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Abstract

Voltage-gated sodium channels (VGSCs) allow the dynamic electrical communication
between neurons in the brain with millisecond precision by controlling action potential
initiation and propagation. The VGSC family of transmembrane proteins has different
subtypes that are selectively expressed throughout the body to maintain proper
physiological function. Both gain- and loss-of-function variants in VGSC genes that are
expressed in brain can lead to malfunction of these vital proteins, causing catastrophic
neurological diseases such as epilepsy. Herein, | review the structure and function of
VGSCs and discuss their pharmacology considering the pathophysiology of a severe
class of genetic epilepsies caused by variants in VGSC genes, known as developmental
and epileptic encephalopathies (DEEs). In the following chapters, we discuss two
neuropharmacological studies of DEEs linked to variants in VGSC genes, with the
overarching hypothesis that small molecules targeting unique brain VGSC subtypes and
neuromodulatory VGSC interacting proteins represent viable novel therapeutic

strategies for treating sodium channel linked brain disease.

In Chapter Il, | sought to validate a natural product, 4,9-anhydrotetrodotoxin, reported
to selectively inhibit Nav1.6, which is the most abundant VGSC a subunit subtype
expressed in the adult brain. Because gain-of-function variants in the gene SCN8A are

linked to DEE, selective modulation of Nav1.6 has emerged as a major therapeutic



target in the field. | ultimately found that 4,9-anhydrotetrodotoxin was not selective for
Nav1.6 relative to other brain channels and therefore, not a useful therapeutic for

treating SCN8A-linked DEEs.

In Chapter lll, protein profiling with mass spectrometry followed by heterologous
expression systems were used to discover a novel inhibitory interaction between G-
protein B1y2 subunits and brain VGSC subtypes Nav1.1 and Nav1.6. | found differential
inhibitory effects of GB1y2 on Nav1.1 and Nav1.6 sodium current density that showed
subtype selectivity and modulation by co-expression of VGSC 1 subunits, and
prepulse voltage dependence. The implications of these novel interactions for the

treatment of DEEs, in particular, GNB7-linked DEE, are discussed.

This thesis work builds on our understanding of subtype selective sodium channel
modulation with 4,9-anhydrotetrodotoxin. Additionally, this thesis builds upon our
knowledge of GNB1-linked DEE and the potential role of altered VGSC function in this
disorder. Given the significant roles of GB1y2, Nav1.1, and Nav1.6 in regulating
neurotransmission and excitability, this thesis work provides new insights into basic
neuromodulatory mechanisms in the brain. More importantly, this work may lead to
novel therapeutic targets for the treatment of DEEs linked to sodium channel genes and

sodium channel interacting G-proteins.



Chapter I. Introduction

*Portions of this chapter have been published in Pharmacological Reviews (Denomme,

Hull and Mashour 2019)

VGSC Structure and Function

Voltage-gated sodium channels (VGSCs) are transmembrane protein complexes
responsible for the initiation and propagation of action potentials in neurons (Hille 2001).
VGSCs consist of a pore-forming a-subunit (220-260 kDa) and two smaller non-pore-
forming B-subunits, 30-40 kDa in size (Beneski and Catterall 1980). a-subunits alone
are sufficient for Na* conduction and voltage sensing, at least in heterologous cells,
while B-subunits modify channel expression, gating, and localization, as well as
participate in cell-cell and cell-matrix adhesive interactions leading to intracellular signal

transduction (Hull and Isom 2018).
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Figure 1.1 Voltage-gated sodium channel structure topology. Schematic of the eukaryotic VGSC
a-subunit. Roman numerals and numbers indicate domains and segments, respectively. The pore
loop regions comprised of segments S5 and S6 are highlighted in green. Voltage-sensing S4
segments are highlighted in red. The inactivation gate and “h” particle containing the IFM motif that is
crucial for inactivation are highlighted in yellow. Small red circles of the re-entrant loops in each
domain represent the amino acid residues that form the Na* ion selectivity filter.



VGSC a subunits consist of 4 pseudo-homologous domains, each composed of 6
transmembrane segments (Fig. 1.1). Segments 1-4 (S1-S4) are primarily involved in
voltage sensing while S5-S6 segments form the pore. Positively charged lysine and

arginine residues in the S4 helices act as voltage sensors.

a Subunit Function

VGSCs transition between several conformational states through the course of an
action potential including closed, open, and inactivated states (Fig. 1.2). The
predominant state of the channel at resting membrane potential is the closed state,

where no Na*ions are conducted.

Activation: The S4 segments of each domain contain a conserved set of 4 to 7
repeating positively charged (R/K) residues that sense voltage by acting as “gating
charges” that slide upward toward the extracellular milieu upon membrane
depolarization to electromechanically open the pore of the channel (activation) in a
“sliding helix” fashion (Catterall 1986). At rest, the sliding helix model proposes the
positively charged S4 residues are drawn inward by the electrostatic force of the
negative internal membrane potential. Upon sufficient depolarization to threshold, the
channel opens as gating charges are driven outward in a helical path by forming ion
pairs with neighboring polar or negatively charged residues in the S1-S3 segments of
the pore domain (Catterall 2010). Once activated, hydrogen bonding between
asparagine residues in S6 and serine resides in the S4-S5 segments is hypothesized to

stabilize the channel’s open (activated) state (Sheets et al. 2015).
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Figure 1.2 Sodium channel states during the action potential. (A) Transition states of voltage-
gated sodium channels. At rest, the activation gate is closed, and the channel is in a nonconducting
state. After sufficient depolarization of the membrane, the channel undergoes a conformational
change to enter the activated state where both gates are open, allowing the conduction of Na* ions.
After transitioning to the activated state, the channel undergoes fast inactivation, where intracellular
residues (the inactivation gate) occlude the inside face of the channel blocking further conduction of
Na* ions. After recovery from inactivation, the channel returns to the resting state. (B) Corresponding
functional activity of sodium channels during a typical neuronal action potential. Figure modified from

(Hammond 2009).



Fast Inactivation: About one millisecond after opening, fast inactivation of VGSCs
begins. A set of hydrophobic residues IFM (the inactivation particle/gate) in the
intracellular linker between domain Il and IV swings inward to block Na* conduction
from the inside face of the channel. Such fast inactivation (recovery time constants on
the scale of milliseconds) is distinct from slow inactivation (recovery time constants on
the scale of hundreds of milliseconds to seconds) which is discussed in more detail
below. Recovery from fast inactivation corresponds to the absolute refractory period of
an action potential. The comparatively slower rate of fast inactivation to activation and
deactivation allows for timely termination of depolarization during an action potential

(Hille 2001).

VGSC fast-inactivation is driven by a short loop of hydrophobic residues (IFM) on the
intracellular side of the channel linking domains Il and IV that forms the inactivation
gate (West et al. 1992). Proposed as the “hinged lid” model of inactivation, the tethered
IFM linker of domains IlI-IV forms a lid by occluding the intracellular face of the pore to
block Na* conduction from the cytoplasmic side. Elucidation of the residues controlling
fast-inactivation was achieved with patch clamp analysis of channel function using
targeted antibodies and site-directed mutagenesis (Vassiev et al. 1988, Vassilev et al.
1989, Stuhmer et al. 1989, Patton et al. 1992). To confirm the function of this domain,
restoration of mutant channels lacking inactivation was achieved using a synthetic IFM

peptide (Eaholtz et al. 1994).



Hodgkin and Huxley originally proposed that VGSC inactivation was voltage-dependent
but uncoupled from the activation process (Hodgkin and Huxley 1952). However,
subsequent evidence showed the inactivation process is coupled to activation
(Benzanilla and Armstrong 1977, Armstrong and Benzanilla 1977). More recent work
highlighted the importance of the S4 segments in domain IV in coupling activation to
inactivation (Capes et al. 2013). Movement of the S4 segments in domains I-1ll is
required for activation of the channel from a closed to an open state. A second open
state is achieved when the S4 segment of domain IV moves, which permits the
inactivation gate binding to residues in the mouth of the pore that only become
accessible once the S4 segment of domain IV has moved during the activation process.
Precisely where the inactivation gate IFM residues bind is still unclear, as inactivation is
disrupted by mutagenesis of residues located in multiple segments of domain IV
(McPhee et a. 1994, McPhee et al. 1995, Tang et al. 1996, McPhee et al.1998).
Unfortunately, recent high-resolution structures (discussed below) provide little insight
into the binding site of the inactivation gate, as conditions required for structural studies
often lock the channel into a closed state or block the pore with detergent (Shen et al.

2017, Yan et al. 2017, Pan et al. 2018, Shen et al. 2019).

Slow Inactivation: Narahasi was the first to discover slow inactivation in 1964, when he
observed there were different times required for recovery from inactivation depending
on the magnitude of the depolarizing pulse when studying action potentials in lobster
giant axons (Narahashi 1964) Slow inactivation of VGSCs is a gating phenomenon that

can dynamically influence synaptic integration and neuronal excitability by reducing the



number of available VGSCs through entry into a non-conducting conformation of the
channel (distinct from fast inactivation) that lasts on the timescale of hundreds of

milliseconds to seconds (Rudy 1978, Silva 2014).

Entry into the slow inactivated state requires repetitive or sustained depolarizations
which accumulate channels in the slow inactivated state over the course of numerous
action potentials (Schauf et al. 1976). Slow inactivation of VGSCs provides neurons with
a temporary memory of past spiking activity (Toib et al. 1998, Marom 2010, Silva 2014).
VGSC slow inactivation is robust in function, endowing neurons with the capacity to
dynamically regulate firing frequency and fine-tune adaptation thresholds to the intensity
of stimuli. Spike frequency adaptation is a vital mechanism for proper functioning of
sensory neurons and networks. Slow inactivation of VGSCs has already been shown to
be an integral component to regulating spike frequency adaptation in visual, auditory,
and olfactory modalities (Fleidervish et al. 1996, Vilin and Ruben 2001, Torkkeli et al.
2001, Kim and Rieke 2003, Dhingra et al. 2005, Sarno et al. 2022). Recovery from the
slow inactivated state is much slower than entry, supporting longer lasting effects on the
channel than fast inactivation, which is limited to affecting fewer individual action
potentials due to its fast recovery time constant. VGSC slow inactivation has the
interesting property that, at depolarized potentials that support spiking (i.e., -70 mV), the
recovery is slow, while at hyperpolarized potentials (i.e., <-80 mV), the recovery is
much faster (Fleidervish et al. 1996, Jung et al. 1997). This voltage dependent effect is
highly relevant to neuromodulation, and slow inactivation of brain VGSCs can be

modulated by neurotransmitters like serotonin (5-HT), as discussed below. Slow



inactivation utilizes molecular mechanisms that differ from fast inactivation. Mutations
that impair fast inactivation do not prevent slow inactivation (Rudy 1978, Featherstone
et al. 1996, Vedantham et al. 1998, Todt et al. 1999, Mitrovic et al. 2000, Ong et al.
2000). Numerous mutations in VGSCs have been found to impact slow inactivation. For
example, mutation of the highly conserved asparagine residues in the S6 segments to
hydrophobic residues completely blocks slow inactivation (Chen et al. 2006). Patient
variants that lead to impaired slow inactivation can lead to a neuromuscular disorder
known as hyperkalemic periodic paralysis, as slow inactivation is involved in preventing
contraction of skeletal muscle when serum K" is elevated (Bendahhou et al. 2002). The
predominant cardiac VGSC subtype Nav1.5 exhibits significantly less slow inactivation
than skeletal and neuronal subtypes, and mutations in SCN5A (encoding Nav1.5) that
affect slow inactivation may be arrhythmogenic (O’Reilly 1999, Vilin and Ruben 2001).
While it appears that specific VGSC domains may be involved in slow inactivation at
different time scales (Silva 2014), the exact structural components of the VGSC that
control slow inactivation are not yet fully understood. Due to underappreciated roles of
VGSC slow inactivation in sensation and perception, neurological disease, as well as its
susceptibility to neuromodulation, the basic structural and functional mechanisms of

VGSC slow inactivation deserve further research.

lon Selectivity: Selectivity of Na* over other ions is an essential function for the action of
VGSCs. This is achieved by the precise architecture of a VGSC region known as the
selectivity filter. Approximately 4.6 A in size, the selectivity filter is composed of an inner

and outer ring of charged residues. The asymmetric charge distribution of each ring



coordinates the solvated Na™ ions as they flow through the pore (Catterall 2012).
Through mutagenesis and subsequent electrophysiological analysis, four key residues
(D: aspartate, E: glutamate, K: lysine, and A: alanine), each present in one of the
domains, were identified as the inner ring of the mammalian VGSC selectivity filter
(Lipkind and Fozzard 2008). The DEKA motif found in human VGSCs is conserved
across all isoforms. Mutating the KA (lysine and alanine) of the DEKA motif to glutamate
residues (EE) abolishes Na* selectivity of the channel and allows Ca?* ions to pass
through the pore (Heinemann et al. 1992). This result also highlights the high level of
homology in the pore region between voltage-gated sodium and calcium channels

(Backs et al. 1992).

Persistent Na* Current (Ina): In contrast to the large transient Na* current (Ina) produced
by VGSCs in macroscopic whole-cell recordings, there is a smaller current that can be
produced through incomplete fast inactivation known as persistent Ina. Persistent Ina
(also known as late Ina), named for its ability to persist at membrane potentials and time
points where all VGSCs should theoretically be inactivated, accounts for roughly 1-5%
of the total Ina observed in whole-cell recordings from heterologous mammalian cells.
Despite its small proportional size to the transient Ina, persistent Ina can have a
significant influence on the excitability of neurons. Persistent Ina is known to lower spike
threshold and support repetitive and rhythmic firing of neurons by depolarizing the
resting membrane potential and increasing the amplification of excitatory postsynaptic
currents (Crill 1996). VGSC subtypes display variable proportions of persistent to

transient current, which is thought to play a role in their functioning within and across



different neurons. Of all the brain VGSC subtypes, Nav1.6 is reported to inherently pass
the most persistent Ina, supporting its enriched expression at the AlS. Consistent with
this observation, gain-of-function variants in SCN8A that increase persistent Ina are

epileptogenic (Wagnon et al. 2016).

High-resolution structures: Dramatic advancements have occurred in pursuit of a high-
resolution three-dimensional understanding of VGSC o and  subunits during my
graduate studies. X-ray crystallographic analysis has been limited to prokaryotic VGSCs
such as the bacterial NavAb channel from Bacillus halodurans, which has provided
numerous structural insights but contains only a single domain that combines into a
homotetramer and thus lacks key features of the eukaryotic VGSCs such as the
intracellular loops that mediate fast inactivation (Payandeh et al. 2011, Payandeh et al.
2012, Zhang et al. 2012). Advances in cryogenic electron microscopy (Cryo-EM) have
revealed exquisite structural details of eukaryotic VGSCs (Shen et al. 2017, Yan et al.
2017, Pan et al. 2018, Shen et al. 2019, Jiang et al. 2020). In 2017, the first detailed
view of a eukaryotic VGSC from the American cockroach (Periplaneta americana) was
reported. The following year, the structure of human Nav1.4 co-expressed with the 1
subunit was resolved at a 3.2-A resolution using Cryo-EM (Pan et al. 2018). These data
have confirmed decades of experiments into the structural, functional, and

pharmacological details of the VGSC.
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S Subunits

Identification of the protein subunits of the heterotrimeric VGSC complex was first
achieved in rat brain using photoaffinity labeling with a toxin derived from a deathstalker
scorpion (Leiurus hebraeus) (Beneski and Catterall 1980). Purification and further
analysis showed the VGSC complex contained one a-subunit covalently flanked by a -
subunit on one side (2, which we now know can be substituted by 4 (Chen et al.
2012), and a non-covalently linked B-subunit on the other (31, which we now know can
be substituted by 83) (Hartshorne and Catterall 1981, Hartshorne et al. 1982,
Hartshorne and Catterall 1984, Namadurai et al. 2014). Four 8 subunit proteins (81- p4)
and a splice variant 1B have been discovered, encoded by the genes SCN1B-SCN4B
(Table 1.1) (O’Malley and Isom 2015). Except for 1B, VGSC [ subunits are type 1
transmembrane proteins containing a large N-terminal domain connected to a short
intracellular C-terminal domain by a membrane spanning segment. The extracellular N-
terminal domain of each B subunit, including 1B, also contains a highly conserved
immunoglobulin (Ig) loop domain—with V-set Ig homology—that is present in the Ig
superfamily of cell adhesion molecules (Isom and Catterall 1996, Yu et al. 2003). The
SCN1B splice variant, 1B, is unique in that it has no transmembrane segment and is a
soluble secreted cell adhesion molecule (Patino et al 2011). The crystal structures of
B1, B2, B3, and B4, in conformations with and without o subunits, have revealed two
conserved extracellular cysteine residues that form an intrasubunit disulfide bond in the
N-terminal domain to stabilize the Ig loop (Gilchrist et al. 2013, Namadurai et al. 2014,

Das et al. 2016, Yan et al. 2017).
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Although the heterologous expression of VGSC a subunits alone is sufficient for
functional Na* conduction, the presence of 1 or 3 and 2 or 4 confers further
modularity to channel function and expression (Noda et al. 1986, Recio-Pinto et al.
1987, Isom et al. 1995). B1 or B3 associate non-covalently and 2 or 4 form cysteine
disulfide bonds with a subunits. In addition to modulation of channel expression and
function, B subunits act as cell adhesion molecules, with roles in cellular aggregation,

neurite extension, and axonal fasciculation (Figure 1.3) (Hull and Isom 2018).

Modulates
Cell adhesion VGSCugating
Regulates
VGSC localization Neurite outgrowth
Dendritic
arborization NaVB 1 Chaperone VGSCs

Figure 1.3 Multifunctional roles of the voltage-gated sodium channel 1 subunit

In Xenopus oocytes, coexpression of rat 1 and Nav1.2 a subunits shifts the voltage-
dependence of activation and inactivation, increases transient Ina density, the rate of
fast-inactivation and recovery from inactivation, and enhances VGSC surface
expression (Isom et al. 1992). Similar results were observed with coexpression of 32
and Nav1.2 (Isom et al. 1995), and coexpression of both 31 and 2 subunits with Nay1.2

led to the highest increase in transient current density and gating/kinetic modulation
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(Isom et al. 1995). Early work proposed that in the absence of 8 subunits, VGSC a
subunits can exist in a conformation with slower gating kinetics. The presence of 31
then provides allosteric modulation which can shift the a subunits to a confirmation with
faster gating kinetics (Patton et al. 1994). Limited studies show no significant effect after
coexpression of B subunits on VGSC unit conductance or Na* selectivity in heterologous

cells (Bennett Jr. et al. 1993, Schreibmayer et al. 1994).

More detailed reviews of the effects of B subunits on the gating and function of a
subunits have been published (Catterall 1992, Goldin 1993 Isom et al. 1994, Adelman
1995, Gurnett and Campbell 1996, Catterall 2000). Experiments evaluating the impact
of B subunits on a subunit function and trafficking in heterologous cells are variably
dependent on the cell system and identity of the VGSC subunits expressed. In contrast
to oocytes, coexpression of B and a subunits in Chinese hamster ovary (CHO) and
human embryonic kidney (HEK) cells results in variable modulation of a subunit function
and expression. These data have been reviewed in more detail (Calhoun and Isom

2014).
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VGSC a and B Subunit Expression Patterns

a Subunits

Ten different human VGSC a-subunit isoforms (Nav1.1- Nav1.9 + Nax) encoded by the
SCN(X)A genes have been identified in mammalian genomes. Each VGSC subtype
(denoted by the a-subunit) is uniquely distributed within and across cell and tissue types

(Catterall et al. 2020) (Table 1.1).

All mammalian VGSC subtypes share greater than 75% amino acid sequence identity
(Fig. 1.4) (Catterall et al. 2005). Individual VGSC subtypes have distinctive kinetic and
voltage sensing properties and are strategically expressed based on these properties to
optimize physiological function. While each VGSC a subunit has a wide and diverse
expression pattern throughout the body, Nav1.1, Nav1.2, Nay 1.3, and Nav1.6 are the
most prominent central nervous system VGSCs, while the Nav1.7, Nav1.8, and Nav1.9
are mainly expressed in the peripheral nervous system. Nav1.4 and Nav1.5 are mainly
expressed in skeletal and cardiac muscle, respectively (Catterall et al. 2005). The
different VGSCs expressed in brain exhibit isoform enrichment in a cell type and

subcellular region-specific manner.
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Gene Na, a subunit Primary Tissue Expression

SCNTA | Na /1.1 Neurons of the Central Nervous System
SCN2A | Na 1.2 Neurons of the Central Nervous System
SCN3A | Na/1.3 Neurons of the Central Nervous System
SCN4A | Na 1.4 Skeletal Muscle

SCNSA | Na 1.5 Cardiac, denervated Skeletal Muscle
SCNBA | Na 1.6 Neurons of the Central Nervous System
SCNY9A | Na 1.7 Neurons of the Peripheral Nervous System
SCN10A | Na 1.8 Neurons of the Dorsal Root Ganglia
SCN11A | Na 1.9 Neurons of the Dorsal Root Ganglia
SCN1B | B1 CNS, PNS, Cardiac

SCN1B | B1B CNS, Cardiac

SCN2B | B2 CNS, PNS, Cardiac

SCN3B |33 CNS, PNS, Cardiac

SCN4B | 34 CNS, PNS, Cardiac

Table 1.1 Human voltage-gated sodium channel genes and their tissue expression.
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Figure 1.4 Phylogenetic and amino acid sequence identity relationships of the rat voltage-
gated sodium channel a subunits. Modified from (Catterall et al. 2003).

In the adult mammalian brain, Nav1.1, Nav1.2, and Nav1.6 are the predominant VGSCs.
Their respective genes, SCN1A, SCN2A, and SCNB8A, represent over 95% of all VGSC
transcripts in the mature brain (Meisler et al. 2021). SCN1A mRNA expression is low in
the neonatal rat and human cortex and then steadily increases with development
(Beckh et al. 1989, Brysch et al.1991, Yarowsky et al. 1991, Heighway et al. 2022).
Nav1.2 mRNA shows high expression in the hindbrain and cerebellum postnatally
(Heighway et al. 2022). Nav1.1 and Nav1.2 share 93% amino acid sequence identity,
while Nav1.1, Nav1.2, and Nav1.6 exhibit 85-90% similarity. Regions of the N-termini of

each of the brain subtypes show the most divergence in amino acid sequence similarity.
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Nav1.3 is highly expressed in the soma of neurons during development but shows

reduced expression in the adult brain (Yu and Catterall 2003, Heighway et al. 2022).

In the forebrain, Nav1.1 mRNA and protein are highly expressed in GABAergic inhibitory
interneurons, although weaker expression exists in pyramidal neurons of the cortex and
hippocampus (Westenbroek et al. 1989, Gong et al. 1999, Van Wart et al. 2007, Okaty
et al. 2009). In interneurons, subcellular localization of Nav1.1 protein is enriched in the
cell body and to a greater degree in the axon initial segment (AlS) (Ogiwara et al. 2007).
Nav1.2 expression is enriched in the axons of somatostatin- but not parvalbumin-
positive (PV+) interneurons of the cortex, showing further cellular subtype enrichment in
VGSC expression (Li et al. 2014). Nav1.2 is also expressed highly in the proximal AIS of
pyramidal neurons and, during development, highly at nodes of Ranvier. Nav1.2
expression is present but weaker in the cell body and dendrites of pyramidal neurons
(Hu et al. 2009, Nelson et al. 2022). Nav1.6 protein is highly expressed in the axons of
PV+ neurons and in the distal AIS of pyramidal neurons and in nodes of Ranvier (Hu et
al. 2009, Li et al. 2014). Nav1.6 is also expressed in the cell body and dendrites of
pyramidal neurons (Caldwell et al. 2000, Krzemien et al. 2000, Lorincz and Nusser
2010). Using photoactivation localization microscopy, one study found a 40-fold
increase in the cell surface expression of Nav1.6 at the AIS compared to expression at

the proximal dendrites or the soma of cultured hippocampal neurons (Akin et al. 2016).

The three major adult brain VGSCs (Nav1.1, Nav1.2, and Nav1.6) show both pre- and

post-synaptic localization at synaptic terminals in the hippocampus (Johnson et al.
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2017). Such localization appears to be regional/cell class specific, with the central hilus
of the dentate gyrus showing predominantly presynaptic Nav1.1 immunoreactivity, while
in the stratum radiatum of CA1, Nav 1.1, 1.2, and 1.6 exhibit stronger post-synaptic
localization in spines and dendrites (Johnson et al. 2017). Although most of the work
studying the cell type and sub-regional specific VGSC expression and function has
focused on cortex and hippocampus, investigation has expanded to thalamic and
subthalamic regions of the brain. Targeted deletion of Scn8a (encoding Nav1.6) in PV+
neurons of the thalamic reticular nucleus of the thalamus was sufficient to generate
absence epilepsy in mice, a non-convulsive seizure type that is characterized by
sudden lapse of phenomenological consciousness (Makinson et al. 2017). Nav1.1 is
also expressed in the thalamus, with deletion of Scn7a in mice impacting the function of

thalamic reticular neurons (Kalume et al. 2015).

S Subunits

Mammalian VGSC B-subunits are ubiquitously expressed in many cell and tissue types
throughout the body (Table 1.1) (Bouza and Isom 2018). Amino acid sequence similarity
is highest between 31 and 3, while 2 and B4 share higher homology with each other
(Isom et al. 1992, Isom et al. 1995, Morgan et al. 2000, Yu et al. 2003, Hull and Isom
2018). Expression of B-subunits is developmentally regulated in rodents and humans,
with peak CNS expression of 1B and 3 occurring in prenatal and early life, while 1,
B2 and B4 peak in adulthood (Isom et al. 1992, Isom et al. 1995, Kazen-Gillespie et al.
2000, Lein et al. 2007, Patino et al. 2011, Bouza and Isom 2018). Within neurons, 1

subunits are enriched at the AIS and nodes of Ranvier (O’Malley and Isom 2015). 31
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subunits are also post-translationally modified in various ways. Tyrosine
phosphorylation of 1 subunits (Y181) is proposed to affect recruitment of ankyrin
scaffolding proteins and subcellular localization of VGSCs (Maholtra et al. 2002, Bouza
et al. 2020). Cell surface expression of 3 subunits is also modulated by N-linked
glycosylation, which can account for up to one third of the mass of B subunits (Johnson
et al. 2004). Sialic acid terminated N-linked glycosylation was required for 1 subunit
mediated modulation of a subunit function (Johnson et al. 2004). B1 subunits go through
regulated intramembrane proteolysis via the enzymes beta-site amyloid precursor
protein cleaving enzyme-1 (BACE) and y-secretase, generating a soluble intracellular
fragment capable of nuclear translocation and transcriptional modulation (Bouza et al.
2020). Additionally, B1 subunits undergo S-palmitoylation, a reversible addition of fatty
acid palmitoyl groups that can impact membrane association, protein-protein

interactions, and subcellular localization (Bouza et al. 2020).

In rat neurons and in heterologous cells, co-expression of 1 and 2 subunits with a led
to a five to ten-fold increase in the number of functional VGSCs expressed (Scheinman
et al. 1989, Isom et al. 1995). Manipulation of the covalent disulfide bond between
VGSC a-subunits and 32 or B4 impairs subcellular localization of the VGSC complex to
the AIS and nodes of Ranvier (Chen et al. 2012). Similar trafficking deficits are also
observed in a SCN1B variant linked to Genetic Epilepsy with Febrile Seizures plus
(GEFS+) that disrupts the non-covalent interaction of 1 with a-subunits (Kruger et al.

2016). Expression of 1 subunits at growth cones is vital for cell adhesion and
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developmental regulation of VGSC a-subunit expression and function (Brackenbury et

al. 2010).

VGSC Toxicology

Much of our understanding of VGSC structure and function was built using Nature’s
toxins. In the early 1960s, Narahashi and colleagues used an intracellular
microelectrode recording technique to show the paralytic action of the well-known puffer
fish (Fugu) toxin tetrodotoxin (TTX) was blocking Na* influx in frog muscle fiber
(Narahashi et al. 1960). TTX is a potent cyclic guanidinium VGSC pore blocker with a
dioxaadamantane core found in many marine (and some terrestrial) animals. TTX is
produced by microorganisms and was first isolated in 1894 from puffer fish ovaries by
Japanese pharmacologist Yoshizumi Tahara (Llewellyn 2009, Suehiro 1994). He called
the toxin tetrodotoxin because he first extracted it from the Tetfraodontidae family of
puffer fish. Its chemical structure was independently determined by three groups in
1964 (Woodward 1964, Tsuda 1964, Goto et al. 1965). The same year, Narahashi and
colleagues published their seminal findings showing that TTX blocked the action
potential by the “selective inhibition of the sodium carrying mechanism” (Narahashi et al.
1964). This ushered in a new era of neuropharmacology and provided direct
pharmacological evidence that the sodium and potassium conduction mechanisms of
the action potential were carried by separate molecular targets. Narahashi’s pioneering
work was the first detailed physiological report of a VGSC toxin, over a decade before

molecular evidence of the channel proteins existed. “In fact, before that time it was
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inconceivable to use a chemical or toxin to study the function of ion channels.”

(Narahashi 2008).

As detailed above, advances in molecular biology have allowed scientists to clone and
examine isolated subtypes of VGSCs in the lab. TTX does not block all VGSC subtypes
equally; having a high affinity for those expressed in the nervous system. Due to its
historical significance, VGSC a-subunits are still classified based on their sensitivity to
TTX (Table 1.2). Nav1.1-1.4, Nav1.6 and Nav1.7 are ‘“TTX-sensitive’, as half-maximal
block of Na* conduction by TTX occurs at concentrations between 1 and 25 nM
(Catterall et al. 2005). Nav1.5, Nav1.8 and Nav1.9 are referred to as ‘“TTX-resistant’,
requiring > 1uM TTX for block of half-maximal Na* conduction. TTX resistance in the
predominant cardiac isoform (Nav1.5) is conferred by a cysteine substitution for an
aromatic phenylalanine or tyrosine residue present in the pore binding site of TTX-

sensitive channels (Lipkind and Fozzard 1994).

TTX-Sensitive TTX-Resistant

(ICs0 < 25 nM)

(ICs0 > 1 pM)

Gene Na, a subunit Gene Na, a subunit

SCN1A Na, 1.1 SCN5A Na,1.5
SCN2A Na,1.2 SCN10A Na,1.8
SCN3A Na,1.3 SCN11A Na,1.9
SCN4A Na,1.4
SCNB8A Na,1.6
SCN9A Na, 1.7

Table 1.2 Tetrodotoxin (TTX) sensitivity of voltage-gated sodium channel subtypes.
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VGSC toxins have evolved in the form of both peptides and small-molecules, with
peptides representing a majority of those discovered to date. Six classical and distinct
neurotoxin receptor sites on VGSC a subunits have been characterized (Catterall
2000). A 7th site known to bind the pyrethroid class of toxins from the Chrysanthemum
plants is also now widely accepted (Stevens et al. 2011). Neurotoxin receptor sites are

classified based on the toxin’s binding location and action on channel function (Fig. 1.5).

a subunit

B subunit
N
C
Voltage
. Renging Inactivation
Amino
terminus
Carboxyl
Terminus

Site 1 @ Guanidinium toxins (TTX/STX) Site 5 @ Ciguatoxins/Brevetoxins
Site 2 (O)Batrachotoxin/Veratridine Site 6 @ 5-conotoxins

site 3 @ Scorpiona site 7 @ Pyrethroids

Site 4 () Scorpion 8 site 1b@ p-conotoxins

Figure 1.5 Neurotoxin receptors sites of the voltage-gated sodium channel. Modified from
(Zhang et al. 2013).
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There are two main methods through which VGSC toxins disrupt channel function. The
first is a blockade of the pore, like the cork of a bottle. The other is an attack on one or
both gating mechanisms. Toxin binding can shift or disable the activation and

inactivation gates, compromising the channels’ ability to conduct Na* ions.

