the
hippocampal network of heterozygous mice demonstrated a higher degree of
neural synchronization. Bursting events were generated with less time and they

had a higher frequency in the mice carrying the mutation.

Although our findings from heterozygous mice are more relevant to human
pathology because GEFS+ is dominant, the results from homozygous mice can
provide valuable information. Specifically, the pyramidal cells from homozygous
mice demonstrated a reduction in action potential firing. This result supports the
hypothesis that Scnla is also expressed in excitatory neurons, although not at
the level of PV" interneurons. Homozygosity probably increases the percentage

of mutant channels to sufficient levels to produce alterations in the excitability of
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the pyramidal cells. The reduction of action potential firing in the pyramidal cell
population could contribute to the life span reduction of homozygous mice,
although the increase of Scnla in other brain regions with age is also probably

an important factor.

The findings from heterozygous mice in Chapter 2 in conjunction with the
findings in Chapter 1 suggest that Scnla-D1866Y leads to epilepsy by a
mechanism that is different from that described for other GEFS+ and DS
mutations. A model of loss of inhibition has been proposed from several mouse
models of GEFS+ and DS, in which reduced sodium channel function was
observed. The D1866Y mutation resulted in the reduction of action potential firing
in PV+ interneurons, which supports the model of loss of inhibition as the cause
of epilepsy in DS and GEFS+. However, the Scnla-D1866Y mutation also
resulted in gain-of-function of the sodium currents, as shown in Chapter 1. It has
been suggested in other epilepsy models that gain-of-function of sodium
channels can reduce the activity of the cell. In the case of D1866Y, we propose
that the increase of sodium influx in the heterozygous PV" interneurons results in
the early onset of depolarization block, thus reducing the action potential firing of
these inhibitory cells. Delays in the repolarization required to fire action potentials
have been associated with a range of human diseases (Keating & Sanguinetti,
2001; Lossin et al., 2002; Q. Wang et al., 1995; Weiss et al., 2003; Yang et al.,

1994).
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The working model of the molecular mechanism of Scn1a-D1866Y we are
proposing considers the effects on channel gating, cellular excitability and
network excitability. The D1866Y mutation caused a destabilization of the
inactivated state of the sodium channel, leading to increased persistent current,
slower kinetics of inactivation and reduced use-dependent inactivation. This
increase of sodium channels in the open state then reduced the availability of
closed channels. Sodium channels need to be in the closed state in order to be
able to be activated for the firing of more action potentials. PV+ interneurons
expressing the mutant channels are able to fire action potentials but they cannot
sustain action potential firing because of the unavailability of sodium channels in
the closed state. The reduction of action potential firing of PV+ interneurons then
reduced the inhibition that keeps the hippocampal circuit in normal synchrony.
The less inhibited neuronal circuit became hyper-synchronous, which was
manifest as seizures. This supports the idea that the C-terminal domain is critical
for inactivation of the sodium channel (lrie, Shimomura, & Fujiyoshi, 2012;
Mantegazza, Yu, Catterall, & Scheuer, 2001; Nguyen & Goldin, 2010), and is
consistent with the delay in myocardial repolarization seen in Long QT Syndrome
(Schwartz et al., 1995) by mutations in same region of the cardiac sodium
channel (Dumaine et al., 1996; D. W. Wang, Yazawa, George, & Bennett, 1996;

Zimmer & Surber, 2009).

This model of gain-of-function of the sodium channel as the molecular

mechanism reducing the activity of PV" interneurons and leading to GEFS+ is
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supported by clinical data. First, it has been reported that some epileptic patients
contain SCN1A gene duplications rather than missense, non-sense or deletion
mutations. The fact that these patients have more than two copies of the gene
suggests a possible gain-of-function of the sodium channel due to over
expression. On the other hand, it is possible that genetic modifiers in these
patients modulate expression of the sodium channels. A second line of evidence
supporting the hypothesis of gain-of-function leading to GEFS+ comes from the
family expressing the D1866Y mutation. Phenobarbital and valproate are two of
the AEDs widely used to treat epilepsy (Rogawski & Loscher, 2004), and both of
these drugs function by enhancing inhibition. While these drugs are not
contraindicated in GEFS+ and DS (like lamotrigine or carbamazepine), they are
not very effective in DS patients with severe seizures. However, in the family
carrying the D1866Y mutation, phenobarbital and valproate were effective in
suppressing seizures in 2 of 4 family members (Spampanato et al., 2004). The
suppression over 12 years of febrile seizures and 9 years of afebrile seizures in
one patient with these drugs suggests that the seizures resulted from a reduction
in the inhibitory system. GEFS+ is also associated with mutations in subunits of
the GABAAa receptor, further supporting the loss of inhibition model (Meisler,
Kearney, Ottman, & Escayg, 2001). However, it is possible that the efficacy of
these drugs in the D1866Y family could be due in part to effects on other targets

or pathways.
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In recent years, new unconventional treatments had been proposed to
provide seizure control. Optogenetics has been used to successfully stop
seizures in mice by controlling inhibitory output (Krook-Magnuson, Armstrong,
Oijala, & Soltesz, 2013). Similarly, transplantation of inhibitory neurons has been
shown to be efficaceous in reducing seizures in mice (Henderson et al., 2014).
However, the dentate gyrus is one of the two regions in the brain in which
neurogenesis continues during adult life. As the dentate produces more defective
inhibitory neurons, the fraction of treated or implanted neurons will decrease with
time. Hence, seizure control could be transient. Therefore, conventional

treatment with a drug might be more beneficial in the long term.

In conclusion, our results have important implications for the development
of new and improved treatments for epilepsy. First, not all alterations in SCN1A
that results in DS or GEFS+ have the same molecular mechanism. This could
explain the reason why some patients are refractory to treatment. It is important
to note that, although most patients with epilepsy due to SCN1A mutations have
deletion or nonsense mutations, mouse models may not necessarily reveal other
molecular mechanism that lead to DS or GEFS+. Second, it is necessary to use
different and new epileptic models to find rare or unusual mechanisms
responsible for seizures. New models of epilepsy could reveal new potential
targets or could provide systems for the development of new AEDs that are more
specific. For example, the Scnla-D1866Y mouse could be used in the screening

of sodium blockers that are specific to Na,1.1 that can restore the activity of PV*
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interneurons.  In addition, new epileptic models in conjunction with well-
established models can provide information about whether specific AEDs are

effective in treating seizures resulting from different mechanisms.
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