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Yanling Pan 
 

VOLTAGE-GATED SODIUM CHANNEL NAV1.6 S-PALMITOYLATION 
REGULATES CHANNEL FUNCTIONS AND NEURONAL EXCITABILITY  

 
The voltage-gated sodium channels (VGSCs) are critical determinants of 

neuronal excitability. They set the threshold for action potential generation. The 
VGSC isoform Nav1.6 participates in various physiological processes and 
contributes to distinct pathological conditions, but how Nav1.6 function is 
differentially regulated in different cell types and subcellular locations is not 
clearly understood. Some VGSC isoforms are subject to S-palmitoylation and 
exhibit altered functional properties in different S-palmitoylation states. This 
dissertation investigates the role of S-palmitoylation in Nav1.6 regulation and 
explores the consequences of S-palmitoylation in modulating neuronal excitability 
in physiological and pathological conditions.  

 
The aims of this dissertation were to 1) provide biochemical and 

electrophysiological evidence of Nav1.6 regulation by S-palmitoylation and 
identify specific S-palmitoylation sites in Nav1.6 that are important for excitability 
modulation, 2) determine the biophysical consequences of epilepsy-associated 
mutations in Nav1.6 and employ computational models for excitability prediction 
and 3) test the modulating effects of S-palmitoylation on aberrant Nav1.6 activity 
incurred by epilepsy mutations.  

 
To address these aims, an acyl-biotin exchange assay was used for S-

palmitoylation detection and whole-cell electrophysiology was used for channel 
characterization and excitability examination. The results demonstrate that 1) 
Nav1.6 is biochemically modified and functionally regulated by S-palmitoylation in 
an isoform- and site-specific manner and altered S-palmitoylation status of the 
channel results in substantial changes of neuronal excitability, 2) epilepsy-
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associated Nav1.6 mutations affect different aspects of channel function, but may 
all converge to gain-of-function alterations with enhanced resurgent currents and 
increased neuronal excitability and 3) S-palmitoylation can target specific Nav1.6 
properties and could possibly be used to rescue abnormal channel function in 
diseased conditions. Overall, this dissertation reveals S-palmitoylation as a new 
mechanism for Nav1.6 regulation. This knowledge is critical for understanding 
the potential role of S-palmitoylation in isoform-specific regulation for VGSCs and 
providing potential targets for the modulation of excitability disorders. 

 
 
 

 
Jason S. Meyer, Ph.D., Chair 
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I. INTRODUCTION 
A. Overview of the thesis project 

 
Signal transduction in the nervous system depends on the ability of 

neurons to generate and propagate action potentials. As the common neuronal 
output, action potential generation permits synaptic release for intercellular signal 
transmission. By backpropagating to the soma and dendrites, action potentials 
modulate somatodendritic inputs, influencing synaptic plasticity, signal integration 
and ultimately axonal output. The threshold for action potential generation is set 
by voltage-gated sodium channels (VGSCs). Thus, they are ideally positioned to 
regulate neural signal transduction, and their malfunction can cause severe 
neurological and psychiatric diseases, including epilepsy, pain, motor disorders, 
autism, cognitive deficits and schizophrenia.  

 
The VGSCs are tightly regulated. The intrinsic properties of these 

channels are determined by their molecular structure. Their biophysics are 
modulated by an intricate network of interacting proteins. Additionally, the 
VGSCs are subject to a wide range of post-translational modifications that can 
exert profound impact on channel activity. Importantly, these modifications are 
dynamically regulated by neuronal activity, extracellular signals, as well as 
intracellular signaling pathways, engaging the channels in various interactive 
cellular processes. Despite four decades of research, the complexity of VGSC 
modulation is still being determined. This dissertation explores a novel 
mechanism of VGSC regulation. 