Site-1 guanidinium toxins bind deep in the outer vestibule of the VGSC pore on residues
that form the selectivity filter, with re-entrant pore loops of segments S5-S6 on all 4
domains. Site-1 toxins include the hydrophilic guanidinium heterocycles TTX and
saxitoxin (STX), which are small molecules produced by cyanobacteria and
dinoflagellates. Many aquatic species feed on these toxin-producing microorganisms,
thus becoming toxin carriers themselves. The p-conotoxins, deadly peptides found in
the Conus genus of snails, bind at site 1b, very near the guanidinium site on the p-loops

of the domain Il S5-S6 segments.

Site-2 toxins are lipid-soluble VGSC activators. Well described members of this family
include the steroidal alkaloids batrachotoxin and veratridine, produced by the poison

dart frog and Veratrum family of plants, respectively.

Site-3 toxins are peptide toxins that prevent or interfere with the channel inactivation
process. Studies indicate the receptor site to be located at the loops between segments
S5 and S6 of domain | (Tejedor and Catterall 1988). Notable examples include the a-
scorpion and sea anemone toxins. They bind with high affinity to the resting state of the

channel and prevent coupling of activation to fast inactivation.
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Site-4 hosts the (3-scorpion toxins. These lethal peptides are promiscuous and bind to a
variety of sites on all 6 segments of domains I-lll. Site-4 toxins exert their toxic effects

on the channel by reducing peak Ina and shifting the voltage-dependence of activation.

Site 5 toxins bind to the S6 of domain | and S5 of domain IV. The lipophilic brevetoxins
and ciguatoxins bind to site-5. These large molecular weight molecules are produced by
dinoflagellates. Toxic action on the channel includes shifting the voltage dependence of

activation as well as blocking the channel’s ability to inactivate.

Site-6: The unique action of the TxVIA toxin from the Conus textile species of cone snail
led to the identification of a new site-6. Site-6 toxins specifically disable or slow the
inactivation process. Although its exact location is unclear, the location of site-6 appears

to involve the S4 segment of domain IV.

Toxins can also be selective for specific VGSC subtypes, resulting in powerful research
tools with therapeutic potential. To further understand the unique role each VGSC plays
in normal and pathophysiological function, compounds with high affinity to a specific
subtype are required. For example, the TTX derivative, 4,9-anhydro-TTX, was reported
to be 40 to 160-fold more selective for Nav1.6 than Nav1.2-Nav1.8 (Rosker et al. 2007).
This selectivity could be exploited strategically to isolate the function of Nav1.6 when

simultaneously recording the activity of multiple VGSCs in a neuron.
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Neuromodulation of VGSCs

VGSCs are affected in vivo by the action of various neuromodulators including
acetylcholine, monoamines, neuropeptides, and glutamate (Cantrell and Catterall 2001).
Administration of the cholinergic agonist carbachol reduces peak Ina and slows fast
inactivation in dissociated hippocampal neurons (Cantrell et al. 1996). This modulation
was shown to act via a protein kinase C (PKC) dependent phosphorylation of VGSCs
with similar effects in cortical pyramidal neurons. Cholinergic input to the hippocampus
suppresses bursting activity and promotes tonic firing (Azouz et al. 1994, Alroy et al.
1999). The nucleus basalis, a major driver of cholinergic tone in the cortex, shifts
cortical spiking from bursting to tonic firing, potentially utilizing modulation of VGSCs as
described above (Metherate et al. 1992). Dopaminergic modulation of VGSCs is also
observed. Activation of D1-like dopamine receptors, which stimulate adenylyl cyclase
activity, decreases Ina in acutely isolated hippocampal neurons (Cantrell et al. 1997,
Cantrell et al. 1999). This modulation was shown to be protein kinase A (PKA)
dependent. Alternatively, activation of D2 receptors, which are coupled to inhibition of
adenylyl cyclase, increases Ina in medium spiny neurons, but has an overall inhibitory
effect through activation of a PKC mediated pathway. PKA and PKC phosphorylation
reduce peak Ina of brain VGSC subtypes in heterologous cells and intact neurons
(Costa et al. 1982, Costa and Catterall 1984, Rossie and Catterall 1987, Rossie et al.
1987, Sigel and Baur 1988, Rossie and Catterall 1989, Dascal and Lotan 1991 Numann
et al.,, 1991, Numann et al. 1991, Li et al. 1992, Surmeier et al. 1992, Sudlow and
Gillette R 1995, Cantrell et al. 1996, Cantrell et al. 1996, Cantrell et al. 1997, Cantrell et

al. 1999, Carr et al. 2002, Carr et al. 2003, Chen et al. 2006, Scheuer 2011). For most
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VGSC subtypes, key phosphorylation sites with functional relevance are in the
intracellular loop connecting domains | and Il, as well as the inactivation gate (Scheuer

2011).

Phosphorylation effects on Ina are mostly limited to depolarized potentials, with similar
features to slow inactivation as described above, leading to the proposal that PKC and
PKA modulation enhance the slow inactivation process (Carr et al. 2003). Indeed, it was
found that mutation of an asparagine in S6 required for slow inactivation to alanine
increased slow inactivation and potentiated the effects of PKC and PKA modulation
while mutation to aspartate blocked slow inactivation and prevented modulation by PKA
and PKC (West et al. 1993, Scheuer 2011). Modulation of Nav1.2 by PKA and PKC
exhibits synergistic modulation (Scheuer 2011). Those residues which are
phosphorylated by PKC but not PKA, when mutated to block phosphorylation, also
blocked the reduction in Ina by PKA activation. In the absence of PKC modulation, PKA
requires membrane depolarization for effective modulation, while in the presence of
PKC modulation, PKA modulation occurs at all potentials (Cantrell et al. 1996). VGSC
modulation by PKA also requires interaction with A Kinase Anchoring Protein 15
(AKAP15) which binds to the intracellular loop between domain | and Il (Cantrell et al.

1999, Cantrell et al. 2002).

It is important to note the effects of phosphorylation on VGSC activity are specific to the
cellular environment in which they are studied. Careful attention is required to

understand the influence that an experimental expression system may have on the
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resulting VGSC modulation observed. Not surprisingly, given the high degree of
differential expression of the VGSCs in cell type and subcellular domains, the different
VGSC a subunits also exhibit differential sensitivity to neuromodulation by PKA and
PKC. Nav1.6 is far less sensitive to PKA modulation than Nav1.2 because it lacks the
key serine 573 phosphorylation site (Maurice et al. 2001, Chen et al 2008, Scheuer
2011). Novel VGSC phosphorylation sites have been discovered (Berendt et al. 2010)
In addition to being good substrates for PKA/PKC phosphorylation, purified brain
VGSCs are dephosphorylated by protein phosphatases such as calcineurin (Gershon et
al. 1992, Murphy et al. 1993). Calcineurin was shown to dephosphorylate Nav1.2 at
serine residues 573 and 623, and phosphatase 2A showed effective dephosphorylation
at serine 610. Both phosphatases effectively dephosphorylate serine 687 (Gershon et
al.1992, Murphy et al. 1993, Scheuer 2011). One open question is the extent to which
phosphatases and dephosphorylation of VGSCs is voltage-dependent. Further research
into the functional role of uncharacterized VGSC phosphorylation sites and

dephosphorylation activity is needed.

Serotonin (5-HT) also displays a dose-dependent neuromodulatory effect on VGSC
function (Fig. 1.6). In acutely dissociated mouse prefrontal cortex (PFC) pyramidal
neurons, 1 uM 5-HT reduced peak Ina by ~25% from baseline at a holding potential of -
70 mV (Carr et al 2002). The reduction in Inawas mediated in part by a decrease in
whole cell Na* conductance as well as a hyperpolarizing shift in the voltage-
dependence of fast inactivation. Single cell reverse transcription-polymerase chain

reaction (RT-PCR) analysis showed ubiquitous expression of 5-HT2 receptors, and most
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isolated PFC pyramidal neurons expressed 5-HT2a or 5-HT2a and 5-HT2c receptors
(Carr et al. 2002). Acute perfusion of 1 uyM of the 5-HT2a/c selective agonist 2,5-
dimethoxy-4-iodoamphetamine (DOI) to acutely dissociated pyramidal neurons also led
to ~25% reduction in peak Ina and negatively shifted the voltage-dependence of fast
inactivation (Carr et al. 2002). DOI had no effect on the fast or slow components of the
fast inactivation time constant. Peak Ina inhibition by acute DOI treatment was
significantly reduced by Ca?* chelators and Gagq, phospholipase C (PLC), and PKA/PKC
inhibition (Carr et al. 2002). Additionally, DOI significantly reduced persistent Ina and
enhances slow inactivation in acutely dissociated PFC pyramidal neurons (Carr et al.
2002, Carr et al. 2003). In mouse PFC slices, layer V pyramidal neurons show a
reduction in back-propagating dendritic action potentials, an elevation of spike threshold
and increased spike failure after repetitive firing when acutely treated with 1 yM DOI
(Carr et al. 2002, Carr et al. 2003). The elevation of threshold and spike failure by DOI
is likely due to the enhancement of VGSC slow inactivation. | believe the robust role that
slow inactivation of VGSCs plays in frequency adaptation of nearly all sensory
modalities is greatly underappreciated thus far. It's attractive to speculate that many
serotonergic psychedelic drugs (such as 5-HT2a/c agonists like DOI) may be impairing
visual spatial frequency contrast adaptation by enhancing VGSC slow inactivation,
ultimately leading to distorted percepts that resemble moiré patterns (Kim and Rieke

2003, Carr et al. 2003, King et al. 2015).

More recent results have shown that activation of 5-HT1a receptors in PFC layer 5

pyramidal neurons differentially decreases Ina in the proximal axon attributable to Nav1.2
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while not impacting those in the distal axon, attributable to Nav1.6, showing subcellular
domain-specific action of neuromodulators on VGSC function. As described above for
PKA and PKC modulation, the effect of 5-HT1a receptor activation on reducing Ina could
be attributed to enhancing slow inactivation and depolarizing the voltage dependence of

activation (Yin et al. 2017).

Tricyclic antidepressants and selective 5-HT reuptake inhibitors have been shown to
bind to brain VGSCs and inhibit Ina in both heterologous cells and cultured neurons
(McNeal et al. 1985, Nicholson et al. 2002, Lenkey et al. 2006, Dick et al. 2007). INa
inhibition by 5-HT reuptake inhibitors shows similar features to 5-HT and 5-HT2
agonists, including voltage-dependence and a hyperpolarizing shift of the inactivation

curve (Lenkey et al. 2006).

The powerful impact that 5-HT-induced enhancement of slow inactivation can have on
neuronal computation was recently highlighted (Navarro et al. 2020). Using a
combination of computational modeling with voltage and dynamic clamp techniques in
isolated and brain slice recordings from raphe neurons, Navarro and colleagues show
how VGSC slow inactivation enables a neuron to act as a “molecular leaky integrator”
that can encode a neuron’s spiking frequency into the fraction of available Ina (Navarro
et al. 2020). Because VGSCs enable the initiation of action potentials (which is also
dependent on the amount of available Ina), these two functions create a reciprocal
feedback loop that place VGSCs as a primary controller of AP firing rates. As most brain

5-HT-producing neurons are in the raphe nuclei, the authors speculate that VGSC slow
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inactivation is acting as a frequency control mechanism to stabilize the release of 5-HT
(especially when acting via volume transmission) (Navarro et al. 2020). This dynamic
control is likely vital for stable neurotransmission and rhythmic firing, such as in the
control of respiratory pacemaker neurons in the pre-Botzinger complex. Respiratory
depression and arrest are major contributors to sudden unexpected death in epilepsy
(SUDEP) (Massey et al. 2014, Stewart et al. 2020). Precisely how serotonergic
modulation of respiratory networks during seizures leads to SUDEP is a current area of
intense interest (Tupal and Faingold 2006, Bagdy et al. 2007, Uteshev et al. 2010,
Richerson and Buchanan 2011, Faingold et al. 2014, Faingold et al. 2016, Feng and
Faingold 2017, Kruse et al. 2019) and VGSCs may play a role in the pathophysiology of

respiratory depression in SUDEP.
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Figure 1.6 Representative example of acute perfusion of 30 uM 5-HT on Ina properties in an
acutely isolated wildtype P19 mouse cortical pyramidal neuron. (A) Representative traces
showing the voltage-dependence of activation, (B) inactivation, (C) slow inactivation at 50 Hz, and (D)
voltage-dependence of availability at baseline (black) and after perfusion of 30 uM 5-HT (orange). 30
UM 5-HT reduced peak Ina, induced a hyperpolarizing shift in the voltage-dependence of fast
inactivation, and enhanced slow inactivation. No changes were observed in the voltage-dependence

of activation.
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Modulation of VGSCs by G-protein By Subunits

G-protein coupled receptors (GPCRs) are seven transmembrane domain polypeptides
that bind many hormonal and neurotransmitter ligands to initiate a plethora of cell
signaling cascades. Upon ligand binding, GPCRs undergo a conformational shift to
recruit heterotrimeric G-proteins, composed of a Ga, 3, and y subunit. The activation
and subsequent conformational change of the receptors leads to the Ga subunit
exchanging GDP for GTP. The binding of GTP stimulates the dissociation of Ga from
the GBy complex, allowing both Ga and Gy subunits to interact with numerous

downstream effectors, including many ion channels (Smrcka 2008, Dascal 2001).

G-protein GBy subunits are ubiquitously expressed signaling molecules involved in a
vast array of intracellular signaling cascades (Fong et al. 1986, Freissmuth et al. 1989).
In humans, there are five Gf3 and 12 Gy subunit genes (Table 1.3). Certain G and y
subunits show selectivity for each other and all must dimerize in a By pair for proper
folding and physiological function. The direct or membrane-delimited modulation of ion
channels through G-protein dependent pathways has been shown to be driven by a GBy
complex (Hille 1994, Clapham 1994, Wickman and Clapham 1995, Clapham and Neer
1997, Dascal 2001). For example, G protein By subunits are known to modulate the
activity of voltage-gated K* and Ca?* ion channels (Kleuss et al. 1992, Kleuss et al.
1993, Dascal et al. 1993, Wickman et al. 1994, Reuveny et al. 1994, Diverse-Pierluissi
et al. 1995, Dascal 2001). However, they also possess the ability to modulate VGSC

function (Ma et al. 1997, Mantegazza et al. 2005).
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Gngt1 Gy1 Gnb1 Gp1
Gng2 Gy2 Gnb2 Gp2
Gng3 Gy3 Gnb3 GR3
Gng4 Gy4 Gnb4 Gp4
Gng5 Gy5 Gnb5 GBS
Gng7 Gy7

Gng8 Gy8

Gng10 Gy10

Gng11 Gy11

Gng12 Gy12

Gng13 Gy13

Gngt2 Gy14

Table 1.3 G protein By subunits genes and their corresponding proteins.

Modulation of brain VGSCs by a G-protein coupled signaling pathway was first reported
by Catterall and colleagues (Ma et al. 1994). In CHO cells expressing rat Nav1.2 as well
as in acutely isolated rat hippocampal neurons, the addition of 200-500 uM GTPyS (a
nonhydrolyzable analog of GTP) significantly increased peak Ina in a time-dependent
manner by over 200% compared to baseline. The voltage dependence of channel
activation and inactivation were also negatively shifted by ~10 mV in both experimental
models in the presence of GTPyS. The effect was sensitive to pertussis, but not
cholera, toxin, implicating Gai/o but not Gas. Removing ATP or adding BAPTA to the
recording pipette had no impact, suggesting that the effect of G-protein activation on
VGSC function was not dependent upon phosphorylation or intracellular Ca%* (Ma et al.

1994).
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Transient coexpression of GB1y3, GR5y3, or GB2y3 with rat Nav1.2 in tsA-201 cells
significantly increased persistent Ina and shifted the voltage-dependence of inactivation
by +37 mV (Ma et al. 1997). GB2y3 coexpression displayed the greatest effect on Ina,
increasing the number of recorded cells with >30% persistent Ina from 4.6% in baseline
to over 60% of the total population (Ma et al. 1997). In contrast, coexpression of Gai1,
Gais, or Gao1a with Nav1.2 led to no observable changes in Nav1.2 function. Addition of
VGSC 31 subunits to the transfection experiment did not modulate the effect of GB2y3
on Nav1.2-expressed Ina (Ma et al. 1997). ATP removal, PKC inhibition, or the
application of calcium chelators also had little effect on the persistent Ina induced by
GBy. Co-expressing Gai with Gy prevented Gy modulation of VGSC function, even

under conditions of exogenous G-protein activation with GTPyS (Ma et al. 1997).

Marin et al. showed coimmunoprecipitation of VGSC a subunits with G subunits in
primary mouse cultured cortical neurons, supporting a physical association between
VGSCs and Gy within a protein complex (Marin et al. 2001). Five-minute preincubation
of neurons with 30 uM a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
significantly increased the quantity of coimmunoprecipitated G from baseline,
suggesting that AMPA receptor activation is coupled to modulation of VGSCs through

GBy subunits (Marin et al. 2001).

An abstract and poster were presented at the 2004 Annual Biophysical Society Meeting

with the title “G-protein B1y2 subunits directly bind to the C-terminus of Nav1.3 and

modulate channel properties” (Lenkowski et al. 2004 ), however, the results never
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appeared in a peer-reviewed publication and all efforts to retrieve details of the study

from the authors have been unsuccessful.

VGSC modulation by coexpression of G-protein By subunits has also been
demonstrated in heterologous cells expressing human Nav1.1 (Mantegazza et al. 2005).
Coexpression of GBy subunits with human Nav1.1 led to dramatic increases in
persistent Ina compared to controls. The molecular determinants for GBy modulation of
rat Nav1.2 were localized to the C-terminus of the channel, between amino acid
residues 1890 and 2005 (Mantegazza et al. 2005). A putative GBy binding motif,
QMEER, is present in the C-termini of numerous VGSC a subunit subtypes expressed
in the CNS. This QxxER motif is also present on many known Gy effectors, including
protein kinase A and adenylyl cyclase 2. Further analysis of Nav1.2 using truncated and
chimeric cDNA constructs showed the QxxER motif was not required for GBy
modulation of VGSC function. Constructs of rat Nav1.2 where the QxxER motif was
mutated still showed modulation by GBy. However, constructs with truncation of the C-
terminus prior to amino acid 1951 abolished the increase in persistent Ina normally seen
with coexpression of GB2y3 and native Nav1.2 (Mantegazza et al. 2005). The C-
terminus of rat Nav1.2 ranges from amino acid residues 1777-2005 (Mantegazza et al.
2001). These data led the authors to conclude that “The last 28 amino acid residues of
the C-terminus are sufficient to support modulation [of rat Nav1.2] by GBy when

attached to the proximal C-terminal domain.” (Mantegazza et al. 2005).
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Nav a Sensitive to
Gene subunit GBy Modulation

SCN1A Nav1.1 YES?®
SCN2A Nav1.2 YES'3
SCN3A Nav1.3 YES?
SCN4A Nav1.4 NO3
SCNSA Nav1.5 NO3
SCN8A Nav1.6 UNKNOWN

Table 1.4 Sensitivity of VGSC a subunit subtypes to functional Ina modulation by G protein By
subunits when co-expressed in heterologous cells. Ma et al. (1997)' Lenkowski et al. (2004)?
Mantegazza et al. (2005)3

Recent evidence of a G-protein dependent pathway resulting in strong inhibition of Ina in
cultured and acutely isolated mouse neocortical neurons has restimulated interest in
VGSC-G protein subunit interactions (Mattheisen et al. 2018). This pathway was
serendipitously discovered after the observation that acute perfusion of 10 uM of the
calcium-sensing G protein coupled receptor (CaSR) allosteric agonist, cinacalcet,
significantly eliminated inhibitory postsynaptic current (IPSC) amplitude in cultured
neurons. Further experiments in cultured neurons showed acute perfusion of 10 uM
cinacalcet blocked somatic action potentials and strongly inhibited Ina by over 98% in a

state and time-dependent manner. Long-term incubation (50-70 minutes) of cinacalcet
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resulted in a concentration-dependent inhibition of Ina, with an ICso of 3.5+ 1 yM and a
hill coefficient of 0.98. This experimental strategy was necessary due to the slow onset
of Ina inhibition and potential for confounding current run down of Ina in whole cell
recordings. Cinacalcet-induced Ina inhibition showed slow kinetics that could be
described by a single exponential with a T ~ 60 s and a delayed onset on inhibition (~75
s). Prolonged hyperpolarization of channels for 1 s at -120 mV significantly relieved the
cinacalcet inhibition of Ina, suggesting a transient, state-dependent effect. Another small
molecule CaSR allosteric agonist, calindol, showed a similarly strong inhibition of Ina at
5 uM. Surprisingly, use of Casr”-mouse neurons or pretreatment with a CaSR
antagonist had no effect on the Ina inhibition induced by cinacalcet, suggesting that the
observed Ina inhibition is independent of the CaSR. Cinacalcet inhibition of Ina was
shown to be G protein dependent, as pretreatment with the GDP analog, GDPf3s (which
competitively inhibits GTP binding to G protein a subunits) reduced the cinacalcet
inhibition of Ina by over 80% from baseline conditions. Inclusion of 500 uM GTPyS in the
recording pipette led to a rapid decrease (~30%) in peak Ina. Pharmacological inhibition
of PKA and PKC had no effect on Ina inhibition by cinacalcet. Efforts to identify the
identity of the GPCR mediating the Ina inhibition by cinacalcet were unsuccessful, as
agonism and antagonism of metabotropic glutamate receptors and GABA& receptors
had no impact on this effect. These data suggest class C GPCRs are not involved in the
G-protein dependent inhibition of Ina. While the mechanistic details remain unclear, the
authors suggest “One possible mechanism for cinacalcet-inhibition of VGSCs is the
direct action of the Gy dimer of the G-protein complex on these channels.” (Mattheisen

et al. 2018).
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In her Ph. D. thesis work, Dr. Glynis Mattheisen showed a similar G-protein dependent
INa inhibition in mouse cultured neocortical neurons with acute perfusion of the
endocannabinoid anandamide, which acts as an agonist at the cannabinoid 1 (CB1)
GPCR (Mattheisen 2018). As with the effect of cinacalcet, anandamide activates
CaSRs, but its slow, state-dependent inhibition of Inais independent of the CaSR and
CB1 receptor. Likewise, prolonged hyperpolarization at -120 mV significantly reduced
anandamide inhibition of Ina (Mattheisen 2018). Anandamide inhibition of VGSCs at low
MM concentrations through a hyperpolarizing shift in the voltage-dependence of fast
inactivation has been shown previously (Nicholson et al. 2003, Kim et al. 2005, A Kury
et al. 2014, Okura et al. 2014). Antagonism of CB1and CB2 receptors, or pretreatment
with pertussis toxin (to inhibit Gi/o signaling) did not alter anandamide inhibition of
VGSCs (Al Kury et al. 2014). In contrast to CaSR agonists, there is evidence that
anandamide binds directly to VGSCs (Nicholson et al. 2003). Whether or not
anandamide and cinacalcet G-protein dependent pathways inhibit VGSCs in the same
manner remains poorly understood, and further investigation into the effects of G-

protein dependent modulation of VGSCs is required.

Variants in VGSC Genes and in Genes Encoding VGSC Interacting G-proteins

Result in Epilepsy

Epilepsy, defined by the occurrence of two or more unprovoked seizures, is one of the

most common disorders of the central nervous system. Roughly 1 in 26 individuals will
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develop some form of epilepsy during their lifetime (Hesdorffer et al. 2011). Many
different types of epilepsies exist, varying greatly in phenotypic severity and etiology.
Here we will focus on a class of severe genetic epilepsies that are collectively known as
Developmental and Epileptic Encephalopathies (DEEs). DEEs are a group of clinically
severe generalized epilepsies that present in the first years of life with chronic
unprovoked seizures of multiple etiologies as well as encephalopathy, which refers to

the maladaptive development of brain structure, function, and cognition.

Due to the prominent role of VGSC genes in shaping neuronal excitability and
development, it is unsurprising that inherited or de novo variants in VGSC genes
causing either gain- or loss-of function (GOF or LOF) can lead to severe forms of DEE.
DEEs linked to variants in sodium channel genes, including SCN1A, SCN2A, SCN3A,
SCN8A, and SCN1B (Meisler et al. 2021), present with severe generalized
pharmacoresistant seizures starting within the first year of life. In addition to seizures,
patients suffer from profound developmental, cognitive, and behavioral delays/plateaus,
intellectual disability, respiratory dysfunction, cardiac arrhythmia, and ataxia. Moreover,
while all patients with epilepsy are at risk for SUDEP, sodium channel-linked DEE

patients have the highest risk, up to 20% (Genton et al. 2011, Cooper et al. 2016).

SCN1A
In 1978, Charlotte Dravet reported her findings on a unique pediatric epilepsy
presenting with severe seizures, intellectual disability, developmental delays, and ataxia

(Dravet 1978). She originally named the disorder severe myoclonic epilepsy of infancy
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(SMEI), but it was renamed Dravet syndrome (DS) (Dravet 2011). DS patients present
with severe generalized tonic-clonic and seizures in the first year of life. The vast
majority of patients are pharmacoresistant and experience intellectual disabilities. The
incidence of DS in the United States is estimated to be around 1 in 15,000 live births
(Wu et al. 2015). In 2001, it was discovered that DS is caused by variants in SCN1A,
encoding Nav1.1 (Claes et al. 2001). More than 3000 DS variants in SCN1A have been
reported in ClinVar and other databases, with over 85% de novo LOF resulting in
haploinsufficiency of Nav1.1 through premature truncation by nonsense or frameshift
mutations, whole or partial gene deletion, or promotion of the expression of a nonsense-
mediated decay exon (Meisler and Kearney 2005, Kearney and Meisler 2009, Isom and
Knupp 2021). There is emerging evidence for a sub-group of DS patients with GOF
SCN1A variants (Brunklaus et al. 2022). These patients have earlier onset epilepsy,

e.g. in the first weeks of life, and present with a more severe phenotype.

To further understand how the paradoxical haploinsufficient LOF in a major brain VGSC
subtype (Nav1.1) can lead to hyperexcitability and seizures, a mouse model of DS was
developed (Yu et al. 2006). In mice, heterozygous deletion of Scn1a recapitulates many
of the key features of the human DS phenotype, including spontaneous generalized
seizures and SUDEP (Yu et al. 2006). Whole cell Ina recorded from acutely isolated
bipolar shaped inhibitory neurons immunopositive for glutamic acid decarboxylase (67
kDa isoform) in the hippocampus at postnatal day 13-14 (P13-14) was significantly
reduced in Scn1a*-mice vs. their wildtype littermates on a C57BL/6J background.

However, no difference in Ina was detected in pyramidal shaped neurons. These data
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laid the foundation of the disinhibition hypothesis of DS pathophysiology, in which
Nav1.1 LOF leads to reduced Ina and hypoexcitability of cortical and hippocampal
inhibitory GABAergic interneurons while hippocampal excitatory pyramidal neurons
showed no differences in Ina at P13-14, a subsequent study in a similar Scn1a mouse
model showed increased pyramidal neuron Ina and hyperexcitability at P22, the time of
seizure on-set, implicating excitatory neurons in the mechanism of DS (Mistry et al.
2014). Further support for the disinhibition hypothesis came from a study showing the
predominant localization of Nav1.1 to the AIS of PV+ inhibitory interneurons of the
cortex and the corresponding hypoexcitability of these PV+ fast-spiking interneurons in
the DS mouse model (Ogiwara et al. 2007). Moreover, it was demonstrated that
targeted heterozygous deletion of Scn1a in PV+ neurons is sufficient to produce
seizures. Selective deletion of Scn1a in forebrain GABAergic interneurons of transgenic
mice using the Cre-lox method driven by DIx1,2 is sufficient to recapitulate the
spontaneous seizures and premature death observed in global Scn7a*- models of DS
(Cheah et al. 2012). Likewise, selective deletion of Scn1a in vesicular GABA
transporter-positive (VGAT+) neurons and PV+ neurons in Cre transgenic mice also
leads to the DS phenotype (Ogiwara et al. 2013). Cre-dependent deletion of Scn1a
driven by the empty spiracles homolog 1 (Emx1) promoter (an excitatory neuronal
marker) does not lead to an epileptic phenotype but instead ameliorates SUDEP caused
by gene deletion in inhibitory neurons (Ogiwara et al. 2013). The hypoexcitability of PV+
interneurons in DS mice was found to be developmentally regulated, only occurring in a
transient window between P11-P21, with subsequent normalization of PV+ interneuron

hypoexcitability to that of wildtype littermates by P35 (Favero et al. 2018).

41



Other classes of interneurons aside from PV+ interneurons have been implicated in DS
pathophysiology. Cortical somatostatin-positive (SST+) interneurons are also
hypoexcitable in DS mice compared to wildtype littermates (Tai et al. 2014). In addition
to reduced excitability, cortical SST+ interneurons from DS mice show increased
threshold and rheobase, causing a significant reduction in frequency-dependence of
synaptic inhibition in neighboring excitatory layer V pyramidal neurons (Tai et al. 2014).
Irregular spiking vasoactive intestinal peptide-positive (VIP+) interneurons from layer 2/3
of the somatosensory and visual cortex of DS mice show impaired excitability compared
to wildtype littermates (Goff and Goldberg 2019). Treatment with the Nav1.1 selective
activating toxin Hm1a restored the excitability of DS VIP+ interneurons (Goff and
Goldberg 2019). Together, these data show all three major classes of cortical

interneurons are disrupted in mouse models of DS.

As discussed above, developmentally regulated pyramidal neuron hyperexcitability and
increases in Ina have been shown in DS mouse models (Mistry et al. 2014). The study of
DS patient-specific variants using induced pluripotent stem (IPS) cell models has added
yet another layer of nuance to our understanding. Inhibitory IPS neurons derived from
DS patients have been reported to be both hyperexcitable and hypoexcitable in different
studies, further highlighting the wide phenotypic variability of DS and its underlying

pathophysiology (Higurashi et al. 2013, Liu et al. 2013).
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SCNB8A

GOF variants in the SCN8A gene (encoding Nay1.6) can lead to a severe DEE with
similar clinical presentation to DS (Larsen et al. 2015). Well over 100 pathogenic
variants (see ClinVar) caused mostly by de novo missense mutations have been linked
to SCN8A-DEE (Meisler et al. 2016). While many of the clinical features of SCNSA-DEE
resemble DS, they lack the initial febrile seizures typically present in DS patients.
SCNBA-DEE also displays a prominent component of motor dysfunction, and roughly
50% of patients are non-ambulatory (Larsen et al. 2015). Functional analysis of patient-
specific SCN8A-DEE variants in heterologous cells has revealed a significant increase
in Nav1.6 activation, persistent Ina, and impaired fast-inactivation leading to
hyperexcitability of cortical and hippocampal pyramidal neurons as well as impaired
firing of cerebellar Purkinje neurons in acute brain slices (Raman et al. 1997, Kearney et
al. 2002, Veeramah et al. 2012, O’Brien and Meisler 2013, Estacio et al. 2014, Meisler
et al. 2016, Lopez-Santiago et al. 2017, Johannesen et a. 2019). IPS cortical neurons
derived from SCNS8A-DEE patients show prolonged AP repolarization, increased
persistent and resurgent Ina, as well as shortened AlS lengths (Tidball et al. 2020).
Limited evidence of GABAergic interneuron dysfunction has been observed in Scn8a-
DEE mouse models, supporting the preferential expression of Nav1.6 in excitatory
pyramidal neurons as the underlying epileptogenic mechanism of SCNSA-DEE (Bunton-
Stasyshyn et al. 2019). However, a recent study showed SST+ interneurons were
hyperexcitable and hypersensitive to depolarization block due to abnormally large

persistent Ina in @ Scn8a-DEE mouse model (Wengert et al. 2021).
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SCN1B

Pathogenic inherited heterozygous SCN1B variants have been linked to cardiac
dysrhythmias like Brugada syndrome and atrial fibrillation, as well as epilepsies
(O’Malley and Isom 2015, Edokobi and Isom 2018). SCN1B-p.C121W was the first
epileptic variant of SCN1B discovered (Wallace et al. 1998). This autosomal-dominant
mutation can lead to a clinical phenotype known as genetic epilepsy with febrile
seizures plus (GEFS+). In vitro, SCN1B-p.C121W shows reduced (31 cell surface
expression, glycosylation, association with VGSC a subunits and trans homophilic cell
adhesion capabilities compared to wildtype 31 (Krueger et al. 2016). /n vivo, Scn1b-
p.C121W (Scn1bW) mice show increased susceptibility to febrile seizures compared to
Scn1b%C or Scn1b*- mice and C121W B1 protein localization was restricted to the cell

body, with little to no expression detected at the AIS (Krueger et al. 2016).

Inherited homozygous variants in SCN1B can lead to a devastating DEE, with clinical
presentation more severe than DS (Aeby et al. 2019). An emerging number of
pathogenic variants have subsequently been discovered (see ClinVar). To date, 9
patients with homozygous recessive mutations in SCN7B have been linked to DEE. The
SCN1B-p.R125C variant has been reported to result in LOF, leading to a significant loss
of B1 cell surface expression (Patino et al. 2009). Aside from one variant found to
prevent secretion of the splice variant isoform, 1B, all SCN1B-linked DEE variants are
located in the Ig domain. As more patients are diagnosed with SCN1B-linked DEE, two
things are clear: SCN1B-linked DEE is often more clinically severe than DS, and the

pathophysiological mechanisms underlying these disparities are not clearly defined. To



further define the underlying pathophysiology of SCN1B-linked DEE, a global Scn1b*
mouse model was developed (Chen et al. 2004 ). These null mice exhibit spontaneous
seizures of multiple etiologies starting around P10, ataxia, as well as ventricular and
atrial cardiac arrhythmias and failure to thrive with reduced body weight (Lopez-
Santiago et al. 2007, Yuan et al. 2019, Bouza et al. 2021, Ramos-Mondragon et al.
2022). Most importantly, all mice die by the age of P24 (Chen et al. 2004, Hull et al.
2020). Scn1b null mice also show a failure to thrive and defects in neuronal
development including neuronal proliferation, pathfinding, migration, and fasciculation
(Brackenbury et al. 2013, O’'Malley and Isom 2015). Developmental deficits in the
Scn1b null mouse model are observed prior to the onset of spontaneous seizures,
leading to hypotheses regarding causative roles of aberrant brain development on the
severity of seizures and lethality in SCN1B-linked DEE. Intriguingly however, targeted
deletion of Scn1b in an adult Scn1bfoxflox mouse model following normal development is
sufficient to recapitulate the phenotype of Scn1b”- mice, including spontaneous seizures

and 100% lethality from SUDEP within 20 days of Scn1b deletion (O’'Malley et al. 2019).

Tissue specific deletion of Scn1b in various neuronal populations using Scn1bflox/flox
mice has revealed a key role for PV+ interneurons. Scn1b deletion in PV+ interneurons,
but not EMX+ or CAMk2a+ neurons, reproduced the seizures and SUDEP observed in

the Scn1b™~ mice (Hull et al. 2020).

In addition to modulating the function of VGSC a subunits, VGSC 31 subunits can

modulate multiple classes of voltage-gated K* channels in heterologous cell systems,
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cultured neurons and brain and heart in vivo (Deschénes and Tomaselli 2002, Nguyen
et al. 2012, Marionneau et al. 2012, Bouza et al. 2021). However, no significant
differences were observed in either transient or non-inactivating K* currents recorded
from cortical layer 6 pyramidal neurons of Scn7b” mice vs. wildtype litermates (Hull
2019). Alternatively, changes in K* currents recorded from Scn1b” cardiac ventricular

myocytes have been observed (Bouza et al. 2021).

Although Scn1b™~ mice show spontaneous seizures and SUDEP, the seizure
susceptibility of Scn1b*~ mice is similar to wild type, suggesting that a single functional

SCN1B allele is sufficient for normal physiological function (Patino et al. 2009).

GNAO1

The recent clinical implementation of exome-based diagnostics has revealed the
genetic cause for many patients with undiagnosed developmental disorders (Zhu et al.
2015). Most cases are eventually linked to pathogenic de novo variants (Need et al.
2012, Yang et al. 2013, Wright et al. 2015, Helbig et al. 2016). De novo mutations in the
guanine nucleotide-binding protein ao subunit (GNAOT) can lead to encephalopathy,
including DEE (Nakamura et al. 2013, Law et al. 2015, Talvik et al. 2015, Saitsu et al.
2016, Ueda et al. 2016, Marce-Grau et al. 2016, Gawlinski et al. 2016, Arya et al. 2017,
Gerald et al. 2018, Danti et al. 2017, Sakamoto et al. 2017, Schorling et al. 2017, Bruun
et al. 2018, Feng et al. 2018). GNAO17-linked encephalopathy (GNAO1-E) patients can

present with severe movement disorders, hypotonia, developmental delay, seizures,
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intellectual disability, and behavioral abnormalities among other symptoms (Danti et al.
2017). A wide phenotypic spectrum is associated with GNAO7 variants that cause
neurological disease (Saitsu et al. 2016). Roughly 40% of patients have severe
symptoms of movement disorder without epilepsy, while roughly 25% have epilepsy
without movement disorder, and roughly 30% have both (Feng et al. 2018). Feng et al.
report a strong correlation between the in vitro biochemical phenotype in Gao-
dependent cAMP inhibition and the clinical pattern of epilepsy vs movement disorder
(Feng et al. 2017). LOF variants showed higher correlation to DEE patients with no
movement disorders, while GOF variants were found to correlate with patients
displaying movement disorders with or without seizures (Feng et al. 2017). A vast
majority of pathogenic GNAO1-E variants have been reported as missense mutations

(Feng et al. 2018).

Gao is prominently expressed in brain neurons where it inhibits cyclic adenosine
monophosphate (cCAMP) production and interacts with an array of signaling effectors.
Goao regulates presynaptic neurotransmission by modulating intracellular [Ca?*] and has
been implicated in developmental processes such as neurite outgrowth (Strittmatter et
al. 1994, He et al. 2006, Bromberg et al. 2008). As with the sodium channel-linked
DEEs, a better understanding of the underlying pathophysiology of GNAO17-E can be
attained using preclinical mouse models of the human disease. Gnao7”- mice display
seizures, severe movement disorders, behavioral abnormalities hyperalgesia, and early
lethality (Valenzuela et al. 1997, Jiang et al. 1998). Heterozygous Gnao1¢184S™* mice

show spontaneous seizures, significantly greater sensitivity to pentylenetetrazol-induced
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kindling, and early lethality accompanied by epileptiform discharges with strain and sex-
dependent phenotypic severity (Kehrl et al. 2014, Feng et al. 2019). GNAO1-p.G203R is
one of the most common GNAO7-E variants observed clinically (Feng et al. 2019).
Gnao16203R* results in a haploinsufficient loss of function allele (Feng et al. 2019, Feng
et al. 2022). Gnao1%203R* mice exhibit ~50% lower expression levels of Gao protein in
whole brain compared to wildtype littermates (Feng et al. 2022). Whole brain GBy
protein expression was not significantly different from wildtype in Gnao1¢203R* mice,
however, the reduced expression of Gao led the authors to propose there would be
increased free GBy (unbound to Gao) present in neurons (Feng et al. 2022).
Gnao1¢203R* mice show reduced presynaptic inhibitory but not excitatory
neurotransmitter release in cerebellar Purkinje neurons (Feng et al. 2022). The
increased Gy is suggested to underlie this deficit in reduced inhibitory
neurotransmission, possibly through Gy interactions with synaptic vesicle fusion
proteins (Zurawski et al. 2016, Zurawski et al. 2017, Zurawski et al. 2019

Zurawski et al. 2022).

GNB1

Germline de novo variants in the guanine nucleotide-binding protein 31 subunit (GNB1)
can lead to a neurodevelopmental disorder known as GNB1 encephalopathy (GNB1-E),
characterized by global developmental delay, movement disorders, intellectual
disability, sensory impairments (especially visual), gastrointestinal issues, and epilepsy

(Petrovski et al. 2016, Steinrucke et al. 2016, Brett et al. 2017, Lohmann et al. 2017,
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Szczaluba et al. 2017, Hemati al. 2018, Jones et al. 2019, Peng et al. 2019, Endo et al.
2020, Revah-Politi et al. 2021). The first GNB1-E patient identified expressed the
variant GNB71-p.K78R (c.233 A>G; p.K78R, human NM_002074, mouse NM_008142)
(Colombo et al. 2019). This was reported in 2016 in a cohort of 13 GNB1-E patients
(Petrovski et al. 2016). GNB1-p.I80N and p.I180T variants are the most common in
GNB1-E patients (Petrovski et al. 2016, Hemati et al. 2018, Reddy et al. 2021). The
original cohort of patients showed a spectrum of phenotypic severity, but all patients
displayed global developmental delay and over 75% (10/13) suffered from seizures
(Petrovski et al. 2016). More than 60 GNB1-E patients have been identified and roughly
60% of GNB1-E patients show abnormal electroencephalogram (EEG) recordings

(GNB1 Foundation, Colombo et al. 2019).

Identified pathogenic GNB1-E variants are primarily caused by missense mutations and
most cluster in the region of amino acids 76 through 112 in GB1 (Pertovski et al. 2016,
Hemati et al. 2018, Endo et al. 2020, Reddy et al. 2021). Many of the identified variants
occur at residues involved in the Ga. interface (78, 80, 89, 110) (Ford et al. 1998). The
p.K78R variant also occurs at a residue predicted to be involved in the GIRK interaction
interface (Whorton and MacKinnon 2013). Despite the regional clustering of GNB1-E
variants, it does not appear that there is a clear genotype-phenotype correlation
between the location of the missense mutation and phenotypic severity (Petrovski et al.
2016, Lohmann et al. 2017, Hemati al. 2018). The expansive array of downstream Gy
effectors poses a significant challenge to the elucidation of the cellular mechanisms

involved in the pathophysiology of GNB17-E. Further complicating the issue, the
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interaction of the GBy subunits for any one GNB1-E variant may be GOF for one
effector and simultaneously LOF for another. Our focus will be on the disease
mechanisms involved in the epileptic component of GNB1-E, as this is present in most

patients and according to the GNB1 Foundation, “[...] the most urgent concern is the

prevalence of epilepsy.” Relevant GBy effectors that could play a role in the epilepsy of
GNB1-E include voltage-gated Ca?* channels (VGCCs), G-protein inwardly-rectifying K*
(GIRK) channels, synaptic vesicle/fusion proteins involved in neurotransmitter release,

and VGSCs.

In vitro functional analysis of the neuronal signaling impairments in GNB1-E variants is
extremely limited. Lohmann and colleagues investigated the functional effects of a panel
of 10 GNB1-E pathogenic missense variants (L30F, R52G, G64V, H91R, A92T, P94S,
P96L, A106T, D118G and K337Q) for their ability to form a functional GBy dimer with
Gy7 and interact G protein-coupled receptor kinase 3 (GRK3) as well as the Gas-
coupled dopamine D1 receptor (D1R) using real-time bioluminescence resonance
energy transfer (BRET) (Lohmann et al. 2017). Of these 10 patients with GNB1-E
missense variants, 7 experienced seizures (Lohmann et al. 2017). GNB1-E variants
R52G, G64V, A92T, P94S, P96L, A106T and D118G showed significantly different
functional effects from wildtype in one or more of these assays. L30F, H91R and K337Q
variants showed no difference from wildtype in GB1y7 dimer formation or functional

signaling with GRK3 or DR1 (Lohmann et al. 2017).
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Mouse models of GNB1-E have provided key insights into the underlying
pathophysiology of the disorder. Homozygous loss of Gnb17 is embryonically lethal in
mice, with prenatal mice showing severe neurodevelopmental issues (Okae and
Iwakura 2010 Georgi et al. 2013). Using CRISPR/Cas9, Colombo and colleagues
generated a knock-in mouse model of GNB17-E using the first patient variant identified
(p.K78R) (Colombo et al. 2019). Gnb1K78R/* mice recapitulate many key features of the
human GNB1-E phenotype, including developmental delay and spontaneous ‘absence-
like’ generalized non-convulsive seizures (Colombo et al. 2019). At PO, cortical G31
expression levels at the plasma membrane were not significantly different from wildtype
littermates, suggesting the K78R variant is not a functional null allele and GBy
complexes including GB1 are properly trafficked to the cell surface in cortical neurons of
Gnb 1¥78R* mice (Colombo et al. 2019). Similarly, primary cultured cortical excitatory and
inhibitory neurons from Gnb1X78R* mice show normal levels of GB1 expression.

Gnb 1¥78R* mice of both sexes on a C57BI/6NJ background show significantly reduced
body weight compared to aged-matched wildtype littermates at PO and P42. Gnb1X78R*
mice also display spatial learning and memory deficits in the Morris Water Maze

(Colombo et al. 2019).

At P42-56, Gnb 1¥78R* mice have spontaneous electrographic seizures and significantly
higher susceptibility to generalized seizures (electroconvulsive threshold) compared to
wildtype and (Colombo et al. 2019). The spontaneous seizure events were described as
‘absence-like’ because they were generalized bilateral spike and-wave discharges

(SWD), a common EEG feature of absence seizures. In a one-day period, Gnb1X78R/*
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mice exhibited between 1000 and 3000 SWDs, while wildtype littermates rarely, if ever,
displayed SWD during this time (Colombo et al. 2019). Acute treatment of Gnb7X78R*
mice with ethosuximide and valproic acid significantly reduced SWD frequency for a
one-hour period following injection (likely due to short half-life), while phenytoin did not
(Colombo et al. 2019). Multielectrode array recordings (MEA) of Gnb1X78R* cultured
cortical neurons showed no difference in mean firing rate compared to wildtype neurons
but did display a significantly increased duration of bursting activity although overall
burst frequency was significantly reduced compared to wildtype (Colombo et al. 2019).
Ethosuximide, but not valproic acid, rescued this abnormal bursting phenotype in MEA
recordings of Gnb1X78** cultured cortical neurons. VGCC Ca\3 antagonists, ML218 and
NNC 55-0396 had no effect on the abnormal bursting phenotype of Gnb 7X78~r* cultured
cortical neurons. The GIRK antagonist, Tertiapin Q, showed similar ameliorating effects
to ethosuximide, implicating GIRK, but not Cav3, channels, in the pathophysiology of
abnormal burst firing in MEA recordings of Gnb 7K78R* cultured cortical neurons

(Colombo et al. 2019).

In Xenopus oocytes the GNB171-p.K78R mutation showed a GOF for GIRK1/2 and
GIRK2 channel activation at lower RNA injection doses (0.05-0.2 ng) compared to
wildtype GB1. At RNA injection doses = 0.5 ng, the GBX"8Ry mutant activation of
GIRK1/2 and GIRK 2 began to decrease from wildtype and elicited significantly lower
GIRK1/2 current at an RNA injection dose of 5 ng (Colombo et al. 2019). Surface

expression of GBy was quantified in giant excised membrane patches from oocytes with
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immunofluorescence, revealing higher surface expression of the GBX78Ry mutant

compared to wildtype (Colombo et al. 2019).

In a follow up study, GNB17-E variants p.K78R, p.I80N and p.I80T were assessed for
their ability to modulate GIRK channels, Ca\2.2 channels, and couple to Gi/o mediated
GPCRs (Reddy et al. 2021). All three variants showed no significant differences from
wildtype in their ability to modulate Cav2.2 channels or couple to Gi/o mediated GPCRs
(Reddy et al. 2021). In vitro, all three mutants also showed significantly reduced binding
to the C-terminal cytosolic domain of GIRK 1 and GIRK 2 subunits (Reddy et al.2021).
In oocytes, the GBX"8Ry mutant showed GOF for GIRK1/2, GIRK2 and GIRK1/3 at low
RNA injection doses, but no difference or LOF at higher doses. At the 5 ng RNA
injection dose, GB'®MNy and GR'®Ty showed partial or severe LOF for GIRK2 and
GIRK1/3 channel activation. Surface expression of GBX7®Ry in giant excised membrane
patches from oocytes was increased compared to wildtype, while GB'®Ny and GB'8Ty
showed significantly reduced expression at RNA injection doses at or below 5 ng
(Reddy et al. 2021). These data highlight the complex effects that GNB1-E variants can
have on the function of GBy signaling effectors involved in the regulation of neuronal

excitability.

Caution should be exercised in the interpretation and translatability of whole cell two-
electrode voltage clamp recordings of ion channel function in Xenopus oocytes. As an
abnormally large and amphibious heterologous cell system there is a possibility that

exogenously expressed mammalian ion channel proteins are processed differently than
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they are in mammalian cells (Dascal 2001a). Further characterization of the effects
pathogenic GNB1-E variants have on ion channel function in mammalian cells is

needed.

Teng and colleagues recently published an in vivo characterization of absence seizures
in the Gnb1X78* mouse model using a combination of EEG, fiber photometry, and
chemogenetic methods (Teng et al. 2022). Their results revealed that SWD events in
Gnb1X78/* were highly prevalent in the awake state, and significantly reduced in non-
rapid-eye-movement (REM) and REM sleep states. This finding was also observed in
two other genetic models of absence epilepsy, Stxbp1 haplodeficient mice (Stxbp1*-), a
gene encoding a presynaptic protein involved in neurotransmission, as well as Gria4
deficient mice (Gria4”-) which lack the GluR4 AMPA receptor subunit (Teng et al. 2022).
This finding led to the hypothesis that sensory input drives the generation of SWD in
Gnb 1¥78R* mice. In support of that hypothesis, the number and duration of SWD
observed in Gnb1X78* mice was increased during somatosensory stimulation (air puff)
compared to before and after stimulation (Teng et al. 2022). Directly upon onset of the
air puff, SWD incidence transiently drops and is followed by a gradual increase in
frequency and duration. These data suggest sensory input has a complex involvement
in synchronizing the circuits involved in SWD generation of Gnb 1K78** mice. Disrupted
thalamocortical (TC) networks are well established in absence epilepsy and SWD
(Huguenard 2019). Fiber photometry combined with EEG showed excitatory TC cells
are transiently activated prior to and inhibited during SWD in Gnb1X78* mice (Teng et

al. 2022). Inhibitory cells of the thalamic reticular nucleus (TRN) show the opposite
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pattern of activity to TC cells in relation to SWD. Chemogenetic activation of TC cells
enhanced the occurrence of SWD, which the authors suggest further supports sensory
input can regulate SWD in Gnb1X78R* mice through activation of TC circuits (Teng et al.

2022).

As previously discussed, G-protein By subunits show physical and functional
interactions with VGSCs in acutely isolated and cultured mouse neurons and
heterologous cells (Ma et al. 1997, Marin et al. 2001, Mantegazza et al. 2005). Due to
their vital role in controlling neuronal excitability and the pathophysiology of numerous
DEEs, we will further explore the relationship between GB1y2 subunits and brain
VGSCs in Chapter Il to support the hypothesis that VGSCs may be relevant GBy

effectors promoting hyperexcitability and seizures in GNB1-E.

Pharmacology of Sodium Channel-linked DEEs

VGSCs are the primary targets of many local anesthetic, anti-arrhythmic,
neuropsychiatric, and anti-seizure therapeutic agents. Roughly one third of all epilepsy
patients are non-responsive (refractory) to available anti-seizure medications (ASMs)
(Kwan and Brodie 2000, Picot et al. 2008). The risk of SUDEP is inversely related to the
control of seizures, and uncontrolled tonic-clonic seizures are the best recognized risk
factor for SUDEP (Ryvlin et al. 2019). Refractory patients have a 2-10 times greater risk
of SUDEP than the general population (Fattorusso et al. 2021). ASMs that target
VGSCs like carbamazepine, phenytoin, and lamotrigine exacerbate seizures in DS

patients with LOF SCN1A variants and are thus contraindicated (Knupp and Wirrell
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2018). Although complete seizure control is generally not achievable for sodium
channel-linked DEE patients with small molecule ASMs, they have had some success in
reducing seizure frequency and increasing quality of life (Loscher et al. 2020). First-line
therapies for DS and SCN1B-linked DEE include the long-acting benzodiazepine
clobazam and valproic acid, which are both broad spectrum ASMs. Patients are almost
always treated with multiple ASMs concurrently. First line agents typically provide only
modest reductions in seizure frequency and severity and are often combined with other
second and third line “add-on” ASMs. Second and third line therapeutics include
topiramate, levetiracetam, and the recent FDA approved therapeutics stiripentol,
cannabidiol and fenfluramine (Strzelczyk et al. 2022). Adjunctive non-pharmacological
treatment options such as vagus nerve stimulation and strict adherence to a ketogenic

diet are also combined to the treatment regimen by epileptologists in some cases.

In contrast to SCN1B-DEE and most cases of DS caused by LOF variants leading to
SCN1A haploinsufficency, the GOF nature of some SCN7A and many SCN8SA-DEE
variants does permit clinical use of broad-spectrum sodium channel blockers. SCN1A
GOF and SCN8A-DEE patients do show improvement in seizure frequency and quality
of life after treatment with broad-spectrum sodium channel blocking ASMs (Wagnon et
al. 2016). Due to the clear evidence of increased Nay1.6 function underlying most
SCNB8A-DEE variants, selective reduction of Nav1.6 expression or Ina with precision or
small molecule therapeutics is a promising treatment strategy for this sodium channel-

linked DEE. However, the relief and efficacy of VGSC blockers in SCN8A-DEE remains
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modest and novel therapeutics are desperately needed for better seizure control and

treatment of other symptoms such as ataxia and intellectual disability.

Subtype Selective VGSC Modulation as a Potential Treatment for Sodium

Channel-linked DEE

Due to the highly specific role of unique VGSC subtypes in the pathophysiology of
neurological disorders, especially sodium channel-linked DEEs, there is great interest in
the development of subtype selective VGSC therapeutics (England and de Groot 2009).
This has been a formidable task, as the high homology shared between brain VGSC a
subunits minimizes the likelihood of a small molecule selectively engaging only one
unique VGSC subtype. Historically, the most intense focus of VGSC subtype selective
drug development has centered around Nav1.7, encoded by the SCN9A gene. Nav1.7 is
highly localized to the peripheral nervous system where it plays a fundamental role in
nociception. After the discovery that humans with congenital insensitivity to pain (CIP)
expressed SCNY9A LOF variants (Cox et al. 2006, Goldberg et al. 2007). as well as the
observation of loss of pain sensitivity in global SCN9A null mice (Nassar et al. 2004,
Minett et al. 2012, Gingras et al. 2014), intense efforts were poured into the
development of Nav1.7 selective blockers to replace opioid analgesics. Despite
promising preclinical data, numerous Nav1.7 selective inhibitors have failed to show
efficacy in clinical trials (Alexandrou et al. 2016, DiMauro et al. 2016, Marx et al. 2016,
Weiss et al. 2017, Wu et al. 2017, Focken et al. 2018, Bankar et al. 2018, Kingwell

2022). Various hypotheses for the unsuccessful development of a Nav1.7 selective
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blocker to date include lack of drug target engagement in the spinal cord, interplay of
opioid receptors and enkephalin biosynthesis with SCN9A expression, and the
differences in global loss of expression vs. small molecule inhibition of Nav1.7 (Minett et
al. 2015, Deuis et al. 2017, Kraus et al. 2021). Recent work proposed inhibition of
neurotransmitter release as the principal mechanism of anosmia and analgesia in

SCNI9A null mouse models and humans with CIP (MacDonald et al. 2021).

As mentioned previously, sodium channel-linked DEEs are largely monogenetic
disorders caused by variants in unique brain VGSC genes such as SCN7A (Nav1.1) and
SCNBA (Nav1.6). In DS mice, the haploinsufficient loss of Scn1a leads to a roughly 50%
reduction in productive SCN71A mRNA and Nav1.1 brain protein expression (Han et al.
2020). In SCNBA-DEE, Nav1.6 GOF drives hyperexcitability of cortical and hippocampal
networks. If a small molecule or precision genetic therapy can upregulate the function of
Nav1.1 in DS or downregulate the function of Nav1.6 in DS or SCN8A-DEE, this may
ameliorate the hyperexcitability and seizures present in these sodium channel-linked

DEE patients (Jensen et al. 2014, Johnson et al. 2022).

In support of this hypothesis, significantly decreasing Nav1.6 expression prolongs the
lifespan of DS mice (Martin et al. 2007). Generation of Scn1a*-/Scn8a™ei°* double
heterozygous mice, which effectively results in heterozygous deletion of Scn8a in the
Scn1a*- DS mouse model, no longer display early lethality (SUDEP) and a seizure
threshold different from that of wildtype littermates (Martin et al. 2007). Consistent with

this result, a Scn8a GAPmer antisense oligonucleotide (ASO) that reduces Nav1.6
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expression reduces seizures and SUDEP in Scn1a DS mice (Lenk et al. 2020, Hill and

Meisler 2021).

There is also great excitement for a potential ASO treatment (STK-001) of DS (Han et
al. 2020). SCN1A has at least one naturally occurring, developmentally regulated
poison exon—an exon whose inclusion produces no protein due to nonsense mediated
decay of the mRNA transcript (Carvill and Mefford 2020). This genetic failsafe can be
exploited as a therapeutic target to treat haploinsufficient loss of SCN71A in DS with a
steric block ASO that prevents inclusion of the poison exon, effectively increasing
Nav1.1 expression from the remaining wildtype allele (Han et al. 2020, Isom and Knupp
2021). In cultured cells, STK-001 treatment reduced the presence of SCN1A poison
exon transcripts by over 55% (Han et al. 2020). While RNA transcript expression is not
often an accurate predictor of protein expression, recent work found membrane
receptors and ion channel proteins among the highest correlates of RNA transcript to
protein expression levels (Bauernfeind and Babbitt 2017). In vivo, STK-001
administration in DS mice at P2 prevented SUDEP, significantly delayed seizure onset,
and dramatically decreased seizure frequency (Han et al. 2020). Phase 2 clinical trials
with STK-001 in DS patients are currently in progress (ClinicalTrials.gov Identifier:

NCT04740476).

The Nav1.1 selective activating disulfide-rich peptide toxin, Hm1a, leads to restoration of

hypoexcitable inhibitory neuron function and significantly reduces seizures and mortality

in Scn1a*-DS mice (Richards et al. 2018). Although promising, development of the
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Hm1a toxin (derived from the venom of the Stromatopelma family of tarantula) is highly
unlikely as intracerebroventricular injection of 100 pM Hm1a led to paralysis and death
of juvenile Balb/C mice in less than 2 hours (Escoubas et al. 2002). The carboxamide 3-
amino-5-(4-methoxyphenyl)thiophene-2-carboxamide (AA43279) shows high selectivity
and acts as an activator for Nav1.1 by impairing fast inactivation (Frederiksen et al.
2017). AA43279 increases excitability of PV+ fast-spiking interneurons in rat
hippocampal brain slices and the maximal electroshock seizure threshold in vivo
(Frederiksen et al. 2017). AA43279 and two separate Nav1.6-selective inhibitors
(MV1369 and MVV1312) all reduced spontaneous burst locomotor movements and
seizure activity in Scn1Lab”- zebrafish (a preclinical vertebrate model of DS) (Weuring

et al. 2020).