 
S-palmitoylation has emerged as a new mechanism that regulates protein 

functions. As a post-translational modification, S-palmitoylation covalently 
attaches a long-chain fatty acid to proteins and alters their hydrophobicity; 
consequently, S-palmitoylation regulates intracellular trafficking and membrane 
association. Notably, S-palmitoylation is the only lipid modification that is 
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reversible. The cycle of palmitoylation – depalmitoylation empowers S-
palmitoylation to regulate protein functions in a dynamic fashion. Indeed, the 
activity-dependent localization of a great variety of synaptic proteins relies on the 
rapid cycle of S-palmitoylation on these proteins. However, the functional 
significance of S-palmitoylation of VGSCs is understudied and underestimated. 
This dissertation focuses on the investigation of S-palmitoylation of the VGSC 
isoform Nav1.6.  

 
Nav1.6 has powerful control over neuronal excitability. It is ubiquitously 

expressed in both the central nervous system and the peripheral nervous system 
and has high density at the axon initial segment (AIS), where action potentials 
are initiated. Nav1.6 is unique in its biophysical properties and supports high 
frequency repetitive firing in many neuronal cell types. Dysfunction of the channel 
has been associated with severe neurological disorders. This dissertation 
examines the biological consequences of Nav1.6 S-palmitoylation and the 
potential to regulate Nav1.6 activity with isoform specificity and modulate 
neuronal excitability in physiological and diseased conditions. 

 
Overall, this dissertation reveals S-palmitoylation as a crucial mechanism 

for VGSC regulation with site- and isoform-specificity. This knowledge 
contributes to the understanding of the complex network of VGSC regulation and 
identifies a new strategy to modulate VGSC activity and neuronal excitability in 
diseased conditions.  

 
B. Neuronal excitability and action potential generation  

 
Excitability of a neuron is defined by its ability to generate action 

potentials. It is determined by the composition, distribution, and properties of ion 
channels in the plasma membrane. These include Na+-K+ pump, Ca2+ pump, 
Na+-Ca2+ exchanger, Na+-K+-Cl− cotransporter, and K+-Cl− cotransporter that 
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regulate the chemical concentration gradients of Na+, K+, Ca2+, and Cl− ions 
across the plasma membrane, setting the steady state resting membrane 
potential; a set of voltage-dependent Na+ and K+ channels that rapidly disturb the 
resting ionic balance and generate the action potential; as well as other voltage-
gated Ca2+ and HCN channel that help shape the amplitude and time course of 
the action potential (Kandel, Schwartz et al. 2000). Slight alteration of the 
biophysics of these channels can have profound impact on neuronal excitability.  

 
Action potential generation involves a series sequential events (Fig.1). As 

the membrane depolarized, voltage-gated sodium channels are activated and 
rapidly open, producing inward Na+ current that counteracts the outward K+ and 
resting currents and further depolarizing the membrane in a graded manner. This 
drives the membrane potential towards the threshold voltage for action potential 
generation. Once the threshold voltage is reached, an action potential is 
generated, leading to even more Na+ channels being activated in a regenerative 
manner. The Na+ influx pushes the membrane potential towards the reversal 
potential for Na+, accounting for the rising phase of the action potential. The 
action potential starts to decay when voltage-gated sodium channels gradually 
inactivate, decreasing the inward current. Concurrently, voltage-gated potassium 
channels open, producing outward K+ current that counteracts the residual Na+ 
current. Then the outward K+ current starts repolarizing the membrane potential, 
accounting for the falling phase of the action potential. The non-inactivating K+ 
current also contributes to a small hyperpolarizing after-potential before the 
membrane potential recovers to its resting level. 
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modified from (Kandel, Schwartz et al. 2000) 

Figure 1. The sequential opening of voltage-gated Na+ and K+ channels 
generates the action potential. 
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C. VGSC structure and functions 
 

1. Structure 
 

The VGSC is a pore-forming multi-pass transmembrane protein comprised 
of a α subunit and multiple β subunits (Fig.2).  