Pharmacological inhibition of Nav1.6, but not Nav1.1, leads to reduced epileptiform
activity in mouse cortical slices treated with the proconvulsant non-selective K* channel
inhibitor 4-aminopyridine (Patel et al. 2020). Selective inhibition of Nav1.6 may have
implications to epilepsies beyond the treatment of sodium channel-linked DEEs:
Targeted reduction of Scn8a expression with a short hairpin interfering RNA prevents
seizure development in a mouse model of temporal lobe epilepsy (Focken et al. 2019,
Wong et al. 2018). Preclinical rodent work also indicates selective inhibition of Nay1.1
may be useful beyond epilepsy for neuropsychiatric disorders such schizophrenia and

Parkinson’s disease (von Schoubye et al. 2018, Liu et al. 2021).
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In addition to the preclinical evidence for selective Nav1.6 inhibition to treat seizures in
DS, there is also evidence for treating SCNSA-DEE (Martin et al. 2007, Johnson et al.
2022). Variants in SCN8A, which encodes human Nav1.6, have been linked to DEE,
movement disorders, and cognitive impairment (Wagnon et al. 2016). In many
physiologically examined SCN8A-DEE variants, GOF leads to excess Nav1.6-mediated
persistent current and hyperexcitability (Veeramah et al. 2012, Johannesen et al. 2019).
The first-in-class state-dependent Nav1.6 selective inhibitor, NBI-921352 (previously
XEN901), is a potent aryl sulfonamide with an 1Cso of 51 nM for hNav1.6 and > 6.9 uyM
ICs0 for any other human VGSC subtype present in the central nervous system
(Johnson et al. 2022). NBI-921352 is capable of restoring SCNS8A-DEE patient-specific
variant Nav1.6 channel function in voltage clamp recordings of transfected heterologous
cells, as well as preventing seizures in a Scn8a-DEE mouse model. In cortical brain
slices from wildtype mice injected with 250 nM NBI-921352, no differences were
observed in the current to spike frequency (F-I) relationship for fast-spiking
interneurons. However, cortical pyramidal neurons showed reduced excitability,
supporting the preferential expression of Nav1.1 to cortical GABAergic interneurons and
Nav1.6 to excitatory pyramidal neurons (Johnson et al. 2022). At the time of writing,
NBI-921352 is currently under evaluation in phase Il clinical trials as an adjunctive

therapy for SCNSA-DEE patients (ClinicalTrials.gov Identifier: NCT04873869).
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Conclusion

Proper function of VGSCs is required for the central nervous system to operate in
a healthy manner. A severe class of genetic epilepsies caused by variants in VGSC
genes, known as sodium channel-linked DEEs, remain largely intractable disorders and
new therapeutic strategies are desperately needed. In the following chapters, | discuss
two neuropharmacological studies of DEEs linked to variants in genes encoding brain
VGSCs and their interacting proteins. In Chapter I, | describe my research into the
subtype selectivity of 4,9-anhydrotetrodotoxin, a natural product reported to selectively
inhibit Nav1.6, which is an abundant VGSC subtype expressed in the adult brain with a
key role in epileptogenesis. In Chapter lll, | present work investigating a novel inhibitory
interaction between G-protein 31y2 subunits and brain VGSC subtypes Nav1.1 and
Nav1.6, and how these novel interactions may be involved in the pathophysiology of
GNB1-encephalopathy. Together this work advances our understanding of subtype
selective VGSC pharmacology and basic mechanisms of neuromodulation in both
normal and pathological physiology, especially with respect to sodium channel linked-

DEEs.
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Chapter Il. In Vitro Validation of 4,9-anhydrotetrodotoxin as a Nav1.6 Selective
Inhibitor for the Treatment of Sodium Channel-linked Developmental and

Epileptic Encephalopathy

*Portions of this chapter have been published in Neuroscience Letters (Denomme,
Lukowski, Hull, Jameson, Bouza, Narayan and Isom 2020) Nicholas Denomme
performed and analyzed all experiments with the following exceptions: Dr. April
Lukowski performed and analyzed mass spectrometry data shown in Figure 2.8 and

Figure 2.9

Introduction

To date, ten major human VGSC a-subunit subtypes (Nav1.1-1.9 plus Nax), encoded by
the SCN(X)A genes have been identified (Goldin 2001). Toxins have long served as
pharmacological probes, playing an instrumental role in elucidating the structure and
function of VGSCs (Cestele and Catterall 2000). Among the most widely used is
tetrodotoxin (TTX), a potent guanidinium neurotoxin found in many species of aquatic
and terrestrial organisms (Noguchi and Arakawa 2008). TTX binds with high affinity to
Nav1.1, Nav1.2, Nav1.3, Nav1.4, Nav1.6, and Nav1.7. These channels are deemed “TTX
sensitive” due to their susceptibility to half-maximal conduction blockade at nanomolar

concentrations of TTX. To further understand the unique role each VGSC plays in
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normal and pathophysiological function in neural networks, compounds with high affinity
for a specific VGSC subtype are required (Kwong and Carr 2015). A natural derivative
of TTX, 4,9-anhydro-TTX (4,9-ah-TTX) has been reported to be more selective in
blocking Na* current (Ina) mediated by Nav1.6 (ICso = 7.8 nM) than the other TTX
sensitive VGSCs, including Nav1.2 (ICso = 1260 nM), Nav1.3 (ICs0 = 341 nM), Nav1.4
(ICs0 = 988 nM), and Nav1.7 (ICs0 = 1270 nM) (Rosker et al. 2007). While SCN1A,
encoding Nav1.1, has been implicated in neurological diseases (Nolan and Fink 2018),
the effect of 4,9-ah-TTX on Nav1.1-mediated Ina has not been tested. Despite this,
numerous studies have utilized 4,9-ah-TTX as a Nav1.6 selective inhibitor following the
initial report of its selective properties (Teramoto 2012, Hargus et al 2013, Meredith and
Rennie 2018, Rogers et al. 2016, Takahara et al. 2018). In this chapter, we determine
the affinity of 4,9-ah-TTX for human and mouse brain VGSCs using radioligand
competition binding. We investigate the effects of 4,9-ah-TTX on human Nay1.1-,
Nav1.3- and Nav1.6-mediated Ina using the whole-cell patch clamp technique in HEK
cells. Finally, we use mass spectrometry to evaluate the pH and time-dependence of
4,9-ah-TTX conversion to 4-epiTTX and TTX, as previous reports have indicated these
factors can influence the pharmacological analysis of 4,9-ah-TTX (Teramoto and Yotsu-
Yamashita 2015, Tsukamoto et al. 2017). Our work shows that, while 4,9-ah-TTX
administration results in significant blockade of Nav1.6-mediated Ina at nanomolar
concentrations, it also has significant effects on Nav1.1-mediated Ina at similar
concentrations. Thus, 4,9-ah-TTX is not useful to resolve Nav1.6-specific effects in brain

networks.
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Results

4.9-ah-TTX binding affinity for human and mouse brain VGSCs

The binding curve of unlabeled 4,9-ah-TTX in competition with 5 nM [*H]-STX for the
VGSCs present in Scn1a** mouse whole brain membranes is shown in Fig. 2.1A. 4,9-
ah-TTX showed normal steepness (Hill slope of -1.04) and was determined to have an
inhibitory dissociation constant (Ki) of 63.02 nM with 95% CI (47.42 — 84.59 nM). At 10
UM, 4,9-ah-TTX displaced > 95% of the [?H]-STX present. Fig. 2.1B depicts the binding
curve of 4,9-ah-TTX to Scn7a’ mouse whole brain membranes. The Ki was determined
to be 87.67 nM 95% CI (68.8 - 113.5), ICso of 248.6 nM with 95% CI (186.6 — 333.4),
and a Hill slope of -1.08. Fig. 2.1C shows the results of 4,9-ah-TTX binding to human
cortical white matter membrane preparations. The human brain binding data resulted in
a Ki of 62.27 nM with 95% CI (29.2 - 136.3), ICso of 172.4 nM 95% CI (85.8 — 463.4) and
a Hill slope of -1.21. No significant differences in the Ki, 1Cs0 or Hill slope of 4,9-ah-TTX
were detected between the Scn1a**, Scn1a’ mouse, or human brain membranes (one-

way ANOVA p=0.05).
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Figure 2.1. [*H]-Saxitoxin competition binding with 4,9-ah-TTX. (A) Concentration response curves
showing binding of 4,9-ah-TTX to human and mouse brain membrane samples in competition with 5 nM [3H]-
saxitoxin. Unlabeled 4,9-ah-TTX was tested at 10 yuM, 1000 nM, 100 nM, 10 nM, 1 nM, 0.1 nM and 0.01 nM.
(A) Binding of 4,9-ah-TTX to Scn1a** mouse whole brain membranes (n=4). (B) Binding of 4,9-ah-TTX to
Scn1a’- mouse whole brain membranes (n=4). (C) Binding of 4,9-ah-TTX to human cortical white matter
membranes (n=2). Each data point represents the mean fraction of total specific binding + S.E.
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Figure 2.2 Na,1.1, Na,1.3 and Na,1.6 I-V curves and Iy, traces in the presence and absence of
100 nM 4,9-ah-TTX. (A) Current-voltage (I-V) relationship obtained from recordings in the presence
and absence of 100 nM 4,9-ah-TTX via whole-cell patch clamp of HEK cells stably expressing human
Nav1.1, Nav1.3 or Nav1.6. Ina was evoked by stepping to different 250 ms test pulses in 5-10 mV
intervals. Peak Inawas normalized to cell capacitance to obtain current density. Values represent the
mean + S.E. (B) Representative peak Inatraces recorded in the presence of 100 nM 4,9-ah-TTX and
absence (control) via whole-cell patch clamp from HEK cells stably expressing Nav1.1, Nav1.3 or
Nav1.6. Cells were voltage-clamped at -120 mV and peak Inawas elicited via stepping to a test pulse
of 0 mV for 250 ms.
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Effects of 100 nM 4,9-ah-TTX on Ina density in human HEK-Na,1.1, -Na,1.3 or -Na, 1.6

cells

Fig. 2.2 shows the current-voltage (I-V) relationships for HEK-Nav1.1, -Nav1.3 or -Nav1.6
cells in the presence and absence of 100 nM 4,9-ah-TTX. Differences in mean Ina
density evoked at 0 mV following the bathing of cells in 100 nM 4,9-ah-TTX compared
to control for each cell line are shown in Table 2.1. Mean Ina density in the absence of
4,9-ah-TTX (control) for HEK-Nay1.1 was -131.6 + 9.47, HEK-Nav1.3 -108.7 + 8.54 and
HEK-Nav1.6 -136.9 + 12.72. Exposure of cells to 100 nM extracellular 4,9-ah-TTX
reduced the mean peak Ina density in HEK-Nav1.1 cells by 64 + 3% (84.31 pA/pF *
11.39 S.E.), in HEK-Nav1.3 cells by 39 + 11 % (41.87 pA/pF £ 14.41 S.E.), and in HEK-
Nav1.6 cells by 83 + 3% (113.3 £ 13.79 S.E.). The conductance-voltage (G-V)
relationships for HEK-Nav1.1, HEK-Nav1.3 or HEK-Nav1.6 cells in the presence and
absence of 4,9-ah-TTX are shown in Fig. 2.3. The V1,2 of activation was not significantly
different in any of the cell lines tested in the presence of 100 nM extracellular 4,9-ah-
TTX compared to control (Table 2.2). The slope factor (k) was not significantly different
when comparing control to 100 nM 4,9-ah-TTX conditions for HEK-Nav1.1 or HEK-
Nav1.3. In contrast, the slope factor for HEK-Nav1.6 was significantly increased when
comparing control (k = 4.857 + 0.280) to the 100 nM 4,9-ah-TTX condition (k = 6.265 +
0.415) (p = 0.015). The voltage dependence of availability relationship for HEK-Nay1.1,
HEK-Nav1.3 or HEK-Nav1.6 cells in the presence and absence of 100 nM 4,9-ah-TTX is

also shown in Fig 2.3. The V1.2 of inactivation and slope factor were not significantly
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different between the control and 4,9-ah-TTX conditions for HEK-Nav1.1, HEK-Nav1.3 or

HEK-Nav1.6 (Table 2.2).
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Figure 2.3 Normalized conductance to voltage and voltage dependence of availability
relationships. Curves represent the voltage-dependence of steady-state activation (A) and voltage
dependence of availability (B) in the presence (blue) and absence (black) of 100 nM 4,9-ah-TTX via
whole-cell patch clamp from HEK cells stably expressing human Nay1.1, Nav1.3 or Nav1.6.
Corresponding voltage protocols used to elicit data analyzed in A and B are depicted at the bottom of
the figure. Data points represent the mean + S.E. Data obtained from recordings depicted in Fig. 2.2
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An analysis of persistent current at a test pulse to 0 mV in the presence and absence of
100 nM 4,9-ah-TTX revealed a significant reduction (49.2%) in HEK-Nav1.1 persistent
INna density (Fig. 2.4). There was no significant difference in the persistent Ina density

observed in the control versus 100 nM 4,9-ah-TTX condition for HEK-Nav1.3 or HEK-

Nav1.6.
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Figure 2.4 Average peak and persistent In, density recorded in the presence and absence of
100 nM 4,9-ah-TTX via whole-cell patch clamp from HEK cells stably expressing human Na,1.1,
Na,1.3 or Na,1.6. (A) Cells were voltage-clamped at -120 mV and peak Ina was elicited via stepping to
a test pulse of 0 mV for 250 ms. (B) Persistent Ina density present in a 2 ms period 50 ms after peak
Ina Was observed at a test pulse to 0 mV. Bar graphs represent mean + S.E. Significant differences

between control and drug treated conditions were tested using a Student’s unpaired t-test. Data
obtained from recordings depicted in Fig. 2.2
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Reduction in Na,1.1 and Na, 1.6 mediated peak Ina following perfusion of 4,9-ah-TTX.

Perfusion of 4,9-ah-TTX onto HEK-Nav1.1 and HEK-Nav1.6 cells resulted in a
concentration dependent reduction in peak Ina (Fig. 2.5 and 2.6). Nav1.1 peak Ina was
reduced by (11% = 4) following the perfusion of 10 nM 4,9-ah-TTX. At 100 nM, the
mean reduction in Nav1.1 peak Ina was (46% = 5). The perfusion of 500 nM 4,9-ah-TTX
reduced Nav1.1 peak Ina by (64% * 4) (Table 3). Washout of 4,9-ah-TTX restored peak
INa ON average to 94.5% (range 84-106%) of baseline control in all recordings. Nav1.6
peak INna was reduced by (18% = 2) following the perfusion of 10 nM 4,9-ah-TTX. At 100
nM, the mean reduction in Nav1.6 peak Ina was (39% % 2). The perfusion of 500 nM 4,9-

ah-TTX reduced Nav1.6 peak Ina by (76% + 2) (Table 2.3).
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Figure 2.5 Na,1.1 and Na,1.6 peak In, traces before, during and after perfusion of 10, 100 and
500 nM 4,9-ah-TTX. Representative Ina traces for the control (black), perfusion of 10 nM, 100 nM,
and 500 nM 4,9-ah-TTX (blue) and after washout (red) via whole-cell patch clamp from HEK cells
stably expressing human Nay1.1 (A-C) or human Nay1.6 (D-F). Cells were voltage-clamped at -120
mV and peak Inawas elicited via stepping to a test pulse of 0 mV for 250 ms.
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Figure 2.6 Percent reduction in Na,1.1 and Na,1.6 peak In. by 4,9-ah-TTX. Percent reduction from
control in peak Ina mediated by Nav1.1 (A) and Nav1.6 (B) following perfusion of 10 nM 4,9-ah-TTX

(light blue), 100 nM 4,9-ah-TTX (cyan), and 500 nM (dark blue). Data points represent the mean +
S.E.

Time and pH dependent effects of 4,9-ah-TTX conversion to 4-epiTTX and TTX

An important consideration when testing the activity of 4,9-ah-TTX is the spontaneous
equilibration that can occur between 4,9-ah-TTX, 4-epiTTX and TTX (Fig. 2.7). Relative
abundances of 4,9-ah-TTX, 4-epiTTX, and TTX were monitored at different pH
conditions and incubation times at ambient temperature. The results shown in Fig. 2.8

indicate that differences in pH over the range 6.4-8.4 do not significantly impact the
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distribution of 4,9-ah-TTX, 4-epi-TTX, and TTX, suggesting 4,9-ah-TTX was not
significantly converted to 4-epi-TTX or TTX under our analysis conditions. Assessing
the relative abundances of these molecules over time similarly did not result in
increased amounts of 4-epi-TTX or TTX relative to 4,9-ah-TTX; however, a significant
decrease in all three molecules was observed over time, with a minute amount

remaining after 5 weeks of incubation at ambient temperature, as shown in Fig. 2.9.

OH
HO —OH
H+, Hzo 4 OH
~———  HN OH
5N
H.N
+ +
4 9-anhydrotetrodotoxin 4-epi-tetrodotoxin
(4,9-ah-TTX) (4-epiTTX)

tetrodotoxin
(TTX)

Figure 2.7 Structures and equilibrium of tetrodotoxin, 4,9-anhydrotetrodotoxin, and 4-epi-
tetrodotoxin.
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Figure 2.8 Impact of pH on 4,9-ah-TTX, 4-epiTTX and TTX. (Top) Plot of mass spectrometry results
comparing peak area/internal standard ratio based on peak integration corresponding to 4,9-ah-TTX,
4-epiTTX, and TTX. (Inset) Zoomed-in graph of represented data. (Below) Reaction conditions used in
analysis. ER: external recording solution used in electrophysiology experiments. 1XP: binding buffer
used in competition binding experiments.
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Figure 2.9 4,9-ah-TTX, 4-epiTTX and TTX in solution over time. Plot of mass spectrometry data
assessing the relative abundances of 4,9-ah-TTX, 4-epi-TTX, and TTX over time comparing ratios of
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Transient Na* Current Density (pA/pF) ‘

Control 4,9-anhydro-TTX (100 nM)
hNav1.1 -131.6 £ 947 -47.24 + 4.04
hNav1.3 -108.7 + 8.54 -66.78 £ 11.61
hNav1.6 -136.9 £ 12.72 -23.63 £ 4.45

Persistent Na* Current Density (pA/pF)

Control 4,9-anhydro-TTX (100 nM)
hNav1.1 -5.25+0.39 -2.58 £ 0.94
hNav1.3 -2.77 £ 0.82 -3.71+£0.26
hNav1.6 -1.52+0.13 -1.84 £ 0.54

Table 2.1 Average peak and persistent In, density and recorded in the presence of 100 nM 4,9-ah-
TTX and absence (control) via whole-cell patch clamp from HEK cells stably expressing human
Na,1.1, Na,1.3 or Na,1.6. Values represent the mean + S.E.
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V42 of Activation
(mV)

Control N 4’9'3'(’1‘ggg,'v‘|’)'ﬁx N
hNa,1.1 -17.36 + 1.05 9 -15.31 +0.83 7
hNa,1.3 -16.88 + 1.58 7 -14.47 +1.25 7
hNa,1.6 -17.97 + 0.80 7 -17.28 £ 0.99 7
‘ Slope Factor (k)
(mV-)
Control N 4,9-anhydro-TTX (100nM) N
hNa,1.1 | 5.501 £0.27 9 5705+0.14 7
hNa,1.3 | 5.261+0.24 7 5.3321+0.28 7
hNa,1.6 | 4.857 £ 0.28 7 6.265 + 0.41" 7

V42 of Inactivation

(mV)
4,9-anhydro-TTX

Control N {100nM) N
hNay1.1 | -50.41 % 2.37 9 -45.14 £ 1.55 7
hNay1.3 | -53.63 £ 2.21 7 -55.97 £ 1.95 6
hNay1.6 | -50.73 £ 1.54 7 -55.83+2.79 5

Slope Factor (k)
(mV-)
4,9-anhydro-TTX (100nM)

Control N N
hNay1.1 | -5.04 +0.22 9 -4.83 + 0.55 7
hNay1.3 | -5.85+0.59 7 -9.16 + 1.51 6
hNay1.6 -4.63 £ 0.41 7 -8.61+217 5

Table 2.2 Voltage-dependence of activation and inactivation parameters recorded in the presence
of 100 nM 4,9-ah-TTX and absence (control) via whole-cell patch clamp from HEK cells stably
expressing human Na,1.1, Na,1.3 or Na,1.6. Values represent the mean + S.E. *p=0.0158
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Reduction in Peak Ina Following Perfusion of 4,9-ah-TTX

(% of Control)
[4,9-ah-TTX]
Nay1.1 N Nay1.6 N
10 M 1% (£ 4) | 4 | 18% (£ 2) 4
100 nM 46% (£5) | O | 39% (£ 2) 4
500 nM 64% (£ 4) | O | 76% (£ 2) 3

Table 2.3 Percent reduction in Na,1.1 and Na,1.6 peak Ina from control following the perfusion of
10, 100 or 500 nM 4,9-ah-TTX. Values represent the mean + S.E.
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Discussion

TTX binds with high specificity to the VGSC pore in a 1:1 stoichiometry to occlude the
conduction of Na* ions by forming a web of electrostatic interactions with the channel. A
large body of evidence from numerous studies strongly supports that TTX interacts with
a narrow region of residues within the channel involved in permeation and the selectivity
of Na* ions (Fozzard and Lipkind 2010). Major coordinating residues are located on the
membrane re-entrant P-loops (pore loops) of segments S5-S6 on all 4 domains. This
region of the channel heavily influences channel conductance and ion selectivity,
forming an inner and outer ring of charged amino acid residues (six carboxylates and
one lysine) known as the selectivity filter (Chiamvimonvat et al. 1996, Farve et al. 1996).
The asymmetric charge distribution of each ring coordinates solvated Na™* ions as they
pass through the pore (Catterall 2012). Mutagenesis and electrophysiological studies
have revealed four key residues (D: aspartate, E: glutamate, K: lysine, and A: alanine),
each present in one of the domains, that form the inner ring of the mammalian VGSC
selectivity filter. The DEKA motif found in human VGSCs is conserved across all
subtypes. Mutating K and A of the DEKA motif to glutamates, generating DEEE,
abolishes Na* selectivity and permits Ca?* to permeate the channel (Heinemann et al.
1992a). Three or four residues downstream of the DEKA selectivity filter in each domain
lie the outer ring of the human VGSC selectivity filter composed of an EE(M/D)D motif

(see Fig. 2.10).
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Figure 2.10. VGSC schematic with TTX binding site and selectivity filter residue alignment.
(Top) Schematic of the mammalian voltage-gated sodium channel a and 3 subunit complex.
Segments are labelled numerically (1-6) and domains are labeled in roman numerals (I-IV). Voltage-
sensing S4 segments in each domain are labelled in light red. The pore loop regions formed by
segments S5 and S6 are labelled in green. The amino acid residues representing the Na* ion
selectivity filter and canonical TTX binding site are depicted in dark red circles. (Below) Amino acid
residues of the selectivity filter in human Nav1.1, Nav1.3, Nav1.6 or mouse Nav1.6. The selectivity filter
is -2 through +4 residues from the DEKA locus. The inner DEKA ring residues of each domain are
shown in red. The outer EE(M/D)D ring residues of each domain are shown in blue. The following
accession numbers were used to generate the basic local alignment (hNav1.1: NP_001159435.1;
hNav1.3: NP_008853.3; hNay1.6: NP_055006.1; mNay1.6 NP_001070967.1)
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The outer EE(M/D)D ring is comprised of four negatively charged carboxylates shown to
attract Na* ions into the outer vestibule of the pore (Khan et al. 2002). Neutralizing
mutations in the inner or outer ring of the selectivity filter, and any residues linking the
two regions, can dramatically reduce TTX binding (Noda et al. 1989, Penzotti et al.

1998, Terlau et al. 1991, Fozzard and Lipkind 2010).

Another key residue in TTX binding is Y401 (Nav1.4 numbering). TTX-sensitive
channels have an aromatic Y/F (tyrosine or phenylalanine) at this position that is crucial
for coordinating TTX in the pore (Heinemann et al. 1992b). Nav1.5, Nav1.8, and Nav1.9
achieve “TTX-resistance” through replacement of the Y/F residue with a nonaromatic
cystine (C) or serine (S) (Satin et al. 1992). Intriguingly, all the TTX-resistant VGSC
subtypes are located on human chromosome 3. Adaptive resistance strategies in TTX-
sensitive channels have been observed in many TTX-producing predators and their
prey (Soong et al. 2006). Various species of pufferfish also possess nonaromatic
substitutions for the Y/F residue present in domain |, dramatically reducing their
sensitivity to TTX. Many species of newts and snakes have evolved TTX resistant
Nav1.4 channels via substitutions in the pore loops of domain Il and IV (Toledo et al.
2016). Amino acid substitutions of the inner and outer selectivity filter ring of domain I
and IV have been identified (Geffeney et al. 2002, Geffeney et al. 2005). A threonine (T)
substitution of the methionine (M) in the domain Il outer selectivity filter ring on Nav1.4
is observed in all TTX-harboring newts and the Thamnophis couchii garter snake

(Hanifin and Gilly 2015).
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Recent high-resolution structural evidence has confirmed that TTX restricts Na*
conduction via binding to the vestibule of the VGSC selectivity filter (Shen et al. 2018,
Shen et al. 2019). Cryogenic electron microscopy studies showing TTX bound to the
American cockroach sodium channel NavPaS reveal hydrogen bonds and salt bridges
formed between the polar groups on the TTX molecule and acidic residues in the pore
loop P2 helix segment of domains |, Il and IV (Shen et al. 2018). The DE of the inner
DEKA selectivity filter also directly binds to TTX in the NavPaS channel (Shen et al.
2018). In a subsequent study, the authors obtained high-resolution structural data of
TTX bound to hNav1.7 (Shen et al. 2019). Inner and outer selectivity filter residues
identified by previous studies were implicated in the coordination of TTX within the pore.
The coordination of TTX in hNav1.7 was nearly identical to that observed in Na/PaS,
differing only in the P2 segment of domain Il (Shen et al. 2019). Nav1.7 contains an
isoleucine in place of an aspartate that is present in the other 8 human VGSC subtypes.
This outer ring aspartate likely contributes to TTX binding in hNav1.1. Aside from that
difference, similar TTX coordination strategies observed by Shen et al. would be

anticipated in hNav1.1, hNav1.3 and hNav1.6 (Shen et al. 2019).

It is not known which amino acid residues of VGSCs form the binding site for 4,9-ah-
TTX, although it is postulated that 4,9-ah-TTX interacts with the same residues as TTX
(Teramoto and Yotsu-Yamashita 2015). Xu et al. explored the differences in binding of
TTX and 4,9-ah-TTX to human Nav1.2 using computational modeling and molecular
dynamics. The authors proposed that the H-bond interactions made between the C4

and C9 hydroxyl of TTX and the outer ring carboxylates of the human Nav1.2 selectivity
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filter are key factors in the greater inhibitory activity of TTX relative to 4,9-ah-TTX (Xu et
al. 2018). It is important to distinguish the species used in an experimental sodium
channel preparation when comparing results across studies. The original study
reporting 4,9-ah-TTX to be selective for Nav1.6, utilized the expression of mouse cDNA
in Xenopus oocytes (Rosker et al. 2007). Amino acid sequence alignments shown in
Fig. 10 reveal no differences when comparing the selectivity filter regions of human
Nav1.1, Nav1.3, and Nav1.6 to mouse Nav1.6. Despite the high homology seen in human
and rodent VGSCs, it is possible that alternative 4,9-ah-TTX binding conformations are
achieved in mouse, rat, and human VGSCs, leading to different results observed across
studies. To detect possible species-selective differences in 4,9-ah-TTX for mouse and
human brain VGSCs, we conducted [*H]-STX binding with cortical white matter
membranes from neurologically normal humans (Fig. 2.1C). The lack of significant
differences found in affinity and potency suggest there is no differential sensitivity of 4,9-
ah-TTX for human or mouse VGSCs. Further structural studies analyzing the precise
amino acid residues of each human TTX-sensitive VGSCs responsible for the
coordination of 4,9-ah-TTX are required to understand potential subtype specific binding

contributions.

Previous studies conducted on 4,9-ah-TTX, performed in markedly different
experimental systems, have yielded variable results. Recording Ina using voltage-clamp
in the squid giant axon, Kao and Yasumoto reported 4,9-ah-TTX to have an ICso of 298
nM (Kao and Yasumoto 1985). These experiments were performed at 7 °C with an

external solution pH of 7.8. The authors noted the importance of this external pH, as the
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C-10 hydroxyl of 4,9-ah-TTX has a reported pKa of 7.95 (Goto et al. 1965). Using [H]-
STX binding in rat brain synaptosomes, Yotsu-Yamashita et al. reported an equilibrium
dissociation constant for 4,9-ah-TTX of 180 + 11 nM (Yotsu-Yamashita et al. 1999).
Using the two-electrode voltage clamp technique in Xenopus oocytes, Rosker et al.
reported that 4,9-ah-TTX selectively inhibits Nav1.6 with an ICso of 7.8 £ 2.3 nM (Rosker
et al. 2007). Teramoto et al. reported that resurgent-like Ina present in isolated mouse
vas deferens myocytes is abolished in the presence of 3 uM 4,9-ah-TTX (Teramoto et
al. 2012). Further investigation showed that native Ina in mouse vas deferens myocytes
was sensitive to 4,9-ah-TTX, with a Ki of 512 nM (Takahara et al. 2018). The authors
then compared this to the effects of 4,9-ah-TTX in HEK cells transiently transfected with
mouse Nav1.6 cDNA. In this system, the authors reported 4,9-ah-TTX to have a K of
112 nM for Nav1.6-mediated Ina and a Kiof 92 nM when Nav1.6 was co-expressed with
B1 subunits. Measuring INa using an automated patch clamp system in CHO and HEK
cells, Rogers et al. reported an ICso for 4,9-ah-TTX of 32.9 nM for Nav1.6- and 1.6 uM

for Nav1.7-mediated Ina. (Rogers et al. 2016).

4,9-ah-TTX was determined to have an inhibitory dissociation constant (Ki) of 62.03 nM
for Scn1a** mouse brain membrane preparations in our [*H]-STX binding assay,
consistent with its reduced affinity for brain VGSCs compared to TTX. In Scn7a”’- mice,
global expression of Nav1.1 is deleted (Mistry et al. 2014). 4,9-ah-TTX shows a reduced
affinity for Scn1a”- mouse brain compared to Scn1a** (Ki of 87.67 nM vs. 63.02 nM),
however, this difference is not statistically significant and therefore no conclusion based

on these data regarding the contribution of Nav1.1 to the binding activity of 4,9-ah-TTX
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in mouse whole brain can be made. A heterogenous mixture of Nav1.1, Nav1.2, Nav1.5,
Nav1.6, and Nav1.7 are known to be present in the adult mouse whole-brain membrane
preparations utilized to test 4,9-ah-TTX (Wu et al. 2002, Cheah et al. 2013, Ogiwara et

al. 2018, Katz et al. 2018, Kanellopolous et al. 2018).

We showed that bathing cells in 100 nM 4,9-ah-TTX significantly reduced Ina density in
HEK-Nav1.1 (64 + 3%), HEK-Nav1.3 (39 £ 11 %), and HEK-Nav1.6 cells (83 + 3%)
compared to control. No significant changes in the V1,2 of activation were observed
when comparing control to the presence of 100 nM 4,9-ah-TTX, consistent with 4,9-ah-
TTX exerting its inhibitory effects through pore-blocking action, like TTX. To confirm the
observed effect was both acute and reversible, as is the case with TTX, we recorded
peak Ina mediated by Nav1.1 and Nav1.6 before, during perfusion, and after washout of
4,9-ah-TTX (Fig. 2.5). Consistent with the results we observed from the bath exposure
to 4,9-ah-TTX, the perfusion of 500 nM 4,9-ah-TTX reduced Nav1.1-mediated peak INa
by 64% from baseline, 100 nM 4,9-ah-TTX induced a 46% reduction from baseline, and
10 nM reduced Nav1.1-mediated peak Inaby 11% from baseline (Table 2.3). 4,9-ah-TTX
reduced Nav1.6 peak Ina by (76%), (39%), and (18%) at 500 nM, 100 nM and 10 nM
concentrations respectively (Table 2.3). Together, these data suggest 4,9-ah-TTX has
comparable inhibitory activity for human Nav1.1 and Nav1.6 at nanomolar

concentrations.

Tetrodotoxin has long been considered a voltage and state-independent blocker,

inhibiting sodium current without altering the voltage-dependence of activation or
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inactivation, regardless of the original state of the channel (Catterall 1980). Reports of
TTX causing a modest hyperpolarizing shift in the voltage-dependence of inactivation
do exist (Heggeness and Starkus 1986). 4,9-ah-TTX was reported to induce a
hyperpolarizing shift in the voltage-dependence of inactivation of Nav1.6 (Rosker et al.
2007). We did not detect any shifts from baseline in the voltage-dependence of
inactivation for Nav1.1, Nav1.3 or Nav1.6 in the presence of 100 nM 4,9-ah-TTX (Table
2). Possible state-dependent effects of 4,9-ah-TTX on Nav1.1 were not directly
examined. Neurons expressing Nav1.1 in vivo would rest at a more depolarized resting
membrane potential (~ -65 mV) than the holding potential used in our experiments (-120
mV). Further studies examining the inhibitory activity of 4,9-ah-TTX on hNav1.1 at
holding potentials from -55 to -70 mV would provide a more physiologically relevant

interpretation of our findings.