 
The VGSC α subunit is a single polypeptide chain of about 2000 residues 

that folds into four homologous but non-identical domains (DI-DIV). Each domain 
contains six transmembrane segments (S1-S6) (Fig.2). S1-S4 comprise the 
voltage sensors (Catterall 2010), while S5-S6 combine to form the sodium 
conducting pore with Asp/Glu/Lys/Ala (DEKA) residues from the four domains 
constituting the Na+ selectivity filter. These regions are essential for normal 
voltage sensing and sodium ion selectivity. The extracellular loops are frequent 
binding sites for peptidic gating modifier toxins like conotoxins, protoxins and 
huwentoxins (Pan, Li et al. 2019, Shen, Liu et al. 2019). The intracellular loops 
and cytosolic N- and C-terminal domains are heavily involved in protein-protein 
interactions and are subject to extensive post-translational modifications (Pei, 
Pan et al. 2017).  

 
VGSC β subunits were initially identified as auxiliary components of the 

VGSC complex that facilitate α subunit functions, but now they are considered 
multifunctional signaling proteins that also function without the α subunits, for 
example, for cell adhesion and gene regulation (O'Malley and Isom 2015). Four β 
subunits, Navβ1-4, have been identified. They are encoded by SCN1B, SCN2B, 
SCN3B, SCN4B respectively. Navβ subunits are single transmembrane proteins 
with an extracellular N-terminal Ig domain and an intracellular C-terminal domain. 
β1 and β3 form non-covalent interaction with α subunits with their N- and C-
termini (McCormick, Isom et al. 1998, Meadows, Malhotra et al. 2001, 
Spampanato, Kearney et al. 2004), while β2 and β4 form covalent disulfide 
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bonds with α subunits via cysteines in their extracellular immunoglobulin domains 
(Ferriera, Lilly et al. 2003, Gilchrist, Das et al. 2013). 

 
2. Activation 

 
The gating of a VGSC is steeply dependent on the plasma membrane 

potential. The channel is in resting / closed state at resting membrane potential. 
Upon membrane depolarization, it activates, allowing sodium influx, and rapidly 
inactivates, occluding the ion conducting pore. In the inactivated state, the 
channel is refractory to further depolarization and cannot be activated again 
before it recovers from inactivation at hyperpolarizing potential (Fig.2C). These 
transitions between resting, activated and inactivated states are realized by 
sophisticated conformational changes of the channel in response to membrane 
potential change.  

 
The voltage-dependent property of VGSCs is conferred by the VSDs 

along with the S4-S5 linkers. The VSDs are relatively independent to the S5-P-
S6 pore domain (PD), except for the interaction of S4-S5 linker with the Pro-X-
Pro motif in S6, serving to couple voltage sensing to pore opening and closing 
(Long, Campbell et al. 2005). Voltage sensing by the VSD is mainly carried out 
by the movement of S4, which typically contains five positively charged residues 
(4 arginines and 1 lysine) at every third positions in the transmembrane segment. 
In response to depolarization of the membrane electric field, S4s move outward 
with a screw motion, bringing its gating charges nearer to the extracellular face of 
the membrane (Pathak, Yarov-Yarovoy et al. 2007). Upon completion of the final 
outward motion, the last gating charge residue (Lys5) in S4 interacts with a Phe 
occluding residue that prevents further movement of S4 (Tao, Lee et al. 2010), 
while the first four gating charges (Arg1-Arg4) form transient salt bridges with 
acidic residues in S1 and S2, stabilizing the S4 position. This converts the 
channel into an activated-not-open state. A concerted movement of S4, S5, S4-
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S5 linker and S6 in all four domains transforms the channel into the open state, 
completing the channel activation (Jensen, Jogini et al. 2012).  