Spontaneous equilibration between 4,9-ah-TTX, 4-epiTTX and TTX could confound
pharmacology experiments with 4,9-ah-TTX (Mosher 1986). Tsukamoto et al. tested
4,9-ah-TTX on human Nav1.6 mediated Ina in HEK cells and reported an 1Cso value of
294 + 25 nM from a freshly prepared working solution. However, using a solution
prepared from a stock solution that had been placed in storage for 6 months, the
authors found a much greater reduction in Ina following the application of 100 nM 4,9-ah-
TTX, presumably due to the conversion of 4,9-ah-TTX to TTX (Tsukamoto et al. 2017).
We performed analytical authentication of 4,9-ah-TTX prior to using it in our
experiments to determine the level of contamination present and to validate the

presence of 4,9-ah-TTX over a pH range from 6.4 to 8.4, including the pH of our
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external recording solution (pH = 7.35). The relative amounts of 4,9-ah-TTX compared
to 4-epiTTX and TTX were assessed in the extracellular recording solution using mass
spectrometry. In contrast to previous findings, in our hands we found little to no
evidence of 4,9-ah-TTX conversion to 4-epiTTX or TTX under the different conditions.
We also assessed the relative abundances of these molecules over time at pH 7.4 and
did not observe interconversion. We did find that incubating 4,9-ah-TTX at ambient
temperature over the course of 5 weeks resulted in a significant decrease in the total
amount of 4,9-ah-TTX without corresponding increases in 4-epiTTX or TTX, suggesting
that 4,9-ah-TTX is not stable under these conditions for extended periods of time.
However, the 4,9-ah-TTX used in our experiments had negligible levels of

contamination from 4-epiTTX and TTX under multiple conditions.

As discussed in Chapter |, identifying a Nav1.6 selective inhibitor is of great interest to
VGSC biology and the development of novel therapeutics for sodium channel-linked
DEEs. Nav1.6 is widely expressed in the mammalian peripheral and central nervous
systems as well as in the heart, although at lower levels (Schaller et al. 1995, Frasier et
al. 2016). In the adult brain, Nav1.6 is the most abundantly expressed VGSC subtype
(Goldin 2001). Within neurons, Nav1.6 is highly concentrated at the distal axon initial
segment of excitatory and inhibitory neurons and nodes of Ranvier in myelinated axons
(Hu et al. 2009, Lorincz and Nusser 2010). A compound with the selective properties
previously reported for 4,9-ah-TTX holds great value. However, caution should be
exercised when using this reagent. Our findings demonstrate that, in addition to

blocking Nav1.6-mediated Ina, 4,9-ah-TTX has significant inhibitory effects on Nav1.1-
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mediated Ina in the nanomolar range and thus cannot be used as a selective Nav1.6
inhibitor in human cells or tissues where Nay1.1 is also expressed. Despite our findings
showing a lack of selectivity of 4,9-ah-TTX, the development of a Nav1.6 selective

inhibitor for sodium channel-linked DEE remains promising.

Methods

Cell lines

Human Embryonic Kidney (HEK) 293T cells stably expressing human VGSC o subunits
Nav1.1 (GenBank accession number NP_001159435.), Nav1.3 (GenBank accession
number NP_008853.3) or Nav1.6 (GenBank accession number NP_055006.1) cDNAs
were cultured in Dulbecco’s Modified Eagle Medium containing (4.5 g/L D-glucose, L-
glutamine, 110 mg/L sodium pyruvate, 400 ung/mL G418, 100 U/mL
penicillin/streptomycin). All cells were maintained in an incubator at 37 °C with 5% COz2

until the time of recording.

Mouse models

Mouse studies were performed in compliance with protocols approved by the University
of Michigan IACUC and were in accordance with the policies of the NIH Guide for the
Care and Use of Laboratory Animals. Scn1afm’kKea mice were a generous gift from the
laboratory of Dr. Jennifer Kearney at Northwestern University (Mistry et al. 2014). The
Scn1atmiKea colony was maintained by breeding heterozygous (129S6.Scn7a*") animals
to 129S6/SvEvTac mice (Taconic #129SVE). For all experiments, 129S6.Scn1a*~ mice

were crossed to generate -/-, +/-, and +/+ offspring. Genotyping of F1 pups was
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performed by PCR amplification of mouse genomic DNA. Primers used in genotyping
were: 5-AGTCTGTACCAGGCAGAACTTG-3; 5-CTGTTTGCTCCATCTTGTCATC-3
and 5-GCTTTTGAAGCGTGCAGAATGC-3'. The PCR products are 1 kb for the Scn1a
WT allele and 650 bp for the transgenic allele. All mice were maintained on a 12:12
hour light:dark cycle and had ad libitum access to food and water throughout the

experiments. Male and female mice were used in all experiments.

Human brain samples
De-identified, frozen, human cortical white matter samples from neurologically normal
patients were obtained from the Human Brain and Spinal Fluid Resource Center in Los

Angeles, CA under IRB approval (HUMO00012142).

[PH]-Saxitoxin Competition Binding

To measure the competitive binding of 4,9-ah-TTX to VGSCs, whole brain membranes
were prepared from postnatal day (P) 10-17 mice or from frozen human brain samples
as described previously (Isom et al. 1995). Equilibrium [*H]-saxitoxin (STX) binding in
the presence of 4,9-ah-TTX was measured at 4 °C following an incubation period of one
hour using a vacuum filtration assay with a saturating concentration (5 nM) of C-11
labeled [3H]-STX (20 Ci/mmol, American Radiolabeled Chemicals Inc.). In a subset of
samples, 10 uM unlabeled TTX (Alomone Labs) was added to assess nonspecific
binding. To quantify [3H]-STX binding, counts per minute (CPM) values obtained from
liquid scintillation counting (Packard Tri-carb 1900TR) were corrected for specific

binding by subtraction of nonspecific (10 uM TTX) values and then converted to decays
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per minute (DPM) before normalization to total protein concentration using the
bicinchoninic acid (BCA) protein assay (Thermo-Fisher). A stock of 4,9-ah-TTX was
diluted in 1XP binding buffer (50 nM HEPES pH 7.4, 130 mM choline chloride, 5.4 mM
KCI, 80 uM MgS04, 0.1% dextrose) to give a final concentration of 10000, 1000, 100,
10, 1, 0.1 or 0.01 nM. A 7-point concentration-response curve was generated for 4,9-ah-
TTX in competition with 5 nM [?H]-STX. Four independent experiments were conducted,
and in each experiment, each sample was tested in duplicate. The average DPM
reading of duplicate values was used for analysis. Competitive binding data were
analyzed using Microsoft Excel and Graph Pad Prism v8.2 (San Diego, CA). The
specific binding curve in [?H]-STX (fmol)/protein (mg) was initially generated using the

following one-site 1Cso equation:

Y = Bottom + (Top - Bottom)
- 1+1 OX- lOg(lC50)

where Top and Bottom are plateaus in the units of the Y-axis. |Cso represents the
concentration in nanomolar of unlabeled competitor that results in binding half-way
between Top and Bottom values. Data were then normalized for each concentration
point to the Top value obtained in the assay for each unlabeled toxin to obtain fraction
of total binding. Each Y value thus represents the fraction of maximal [?H]-STX
displacement at the corresponding concentration (X value). To obtain Kivalues from the

ICs0, the following equation was used:
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K = |C50
P [radioligand]
1+ K,

where [*H-STX] = 5 nM in each assay at equilibrium. K¢ of [?H]-STX = 2.5 nM. Ki=

equilibrium dissociation constant of the unlabeled competitor in nM.

Whole-cell patch-clamp electrophysiology

INna Was measured at room temperature using the whole-cell patch clamp technique
using previously described electrophysiological methods (Chen et al. 2012). Cells were
plated on 35x10 mm treated polystyrene culture dishes (Thermo-Fisher) and used for
electrophysiological recordings within 1-3 days after plating. Cells were identified using
an Eclipse TE300 upright microscope (Nikon). Micropipettes were obtained from 1.5
mm outer diameter capillary glass tubing (Warner Instruments) using a P-97 horizontal
puller (Sutter Instrument Co.). Micropipettes were then polished using a MF-830 micro
forge (Narishige) to obtain a resistance between 2.0 to 5.0 MQ. The intracellular
solution contained the following (in mM): 115 CsCl, 5 EGTA, 0.4 GTP, 2 MgATP, 0.5
CaClz, 10 HEPES, 5 Na* phosphocreatine, 20 tetraethylammonium chloride, pH 7.2
with CsOH. Extracellular solution contained the following (in mM): 120 NaCl, 1 BaClz, 2
MgClz2, 0.2 CdCl2, 1 CaClz, 20 sucrose, 10 glucose, 10 HEPES, 20 tetraethylammonium
chloride, pH 7.35 with NaOH. Signals were amplified using a Multiclamp 700B amplifier
(Molecular Devices). Data were acquired with a Digidata 1440A interface (Molecular
Devices) and analyzed using pClamp10 offline. Pipette and whole-cell capacitance were

compensated at 70%. Signals were low pass-filtered at 5 kHz, and data were sampled
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at 40 kHz. For the data generated in Fig. 2, 3, 4, and Tables 1 and 2, 4,9-ah-TTX
(Cayman Chemical) was evenly dissolved into the static extracellular bath solution at a
concentration of 100 nM prior to recording. Cells were bathed in 4,9-ah-TTX for at least
10 minutes prior to recording. Peak Ina was normalized to cell capacitance to obtain
current density, used to plot I-V curves and calculate conductance with the following

equation:

where g is conductance, | is current, V is the test potential, and Vrev is the measured
reversal potential. Peak currents were normalized to the maximum peak Ina amplitude.
The V1.2 of activation represents the voltage of the membrane at which half-maximal
conductance occurred. To determine the Ina amplitude and the voltage dependence of
activation, Na* currents were evoked by 250 ms depolarizing test pulses (from -100 to
+30 mV at 5 and 10 mV intervals) from a holding potential of -120 mV. Voltage-
dependence of inactivation was determined by applying a 50 ms test pulse to 0 mV
after 250 ms prepulses to the same voltages as described for the voltage dependence
of activation. Normalized activation and inactivation curves were fit with a Boltzmann

equation:

V—Vl/z
1+ e k

where V12 is the membrane potential in the midpoint of the curve, and k is the slope

factor. Persistent sodium current was analyzed as the average current in a 2 ms period
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exactly 50 ms after the peak current was observed at a depolarizing step from -120 to 0
mV. Persistent current values were normalized to cell capacitance to obtain current
density. The mean of all values obtained in the absence of 4,9-ah-TTX (control) were
compared to the mean of all values obtained in the presence of 100 nM 4,9-ah-TTX. For
data generated in Fig. 5, 6, and Table 3, cells were plated on coverslips (Thermo-
Fisher) and extracellular solution containing 4,9-ah-TTX was perfused into the RC-26
recording chamber (Warner Instruments) by a gravity-driven perfusion system with a
flow rate of 2-3 mL/min. Peak Ina was evoked via a 250 ms depolarizing pulse to 0 mV
from a holding potential of -120 mV. Baseline recordings were established, followed by
a 3 min perfusion of 4,9-anhydro-TTX at the indicated concentrations. Extracellular
recording solution was then perfused on for > 3 minutes and a washout recording
obtained. The effect of 4,9-ah-TTX was evaluated as a decrease in peak Ina compared
to baseline control of that cell. Series resistance was monitored throughout perfusion
recordings. If access resistance changed > 20% at any time, the recording was not
included in the analysis. Signals were low pass-filtered at 10 kHz, and data were
sampled at 20 kHz. Capacitive transients and leak conductance were subtracted using

a P/4 protocol.

Mass Spectrometry

A 500 uM stock solution of 4,9-ah-TTX (Cayman Chemical) was prepared in 1XP
binding buffer. Duplicate 10 yL samples containing 100 uM 4,9-ah-TTX were prepared
in plastic 1.7 mL centrifuge tubes according to the conditions outlined in Fig. 9 varying

buffer solution (1XP or external recording solution), pH (range 6.4 — 8.4), incubation
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time, and storage temperature. Samples were diluted with 30 pyL acetonitrile, vortexed to
mix, and centrifuged at 12,000 x g for 20 min. 10 yL each sample was further diluted
with 80 L acetonitrile and 10 uL 0.1% formic acid in MilliQ water with 2.5 ug/mL "5N-
arginine as an internal standard (Cambridge Isotopes). Samples 2 and 6, indicated as
being incubated for 60 min, were incubated at room temperature for 1 h prior to the first
acetonitrile dilution. For assessment of time dependence, triplicate samples of 10 pL
volume were prepared with 1XP buffer at pH 7.4 and incubated at ambient temperature
(22 °C) for 0, 1, and 5 weeks. Samples were quenched by the addition of 30 yL
acetonitrile and stored at —20 °C until prep as described previously and analysis of all

samples after the 5-week timepoint.

Samples were injected in 0.5 pL volumes on a hydrophobic liquid interaction
chromatography (HILIC) BEH Amide 1.7 uyM, 2.1 x 100 mm UPLC column (Waters) and
analyzed using an Agilent G6545A quadrupole-time of flight (Q-TOF) mass
spectrometer equipped with a dual AJS ESI source and an Agilent 1290 Infinity series
diode array detector, autosampler, and binary pump. Solvent A was water with 0.1%
formic acid and solvent B was 95% acetonitrile, 5% water, and 0.1% formic acid.
Separations were performed using a 20% solvent A isocratic method for 5 min followed
by a 1 min gradient from 20% to 40% A and an 8 min re-equilibration at 20% A. Data
was analyzed using MassHunter software (Agilent). The peak areas of 4,9-ah-TTX, '°N-

arginine, epi-TTX, and TTX were obtained by integration.
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Statistical analysis

All data analysis of the recorded Ina was performed using the software packages
Clampfit v10.4 (Molecular Devices), Microsoft Excel, or Graph Pad Prism v8.2 (San
Diego, CA). The statistical significance of differences between mean values was
evaluated using Student’s unpaired t-test, with p < 0.05 considered significant. Results

are presented as mean + S.E unless indicated otherwise.
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Chapter Ill. Neuromodulation of Voltage-gated Sodium Channels by GB1y2
Subunits: Implications for Developmental and Epileptic Encephalopathy

Nicholas Denomme performed and analyzed all experiments with the following
exceptions: Dr. Samantha Hodges performed experiments and analyzed data shown in
Figures 3.2, 3.3, 3.15-3.18 and Dr. Yukun Yuan performed a subset of the voltage-

clamp recordings in Figure 3.14.

Introduction

As discussed in Chapter 1, VGSCs are modulated by numerous neurotransmitters
through G-protein coupled receptor (GPCR) mediated signaling pathways. Most of the
neuromodulatory effects on VGSCs through common GPCR neurotransmitters, e.g.
dopamine and 5-HT, have been shown to occur via second messengers and protein
kinases, i.e. PKA and PKC. However, there is also evidence to suggest that VGSC
subtypes expressed in brain, Nav1.1, Nav1.2 and Nav1.3, are relevant effectors of G-
protein By subunits (Ma et al. 1997, Lenkowski et al. 2004, Mantegazza et al. 2005) and

may be directly modulated in a membrane-delimited manner.

96



Nav1.6 is prominent in the adult central nervous system and highly localized to the AlS,
which is the primary site of AP initiation in brain neurons. In addition, Nav1.6 is a major
regulator of neuronal excitability due to its functional properties, including a
hyperpolarized voltage-dependence of activation and key role in conducting high levels
of persistent (or late) Ina relative to the other neuronal VGSC subtypes (Raman et al.
1997, Smith et al. 1998, Rush et al. 2005). Increased persistent Ina is a proposed
consequence of GBy modulation of VGSC function, making Nav1.6 a logical target for
experimental evaluation. Nav1.2 was proposed previously to contain a molecular
determinant for GBy modulation at the last 28 residues of the C-terminus (Fig. 3.1B).
Here, | performed sequence alignments for human Nav1.2 and Nav1.6 to identify a
similar conserved region in the Nay1.6 C-terminus that matches a proposed Gy binding
motif (QxxER) present on numerous effectors such as adenylyl cyclase (Fig. 3.1A).
Acute application of peptides containing the QxxER motif have been shown to reduce
GBy modulation of some effectors including VGCCs (Herlitze et al. 1997, Zamponi et al.
1997). Taken together, these data suggest that GBy subunits may also modulate

Nav1.6.
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hNav1.2 183DLPMVSGDRIHCLDILFAFTKRVLGESGEMDALRIQVMEERFMASNPSKVSYEPITTTLKR 902

hNa 1.6 833D PMVSGDRIHCLDILFAFTKRVLGDSGELDILRQQMEERFVASNPSKVSYEPITTTLRR 892
B hNa 1.2 192K TDMTPSTTSPPSYDSVTKPEKEK----—-- FEKDKSEKEDKGKDIRESK 2004
v
hNa 1.6 1 KKESTPSTASLPSYDSVTKPEKEKQQRAEEGRRERAKRQKEVRESK 197
v

Figure 3.1 Amino acid sequence alignment of C-terminal region of human Na,1.2 and human
Na,1.6 with proposed Gy binding motif (A) Proposed Gy binding motif (QxxER) highlighted in
blue. (B) Alignment of amino acid residues in the end of the C-tail in Nay1.2 and Nay1.6 with
homologous residues in blue. Nav1.2 accession #: NP_001035232.1. Nav1.6 accession #:
NP_055006.1

Understanding the extent of GBy modulation of Nav1.6 and other brain VGSCs is vital
for understanding basic mechanisms of neurotransmission. Moreover, this work may
provide insight into a role for VGSCs in the underlying pathophysiology of GNB1-linked
DEE (see Chapter |). Here we investigate physical and functional interactions between
brain VGSCs and GBy in mouse whole brain as well as the effects of transient co-
expression of a prominent brain GBy complex, GB1y2, on Nav1.6 and Nav1.1 in HEK
cells. Finally, we perform cortical slice electrophysiology experiments as a first attempt

to explore the cellular mechanisms of hyperexcitability in a mouse model of GNB1-E.
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Results

G-protein By subunits interact with Na,81 subunits in mouse whole brain

To identify VGSC interacting partners in brain in vivo, we used CRISPR-Cas9 gene
editing to generate a transgenic mouse line expressing an in-frame V5 epitope tag on
the C-terminus of the VGSC 1 subunit (NavB1). We then performed unbiased protein
profiling experiments using liquid chromatography (LC) and tandem mass spectrometry
(MS/MS) in collaboration with the University of Michigan Proteomics core. In these
assays, NayB1 was immunoprecipitated from solubilized whole brain lysates prepared
from P18 Scn1b-V5 epitope tagged mice (Fig. 3.2). Immunoprecipitated samples were
first tested to confirm the presence of VGSC a subunits before being submitted for LC-
MS/MS analysis to identify protein binding partners of the NavB1 subunit. To identify
protein binding partners of the Nav31 subunit, Na\1 was immunoprecipitated via pull-
down of the V5 tag in whole brain homogenates from P18 Scn1b-V5 tagged mice.
Positive binding partners of the Nav31 subunit were identified by detection of a nonzero
number of spectral counts (surrogate for relative abundance). At least 2 unique peptides
per protein were required for identification. Nonspecific binding was assessed via

number of spectral counts present in an immunoglobulin (IgG) control condition.

Using these methods, 2 GB subunits and 4 Gy subunit proteins were observed in
complex with Navp1 and o subunits (Fig. 3.2). Gy2, Gy3, Gy7 and Gy12 subunits were
found to interact in complex with Nav1 subunits in P18 Scn1b-V5 mouse whole brain.

GB1 and GB2 were detected in complex with NavB1 subunits in Scn1b-V5 mouse whole

99



brain samples, however they were also detected in the IgG control samples indicating
some nonspecific contamination contributed to the interaction. The increased amount of
coimmunoprecipitated NavB1 detected in the Scn1b-V5 brain sample found in complex
with GB31 or GB2 compared to the IgG control brain sample—coupled with the fact that
Gy is an obligatory dimer—strongly suggests Gy can physically interact with the

VGSC complex through NavB1 subunits.

Mouse | Protein Na 1  Control

Gene (V5) {[e[€)]
Gnb1 Gp1 139 56
Gnb2 Gp2 120 45
Gng2 Gy2 10 0
Gng3 Gy3 8 0
Gng7 Gy7 4 0
Gng12 Gy12 2 0
/7,_\?\ 100%
cy LC/MS/MS
\\.::Tﬂ N" ‘ . = 75%.] / /
B'I ‘ll . Vs‘u = 250 _] ‘
Scnl1b-V5 mouse oJ wol || .

1
0 200 400 600 800 1000

/= m/z

Figure 3.2. Mass spec protein profiling experiments with Scn71b-V5 mouse whole brain show
Gpy subunits interact with the VGSC complex through Na,81 subunits
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To further probe the physical interaction between GRy subunits and brain VGSC
complexes through NavB1 subunits found via MS, we performed coimmunoprecipitation
experiments in juvenile (P18) and adult (P135) Scn1b-V5 mice using western blot.
Using chemiluminescent detection methods, no interaction was detected in either
juvenile or adult mice between Nav31 and G subunits (Fig. 3.3). We were unable to
detect the physical association between GBy and Nav31 subunits observed in LC-
MS/MS coimmunoprecipitation experiments using western blot detection methods, likely

due to the differences in detection sensitivity between LC-MS/MS and western blotting.

Scnlb V5 P18 whole brain Scnib V5 adult whole brain
A. B
PNGase-F
PNGase-F
Sen1b V5 treated Scn1b V5
whole brain  whole brain Input  IP:BCB IP: V5 (B1) whole brain et lnput  IP:BCB IP: V5 (B1)
37kDa —| g -~ . ~ B1 . - p1
37kDa —| L w
22 kDa — —
: 22 kDa —
IB: V5 - IB: V5
36 kDa —]| e —— 3 36kDa —| —
IB: GB IB: GB

Figure 3.3. No interaction detected in coimmunoprecipitation experiments between Gf and
Na,B1 in Scn1b-V5 juvenile and adult mouse whole brain. Whole cell protein lysates from P18 and
adult Scn1b-V5 brain were immunoprecipitated (IP) with either a V5 nanobody against the V5 epitope
tag on the C-terminus of 1 or with binding control beads (BCB) as a control. Scn1b-V5 whole brain,
PNGase-F treated Scn1b-V5 whole brain, input samples, and IP samples were separated on a 12%
SDS-PAGE gel and immunoblotted with mouse anti-V5 and anti-G8 (B600). (A) Western blot of anti-
V5 and anti-G co-IP in P18 Scn1b V5 whole brain. (B) Western blot of anti-V5 and anti-G8 co-IP in
adult Scn1b V5 whole brain. N = 1 for each experiment.
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Transient coexpression of GB1y2 subunits induces a subtype and voltage-dependent

inhibition of Na,1.1 and Na\ 1.6 transient Ina density in HEK cells .

We used heterologous expression systems to test a potential functional interaction
between GBy subunits and Nav1.6. HEK cells stably expressing human Nav1.6 were
transiently transfected with GB1 plus Gy2 tagged with enhanced yellow fluorescent
protein (EYFP) or with enhanced green fluorescent protein (EGFP) as a control (Fig.
3.3). We measured whole cell Ina using the voltage clamp technique. GB1y2 was
chosen as the GBy complex for this study as it is predominantly expressed in brain (Yim
et al. 2017). Transient coexpression of GB1y2 led to a dramatic and significant inhibition
of the mean Nav1.6 mediated Ina density compared to the EGFP control group when
stepping from a -70 mV prepulse to -10 mV to elicit peak Ina (Fig. 3.4D) (EGFP: -68.77 £
9.33 pA/pF vs. GB1y2: -25.28 + 2.69 pA/pF; P<0.0001) (Table 3.1). To understand if
there were any voltage-dependent conformations of Nav1.6 that altered the sensitivity of
GB1y2 modulation, we recorded Ina from a prepulse of -120 mV (Fig. 3.4E-H).
Consistent with the results from a -70 mV prepulse, we observed a significant decrease
in Nav1.6 mediated Ina after co-expression of GB1y2 compared to co-expression of the
EGFP control using a -120 mV prepulse potential (Fig. 3.4H) (EGFP: -87.70 £ 13.35
pA/pF vs GB1y2: -33.10 + 5.45 pA/pF; P<0.0111) (Table 3.1). No significant differences
in the voltage-dependence of activation (G/Gmax) or voltage-dependence of availability
(I/Imax) of Nav1.6 were observed when comparing the GB1y2 and EGFP conditions
from both -70 and -120 mV prepulse potentials (Fig. 3.4B and 3.4F) (Table 3.2). The

voltage-dependence of availability (I/Ivax) curves generated from the GB1y2 condition
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using prepulse potentials of both -70 and -120 mV (displayed in Fig. 3.4C and Fig. 3.4G,
respectively) appear to show a significant non-inactivating fraction of current in the
range of -40 mV to +30 mV. This is a result of the very low ratio of Nav1.6 Inacompared
to background noise mediated in HEK Nav1.6 cells transiently expressing GB1y2. The
analysis of Ina density was done without baseline noise subtraction, and because the
dramatic inhibition of Nav1.6 Ina at voltage steps between -40 mV and +30 mV by GB1y2
expression resulted in very low amplitudes for total Nav1.6 Ina, background noise (~20-
30 pA) appears to represent a significant fraction of the total Nav1.6 Ina. A direct
analysis of non-inactivating (persistent) Nav1.6 Ina modulation by GB1y2 expression was
performed and is displayed in Fig. 3.6. Interestingly, there was also a small but
significant reduction in the cell capacitance measured in HEK Nav1.6 cells co-
expressing GB1y2 compared to the EGFP control (GB1y2: 9.47 + 0.68* pF vs EGFP:
11.90 £ 0.71 pF; P=0.017) (Table 3.4). Cell capacitance is often used as a surrogate for
cell size, suggesting that co-expression of GB1y2 in HEK Nay1.6 cells may reduce the

average size of the cell compared to cells co-expressing EGFP.
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Figure 3.4 Transient co-expression of GB1y2 or EGFP in HEK cells stably expressing human
Na\1.6. (A) Representative Ina traces evoked with a prepulse potential of -70 mV in HEK cells stably
expressing Nav1.6 and transiently co-transfected with GB1 and y2-EYFP (blue) or EGFP only (black).
(B) I-V relationship of HEK Nay1.6 cells expressing GB1y2-EYFP or EGFP from a prepulse of -70 mV.
(C) Normalized voltage-dependence of conductance (G/Gmax) and availability (I/lmax) using a -70
mV prepulse potential. (D) Peak Ina density evoked by a depolarizing step from -70 mV to -10 mV. (E)
Representative Ina traces of HEK Nav1.6 cells expressing GB1y2-EYFP or EGFP control from a
prepulse of -120 mV. (F) I-V relationship of HEK Nay1.6 cells expressing GB1y2-EYFP or EGFP from
a prepulse of -120 mV. (G) Normalized voltage-dependence of conductance(G/Gmax) and availability
(/Imax) using a prepulse potential of -120 mV. (H) Peak Ina density evoked by a depolarizing step
from -120 mV to -10 mV. Significance determined using a Student’s unpaired t-test (****P<0.0001)
(**P=0.0048)

We next asked whether GB1y2 also modulated human Nav1.1, another major brain
VGSC subtype that is primarily localized to inhibitory interneurons and linked to DEE.
Previous work has shown Nav1.1 is sensitive to significant increases in persistent Ina
when co-expressed with GB2y3 subunits (Mantegazza et al. 2005), however the effects
of GB1y2 have yet to be tested. Here, transient coexpression of GB1y2 in HEK cells
stably expressing Nav1.1 significantly reduced the mean peak Ina density compared to
the EGFP control group when stepping from a -70 mV prepulse to -10 mV (Fig. 3.5D)
(EGFP: -92.87 + 12.25 pA/pF vs. GB1y2: -51.37 + 8.46 pA/pF; P=0.0111) (Table 3.1).
From a prepulse of -120 mV, no significant decrease in Nav1.1 mediated peak Ina
density was observed in GB1y2 vs EGFP conditions (Fig. 3.5H) (EGFP: -87.21 £ 9.15
pA/pF vs GB1y2: -64.87 + 7.79 pA/pF) (Table 3.1). No significant differences in the
voltage-dependence of activation (G/Gmax) or voltage-dependence of availability
(I/lmax) of Nav1.1 were observed when comparing the GB1y2 or EGFP conditions from

both -70 and -120 mV prepulse potentials (Fig. 3.5B and 3.5F) (Table 3.2).
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Figure 3.5. Transient co-expression of GB1y2 or EGFP in HEK cells stably expressing human
Na,1.1. (A) Representative Ina traces evoked with a prepulse potential of -70 mV in HEK cells stably
expressing Nav1.1 and transiently co-transfected with GB1 and y2-EYFP (orange) or EGFP only
(black). (B) I-V relationship of HEK Nav1.1 cells expressing GB1y2-EYFP or EGFP from a prepulse of
-70 mV. (C) Normalized voltage-dependence of conductance (G/Gmax) and availability (I/Imax) using
a -70 mV prepulse potential. (D) Peak Ina density evoked by a depolarizing step from -70 mV to -10
mV. (E) Representative Ina traces of HEK Nav1.1 cells expressing GB1y2-EYFP or EGFP control from
a prepulse of -120 mV. (F) I-V relationship of HEK Nav1.1 cells expressing GB1y2-EYFP or EGFP
from a prepulse of -120 mV. (G) Normalized voltage-dependence of conductance (G/Gmax) and
availability (I/Imax) using a prepulse potential of -120 mV. (H) Peak Ina density evoked by a
depolarizing step from -120 mV to -10 mV. Significance determined using a Student’s unpaired t-test
(*P=0.0111)

GB1y2 co-expression modulates both Na,1.1- and Na,1.6-mediated persistent Inas in

HEK cells

We next sought to examine the impact of GB1y2 co-expression on Nav1.1 and Nav1.6
mediated persistent Ina at a voltage step from -70 to -10 mV (Fig. 3.6). Persistent Ina
density was quantified as the average Ina density measured in a 2 ms period 50 ms after
the peak transient Inawas observed in each cell. Transient co-expression of GB1y2 led
to a significant decrease in the mean persistent Ina density compared to the EGFP
control condition for Nav1.6 (Fig. 3.6A) (EGFP: -2.83 + 0.70 pA/pF vs GB1y2: -1.18
0.15 pA/pF; P=0.0393*) but not Nav1.1 (Fig. 3.6E) (EGFP: -3.64 + 0.89 pA/pF vs
GB1y2: -4.53 £ 1.75 pA/pF; P=0.6256). When plotting persistent Ina density as a
percentage of the transient peak Ina density, no significant differences were detected in
GB1y2 vs. EGFP conditions for Nav1.6 (Fig. 3.6B) (EGFP: 3.70 + 0.63% vs GB1y2: 4.10
+ 0.75%; P=0.6896) or Nav1.1 (Fig. 3.6F) (EGFP: 4.74 £ 0.97% vs GB1y2: 9.75 +

2.88%; P=0.0676). However, a subset of the HEK Nav1.1 cells co-expressing GB1y2
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produced a dramatic amount of persistent Ina density. 30% of HEK Nav1.1 cells co-
expressing GR1y2 produced >20% persistent/peak Ina density while 0% of cells from the
EGFP condition did, suggesting the effects of GB1y2 variably impact Nav1.1 persistent

INa in @ proportion of cells, similar to results observed previously (Mantegazza et al.

2005).
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Figure 3.6 GB1y2 shows differential modulation of Na,1.1 vs Na,1.6 persistent current in HEK
cells. (A) Average persistent Ina density in HEK cells stably expressing Nav1.6 transiently co-
transfected with GB1 and y2-EYFP (blue) or EGFP only (black). (B) Persistent Ina as a percentage of
the peak transient current. (C & D) Representative traces evoked by a depolarizing step from -70 mV
to -10 mV. (E) Average persistent Ina density in HEK cells stably expressing Nav1.1 transiently co-
transfected with GB1 and y2-EYFP (orange) or EGFP only (black). (F) Persistent Ina as a percentage
of the peak transient Ina. (G & H) Representative traces evoked by a depolarizing step from -70 mV to
-10 mV.
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GB1y2 inhibition of Na,1.6 but not Na, 1.1 shows acute voltage-dependent relief

Membrane-delimited modulation of high-voltage-activated N- and P/Q-type VGCCs (i.e.
Cav2.2) by GBy subunits shows an acute voltage-dependent relief that can be elicited
using a double pulse protocol (Bean 1989, Ikeda 1996, Zamponi and Snutch 1998). By
dramatically depolarizing the channel to positive membrane potentials (+100 mV), the
VGCC exists in a confirmation that shows a reduced affinity for GRy subunits.
Experiments using a similar depolarizing double pulse protocol (Zampoini and Snutch
1998) to examine voltage-dependent relief of GB1y2 inhibition of Nav1.1 and Nav1.6
were performed (data not shown), however, prolonged depolarization of HEK cells
expressing VGSCs was compromising to cell heath and membrane stability. To
investigate the acute nature of GB1y2 inhibition of Nav1.1 and Nav1.6 mediated peak Ina
density, we recorded peak Ina using a double pulse protocol stepping from -70 to 0 mV
(for 250 ms) before and after holding the membrane at a hyperpolarized potential of -
120 mV for 1 s (Fig 3.7). Prolonged hyperpolarization of VGSCs was reported to relieve
the G-protein dependent inhibition of VGSCs by cinacalcet and anandamide (See
Chapter I; Mattheisen et al. 2018, Mattheisen 2018). Here, using the double pulse
protocol, the ratio of the second Ina peak after prolonged hyperpolarization was
significantly increased compared to the first Ina peak (P2/P1) in HEK Nav1.6 cells co-
expressing GB1y2 compared to EGFP (Fig. 3.7A-B) (EGFP: 1.089 £ 0.018 vs GB1y2:
1.16 £ 0.022; P=0.0305%). In HEK Nav1.1 cells, there was no significant difference in the
P1/P2 peak Ina density ratio between (EGFP: 1.05 + 0.011 vs GB1y2: 1.05 + 0.019;

P=0.9805).

110



A HEK hNa,1.6 B

Double Pulse

. w
1.25 .
120 cee ©
115 +
1 .
500 pA
. .
.

150 ms

P2/P1
Ina Density

* GBraevre (N=9)
« EGFP (n=9)

omv omv

250 250
ms ms

70 mv
-80 mvV

-120 mV
1s
500 pA

150 ms

HEK hNa,1.1
Double Pulse

P2/P1
Ina Density

500 pA

500 ms

e EGFP (n=10)

GB1y2-evre (N=10)

500 pA

500 ms

Figure 3.7 GB1y2 inhibition of Na,1.6 but NOT Na,1.1 shows acute voltage-dependent relief
after prolonged hyperpolarization for 1s at -120 mV. (A) Ratio of pulse 2 to pulse 1 (P2/P1) peak
Ina density after prolonged hyperpolarization for 1 s at -120 mV in HEK Nay1.6 cells co-expressing
GB1 and y2-EYFP (blue) or EGFP only (black). (B) Representative traces from Nay1.6 double pulse
protocol for GB1y2 (blue) and EGFP (black) conditions. (C) P2/P1 peak Ina density ratio after
prolonged hyperpolarization for 1 s at -120 mV in HEK Nav1.1 cells co-expressing GB1 and y2-EYFP
(orange) or EGFP only (black). (D) Representative traces from Nav1.1 double pulse protocol for
GB1y2 (blue) and EGFP (black) conditions. Significance in A determined using a Student’s unpaired t-

test (*P=0.0305)

111



Transient coexpression of GB1y2 subunits has no effect on slow inactivation of Na,1.1

or Na,1.6 in HEK cells.

Enhancement of slow inactivation is a common feature of GPCR-mediated
neuromodulation of VGSCs (see Chapter I). To determine whether slow inactivation
contributes to the GB1y2 inhibition of Nav1.1 or Nav1.6, we measured slow inactivation
at a stimulation frequency of 50 Hz after co-expression of GB1y2 or EGFP in HEK cells
(Fig. 3.8). 50 Hz slow inactivation, quantified as % of the initial peak Ina density
remaining after the 50" pulse, of Nav1.6 showed no significant differences between the
GB1y2 and EGFP conditions (Fig. 3.8A-B) (EGFP: 35.37 + 4.97% vs GB1y2: 24.98 +
4.33%; P=0.1352). In HEK cells, Nav1.1 also showed no significant differences in 50 Hz
slow inactivation when comparing the GB1y2 or EGFP co-expression conditions (Fig.

3.8C-D) (EGFP: 38.22 £ 4.77% vs GB1y2: 31.89 * 3.24%; P=0.288).
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Figure 3.8. GB1y2 coexpression has no impact on slow inactivation properties of Na,1.1 or
Na,1.6 at 50 Hz. (A) Quantification of % slow inactivated channels at pulse 50 (P50) elicited using
repeating depolarizing steps from -70 mV to -20 mV at 50 Hz in HEK Nay1.6 cells co-expressing
GB1y2-EYFP (blue) or EGFP (black). (B) Representative traces of Nay1.6 50 Hz slow inactivation in
GB1y2 (blue) or EGFP (black) conditions. (C) % slow inactivated channels at 50 Hz in HEK Nav1.1
cells co-expressing GB1y2-EYFP (orange) or EGFP (black). (D) Representative traces of Nay1.1 50
Hz slow inactivation in GB1y2 (orange) or EGFP (black) conditions.
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PKA/PKC inhibition does not significantly reduce GB1y2 inhibition of Na,1.1- or Na,1.6-

mediated Ina

PKA and PKC are downstream targets of both Ga and GBy subunits and are well-
documented contributors to GPCR-mediated neuromodulation of VGSCs (see Chapter
). To ask whether PKA or PKC-mediated phosphorylation contributes to GB1y2-
mediated inhibition of Nav1.1- or Nav1.6-mediated Ina, we recorded from HEK Nav1.1 or
Nav1.6 cells co-expressing GB1y2 in the presence and absence of 100 nM
staurosporine (ST), which is a potent PKA/PKC inhibitor. From a -70 mV prepulse,
Nav1.1 peak Ina density was not significantly increased in the presence of 100 nM ST
(Fig. 3.9A-B) (GB1y2: -51.37 * 8.46 pA/pF vs GB1y2 + 100 nM ST: -79.76 + 10.74
pA/pF; P=0.0511) (Table 3.1). Likewise, using a -120 mV prepulse potential, no
significant changes in Nav1.1 peak Ina density were observed in the presence of 100 nM
ST (Fig. 3.9C-D) (GB1y2: -64.87 + 7.79 pA/pF vs GB1y2 + 100 nM ST: -74.38 £ 9.69
pA/pF; P=0.4613) (Table 3.1). Preincubation of the PKA/PKC inhibitor (ST) had no
effect on the GB1y2 inhibition of Nav1.6 Ina density using a -70 mV prepulse (Fig. 3.9E-
F) (GB1y2: -25.28 + 2.69 pA/pF vs GB1y2 + 100 nM ST: -25.43 + 6.06 pA/pF;
P=0.9798) (Table 3.1) or -120 mV prepulse potential (Fig. 3.9G-H) (GB1y2: -33.10 +

5.45 pA/pF vs GB1y2 + 100 nM ST: -28.33 * 8.63 pA/pF; P=0.6298) (Table 3.1).
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Figure 3.9 Inhibition of PKA/PKC with 100 nM staurosporine does not reduce GB1y2 inhibition
of Na,1.1 or Na,1.6. (A) I-V relationship and (B) peak Ina density from a prepulse of -70 mV in HEK
cells stably expressing Nav1.1 transiently co-transfected with GB1y2-EYFP (black) or GB1y2-EYFP +
100 nM staurosporine (green). (C) I-V relationship and (D) peak Ina density from a prepulse of -120
mV in HEK cells stably expressing Nav1.1 transiently co-transfected with GB1y2-EYFP (black) or
GB1y2-EYFP + 100 nM staurosporine (green). (E) |-V relationship and (F) peak Ina density from a
prepulse of -70 mV in HEK cells stably expressing Nav1.6 transiently co-transfected with GB1y2-EYFP
(black) or GB1y2-EYFP + 100 nM staurosporine (green). (G) I-V relationship and (H) peak Ina density
from a prepulse of -120 mV in HEK cells stably expressing Nav1.6 transiently co-transfected with
GB1y2-EYFP (black) or GB1y2-EYFP + 100 nM staurosporine (green).

Inclusion of Na,B81 subunits prevents GB1y2 inhibition of Na,1.1- but not of Na,1.6-

mediated Ina

Our original finding that Gy subunits can associate in a protein complex with Nav31
subunits in whole brain was observed in coimmunoprecipitation experiments where
NavB1 subunits were used as the probe to detect protein-protein interactions (Fig. 3.2).
The role of NayB1 subunits in GBy modulation of VGSCs is largely unknown. To gain
insight into this mechanism, we recorded Ina in HEK cells stably expressing Nav1.6 plus

NavB1 or Nav1.1 plus NavB1, with transient co-expression of GB1y2 or EGFP.

Fig. 3.10 shows the impact of stable Nav31 expression on GB1y2 modulation of Nav1.6-
mediated Ina properties in HEK cells. In the presence of Navp1, we still observed GB1y2
inhibition of peak Nav1.6 Ina density at a prepulse potential of -70 (Fig. 3.10D) (EGFP: -
124.9 + 24.07 pA/pF vs GB1y2: -42.59 + 8.87 pA/pF; P=0.0033*) (Table 3.1) and -120
mV (Fig. 3.10H) (EGFP: -120.6 + 22.42 pA/pF vs GB1y2: -47.72 + 8.77 pA/pF;
P=0.0038%) (Table 3.1). No changes were observed in the voltage-dependence of
activation or availability when comparing the GB1y2 and EGFP conditions at a prepulse

potential of -70 mV (Fig. 3.10C) or -120 mV (Fig. 3.10G) (Table 3.3).
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Figure 3.10 Transient co-expression of GB1y2 or EGFP in HEK cells stably expressing human
Na,1.6 and human Na,B1. (A) Representative Ina traces evoked with a prepulse potential of -70 mV
in HEK cells stably expressing Nav1.6 and Navf31 transiently co-transfected with GB1 and y2-EYFP
(purple) or EGFP only (black). (B) I-V relationship from a prepulse of -70 mV. (C) Normalized voltage-
dependence of conductance (G/Gmax) and availability (I/Imax) using a -70 mV prepulse potential. (D)
Peak Ina density evoked by a depolarizing step from -70 mV to -10 mV. (E) Representative Ina traces
of HEK Nav1.6 and Na\31 cells expressing GB1y2-EYFP or EGFP control from a prepulse of -120 mV.
(F) I-V relationship from a prepulse of -120 mV. (G) Normalized voltage-dependence of conductance
(G/Gmax) and availability (I/lmax) using a prepulse potential of -120 mV. (H) Peak Ina density evoked
by a depolarizing step from -120 mV to -10 mV. Significance determined using a Student’s unpaired

t-test
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Fig. 3.11 shows the impact of stable Nav31 expression on GB1y2 modulation of Nav1.1-
mediated Ina properties in HEK cells. In contrast to Nav1.6, the presence of Navf31
subunits prevented GB1y2 inhibition of peak Nav1.1 Ina density at a prepulse potential of
-70 (Fig. 3.10D) (EGFP: -93.53 + 15.95 pA/pF vs GB1y2: -80.52 + 13.69 pA/pF;
P=0.5417) (Table 3.1) and -120 mV (Fig. 3.10H) (EGFP: -98.31 + 16.54 pA/pF vs
GB1y2: -69.04 + 11.82 pA/pF; P=0.1540) (Table 3.1). No changes were observed in the
voltage-dependence of activation or availability when comparing the GB1y2 and EGFP
conditions at a prepulse potential of -70 mV (Fig. 3.11C) or -120 mV (Fig. 3.11G) (Table

3.3).
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Figure 3.11 Transient co-expression of GB1y2 or EGFP in HEK cells stably expressing human
Na,1.1 and human Na,f1. (A) Representative Ina traces evoked with a prepulse potential of -70 mV
in HEK cells stably expressing Nav1.1 and NaJB1 transiently co-transfected with GB1 and y2-EYFP
(red) or EGFP only (black). (B) I-V relationship from a prepulse of -70 mV. (C) Normalized voltage-
dependence of conductance (G/Gmax) and availability (I/Imax) using a -70 mV prepulse potential. (D)
Peak Ina density evoked by a depolarizing step from -70 mV to -10 mV. (E) Representative Ina traces
of HEK Nav1.1 and Na\p1 cells expressing GB1y2-EYFP or EGFP control from a prepulse of -120 mV.
(F) I-V relationship from a prepulse of -120 mV. (G) Normalized voltage-dependence of conductance
(G/Gmax) and availability (I/lmax) using a prepulse potential of -120 mV. (H) Peak Ina density evoked
by a depolarizing step from -120 mV to -10 mV. Significance determined using a Student’s unpaired
t-test
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Transient co-expression of GB1y2 has no impact on Na,1.5 Ina properties

Nav1.5 is the predominant VGSC a subunit expressed in adult cardiac tissue (Catterall
et al. 2020). Previous studies have shown that Nav1.5 lacks sensitivity to modulation by
coexpression of various GBy subunits in heterologous cells (Mantegazza et al. 2005).
However, the sensitivity of Nay1.5 to modulation by GB1y2 subunits (a prominent GBy
complex expressed in brain) has not been tested. Fig. 3.12 shows no significant GB1y2
inhibition of Nav1.5 Ina density at a prepulse potential of -70 (Fig. 3.12C) (EGFP: -60.40
+ 12.00 pA/pF vs GBR1y2: -39.02 + 13.52 pA/pF; P=0.7794) and -120 mV (Fig. 3.12F)
(EGFP: -172.5 £ 11.54 pA/pF vs GB1y2: -185.20 + 39.56 pA/pF; P=0.2643). No
changes were observed in the voltage-dependence of activation or availability when
comparing the GB1y2 and EGFP conditions at a prepulse potential of -70 mV (Fig.
3.12B) or -120 mV (Fig. 3.12E). These data suggest that GB1y2 subunits do not
functionally interact with the major cardiac VGSC subtype, Nav1.5, in HEK cells.
However, these data represent a small sample size of cells (n=6-7) and due to the cell-
to-cell variance observed in Nav1.5 peak Ina density, further analysis of the impact of
GB1y2 on Nav1.5 is required. This finding is important for any future therapeutic efforts
that attempt to target GB1y2, as functional engagement of Nav1.5 may produce

dangerous adverse cardiac effects.
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Figure 3.12. Transient co-expression of GB1y2 has no effect on human Na,1.5 Ina. properties in
HEK cells. (A) |-V relationship of HEK Nav1.5 cells expressing GB1y2-EYFP (blue) or EGFP (green)
from a prepulse of -70 mV. (B) Normalized voltage-dependence of conductance (G/Gmax) and
availability (I/Imax) using a -70 mV prepulse potential. (C) Peak Ina density evoked by a depolarizing
step from -70 mV to -10 mV. (D) I-V relationship of HEK Nav1.5 cells expressing GB1y2-EYFP or
EGFP from a prepulse of -120 mV. (E) Normalized voltage-dependence of conductance (G/Gmax)
and availability (I/Imax) using a prepulse potential of -120 mV. (F) Peak Ina density evoked by a
depolarizing step from -120 mV to -10 mV.
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Changes in mRNA expression of human GB, Gy, and Ga subunits in HEK cells after

stable expression of Na,1.6 or Na,1.6 and Na,81

Based on previous work demonstrating that the intracellular domain of Nay1 can
undergo regulated intramembrane proteolysis and regulate transcription in the nucleus
(Bouza et al. 2021), we examined whether stable expression of Nav1 affects G-protein
subunit mMRNA expression in HEK cells. We isolated mRNA from untransfected, Nav1.6,
and Nav1.6 + Nav31 stable HEK cell lines and then performed RT-gPCR experiments to
examine endogenous Ga, G, and Gy subunit mMRNA expression (Fig. 3.13). We found
that GNAQ was significantly different across cell lines (p=0.0012), with reduced overall
GNAQ expression in the presence of NavB1 (p<0.05). GNAOT was significantly different
across cell lines (p<0.0001), with Nav1.6 HEK and Nav1.6 + Nav31 HEK cells having
increased expression compared to control (p<0.0001). GNAI/1 and GNAS did not differ

between cell lines.

Nav1.6 + NavB1 HEK cells had reduced mRNA expression of GNB1 (p<0.05), GNB4
(p<0.001), and GNB5 (p<0.05) compared to Nav1.6 HEK and control lines. GNB2 was
significantly reduced in Nav1.6 + NavB31 HEK cells compared to control HEK cells
(p<0.01). GNB3 expression was downregulated in both Nav1.6 HEK cells and Nav1.6 +

NavB1 HEK cells compared to control (p<0.05).

Nav1.6 + NavB1 HEK cells had reduced mRNA expression of GNG1 (p<0.01), GNG2

(p<0.0001), GNG7 (p<0.001), GNG10 (p<0.001), compared to Nav1.6 HEK and
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untransfected control cell lines. The addition of Nav31 further reduced expression of
these genes in comparison to HEK cells expressing Nav1.6, suggesting potential
transcriptional regulation of Gy subunit mMRNA expression by the Nav1 intracellular
domain. GNGTZ2 expression was reduced in both Nav1.6 HEK cells and Nav1.6 + Nav31
HEK cells compared to control (p<0.001), while the addition of Nav31 increased
expression compared to HEK Nav1.6 cells (p<0.05). GNG3 (p<0.01), GNG8 (p<0.01),
and GNG11 (p<0.0001) expression was decreased in both Nav1.6 HEK cells and Nav1.6
+ Na\B1 HEK cells compared to control. GNG4 was significantly increased in both
Nav1.6 HEK cells and Nav1.6 + Na\1 HEK cells compared to control (p<0.0001), while
the inclusion of Nav31 reduced expression when compared to HEK Nav1.6 cells
(p<0.0001). GNG12 expression was downregulated in Nav1.6 + Nav31 HEK cells
compared to Nav1.6 HEKs (p<0.05) and GNG 13 expression was reduced in Nav1.6 +

NavB1 HEK cells compared to control cell lines (p<0.05).
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Figure 3.13 Fold change in mRNA expression levels of human G, Gy, and Ga subunits in
untransfected, Na,1.6 or Na,1.6 and Na,1 stable HEK cell lines.
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Figure 3.14 Baseline human Gf, Gy, and Ga subunit gene expression in HEK cells. (A) G
subunits, (B) Gy subunits, (C) Ga subunits. Gene expression measurements on individual samples
were performed in triplicate. The inverse of each ACt (delta cycle threshold) value was averaged for
each gene and compared across subunits within each family. Data are expressed as mean + SEM. N
= 3 for each experiment.
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Figure 3.15 Western blots confirming Na,81 expression in (A) HEK Na,1.1 + Na,1 and (B) HEK
Na,1.6 + Na,B1 stable cell lines. N=2 for each experiment.
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Investigation of neuronal firing properties of Gnb1K78R* mice

GNB1-E is a devastating neurological disorder characterized by global developmental
delays, motor, cognitive and sensory impairments, and seizures (Chapter |). The first
patient that was identified with a pathogenic GNB17-E variant in published reports
expressed the variant GNB71-p.K78R (c.233 A>G; p.K78R) (Petrovski et al. 2016).
Gnb 1¥78R"* mice recapitulate many key features of the human GNB17-E phenotype,
including developmental delay and spontaneous ‘absence-like’ generalized non-

convulsive seizures (Colombo et al. 2019).

As a first attempt to understand differences in electrical excitability due to variants in G
subunits, we recorded from cortical layer 5 (L5) pyramidal neurons in brain slices
prepared from Gnb1X78R* mice. L5 pyramidal neurons are considered to be primary
output units of the cortex that have dendrites spanning all layers capable of integrating
local and long-range excitatory and inhibitory inputs from other cortical and subcortical

regions (Larkum et al. 2009, Larkum 2013).

To investigate the contribution of L5 pyramidal neurons to the hyperexcitable networks
underlying the epilepsy observed in Gnb1K78R* mice, we performed current clamp
recordings to assess the injection current to AP firing frequency relationship (F-1) and
intrinsic properties of L5 pyramidal neurons in the somatosensory cortex vs. wildtype
littermates at P16-18 (Fig. 3.16). We observed no significant differences in the F-I

relationship and max firing frequency between Gnb1X78R* ys wildtype L5 pyramidal

126



neurons (Fig.3.16A-B) (Table 3.5). Likewise, we also observed no significant changes in
the resting membrane potential, AP threshold, 15t AP peak amplitude, 15t AP minimum
dV/dt, 15t AP maximum dV/dt, input resistance or spike half-width (Fig. 3.16C) (Table

3.5).
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Figure 3.16 Somatosensory cortex layer 5 pyramidal neurons of Gnb1X"8"* mice show no
changes in excitability or intrinsic properties. (A) Injection current to AP firing frequency
relationship of somatosensory cortex L5 pyramidal neurons in Gnb1X78R"* (blue) vs. wildtype (black).
(B) Representative AP trains at 0, 100, 200, 300 and 400 pA current injections in Gnb1K78R** (blue) vs.
wildtype (black). (C) Intrinsic properties of LS pyramidal neurons.
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Somatosensory cortical layer 2/3 pyramidal neurons of Gnb1K78R* mjce show deficits in

presynaptic inhibitory neurotransmitter release

Based on previous reports hypothesizing that haploinsufficient loss of Gnao1 can
increase levels of free GBy and lead to reduced presynaptic inhibitory neurotransmitter
release in Gnao1¢203R mutant mice (Feng et al. 2022), we hypothesized that Gnb 71K78R/*
mice may show deficits in cortical inhibitory neurotransmission. To examine inhibitory
neurotransmission, we performed voltage clamp recordings of spontaneous inhibitory
postsynaptic currents (sIPSC) in layer 2/3 pyramidal neurons from slices of the
somatosensory cortex of Gnb1K78R* mice vs. wildtype littermates at P16-18 (3.17).
Experimental conditions using pharmacological blockers of glutamate receptor-
mediated excitatory postsynaptic currents and symmetric external and internal [Cl-]
recording solutions resulted in inward GABAergic currents. No significant difference was
observed in the sIPSC decay time constant (Fig. 3.17C) (Gnb1K78R/*: 28.85 + 2.66 ms vs
: Gnb1** 26.63 + 3.57; P=0.6206) or amplitude (Fig. 3.17D) (Gnb1K78~*: 28.14 + 4.80
pAvs : Gnb1** 26.01 + 2.68 pA; P=0.7157) when comparing Gnb1K78R/* ys_wildtype.
L2/3 pyramidal neurons of Gnb1X78** mice showed significantly reduced sIPSC
frequency compared to wildtype (Fig. 3.17E) (Gnb1X78R*: 0.796 + 0.20 Hz vs Gnb1*'"*:
2.42 + 0.41 Hz; P=0.0026**). The significant reduction in L2/3 pyramidal neuron sIPSC
frequency, but not amplitude, suggests Gnb7X78~* have a presynaptic disruption in

cortical inhibitory transmission.
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Figure 3.17 Spontaneous inhibitory postsynaptic currents (sIPSC) from somatosensory
cortical layer 2/3 pyramidal neurons of Gnb7¥7%R"* mice show deficits in presynaptic inhibitory
neurotransmitter release. (A) Representative sIPSC traces from wildtype Gnb71** mice. (B)
Representative sIPSC traces from Gnb1K78R* mice. (C) sIPSC decay time constant (D) amplitude and
(E) frequency from wildtype Gnb1** (black) and Gnb1X78)* (blue) layer 2/3 pyramidal neurons.
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Nav1.6 Peak Ina Density

Nav1.1

Peak Ina Density

(-70 mV Prepulse) (pA/pF) (-70 mV Prepulse) (pA/pF)
GB1y2 (n=21) -25.28 £ 2.69 -51.37 £ 8.46
EGFP (n=21) -68.77 £ 9.33 EGFP (n=8) -92.87 £ 12.25

-25.43 £ 6.06 -79.76 £ 10.74
NavB12a-ecrp (N=7) -110.7 + 29.80 NavB12a-Ecrp (N=4) -143.8 +48.12

Nav1.6 Peak Ina Density
(-120 mV Prepulse) (PA/pF)
GB1y2 (n=10) -33.10 £ 545
EGFP (n=16) -87.70 + 13.35
-28.33 £ 8.63
NavB12a-ecrp (N=7) -119.9 + 30.92

Nav1.6 & NavB1 Peak Ina Density

(-70 mV Prepulse) (PA/pF)
GB1y2 (n=9) -42.59 + 8.87
EGFP (n=7) -124.9 + 24.07

Nav1.6 & NavB1 Peak Ina Density

(-120 mV Prepulse) (pA/pF)
GB1y2 (n=10) -47.72 £ 8.77
EGFP (n=7) -120.6 £ 22.42

Nav1.1 Peak Ina Density
(-120 mV Prepulse) (pA/pF)
-64.87 £7.79
EGFP (n=14) -87.21£9.15
-74.38 £ 9.68
NavB12a-ecrp (N=6) -148.2 + 35.57

Nav1.1 & NavB1

Peak Ina Density

(70 mV Prepulse) (pA/pF)
GB1y2 (n=13) -80.52 + 13.69
EGFP (n=11) -93.53 + 15.95

Nav1.1 & Navf31

Peak Ina Density

(-120 mV Prepulse) (pA/pF)
GB1y2 (n=11) -69.04 £+ 11.82
EGFP (n=9) -98.31 £ 16.54

Table 3.1 Peak Ina density @ -10 mV in HEK cells stably expressing Na,1.6, Na,1.1, Na,1.6 and
Na,B1 or Na,1.1 and Na,1 after transient co-expression of GB1y2, EGFP, GB1y2 + 100 nM

staurosporine (ST) or Na,$1.



\" \"

112 112 Activation Inactivation
Nav1.1 Activation Inactivation Slope Factor Slope Factor
(-70 mV Prepulse) (mV) (mV) (mV) (mV-")
-23.19+048 -4895+0.61 5.69+042 -547+0.53
EGFP (n=8) -25.64+049 -49.71+0.38 5.03+0.42 -5.08+0.33
Na.B1 (n=4) -23.06+1.08 -47.65+042 6.43+0.93 -4.84+0.36
Vig Vi Activation Inactivation
Nav1.1 Activation Inactivation Slope Factor Slope Factor
(-120 mV Prepulse) (mV) (mV) (mV-) (mV-)
-22.29+0.42 -4843+0.53 5.74+0.36 -5.90+0.46
EGFP(n=14) -23.18 £ 0.32 -46.99+0.28 5.19+0.28 -5.27 +0.24
Na.,f1 (n=6) -27.43 +1.04 -48.01+0.33 6.18+0.91 -4.84 +0.29
Vie Vie Activation Inactivation
Na.1.6 Activation Inactivation Slope factor Slope factor
(-70 mV Prepulse) (mV) (mV) (mV-1) (mVv-1)
GB1y2 (n=21) -17.76 £ 0.39 -52.78 + 0.60 5.50+ 0.33 -5.82 +0.52
EGFP (n=21) -20.45+0.26 -51.55+0.28 5.21+0.23 -5.81+0.24
Na.B1 (n=7) -26.89 + 0.60 -53.94 + 0.25 5.36 + 0.52 -5.68 +0.22
Vie Vie Activation Inactivation
Nav1.6 Activation Inactivation Slope factor Slope factor
(-120 mV Prepulse) (mV) (mV) (mV-) (mV)
GB1y2 (n=10) -18.82 + 0.46 -55.50 £ 0.99 545+ 0.40 -6.35+0.86
EGFP (n=16) -21.30 £ 0.31 -51.64 £ 0.32 5.33 +0.27 -5.58 £0.27
Na.B1 (n=7) -25.07 £ 0.60 -53.12 £+ 0.26 5.65+ 0.52 -5.55+0.22

Table 3.2 Voltage dependent properties of HEK cells stably expressing Na,1.1 or Na,1.6 after
transient co-expression of GB1y2, EGFP or Na,f31.
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V112 v

12 Activation Inactivation
Nav1.6 & NavB1 Activation Inactivation Slope Factor Slope Factor
(-70 mV Prepulse) (mV) (mV) (mV-") (mV-")
GB1y2(n=9) -20.27 £0.59 -55.07 £ 0.71 5.58 £+ 0.51 -5.65+ 0.61
EGFP (n=7) -21.33+0.42 -50.08 +0.24 490+0.36 -4.86+ 0.21
V1/2 V1/2 Activation Inactivation
Nav1.6 & Nav1 Activation Inactivation Slope Factor Slope Factor
(-120 mV Prepulse) (mV) (mV) (mV) (mV-")
GB1y2 (n=10) -19.10+0.49 -53.30+0.64 5.88+0.42 -4.92+0.55
EGFP (n=7) -19.59 + 0.47 -48.64 +0.48 5.26+0.40 -5.14 + 0.41
V1/2 V1/2 Activation Inactivation
Nav1.1 & Navp1 Activation Inactivation Slope Factor Slope Factor
(-70 mV Prepulse) (mV) (mV) (mV-") (mV)
GB1y2 (n=11) -21.57 £0.31 -44.93+0.22 4.86+0.27 -4.27 £+0.19
EGFP (n=9) -22.34 +0.39 -47.63+0.82 5.09+0.33 -5.78+0.71
V1/2 V1/2 Activation Inactivation
Nav1.1 & Nav1 Activation Inactivation Slope Factor Slope Factor
(-120 mV Prepulse) (mV) (mV) (mV-) (mV-)
GB1y2 (n=13) -19.25+0.29 -4493+0.22 512+0.25 -4.27 +0.19
EGFP (n=9) -22.29+0.72 -47.63+0.82 6.38+0.62 -5.78+0.71

Table 3.3 Voltage dependent properties of HEK cells stably expressing Na,1.1 and Na,$1 or
Na,1.6 and Na,1 after transient co-expression of GB1y2 or EGFP.
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Capacitance

Nav1.1 (pF)
14.3 £ 0.85
EGFP (n=14) 16.18 £ 0.91
NavB12a-ecrp (N=6) 12.56 + 2.32
14.11 £ 0.79

Capacitance

Nav1.6 (pF)
GB1y2 (n=27) 9.47 + 0.68
EGFP (n=23) 11.90 + 0.71
NavB12a€ecrp (N=7) 11.72 + 1.00
5.15+1.07

Capacitance

Nav1.1 & Na.B1 (pF)
GB1y2 (n=13) 15.04 + 1.41
EGFP (n=9) 13.13 + 1.45

Capacitance

Na.1.6 & Navf1 (pF)
GB1y2 (n=10) 7.51+£0.62
EGFP (n=7) 9.34 + 1.67

Table 3.4 Capacitance of HEK cells stably expressing Nav1.1, Nav1.6, Na,1.1 and Na,31 or
Na,1.6 and Na,B1 transiently co-expressing GB1y2, GB1y2 + 100 nM staurosporine, EGFP, or
Na,B1. GB1y2 GB1y2 vs. EGFP (P=0.017) Significance determined using a Student’s unpaired t-test

(*P=0.017)
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Gnb1**

(n=7)
Resting V,, (mV) -67.23 £ 1.86
Input Resistance (MQ)
212. £ 2712

Max Firing Rate (Hz) 17.57 + 0.97
Spike Width (ms)

1.81+0.12
1°* AP Peak Voltage (mV)
44.08 + 1.61
1% AP Max dv/dt (mV/ms)
224.3 + 13.92
1°* AP Min dv/dt (mV/ms)
-40.98 + 3.96
1°* AP Threshold (mV)
-43.75 + 0.97

Table 3.5 Intrinsic properties and maximum firing frequency of somatosensory cortex layer 5
pyramidal neurons of Gnb1X78R* mice (blue) vs wildtype littermates at postnatal day 16-18.
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Discussion

GBy modulation of neuronal excitability through ion channel effectors has been largely
focused on voltage-gated Ca?* and K* channels, however, evidence suggests VGSCs
deserve further investigation (see Chapter |). Our work shows that GB1, GB2, Gy2, Gy3,
Gy7 and Gy12 associate in a protein complex with Nav o and 1 subunits in P18 mouse
whole brain. Furthermore, we provide evidence for functional association of these

important signaling molecules.