 
3. Inactivation 

 
During voltage sensing, only the movements of S4s in DI-III are 

considered to be responsible for channel activation, while the relatively slower 
movement of DIV S4 is involved in channel inactivation. It has been proposed 
that the delayed movement of S4 in DIV in response to voltage change accounts 
for the voltage dependence of VGSC inactivation, explaining the strong voltage-
dependence of VGSC inactivation. This fits perfectly with the Hodgkin-Huxley 
model that predicts three activation gates and one single inactivation gate in a 
VGSC (Schwiening 2012). It has now been confirmed that the inactivation 
particle locates in the intracellular linker of DIII-IV with a key motif containing 
three highly conserved hydrophobic residues (ile/phe/met, IFM) (West, Patton et 
al. 1992, Eaholtz, Scheuer et al. 1994). Upon occlusion of the channel pore, the 
IFM inactivation particle is stabilized by binding to specific residues in the S3-S4 
linker of DIII and DIV (Lerche, Peter et al. 1997, Smith and Goldin 1997). 
Interestingly, it has been suggested that the intracellular C-terminal domain 
(CTD) also participates in stabilizing inactivation and  prevents channel 
reopening (Motoike, Liu et al. 2004, Nguyen and Goldin 2010). Indeed, the CTD 
has been shown to interact with the IFM inactivation gate via static interaction 
between charged residues (Shen, Zhou et al. 2017, Johnson, Potet et al. 2018). 
Removing any of the charges can disrupt the interaction and affect normal 
inactivation (Lee and Goldin 2008, Nguyen and Goldin 2010, Johnson, Potet et 
al. 2018). Moreover, multiple epilepsy-associated mutations in the CTD have 
demonstrated inactivation-related dysfunction, highlighting the functional 
significance of the IFM-CTD interaction for channel inactivation (Wagnon, Barker 
et al. 2016).  
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Figure 2. Voltage-gated sodium channel structure and states. 
A, Topology of a voltage-gated sodium channel showing the IFM inactivation 
particle in DIII-DIV linker as a red circle. B, Perpendicular views of a voltage 
gated sodium channel α subunit complexed with a β1 subunit. Left: Side view in 
ribbon cartoon. Yellow: VSD; light cyan: selectivity filter and P1, P2 supporting 
helices; orange: DIII-IV linker with the IFM motif shown as spheres. Right: Bottom 
view in surface presentation from (Pan, Li et al. 2018). C, Resting, activated, 
inactivated states of voltage gated sodium channel from (Kandel, Schwartz et al. 
2000). 
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D. Diversity of VGSC isoforms 
 

The VGSC family has 9 isoforms (Nav1.1 -  Nav1.9) (Catterall, Goldin et 
al. 2005). They have distinct pharmacological and biophysical properties. For 
example, the 9 isoforms are categorized according to their sensitivity to 
tetrodotoxin (TTX) block: Nav1.5, Nav1.8 and Nav1.9 are TTX-resistant with IC50 
values in the μM range, while the other isoforms are TTX-sensitive with IC50 
values in the nM range. The VGSC isoforms also have differential cellular and 
subcellular distribution (Catterall 2012) and are responsible for the electrical 
signal transduction in a wide range of physiological processes. Very generally, 
Nav1.1, Nav1.2, Nav1.3 and Nav1.6 are the major isoforms in the central 
nervous system (CNS), Nav1.4 functions in skeletal muscle, Nav1.5 is the 
cardiac sodium channel, and Nav1.6, Nav1.7, Nav1.8 and Nav1.9 are the 
predominant isoforms in the peripheral nervous system (PNS). It is important to 
note that the expression of the 9 isoforms are not restricted to their primary 
tissue. As a result, abnormal or dysregulated VGSC activity can lead to varied 
diseased conditions including epilepsy, pain, autism, cognitive deficit, cardiac 
arrhythmia, and skeletal muscle disorders. Therefore, VGSCs have long been 
therapeutically desirable targets in the drug discovery industry. However, the 
high sequence and structural conservation shared among the Navs have posed a 
significant challenge to the development of isoform-specific medicines with 
minimum side effects.  