Transient expression of GB1y2 decreases Na,1.6 Ina density and shows acute voltage-

dependent prepulse relief

Nav1.6 is the most abundant VGSC expressed in the adult brain (Goldin 2001). Despite
its biological prominence, the sensitivity of Nav1.6 to modulation by GBy subunits was
unknown prior to this study. Elucidating the extent of G-protein By subunit modulation of
VGSCs expressed in brain neurons, including Nav1.6, is critical for understanding
neurotransmission and the development of novel treatments for neurological disorders.
Our works shows that transient co-expression of GB1y2 in HEK cells stably expressing
human Nav1.6 induces a significant decrease in peak whole cell Ina density. The
decrease in Nav1.6 Ina density was significant at a prepulse potential of both -70 mV and
-120 mV, indicating GB1y2 can reduce Nav1.6 Ina at depolarized potentials close to the
resting membrane potential in neurons (-70 mV) and when all VGSCs are available at
hyperpolarized potentials (-120 mV). Surprisingly, no shifts in the voltage-dependence

of activation or inactivation of Nav1.6 were induced by the co-expression of GB1y2 in
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HEK cells. This suggests that the GB1y2 inhibits Nav1.6-mediated current by reducing
INna density without altering the voltage-dependence of gating. Furthermore, we showed
that preincubation with staurosporine had no effect on the G1y2 inhibition of Nav1.6 at
-70 or -120 mV prepulse potentials. This evidence suggests PKA/PKC inhibition does
not play a role in the inhibition of Nav1.6 in HEK cells. Acute prepulse relief of GBy
inhibition of Cav2.2 channels has been well established as evidence for the membrane-
delimited modulation of VGCCs by GBy (Zamponi and Currie 2013). Our work shows
that GB1y2 inhibition of Nav1.6 peak Ina density in HEK cells shows acute voltage-
dependent prepulse relief after prolonged hyperpolarization for 1 s at -120 mV. Taken
together, this work provides strong evidence that GB1y2 may inhibit brain Nav1.6

channels in a membrane-delimited manner.

Transient expression of GB1y2 decreases Na\1.1 Ina only at depolarized membrane

potentials

Coexpression of GB1y2 in HEK cells stably expressing human Nav1.1 also led to a
significant decrease in Ina density from a prepulse potential of -70 mV, but not -120 mV.
This voltage-dependence of GB1y2 modulation of Nav1.1 suggests that Nav1.1 is more
sensitive to modulation by GB1y2 at depolarized membrane potentials. This could be
due to a voltage-dependent confirmation of the channel enhancing sensitivity to GB1y2,
or enhanced activity of downstream signaling effectors such at depolarized potentials

that are contributing to the inhibition of Nav1.1. No shifts in the voltage-dependence of
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activation or inactivation of Nav1.1 were observed after the coexpression of GB1y2
subunits. PKA/PKC inhibition insignificantly reduced the inhibition of Nav1.1-mediated
INa by GB1y2 at a prepulse of -70 mV. Staurosporine is a broad-spectrum kinase
inhibitor with an ICso < 30 nM for PKA and PKC (Meggio et al. 1995). It is possible that
other kinases could be contributing to the GB1y2 inhibition of Nav1.1 in HEK cells that

were not affected by staurosporine preincubation.

In contrast to Nav1.6, the GB1y2 inhibition of Nav1.1 did not show any voltage-
dependent prepulse relief after 1 s hyperpolarization of the membrane to -120 mV. This
observation, coupled with the lack of GB1y2 inhibition of Nav1.1 at -120 mV prepulse
potentials, suggests that downstream effectors or 2" messengers are involved in the

functional interaction between G31y2 and Nav1.1.

Transient expression of GB1y2 leads to variable effects on Na,1.6 and Na, 1.1 persistent

Ina

One of the major findings from previous reports of transient co-expression of GBy
subunits with VGSCs in heterologous cells was a dramatic increase in persistent Ina
(Mantegazza et al. 2005). However, this effect was only observed with certain Gy
subunit combinations (i.e., GB2y3) and only in a proportion of cells tested. We observed
similarly complex effects on persistent Ina in HEK Nayv1.6 and Nav1.1 cells after transient
coexpression of GB1y2. We detected a significant decrease in the mean Nav1.6

persistent Ina density compared to cells expressing EGFP, however, when normalized
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as a ratio of the transient peak Ina there was no significant change in Nav1.6 persistent
INna induced by GB1y2. At present, it is unclear why the observed reduction in
unnormalized Nav1.6 persistent Ina is not observed when normalized to peak transient
current. It is possible that GB1y2 is producing a similarly uniform inhibition of both
transient and persistent components of Nav1.6 mediated Ina. These data motivate

further evaluation into the modulation of Nav1.6 persistent Ina by GB1y2.

The mean persistent Ina density and normalized persistent to peak Ina density mediated
by Nav1.1 did not show any significant changes after transient co-expression of GB1y2.
Intriguingly, there were a subset of HEK Nav1.1 cells tested that showed dramatic
increases (>20%) in persistent to peak Ina density. 30% of HEK Nav1.1 cells co-
expressing GR1y2 produced >20% persistent/peak Ina density while 0% of cells from the
EGFP condition did. This finding suggests inherent variability in the effects of GB1y2 on
persistent Ina, which is consistent with previous reports using other Gy subunit
combinations. Another factor complicating the analysis of GB1y2 on persistent Ina in
HEK cells is the baseline intrinsic variability of persistent Ina observed. Cell to cell
variability in persistent Ina is common and is likely confounding the interpretation of
GB1y2 modulation of persistent Ina in HEK cells. Nevertheless, given the vital and
dynamic impact of persistent Ina on neuronal firing properties, further work examining

the impact of GRy subunits (especially GB1y2) on persistent Ina in neurons is warranted.
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Co-expression of GB1y2 did not affect the accumulation of slow inactivated Nav1.1 or
Nav1.6-mediated Ina in HEK cells using a 50 Hz train of depolarizing steps. This was
surprising as GPCR neuromodulation of VGSCs by monoamines can enhance slow
inactivation of VGSCs in acutely isolated neurons (Carr et al. 2003). Giving the very
limited set of proteins and excitability-enabling components present in HEK cells
compared to the rich repertoire of molecular machinery expressed in neurons, the lack
of observed GB1y2 modulation of Nav.1 or Nav1.6 slow inactivation in HEK cells should
be interpreted with caution and deserves further experimentation in native neuronal

preparations.

Co-expression of Na,B1 subunits alters GB1y2 inhibition of Na,1.1 but not Na,1.6

mediated Ina

NavB1 subunits associate with all neuronal VGSC a subunits, including Nav1.6 and
Nav1.1. Understanding the role of Nav31 subunits in G31y2 modulation of VGSC
activity, and thus neuronal excitability, is important to fully understand this signal
transduction cascade. Nav31 coexpression with Nav1.1, but not Nav1.6, abolishes Ina
inhibition by GB1y2. These data suggest Nav31 may compete with the GB1y2 complex
in its interaction with VGSC a subunits. These data also raise the hypothesis that
GB1y2 (or an indirect signaling effector activated by G31y2) may differ between Nav1.6

and Nav1.1 subtypes.
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One potential limitation of my experiments performed in HEK cells is the endogenous
expression of GRy subunits and other VGSC subtypes that may contribute to the
observed whole cell Ina properties. In a recent review of the endogenous voltage-gated
ion channels present in HEK-293 cells (Zhang et al. 2022) multiple studies have
indicated low background endogenous expression of TTX-sensitive VGSCs, typically
producing current amplitudes around 50-200 pA (depending on the composition of the
recording solutions used) (Zhang et al. 2022). The endogenous TTX-sensitive Ina
present in HEK-293 cells is primarily associated with Nav1.7, and trace amounts of
Nav1.2, Nav1.3, and Nav1.5 were also detected (He and Soderlund 2010, Zhang et al.

2022)

Under normal physiological conditions, the classical dissociation model of the
heterotrimeric Gafy complex proposes that ligand or constitutive activation of a GPCR
permits GBy subunits to become ‘free’ to modulate signaling effectors after dissociation
from the activated GTP-bound Ga subunit. Whether or not free Gy subunits exist
under physiological conditions that can modulate effectors without originally being
released from Ga subunits is still under debate. The experiments performed in HEK
cells throughout this chapter used a transient overexpression of GB1y2 subunits that
presumably leads to chronically elevated levels of free GB1y2 that would not be
observed physiologically. This limitation is important to consider when interpreting how
these data would compare to endogenous modulation of VGSC function by GR1y2
subunits released via GPCR activation. Further work is needed to identify and link a

specific GPCR to GBy modulation of VGSCs, preferably in a neuronal system with
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greater similarity to physiological conditions. Potential experimental methods to
investigate the effects of endogenous GBy subunits on VGSC function in neurons are

discussed in Chapter 4.

Another limitation of these experimental interpretations that will be explored in future
experiments is the effect of transient overexpression of GB1y2 on the cell surface
expression of VGSCs. Free GBy subunits are known to translocate to numerous
organelles and modulate the expression of membrane proteins. One possible
explanation for the significant decrease in whole cell Ina after co-expression of GB1y2 is
the downregulation of VGSC expression or trafficking to the membrane. We plan to test
this hypothesis using [*H]-saxitoxin binding assays in HEK cells stably expressing
Nav1.1 or Nav1.6 and comparing total vs membrane expression of VGSCs between

cells transiently expressing GB1y2 vs. EGFP.

Collectively, these data show the neuronal VGSC subtypes Nav1.1 and Nav1.6 are
relevant effectors of GB1y2 signaling in heterologous cells. Given the significant role of
GBys in neurotransmission and neuropharmacology, as well as the roles of Nav1.1 and
Nav1.6 in controlling neuronal excitability, these data motivate further characterization of

this functional interaction in native neuronal preparations.
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Gnb1K78R* mice show deficits in cortical layer 2/3 presynaptic inhibitory transmitter

release

Unbiased exome sequencing has revealed the breadth of biological processes
implicated in epilepsy. Over 100 new genes have been implicated in epilepsy since the
implementation of next generation sequencing (Knowles et al. 2022). These genes
include chromatin remodelers, transcription factors, synaptic proteins, and cell signaling
proteins, including G-proteins, highlighting the diversity of pathogenic mechanisms
implicated in epilepsy and moving the disorder beyond channelopathies. Despite this
rapid progress, we lack the animal and cellular models, as well as the experimental
paradigms, to study how pathogenic variants in non-ion-channel genes cause epilepsy.
Moreover, our growing appreciation for the genetic causes of epilepsy has not yet

translated into new therapeutic options for the ~30% of patients with refractory epilepsy.

Our work presented here on Gnb7X78R* mice represents the first investigation of a
GNB1-E mouse model using brain slice electrophysiology. Gnb7X78R* mice display
spontaneous seizures and SWD involving the cortex on EEG (Teng et al. 2022). For this
reason, we hypothesized cortical layer 5 pyramidal neurons may be intrinsically
hyperexcitable. Surprisingly, we observed no differences in the F-I relationship, or any
active or passive membrane properties of somatosensory cortical layer 5 pyramidal
neurons of Gnb1X78”* mice vs. their wildtype littermates at P16-18. These data suggest
the hyperexcitability underlying seizures in Gnb7X78R* mice are not driven by layer 5

pyramidal neurons and may exist in other brain regions or cell types. Layer 5 pyramidal
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neurons represent a major unit of computation and integration within the cortex that
serve as a primary output of cortical excitability. They also sit downstream in the
hierarchy of feedforward sensory input in cortical columns, suggesting the
hyperexcitability driving epileptogenesis in Gnb1%78** mice may be in layers further
upstream in the hierarchy such as layer 4 or layer 2/3. This hypothesis is further
supported by recent study showing that sensory input reinforces SWD in Gnb 1K78R/*
mice (Teng et al. 2022), suggesting a bottom-up regulation of epileptogenesis in

Gnb 1K78R* mjce.

Methods

Cell lines

Human Embryonic Kidney (HEK) 293T cells stably expressing human VGSC a subunits
Nav1.1 (accession #: NP_001159435.) or Nav1.6 (accession #: NP_055006.1) cDNAs
were cultured in Dulbecco’s Modified Eagle Medium containing (4.5 g/L D-glucose, L-
glutamine, 10% heat-inactivated FBS, 110 mg/L sodium pyruvate, 200 ug/mL G418,
100 U/mL penicillin/streptomycin). HEK cells stably expressing human Nav1.1 and
NavB1 (accession #: NP_001028.1) or Nav1.6 and Nav31 were cultured in the same
media with the addition of 200 pg/mL hygromycin. HEK cells stably expressing GIRK1/2
subunits were a generous gift from Dr. Alan Smrcka cultured under the same conditions
described above using G418 selection and maintenance. All cells were maintained in an

incubator at 37°C with 5% COz until the time of recording.
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Plasmids and transient transfections

For transient transfections, a synthesis-optimized human wildtype Nav31-V5 cDNA was
generated by gBLOCK from Integrated DNA technologies. The bicistronic cDNA
construct included an in-frame NavB1 C-terminal V5 epitope tag followed by a self-
cleaving 2A peptide and enhanced green fluorescent protein (EGFP) to facilitate
immunodetection of transiently expressed Na\1. Using the Gateway cloning system,
this construct was moved from pENTR-SD/D-TOPO to pcDNAdest40 via LR Clonase

reaction according to the manufacturers’ protocol.

For Na\31 stable lines, wildtype Nav31 cDNA was generated by PCR using human
NavB1 cDNA using pcDNAS3 as the template. The cDNA was inserted into pcDNAS3.1
Hygro(+). cDNA was amplified by PCR to remove the stop codon and then inserted into
pcDNAS3.1/V5—HIS using the pcDNA3.1/V5-HIS TOPO TA Expression kit (Invitrogen),
according to the instructions of the manufacturer, to produce the V5-HIS-tagged Na/31
subunits with the Hygro(+) cassette. GB1 and Gy2 plasmids were a generous gift from
Dr. Alan Smrcka. Ovis aries AVI (ELNDIFEAQKIEWHE)-tagged-G31 and enhanced
YFP (EYFP)- tagged Gy2 were in a pCl-neo vector. HEK stable cell lines expressing
wildtype Nav31 were confirmed via western blot (Fig. 3.15) Cells transiently transfected
by EGFP alone were used for control experiments. Sequences for all plasmids were

confirmed and PCR primers and conditions for all reactions are available on request
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To generate Nav1.6 or Nav1.1 + Nav31 stable HEK cell lines, 1 ug cDNAs were
transfected with 5 pL Lipofectamine 2000. Approximately 48 hours after transfection,
cells were passed into fresh media containing 600 pg/mL G418 or hygromycin. The
cells were incubated for approximately 1 week until individual colonies were isolated
and grown until confluent and subsequently passaged for biochemical characterization.
Electrophysiological experiments involving GB1y2 used transient transfection. A total of
1 pg of each cDNA was transfected with 5 pL Lipofectamine 2000. Approximately 24
hours after transfection, cells were plated onto poly-D-lysine-coated coverslips glass
cover slips for whole cell recordings. EYFP or EGFP-positive cells were identified via
fluorescence and whole cell recordings were performed approximately 24—48 hours

after final plating.

Mouse Models

Animals were housed in the Unit for Laboratory Animal Medicine at the University of
Michigan. All procedures were performed in accordance with the NIH and approved by
the University of Michigan IACUC. All mice were maintained on a 12:12 h light:dark cycle

and had ad libitum access to food and water throughout the experiments. Male and female mice

were used in all experiments.

Gnb1X78* mice were a generous gift from Drs. Yueqing Peng and Wayne Frankel from

Columbia University. Gnb1€8R* mice were generated using CRISPR/Cas9 as described

in (Colombo et al. 2019). For Gnb1 genotyping, DNA was extracted from the tail and
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PCR was performed using the following primers: Forward:
CGAGCATTGAGATCCTCTTTC; Reverse: GTCATCATTGCTCCATCAACAG. The
restriction enzyme Hinfl was used to distinguish wildtype from Gnb1X78R* mice. All Gnb1

mice were used for experiments between postnatal day (P16-P18).

Scn1b-V5 knock-in mice were generated using CRISPR/Cas9 technology to add a V5
epitope tag to the carboxyl terminus of the mouse Scn1b gene. Exon 5 of ensemble
gene model transcript Scn1b-001 (ENSMUSEO00000533876) encodes the carboxyl
terminus of the protein. The CRISPOR algorithm (Haeussler et al. 2016) was used to
identify specific guide RNA targets (QRNA). gRNA predicted to cut the chromosome
near codon 218 were subcloned in plasmid pX330-U6-Chimeric_BB-CBh-hSpCas9
(Cong et al. 2013) and tested to determine if they cause chromosome breaks. pX330
plasmids were co-electroporated with a puromycin selection plasmid into mouse ES
cells. After drug selection, surviving cells were pooled and genomic DNA was prepared.
PCR with primers spanning the predicted cut site was used to generate amplicons for
Sanger sequencing. The process is essentially as described (Mashiko et al. 2014,
Sakurai et al. 2014). Sequence chromatograms of amplicons were evaluated to
determine if small insertions/deletions caused by non-homologous endjoining (NHEJ)
repair of chromosome breaks were present. gRNA C60G3 was found to be the most
active, which targets the sequence 5 CTGGCGATGCGCAGACCCGT (PAM=CGG) &
with a high specificity score (CFD score of 96, Doench et al. 2016). After determining
that C60G3 caused chromosome breaks 5 ng/uL of the pX330 plasmid was combined

with 10 ng/pL of a single stranded oligonucleotide DNA donor (Integrated DNA
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Technologies). The CRISPR reagents were microinjected into fertilized mouse eggs
produced by mating super-ovulated C57BL/6J female mice (Jackson Laboratory stock
no. 000664) to C57BL/6J male mice as described (Van Keuren et al. 2009). Generation
zero founder (GO) pups were identified by Sanger sequencing of amplicons spanning
exon 5 and the V5 tag. GO founders were mated with wild type C57BL/6J mice to obtain
germline transmission of the Scnb7-V5 mutant. The use of high specificity sgRNA and
ESPCAS9 makes an off-target hit in mouse models highly unlikely (Anderson et al.
2018). The sequence of the single stranded oligonucleotide DNA donor was:

CCTTCCCTTGCACAGCTCAGAATACCTGGCCATTACATCCGAGAGCAAAGAAAACT

GTACAGGCGTCCAGGTGGCTGAAGGCAAGCCTATCCCTAACCCTCTCCTCGGCCT

CGATTCTACCtagCGCTGGTAAGGTTGATGGAAAGACGGGATCCTGCGCATCGCCA
GCCAGGAGGGCTCAGGGACACACTCTTAAGTCT
Exon 5 is underlined. The V5 coding sequence is shown in bold. Lower case letters

indicate the termination codon

LC/MS/MS proteomics

To identify protein binding partners of the VGSC 31 subunit, Na\g1 was
immunoprecipitated via pull-down of the V5 tag in whole brain homogenates from
postnatal day 18 (P18) Scn1b-V5 tagged mice. V5 (Na\1) and IgG control
immunoprecipitation samples were subjected to in-gel proteolytic digestion using
trypsin. Samples were reduced with DTT, alkylated with iodoacetamide, and incubated

at 37°C overnight in the presence of trypsin. The digests were analyzed using nano
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LC/MS/MS on a Orbitrap Lumos Fusion mass spectrometer. Gradient elution was over
a10 cm 75 pm ID C18 column at 400 nL/min, with a 30 min gradient employed. MS/MS
data were searched against the NCBI mouse protein database using the Mascot and X-
Tandem! search engines. The parameters for all LC/MS/MS searches were as follows:
Type of search: MS/MS lon Search; Taxonomy: Uniprot mouse (concatenated forward
and reverse plus common contaminants); Enzyme: Trypsin; Fixed modifications:
Carbamidomethyl (C); Variable modifications: Glu/GIn->pyro-Glu, Ammonia-loss,
Deamidated (Q,N), Oxidation (M), Acetyl (n); Mass values: Monoisotopic; Protein Mass:
unrestricted; Peptide Mass Tolerance : + 20 PPM; Fragment Mass Tolerance: £ 0.8 Da;
Max Missed Cleavages: 2. Mascot output files were analyzed and filtered in Scaffold, to
assess false discovery rates and allow for only correct protein identifications. At least 2
unique peptides per protein were required for identification and Scaffold Protein and
Peptide Prophet thresholds were set at 99% (proteins) and 95% (peptides),

respectively.

Co-immunoprecipitation and western blotting

To further examine the interaction between Nav31 and GBy subunits, Na.31 was
immunoprecipitated in whole cell protein lysate preparations from P18 (juvenile) and
P135 (adult) Scn1b-V5 mouse whole brain. Brains were lysed in Pierce™ RIPA lysis
buffer (ThermoFisher) with Complete protease inhibitors (Pls) (Sigma Aldrich) at a
concentration of 2X and homogenized by hand with a dounce homogenizer, followed by

sonication and incubation on ice for 30min. Samples were centrifuged at 14,000 g/rcf for
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5 min at 4°C, followed by the supernatant being stored at -80°C. For V5 nanobody co-
immunoprecipitations, ChromoTek V5-Trap Agarose (Proteintech), consisting of an anti-
V5 nanobody/VHH coupled to agarose beads, and binding control beads (BCB) as a
control, were diluted in dilution buffer: 60 mM Tris/HCI (pH 7.5), 180 mM NaCl, 1%
Triton X-100, and 6mM EDTA (pH 8.0) with 2X Pls and washed 3 times (2,500 g/rcf,
5min) at 4°C. Brain lysates were diluted in dilution buffer prior to being added to V5-
Trap beads and incubated for 1hr. at 4°C with end-over-end mixing. Protein-bead
complexes were washed 3X with wash buffer (50 mM Tris/HCI (pH 7.5), 150 mM NaCl,
0.02% SDS, 5 mM EDTA (pH 8.0) with 0.1% Triton X-100 followed by washed 1X in
wash buffer without 0.1% Triton X-100. Complexes were eluted in 2X sample buffer (1
M Tris/HCI pH 8.8, bromophenol blue, 40% glycerol, 5% sodium dodecyl sulfate, 5% -
mercaptoethanol, 1% dithiothreitol) and heated at 85°C for 5 min to dissolve
immunocomplexes from beads. Samples were stored at -80°C until used for western

blotting.

Co-immunoprecipitation and input control samples were separated by SDS-PAGE on
12% polyacrylamide gels and transferred to Hybond-P polyvinyl difluoride (PVDF)
membranes overnight. Membranes were blocked for 1 hour in either 5% milk, 1%
Bovine serum albumin (BSA) (for V5) or 3% BSA (for GB) diluted in 1X Tris-buffered
saline with 0.1% Tween 20 detergent (TBST). Membranes were then incubated
overnight at 4°C in either mouse anti-V5 (1:1000, Invitrogen #R960-25) or rabbit anti-G3
(B600) (1:10,000) primary antibodies diluted in 5% milk, 1% BSA or 3% BSA diluted in

1X TBST, respectively. Membranes were washed 3X (5min each) in 1X TBST,
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incubated in HRP-conjugated goat anti-mouse (1:1000, BioRad #1706516) or anti-rabbit
secondary antibodies (1:1000, ThermoFisher #32460) for 1hr at room temperature,
followed by three 5min. washes in 1X TBST. Immunoreactive bands were detected with

West Dura chemiluminescent substrate and imaged on an iBrightFL1000.

RT-gPCR

Total RNA was isolated from HEK, Nav1.6 HEKSs, and Nav1.6 + Na,1 HEK stable cell
lines using the Qiagen RNeasy Plus kit according to manufacturer’s instructions. Cells
were lysed through a sterile, 18-guage hypodermic needle and vortexed for 30 s. RNA
samples were run on a NanoDrop One Spectrophotometer (ThermoFisher Scientific) to
ensure adequate concentration and purity and stored at -80°C until use. cDNA was
generated from 0.5-1 ug of RNA using Reverse Transcriptase SuperScript Ill (RT SS
[II), random primers (Invitrogen), and dNTPs (Invitrogen). RNA, random primers, and
dNTPs were incubated at 65°C for 5 min. Salt buffers, 0.1M DTT, RNase Out, and RT
SS |l were added, and reactions were incubated at 25°C for 5 min, 50°C for 60 min,
and at 70°C for 15 min. cDNA was kept undiluted (GNGT2, GNAS, GNGJ3) or diluted 1:3
in RNase-free water (all other genes). Quantitative PCR was performed using SYBR
Green (Applied Biosystems) and gene-specific primers (Integrated DNA Technologies)

on a QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems). Gene-specific
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measurements of each cDNA sample were run in triplicate, along with the endogenous
control gene (GAPDH) used for normalization. For comparison of G protein subunit
expression across HEK cell lines, Nav1.6 HEKs and Nav1.6 + Nav31 expression was
compared to baseline HEK expression levels with relative expression levels of each
gene quantified using the comparative threshold (2-*4¢t) method of quantification. Data
are presented as the fold change in gene expression + SEM. Statistical significance (p <
0.05) between genotypes was determined using a two-way ANOVA. To examine
baseline G protein subunit expression in HEKSs, inverse delta comparative threshold
(ACt) values were compared for Ga, G, and Gy subunits. The following primers were
used: GNAI1 forward: CTAGGTCTCCATCCGTAAAGTG, GNAI1 reverse:
GGGAAACAAGAACGAAACTCTG, GNAQ forward:
CTCAGTCATGCACTCACAAAGAT, GNAQ reverse:
CATCAGGAGGGAGGTATGAATTAG, GNAO1 forward:
GCTCTTCGACTCCATCTGTAAC, GNAOT1 reverse:
CAGGAAAGCAGATGGTCAAAGGTG, GNAS forward:
GCAGACAGATGCGCAAAGAAGC, GNAS reverse:
GCTTTTACCAGATTCTCCAGCAC, GNBT1 forward: TCGTCTCTGGTGCTTGTGATGC,
GNB1 reverse: GTCGTCTGAGCCAGTGGCAAAT, GNB2 forward:
TGTTGCCGCTTCCTGGATGACA, GNB2 reverse: CACTGTGTCCAGCAAAACCCAC,
GNB3 forward: GAGTCGGACATCAACGCCATCT, GNB3 reverse:
ATGCCGCAGATGATGCTCTCGT, GNB4 forward: CTGGTGCTTGTGATGCCTCTTC,
GNB4 reverse: AGAGCCAGTGGCGAAGGCATAT, GNBS forward:

GGAAGGTGATCGTGTGGGATTC, GNBS reverse: CAAGCAATGGCACATCCCGATG,
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GNG1 forward: GCTCAAGAAAGAAGTGACACTGG, GNGT1 reverse:
TCACACAGCCTCCTTTGAGCTC, GNGZ2 forward:
ATGGAAGCCAATATCGACAGGATA, GNGZ2 reverse:
CTTCTCCCTAAACGGGTTTTCTG, GNGTZ2 forward:
CTGACCTTGCTGGGAACACTCT, GNGT2 reverse:
GTAAGTGCTTCCTAAGGACTGCC, GNG3 forward:
GATTGAAGCCAGCTTGTGTCGG, GNG3reverse: GGGTTCTCCGAAGTGGGCACA,
GNG4 forward: CTCCAGATTCAGCCTCCGTTTTG, GNG4 reverse:
TGCCATAGGTCTGGAAGAGGTG, GNGS forward:
CCTCTGCTGACTGGAGTATCTTC, GNG5 reverse:
CTGGATCATAAGGAGTGGTTTGG, GNG7 forward:
CAAAGCGGCGTCTGACCTCATG, GNGT7 reverse:
GGTTTCTTGTCCTTAAAGGGGTTC, GNG8 forward: CCGCAACCATGTCCAACAAC,
GNG8 reverse: CCTTCATGCGGTCGATGTTCAC, GNG10 forward:
GGGAGCAGATTCTTAGCAAAC, GNG10 reverse: GCCACAACTACAAAGCAGAG,
GNG11 forward: CTCCAAACCCTGCGTCAATG, GNG11 reverse:
CATAGATGTGGCTTGGCCTTG, GNG12 forward: CGTTCTGCGATATGCCCAGTTC,
GNG12 reverse: AAAAGAATGTCTCATTAAGTGAAGCA, GNG13 forward:

GGGTTGTTCTTCATCAGGTCG, GNG13 reverse: GATGAAGAAAGAGGTGGAGAGC.
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Western blot in HEK cells

Western blotting was performed to confirm expression of Na,1 in HEK Nav1.1 + Na,31
and HEK Nav1.6 + NavB1 stable cell lines. Cells were lysed in Pierce™ RIPA lysis buffer
(ThermoFisher) with Complete Pls (Sigma Aldrich) at a concentration of 2X. Samples
were vortexed and sonicated at 20% for 10 pulses every 10 min during a 30 min.
incubation on ice, followed by centrifugation at 14,000 g/rcf for 5 min. at 4°C and the
supernatant stored at -80°C. Protein concentration of samples was determined with a
bicinchoninic acid (BCA) assay and measured with a Multiskan SkyHigh Microplate
Spectrophotometer (ThermoFIsher). Lysates were diluted in 2X sample buffer (1M
Tris/HCI pH 8.8, bromophenol blue, 40% glycerol, 5% sodium dodecyl sulfate, 5% -
mercaptoethanol, 1% dithiothreitol) and samples separated by SDS-PAGE on a 12%
gel, followed by being transferred to Hybond-P polyvinyl difluoride (PVDF) membranes
overnight. Membranes were blocked in 5% milk, 1% BSA for 1hr. and incubated in
mouse anti-V5 (1:1000, Invitrogen #R960-25) overnight. The following day, membranes
were washed 3X (5min each) in 1X TBST, incubated in HRP-conjugated goat anti-
mouse (1:1000, BioRad #1706516) secondary antibody for 1hr at room temperature,
followed by being washed 3X in 1X TBST. Immunoreactive bands were detected with
West Dura chemiluminescent substrate and imaged on an iBrightFL1000 to confirm

expression of V5 (Nav81) in the HEK stable cell lines.
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Whole cell Na* Current (Ina) recording

INa was measured at RT (22-25°C) using the manual whole cell patch clamp technique
with previously described electrophysiological methods (Chen et al. 2012). Cells were
plated on 12 mm diameter clear glass poly-D-lysine-coated coverslips (Neuvitro) and
used for electrophysiological recordings within 48 hours after plating. Cells were
identified via fluorescence with an A1R upright confocal microscope (Nikon).
Micropipettes were obtained from 1.5 mm outer diameter capillary glass tubing (Harvard
Apparatus) using a P-97 horizontal puller (Sutter Instrument Co.). Micropipettes were
then polished using a MF-830 micro forge (Narishige) to obtain a resistance between
2.0 to 5.0 MQ. The intracellular solution contained the following (in mM): 1 NaCl, 125 N-
methyl-D-glucamine, 2 MgCl2, 10 EGTA, 40 HEPES, 5 phosphocreatine-tris, 2 Mg-ATP,
0.2 Na2-GTP, 0.1 leupeptin, 270-275 mOsm (pH 7.2 with H2SOa4). Extracellular solution
contained the following (in mM): 120 NaCl, 1 BaClz, 2 MgClz, 0.2 CdClz2, 1 CaClz, 20
sucrose, 10 glucose, 10 HEPES, 10 tetraethylammonium chloride, 300-305 mOsm (pH
7.35 with NaOH). Signals were amplified using a Multiclamp 700B amplifier (Molecular
Devices). Data were acquired with a Digidata 1440A interface (Molecular Devices) and
analyzed using pClamp10 offline. Pipette and whole cell capacitance were fully
compensated, and series resistance was predicted and compensated at 50%. If access
resistance changed > 20% at any time, the recording was not included in the analysis.
Signals were low pass-filtered at 10 kHz and data were sampled at 20 kHz. Residual

linear capacity and leak currents were eliminated using online P/4 subtraction.
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INa was normalized to cell capacitance to obtain Ina density, used to plot I-V curves and

calculate conductance with the following equation:

where g is conductance, | is current, V is the test potential, and Vrev is the measured
reversal potential. Peak currents were normalized to the maximum peak Ina amplitude.
The V1.2 of activation represents the voltage of the membrane at which half-maximal
conductance occurred. To determine the Ina amplitude and the voltage dependence of
activation, Na* currents were evoked by 250 ms depolarizing test pulses (from -120 to
+30 mV at 5 and 10 mV intervals) from a prepulse potential of -70 or -120 mV. Voltage-
dependence of inactivation (availability) was determined by applying a 50 ms test pulse
to 0 mV after 250 ms prepulses to the same voltages as described for the voltage
dependence of activation. Normalized activation (G/Gmax) and inactivation (I/Imax)

curves were fit with a Boltzmann equation:

V—Vl/z
1+ e

where V12 is the membrane potential in the midpoint of the curve, and k is the slope
factor. Persistent Ina was analyzed as the average current in a 2 ms period exactly 50
ms after the peak Ina was observed at a depolarizing step from -70 to -10 mV. Persistent

INna Values were normalized to cell capacitance to obtain persistent Ina density.
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Slow inactivation was elicited using a 50 Hz train of 2 ms depolarizing pulses from -70
to -20 mV with a 48 ms recovery period between pulses to remove fast inactivation and
a holding potential of -80 mV. Slow inactivation was quantified as the % of the initial

peak Ina density remaining after the 50t pulse compared to the first depolarizing pulse.

Acute voltage-dependent relief of GB1y2 inhibition of HEK Nav1.1 and Nav1.6 in Fig. 3.7
was assessed using a double pulse protocol by eliciting peak Ina using an initial
depolarizing step from -70 to 0 mV for 250 ms before and after holding the membrane at
a hyperpolarized potential of -120 mV for 1 s. A holding potential of -80 mV was used.
Acute relief of Ina inhibition was quantified by dividing the peak Ina density observed in
the second pulse (P2) by the peak Ina density observed in the first pulse (P1) to obtain a

P2/P1 ratio.

To inhibit PKA/PKC, HEK cells stably expressing human Nav1.1 or Nav1.6 were pre-
incubated for 2 hours prior to whole cell recording with 100 nM staurosporine (Cayman
Chemical). Staurosporine was also added to the recording chamber at a concentration
of 100 nM to maintain PKA/PKC inhibition the duration of electrophysiological

recordings.

To test the acute effects of purified GB1y2 subunits, a generous gift from Dr. Alan
Smrcka of 46 uyM GB1-His6-y2 in a stock solution containing 50 mM NaCl, 20 mM
HEPES, 1% CHAPS, and protease inhibitors at pH 8.0 was diluted with a solution

containing 0.1% CHAPS then directly added to the intracellular Ina recording pipette
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solution (described above) to give final purified GB1y2 concentrations between 20 and
100 nM in 0.02% CHAPS. Ina recordings were then performed immediately after gaining
whole cell access as purified GB1y2 subunits were assumed to diffuse into the

cytoplasm immediately after rupturing the membrane.

Whole cell GIRK1/2 recording

K* current from HEK cells stably expressing GIRK1/2 channel subunits was performed
with the same whole cell methods describe above except for the use of different
solutions and voltage clamp protocols. The intracellular solution contained the following
(in mM): 130 KCI, 20 NaCl, 5 EGTA, 5.46 MgClz, 2 Mg-ATP, 0.2 Na-GTP, 10 HEPES
(pH 7.4). Extracellular solution contained the following (in mM): 20 KCI, 120 mM NaCl,
0.5 CaClz, 2 MgClz2, 10 HEPES (pH 7.4). The amplitude and [-V relationship of GIRK1/2
currents were evoked using 1 s long hyperpolarizing voltage steps from +50 mV to -120
mV in -10 mV intervals) from a holding potential of -50 mV (Ek = 50 mV with 20 mM
Kout). GIRK currents were recorded at baseline and subtracted from currents elicited in
the presence of 1 mM Ba?* then normalized to cell capacitance to obtain current density

which was used to plot I-V curves.

Brain Slice Preparation

Acute brain slices were prepared as described previously (Hull et al. 2020) Briefly, mice

were anesthetized with isoflurane anesthesia and decapitated. Brains were carefully
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removed from the skull and placed in ice-cold carbogen-aerated slice solution
containing (in mM): 110 sucrose, 62.5 NaCl, 2.5 KCI, 6 MgClz, 1.25 KH2PO4, 26
NaHCOs, 0.5 CaClz, 20 D-glucose, pH 7.35-7.40. Brains were blocked and slices were
cut using a vibrating microtome (Electron Microscopy Sciences) in 250 ym thick coronal
sections from prefrontal cortex. Slices were incubated in an aerated holding chamber
containing slice solution for 30 minutes at room temperature and then incubated in 1:1
slice:artificial cerebrospinal solution (ACSF) for 30 minutes at 35°C. ACSF contained in
mM (125 NacCl, 2.5 KClI, 1 MgClz, 1.25 KH2PO4, 26 NaHCOs, 2 CaClz, and 20 D-glucose
(pH 7.35-7.40). Slices were then aerated in a holding chamber containing 100% ACSF

for at least 30 min at room temperature before recording.

Action potential recording and analysis

Individual brain slices were placed in an RC-26 recording chamber (Warner
Instruments) and superfused with aerated ACSF at a flowrate of 2-3 mL/min. Layer 2/3
or 5 pyramidal neurons were identified based on their soma size, shape, and location
using an A1R upright confocal microscope (Nikon) equipped with IR-DIC optics and a
40X water immersion objective. Only vertically oriented pyramidal cells were selected
for recording. Recording electrodes had a resistance of 4-8 MQ with solutions
containing (in mM): 140 K-Gluconate, 4 NaCl, 0.5 CaClz, 10 HEPES, 5 EGTA, 5
phosphocreatine, 2 Mg-ATP, and 0.4 GTP (pH 7.2-7.3 with KOH). The junction potential
was calculated to be 14.3 mV using the P-clamp junction potential calculator and all

values presented in the study as uncorrected values. Following break in at -94.3 mV in
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voltage clamp mode, the resting membrane potential was defined as the membrane
potential in current clamp <10 s after initial break in for baseline. Repetitive action
potential firing was elicited in whole-cell current clamp from the resting membrane
potential in 1 s long current injections in 10 pA steps from -20 pA to +400 pA. There was
a 1 s long 0 pA current injection between each sweep. Data were acquired at 20 kHz
and were filtered at 10 kHz. Cells with an access resistance measured in voltage clamp
>20 MQ or RMP more depolarized than -64.3 mV were not used. Access resistance and
pipette capacitance were compensated using bridge balance. Whole cell capacitance
was measured using P-clamp whole cell capacitance compensation in voltage clamp
with 10 mV depolarizing steps from -94.3 mV. Automated action potential (AP)
quantification and analysis was performed using custom MATLAB (MathWorks)
software. APs were defined as the voltage crossing 0 mV after a dV/dt>10 mV/ms,
defined here as the AP threshold. Input resistance was calculated using Ohm’s law with

a -10 pA current injection from the resting membrane potential after 250 ms.

Spontaneous inhibitory postsynaptic current (sIPSC) recordings

sIPSCs were recorded in layer 2/3 pyramidal cells from somatosensory cortical slices
prepared as described above. The pipette solution consisted of (in mM) 140 CsCl; 0.4
GTP; 2 Mg-ATP; 0.5 CaClz; 5 Naz-Phosphocreatine; 5 EGTA-CsOH; 10 HEPES (pH 7.3
adjusted with CsOH). Nearly symmetric external and internal [CI7] resulted in inward
currents that were strictly GABAergic when the cells were held in voltage clamp at

—-70 mV after constant perfusion of 10 uM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
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and 100 yuM amino-5-phosphonopentanoic acid (APV) in the external solution to block
glutamate receptor-mediated excitatory postsynaptic currents. As with all other patch
clamp recordings performed in this thesis work, acute application of drugs was achieved
via gravity-powered perfusion with a flow rate of 2-3 mL/min. sIPSCS were recorded for
2 min at a sampling rate of 10 kHz and filtered at 2 kHz with a Digidata 1440A interface
and analyzed using pClamp10 or 11 (Molecular Devices, Sunnyvale, CA). All
experiments were carried out at RT (22-25°C). The mean decay time constants,
frequency and amplitudes of sIPSCs were analyzed using MiniAnalysis 6.0.3 programs
(Synaptosoft Inc., Decatur, GA). Unless otherwise specified, synaptic events per cell
collected over a 2 min period were averaged to calculate the decay, frequency, and
amplitude of sIPSC. Cumulative probability distributions were calculated by sampling
100 random events from each neuron and combining across neurons to compare
conditions. All results were plotted in GraphPad Prism (GraphPad; LaJolla, CA). Data
are presented as mean value £ SEM, where n or N represent number of cells or
animals, respectively. Statistical significance was determined using unpaired Student’s

t-test unless stated otherwise. A P value < 0.05 was deemed significant.

Statistical analysis

All data analysis of the recorded Ina was performed using the software packages
Clampfit v10.4 (Molecular Devices), Microsoft Excel, Graph Pad Prism v9.0 (San Diego,
CA). Active and passive neuronal properties of brain slice recordings were analyzed
using custom MATLAB (MathWorks) software. Results are presented as mean + S.E

unless indicated otherwise.
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Chapter IV. Conclusions

This thesis work advances knowledge in two areas of neuropharmacology that are
relevant to the treatment of developmental and epileptic encephalopathies: selective
inhibition of the major brain voltage-gated sodium channel (VGSC) subtype Nav1.6, and
in extending our understanding of basic neuromodulatory mechanisms involving VGSCs
and G-protein By subunits. Together, the intellectual advancements presented in this
thesis may provide new ideas for the treatment of sodium channel and GNB1-linked

developmental and epileptic encephalopathies.
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Subtype Selective Small Molecule Therapeutics for Sodium Channel-linked DEE

Small molecules selectively targeting structural regions of unique VGSC a subunits
have largely failed to achieve clinical efficacy thus far. VGSC subtypes display very high
amino acid sequence homology and even minor off-target engagement of other
subtypes can lead to dangerous side effects. In Chapter Il, we showed the previously
reported Nav1.6 selective inhibitor, 4,9-anhydrotetrodotoxin (4,9-ah-TTX), also blocks
Nav1.1 at low nanomolar concentrations. This finding suggests 4,9-ah-TTX is an
inappropriate reagent to experimentally isolate Nav1.6 activity in vitro. Moreover, it
dramatically narrows the selectivity index of 4,9-ah-TTX and discourages further efforts
to develop the compound as a Nav1.6 selective therapeutic (see WIPO Patent #:
WO2007110220A1). In hindsight, the discovery that 4,9-ah-TTX inhibits Nav1.1 Ina at
comparable concentrations used to inhibit Nav1.6 is not that surprising. The active site
that 4,9-ah-TTX binds to on Nav1.6 is hypothesized to be very similar to that of TTX
itself, which binds deep in the outer vestibule of the pore where the residues forming the
Na* selectivity filter are located (neurotoxin receptor site 1). This region of the channel is
identical in amino acid sequence between human Nav1.6 and Nav1.1 (see Fig. 2.10),
and even surrounding residues show very high homology between the two subtypes.
New ideas and creative approaches are needed for subtype selective VGSC small

molecules to succeed as useful therapeutics.
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One approach to enhance selectivity involves targeting the C-terminal domain of brain
VGSCs, as they show higher amino acid sequence divergence and are a common site
for protein-protein interactions with other signaling molecules. For example, recent
research has explored fibroblast growth factor (FGF) polypeptides as VGSC interacting
proteins for their subtype selective therapeutic potential (Ali et al. 2016). FGF-14 shows
a selective interaction with the C-terminal domain of Nav1.6 and the therapeutic
potential of this functional relationship is currently being explored for selective small
molecule drug development (Lou et al. 2005, Laezza et al. 2009, Ali et al. 2016, Ali et al.

2018, Singh et al. 2021).

This thesis work further supports the idea that the VGSC a subunit homology problem
may be successfully circumvented to create selective VGSC small molecules by
targeting signaling proteins that uniquely interact with the C-terminus of specific
subtypes. G protein By subunits are thought to bind to the distal C-terminus of Nav1.2
and presumably other brain VGSC subtypes, like Nav1.6. Our work showing a
differential functional interaction of GB1y2 with brain VGSC subtypes may be due to
differences in the way the GB1y2 interacts with the C-terminus of Nav1.1, Nav1.2 or
Nav1.6. Further characterization of the GBy binding site and subtype variation in this

binding site are needed to advance this pursuit.

164



GBy Modulation of VGSCs

In his elegant review of G-protein modulation of ion channels (Dascal 2001), Dr. Nathan
Dascal set forth four criteria that must be experimentally satisfied to determine direct

activation of an ion channel by G-proteins:

1. “GPCR ligand is shown to modulate the activity of the ion channel AND G-
proteins themselves are implicated in ion channel regulation.”

2. “The G-protein mimics the effect of the hormone or neurotransmitter in a
‘membrane-delimited” fashion-“directness” of the channel regulation by G
proteins”

3. “The G protein subunit physically interacts with the channel.”

4. “Prevention of G protein binding to its binding site abolishes the regulation.”

Some but not all conditions of the four criteria listed above have been experimentally
satisfied to support direct GBy modulation of VGSCs (Ma et al. 1994, Ma et al. 1997,
Mantegazza et al. 2005, Mattheisen et al. 2018). | will review the previous evidence
(and lack thereof) for each criterion and incorporate any further advancements

presented in this thesis work to support direct GBy modulation of brain VGSCs.
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#1: GPCR ligand is shown to modulate the activity of the ion channel AND G-proteins

themselves are implicated in ion channel requlation.

Multiple GPCR ligands present in neurons have been shown to modulate VGSC
function, including dopaminergic activation of D1 and D2-like dopamine GPCRs,
cholinergic activation of muscarinic acetylcholine GPCRs and serotonergic activation of
5HT1a, 5-HT2 GPCRs (Cantrell and Catterall 2001). However, evidence suggests the Ina
modulation produced after ligand activation of these GPCRs is mediated almost
exclusively through PKA, PKC or phosphorylation-dependent pathways (Scheuer and
Catterall 2006, Scheuer 2011). Alternatively, G-proteins themselves have been
implicated, as addition of GTPyS to the intracellular pipette solution has been shown to
modulate Ina in multiple studies (Ma et al. 1994, Mattheisen et al. 2018). Mattheisen and
colleagues provided strong evidence for satisfying criteria #1 by showing that acute
application of the GPCR ligands, anandamide and cinacalcet, inhibit Ina in cultured
cortical neurons (Mattheisen 2018, Mattheisen et al. 2018). This GPCR mediated Ina
inhibition is significantly reduced in the presence of GDPS, suggesting a G-protein
dependent effect. However, surprisingly, selective deletion of the GPCR thought to
mediate the ligand action (CB1 for anandamide and CaSR for cinacalcet) did not impact
the Ina inhibition. These results leave open questions about the identity of the GPCR(s)
driving G-protein mediated Ina modulation in neurons, and if GBy subunits are the

necessary G-proteins in this pathway.
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#2: The G-protein mimics the effect of the hormone or neurotransmitter in a “membrane-

delimited” fashion-“directness” of the channel requlation by G proteins.

In the context of G-protein modulation of ion channels, the term membrane-delimited is
defined as a direct effect on the function of an ion channel exerted by the G-protein(s)
that is independent of diffusible 2" messengers and cytoplasmic signaling proteins. Of
the four criteria needed to satisfy direct GBy modulation of brain VGSCs, #2 is lacking
the most experimental evidence thus far. Interestingly, Surmeier and Kitai found that
D2-agonist mediated decrease of Ina in striatonigral neurons was observed in the whole
cell configuration but absent in the cell-attached configuration, suggesting a membrane-
delimited pathway (Surmeier and Kitai 1993). This observation is far from conclusive,
and the direct effects of acutely applied exogenous GRy subunits or endogenously
activated GBy subunits need to be demonstrated for proper satisfaction of criterion #2. |
attempted to test the acute effects of Gy subunits on VGSC function using whole cell
patch clamp with two different methods. One method involved the inclusion of purified
GB1y2 subunits into the intracellular pipette solution and the other employed a small
molecule activator of endogenous GRy. Both were unsuccessful, as methodological
complications deemed the results uninterpretable when testing intracellular purified GBy

subunits in whole cell Ina recordings.

No experiment evaluating the acute effects of purified GBy subunits on VGSC function

in heterologous cells or neurons has been reported yet. | attempted to evaluate the

acute effects of purified GB1y2 on HEK Nav1.1 peak Ina density over time (Fig. 4.1), but
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numerous complications including confirming the diffusion and concentration of
exogenous GB1y2, and use of the CHAPS detergent to maintain solubility of purified
GB1y2 subunits causing disruption of the GQ seal ultimately compromised a useful

interpretation of the results.
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Figure 4.1 Effects of 100 nM purified GB1y2 on whole cell Na,1.1 peak Ina density over time
using a depolarizing step from -70 mV to 0 mV repeating @ 0.2 Hz. (A) Change in Nav1.1 peak Ina
density after an approximately 10 min diffusion of purified GBy. (B) Control time course of peak Ina
density with 0.02% intracellular CHAPS. (C) Time course of peak Ina density during diffusion of 100
nM purified GB1y2 + 0.02% intracellular CHAPS. Each data point in B and C represents the peak
HEK Nav1.1 Ina density measured in a step from -70 mV to 0 mV every 4.9 s.
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Surfen (1,3-bis(4-amino-2-methylquinolin-6-yl)urea) is a small molecule reported to
dissociate GB1y2 from Ga-GDP when applied to intact cells without inducing nucleotide
exchange in the Ga subunit in vitro (Surve et al. 2014). | attempted to use this tool to
activate endogenous or exogenously expressed Gy subunits while recording Nav1.6
Ina in HEK cells but observed no effects (data not shown). Attempts to validate surfen as
a tool to explore endogenous Gy modulation of GIRK1/2 channels (a known target of
membrane-delimited GBy modulation) expressed in HEK cells showed no difference in
whole cell GIRK |-V relationships in the presence of 10 uM surfen compared to
baseline. Therefore, we deemed surfen not useful for further experimental pursuit of

membrane delimited GRy modulation of VGSCs.

My attempts to advance evidence in support of criterion #2 were unsuccessful and more
work is needed to better understand the acute and direct impact of GBy subunits on
VGSC function in neurons. Inside-out patch recordings in the presence and absence of
acutely perfused purified GRy subunits from membrane patches of neurons or even
heterologous cells expressing brain VGSCs may reveal many insights. Alternative
methods involving the use of animal opsins (especially those that use bistable
pigments) that respond to different wavelengths of light stimulation and are directly
coupled to various Ga subunits (Fig. 4.3) may one day be used in a noninvasive manner
to probe the direct effects of endogenous GRy on VGSC function. Strategic expression
of animal opsins while using optogenetic patch clamp electrophysiology techniques to
directly dissociate endogenous Gy from Ga would permit the evaluation of

endogenous Gy modulation of VGSC function in neuronal preparations.
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Figure 4.2 Acute effects of 10 uM surfen on I-V relationship of GIRK1/2 channels stably
expressed in HEK cells. (A) |-V curve of GIRK1/2 channels in the presence and absence (control) of
10 uM surfen hydrate. (B) Representative individual |-V curves of cells at baseline (control), 10 yM
surfen (red), 1 mM Ba?* (grey), or 10 uM of the GIRK activator ML-297 (blue).
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Figure 4.3 Various opsins that respond to different wavelengths of light and couple to different
Ga subunits. (Adapted from Terakita et al. 2015)
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#3: The G protein subunit physically interacts with the channel.

GpB subunits coimmunoprecipitate with VGSC Ga subunits in mouse culture cortical
neurons, supporting the physical association between Gy and VGSCs in a complex,
but does not provide information on direct protein-protein interactions (Marin et al.
2001). This thesis work presents evidence of physical and functional interactions
between GBy subunits and the VGSC complex through Nay81 subunits in mouse whole
brain (Fig.3.2). Further work is needed to provide more convincing support for the
physical interaction between Gy and VGSC a subunits in physiologically relevant
neuronal environments such as whole brain preparations. The gold standard to
convincingly support a physical interaction would be X-ray crystallographic or Cryo-EM
analysis of GBy in complex with a VGSC. Mantezzaga et al. proposed that the distal
portion of the C-terminus (last 28 amino acid residues) are necessary for Gy
modulation of Nav1.2 persistent Ina (Mantezzaga et al. 2005). This thesis work motivates
deeper investigation into the C-terminus as the site of interaction for GBy modulation of
Nav1.6, and if this region is the same site determining GBy modulation of persistent and

transient Ina in brain VGSC subtypes.
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#4: Prevention of G protein binding to its binding site abolishes the requlation.

As previously mentioned, the binding site of GRy subunits to brain VGSC a subunits is
not completely understood yet. Studies using truncation mutants and chimeras of
Nav1.2 with other subtypes suggest the binding site is located on the last 28 amino acid
residues of the C-terminus of Nav1.2 (Mantezzaga et al. 2005). A synthetic peptide
containing the proposed QxxER Gy binding motif derived from adenylyl cyclase 2
(AC2: QEHA QYMHIGTMVEFAYALVGK) reversed the effect of transiently co-
expressed GB2y3 on Nav1.2 Ina Wwhen added to the intracellular recording pipette at 100
MM (Ma et al. 1997). The AC2 peptide has been previously shown to block GBy
modulation of numerous effectors including K* channels, GRK2, and PLC3 (Chen et al.
1995, Ma et al. 1997). Another synthetic peptide (DALRI FMASNPSKVSYEPIT)
derived from a region in the distal C-terminus in rat Nav1.2 (hypothesized as the GBy
binding site) also reversed the effect of GB2y3 on Nav1.2 (Ma et al.1997). Prevention of
GB2y3 binding to Nav1.2 by co-expression of Gai or Gao also significantly reduced

GPB2y3 modulation of Nav1.2 Ina (Ma et al. 1997).

The experiments presented in this thesis did not directly attempt to prevent GB31y2
binding to Nav1.6 or Nav1.1. Our co-immunoprecipitation/LS-MS/MS experiments
indicate that NavB1 subunits associate with GRy in mouse whole brain. We also showed
that coexpression of NavB1 can disrupt the GB1y2 modulation of Nav1.1, but not Nav1.6.

This raises the question of if GB1y2 binds to Nav1.1 at a site overlapping with the
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Nav1.1/Nav1 interface. More research is needed to understand the binding site of GBy
subunits to brain VGSC subtypes. A greater understanding of the structural details
involved in the physical interaction between Gy and VGSC a and B subunits will likely

reveal key functional insights into this important neuromodulatory relationship.

Much progress has been made in the study of GBy modulation of VGSCs. The work
presented in this thesis has expanded our understanding of VGSC Nav1.6, Nav1.1 and
NavB1 subunits as targets of GBy signaling, however, many knowledge gaps remain.
Hopefully these advancements will motive further study of this neuromodulatory
signaling pathway in heterologous cells, and most importantly, native neuronal

preparations.
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Cellular and Circuit Level Origins of Epilepsy in Gnb1X78R* Mice

Recent evidence has shown that Gnb7X78~* mice display spontaneous seizures and
spike and wave discharges (SWD) in vivo (Teng et al. 2022), an EEG hallmark of
absence epilepsy. It is well established that absence epilepsy is a disorder of
thalamocortical (TC) networks. Widespread synchrony is prominent in absence
networks, as action potential firing is highly synchronized in thalamocortical loops during
the spike phase of SWD. Indeed, Teng and colleagues recently provided in vivo
evidence that TC circuits are involved in the SWD Gnb1K78** phenotype (Teng et al.
2022). The thalamic reticular nucleus (TRN) and TC areas are two subcortical regions
highly influential in absence epilepsy. Inhibitory neurons of the TRN and excitatory TC
neurons are thought to be primary cell types involved in generating SWD (Huguenard
2019). The TRN is comprised of GABAergic neurons that provide both feedforward and
feedback inhibition to excitatory TC relay neurons of various thalamic nuclei. TC relay
neurons show high expression of low-voltage-activated T-type VGCCs (Cav3.1),
endowing them with the ability to fire bursts of action potentials after hyperpolarization.
Teng et al. proposed that SWD are a pathophysiological transformation of sleep
spindles and, based on the observation that SWD occur predominately in the awake
state in multiple mouse models of absence epilepsy (including Gnb7%78)* mice),
hypothesized that sensory input stimulates greater frequency and duration of SWD in
Gnb1X78* mice (Teng et al. 2022). This is an intriguing hypothesis, however, there is a

difference between a positive correlation of SWD occurrence in the awake state and
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sensory input regulating the generation of SWD. More research characterizing the
relationship between sensory input and SWD incidence using methods with better

temporal and spatial resolution than fiber photometry is needed to support this claim.

As a pharmacologist trying to understand the pathophysiological mechanisms
underlying a particular aspect of disease, my training has taught me to follow the
mechanism of action of drugs that are shown to be effective in treating those symptoms.
Ethosuximide (ETX) has shown efficacy in reducing the bursting activity of Gnb 1X78R/*
cultured neurons in vitro and suppressing SWD of Gnb1X78R* mice in vivo (Colombo et
al. 2019). ETX and related succinimides are thought to block T-type Cav3 channels to
exert their anti-absence effects. ETX was shown to inhibit T-type Ca?* channels in
acutely dissociated thalamocortical neurons at concentrations between 250-750 yM
(Coulter et al. 1989, Coulter et al. 1990, Huguenard and Prince 1994). However, T-type
Cav3 channels being the primary anti-absence mechanism of ETX is somewhat
controversial (Crunelli and Leresche 2022) because ETX also inhibits numerous ion
channels (including VGSCs and GIRK channels) at therapeutic concentrations (0.5 -1
mM) in neurons and heterologous cells (Marfia et al. 2000, Kobayashi et al. 2009).
Reddy and colleagues proposed that GIRK inhibition is the primary anti-absence
mechanism of ETX in treating SWD in Gnb1X78~R* mice (Reddy et al. 2021). To my
knowledge, virtually all the work showing direct action of ETX on GIRK channels has
been performed in Xenopus oocytes and further work in mammalian cells and neuronal

preparations is required to test this hypothesis.
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This thesis work highlights a major role for Nav1.6 inhibition by GB1y2, which may be a
relevant interaction in the epilepsy phenotype of Gnb 1¥78R* mice and GNB1-E patients.
Interestingly, the GBX"8Ry mutant shows increased levels of expression in oocytes
compared to wildtype GBy (Reddy et al. 2021), although Colombo and colleagues saw
no difference in GB1 expression of PO Gnb1X78~* cortex compared to wildtype (Colombo
et al. 2019). Nevertheless, if GNB7-E patient neurons have increased free Gy levels or
if the GBX78Ry mutant shows GOF for the interaction with Nav1.6, this could lead to
pathological inhibition of Nav1.6. Makinson et al. showed that knockdown of Scn8a in
TRN cells is sufficient to induce absence epilepsy (Makinson et al. 2017). Selective
deletion of Scn8a in excitatory and/or inhibitory neurons leads to absence seizures
(Makinson et al. 2017). It's hypothesized that loss of Scn8a disrupts the excitability of
TRN neurons and recurrent TRN synaptic inhibition. Additionally, the loss of Scn8a
leads to hypoexcitable cortical circuits which leads to convulsive seizure protection
(Makinson et al. 2017). Collectively, these data highlight the need to further explore the
implications of GBy inhibition of Nav1.6 in the cellular and circuit level mechanisms

underlying the epilepsy of GNB1-E.

Our work showing a significant reduction in sIPSC frequency, but not amplitude,
suggests Gnb1X78R* mice have a deficit in presynaptic inhibitory neurotransmission of
cortical layer 2/3 pyramidal neurons. One possible reason for this result is the difference
in whole cell evaluation of intrinsic firing properties of layer 5 pyramidal neurons could

mask the cortical network deficits that are present when recording postsynaptic
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currents. A preferential deficit in inhibitory transmitter release has been proposed as a
primary mechanism in the Gnao1 encephalopathy mouse model (Feng et al. 2022). The
authors propose that Gnao1 haplodeficient mice have more free GBy available due to
the reduced expression of Gao. In turn, the increased Gy may lead to greater inhibition
of synaptic proteins involved in vesicle formation and fusion such as SNARE and
SNAP-25. This hypothesis motivated our experimental assessment of cortical inhibitory
transmission in the Gnb1¥78R* mouse model. We were quite surprised to find a
reduction in presynaptic inhibitory transmission, and future directions will include an

analysis of excitatory postsynaptic currents in Gnb 7K78R"* cortical networks.

Further supporting a deficit in presynaptic inhibitory transmission as the primary
candidate for a cellular mechanism of epilepsy in Gnb1X78R* mice, GB1y2 has been
shown to regulate Ca?*-triggered vesicular exocytosis (Blackmer et al. 2005). Using
rotating disk electrode voltammetry, Blackmer et al. assessed the impact of over 15 G31
mutants on GB1y1 and GB1y2 inhibition of Ca?*-triggered norepinephrine secretion in
PC12 cells. The GB1 K78A mutant showed the highest potency for inhibiting Ca?*-
triggered norepinephrine secretion (Blackmer et al. 2005). This result highlights the K78
residue as a key site in GB1y2 interactions with synaptic machinery. Moreover, these
data further support the disruption in GB1y2 inhibition of GABAergic release as a lead

candidate for the epileptic mechanism of the Gnb1¥"8R* mouse model of GNB1-E.
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