 
The VSD and PD that convey the critical functions of voltage sensing and 

sodium conducting are highly conserved among all Nav isoforms. The relatively 
less conserved extracellular loops are frequent binding sites for peptidic gating 
modifier toxins like conotoxins, protoxins and huwentoxins (Pan, Li et al. 2019, 
Shen, Liu et al. 2019). These sites present some degree of isoform specificity, 
and thus have attracted tremendous pharmacological interest over the past two 
decades (Catterall 2012, Bagal, Marron et al. 2015). The first and second 
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intracellular loops and cytosolic N- and C-terminal domains are highly variable 
regions. Importantly, these intracellular regions are heavily involved in protein-
protein interactions and are subject to extensive post-translational modifications 
(Pei, Pan et al. 2017). Therefore, understanding the important roles of the Nav 
intracellular regions, their post-translational modifications and their interacting 
partners can provide new insight into Nav isoform-specific regulation and shed 
lights on potential strategy to target Nav with improved specificity. 

 
E. The VGSC Nav1.6 isoform 

 
1. Tissue, cell type, subcellular distribution 

 
The VGSC isoform 1.6 (Nav1.6) is encoded by the gene SCN8A. Nav1.6 

is one of the CNS isoforms of VGSC, along with Nav1.1 (SCN1A), Nav1.2 
(SCN2A) and Nav1.3 (SCN3A). It is noteworthy that Nav1.6 is the only VGSC 
isoform that is ubiquitously expressed in almost all neurons throughout the CNS 
and the PNS. This is in contrast with the region- and cell type-restricted 
distribution of other Navs. Developmentally, Nav1.6 replaces Nav1.2 and 
becomes the major Nav isoform at the axon initial segment (AIS) and the nodes 
of Ranvier in myelinated excitatory neurons (Boiko, Rasband et al. 2001, Boiko, 
Van Wart et al. 2003, Van Wart and Matthews 2006), where it plays a dominating 
role in action potential initiation and propagation (Hu, Tian et al. 2009). Nav1.6 is 
also found at the AIS of some inhibitory interneurons (Ogiwara, Miyamoto et al. 
2007, Lorincz and Nusser 2008, Makinson, Tanaka et al. 2017), although Nav1.1 
is considered to be the primary driving force for action potential initiation, and 
thus for excitability of most inhibitory interneurons. The functional significance of 
Nav1.6 in inhibitory interneurons is largely unclear. Although some evidence 
indicates a role for Nav1.6 in establishing synaptic inhibition in the thalamic 
network (Makinson, Tanaka et al. 2017), conditional expression of the epilepsy-
associated R1872W mutation in mouse inhibitory neurons did not induce 
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seizures but expression in excitatory neurons did (Bunton-Stasyshyn, Wagnon et 
al. 2019). Nav1.6 is also enriched in the inhibitory cerebellar Purkinje neurons, 
which are the sole output neurons of the cerebellar cortex and play pivotal roles 
in motor coordination, motor control and motor learning. 
 

2. Unique functional properties 
 

Nav1.6 is unique in its biophysical properties. It activates at more 
hyperpolarized voltages than Nav1.1 (Spampanato, Escayg et al. 2001) and 
Nav1.2 (Rush, Dib‐Hajj et al. 2005), allowing a lower threshold for action 
potential generation. It is also more resistant to use-dependent inactivation 
during high-frequency (Spampanato, Escayg et al. 2001, Rush, Dib‐Hajj et al. 
2005, Patel, Barbosa et al. 2016). Importantly, it can conduct higher levels of 
persistent current (Smith, Smith et al. 1998, Maurice, Tkatch et al. 2001) and 
resurgent current (Raman, Sprunger et al. 1997, Jarecki, Piekarz et al. 2010). 
Persistent currents often reflect incomplete inactivation and can contribute to 
repetitive action potential firing.  

 
Incomplete inactivation can also present as enhanced resurgent currents. 

Fig.3 shows the current understanding of the mechanism of resurgent current 
generation. When a VGSC activates and opens, an intracellular open channel 
blocker can compete with the fast inactivation gate to block sodium flux, 
mimicking the normal fast inactivation process. However, unlike the fast 
inactivation gate that remains closed during intermediate membrane 
repolarization, the open channel blocker can unbind, allowing sodium flux 
resurge and generating the resurgent current before the channel enter the fast 
inactivation or closed state. This enables the channel to bypass the fast 
inactivation state that prevents the channel from re-opening upon further 
stimulation during the refractory period. Substantial evidence indicates that in 
many neurons an open channel blocker can lead to increased probability of 
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action potential firing (Raman and Bean 2001, Khaliq, Gouwens et al. 2003). The 
Navβ4 subunit has been implicated as one likely open channel blocker 
contributing to resurgent currents and Nav1.6 has been identified as a 
predominant generator of resurgent currents in different neurons (Grieco, 
Malhotra et al. 2005, Bant and Raman 2010, Jarecki, Piekarz et al. 2010, 
Barbosa, Tan et al. 2015, Patel, Barbosa et al. 2015, Xie, Tan et al. 2016). 

 
The combination of these features makes Nav1.6 a favorable isoform to 

support high frequency, repetitive firing in a wide range of CNS neurons 
(Maurice, Tkatch et al. 2001, Khaliq, Gouwens et al. 2003, Do and Bean 2004, 
Van Wart and Matthews 2006, Enomoto, Han et al. 2007, Mercer, Chan et al. 
2007, Royeck, Horstmann et al. 2008, Osorio, Cathala et al. 2010). 
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Figure 3 Mechanism of resurgent current generation. 
(A) Illustration of the conformational changes of an voltage-gated sodium channel 
to generate resurgent current, modified from (Kandel, Schwartz et al. 2000). (B) 
An example of the experimental protocol for resurgent current induction (upper) 
and the correspondent resurgent current. (C) Depiction of where inward 
resurgent current would occur during a typical action potential, modified from 
(Kandel, Schwartz et al. 2000). 
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F. VGSC disease implications 
 
The Nav family is involved in a wide range physiological processes. 

Dysregulation of these channels causes numerous human diseases. Gain-of-
function (GOF) and loss-of-function (LOF) mutations in the brain isoforms 
Nav1.1, Nav1.2, Nav1.3 and Nav1.6 are attributed to intellectual disability, 
developmental disorder, autism spectrum disorder, absence seizure, Alzheimer’s 
disease, varied movement disorders, and different types of early infantile 
epileptic encephalopathy (EIEE), (Catterall, Kalume et al. 2010, Sanders, 
Campbell et al. 2018, Smith, Kenny et al. 2018, Symonds and Zuberi 2018, 
Zaman, Helbig et al. 2018); Nav1.4 is associated with muscular disorders like 
myotonia and periodic paralysis hyperkalemic (Pan, Li et al. 2018); Nav1.5 is 
linked to cardiac arrhythmia, underlying long-QT and Brugada syndromes 
(Gardill, Rivera-Acevedo et al. 2018); mutations in Nav1.7, Nav1.8 and Nav1.9 
are mainly involved in neuropathic pain disorders including erythromelalgia and 
anosmia (Huang, Han et al. 2014). 

 
Functional defects in brain isoforms Nav1.1, Nav1.2, Nav1.3 and Nav1.6 

present clinically distinct phenotypes and have highly variable 
electrophysiological outcomes, due to their differential expression pattern in brain 
region, neuronal cell type, subcellular compartment and during development. 

 
Nav1.1 is predominantly expressed in inhibitory interneurons, the activity 

of which provides the inhibitory tone in the neural network. As a result, LOF 
mutations in Nav1.1 lead to seizure-related disorders with varied severity. 
Complete LOF mutations, usually resulting from protein truncation, cause severe 
myoclonic epilepsy of infancy, also known as Dravet’s Syndrome; mild LOF 
mutations are considered genetic predisposition to febrile seizures; other LOF 
mutations, resulting in intermediate impairment of Nav1.1 function, cause 
generalized epilepsy with febrile seizures plus (GEFS+) (Catterall, Kalume et al. 
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2010). Moreover, mouse model with selective SCN1A deletion in inhibitory 
neurons cause seizures and premature mortality (Cheah, Frank et al. 2012, 
Kalume, Westenbroek et al. 2013, Rubinstein, Han et al. 2015). Therefore, this 
evidence supports a predominant role of Nav1.1 in the excitability of inhibitory 
interneurons, and thus loss of Nav1.1 activity decreases the inhibitory tone in the 
neural network, leading to hyperexcitability found in seizure-related disorders. 

 
Nav1.2 is widely expressed in excitatory neurons in the CNS. The 

subcellular localization of the channel changes remarkably during development 
and differs between brain regions. Initially, Nav1.2 is found throughout the axon 
and exhibit high density at the axon initial segments (AIS) in cortical excitatory 
neurons. During development, Nav1.2 at the distal AIS is gradually replaced by 
Nav1.6 and is not usually found at the nodes of Ranvier or other parts of the 
myelinated axon. The restricted localization of Nav1.2 to the proximal AIS is 
thought to play an essential role in action potential backpropagation (Hu, Tian et 
al. 2009). On the other hand, in the cerebellar cortex, Nav1.2 expression persists 
throughout development and is co-expressed with Nav1.6 in adult unmyelinated 
axons (Martínez-Hernández, Ballesteros-Merino et al. 2013). Recent findings 
reveal an unexpected role of Nav1.2 in synaptic modulation well beyond the 
developing stage and suggest a dendritic distribution of Nav1.2 in the prefrontal 
cortex (Spratt, Ben-Shalom et al. 2019). With this complicated and 
developmentally dynamic pattern of distribution, Nav1.2 mutations manifest in 
distinct neurological disorders. 

 
GOF mutations in Nav1.2 lead to seizure-related disorders, the severity of 

which depends on the degree of functional potentiation. Severe variants are 
generally de novo mutations and lead to EIEE, while milder variants can be 
inherited or de novo and cause benign (familial) infantile seizures (BISs) that 
usually resolve by 2 years of age. On the contrary, LOF mutations in Nav1.2 are 
related to autism spectrum disorder (ASD) and intellectual disability (ID). 
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Nav1.3 is the least understood Nav isoform in the human brain. It is 

robustly expressed across human cortical regions during gestation but 
downregulated postnatally. It is enriched in cortical progenitors and neurons, 
which was reported to not generate action potentials (Smith, Kenny et al. 2018). 
Therefore, the precise role of Nav1.3 is still unclear, it is proposed to be 
important for cortical folding and gyral formation during prenatal development. 
Both GOF and LOF mutations in Nav1.3 have been associated with seizure 
related disorders (Estacion, Gasser et al. 2010, Lamar, Vanoye et al. 2017, 
Zaman, Helbig et al. 2018) and speech and oral motor dysfunction (Smith, Kenny 
et al. 2018). 

 
Nav1.6 starts its expression relatively late in development, but it has the 

widest distribution in the CNS throughout the adult life. As a result, Nav1.6 
dysfunction has been associated with many severe neurological disorders. 
Indeed, Nav1.6 is among the top 2% of human proteins that are least tolerant of 
genetic variation (Wagnon and Meisler 2015), and Nav1.6 null mice exhibit 
juvenile lethality (Burgess, Kohrman et al. 1995, Meisler, Plummer et al. 2004, 
Sharkey, Cheng et al. 2009). The first Nav1.6-associated disorder was identified 
in a patient with cerebellar atrophy, ataxia, and mental retardation (Trudeau, 
Dalton et al. 2006). In 2012, the first epilepsy-related SCN8A mutation has been 
identified using whole-genome sequencing (Veeramah, O'Brien et al. 2012). To 
this date, it is generally accepted that GOF mutations in Nav1.6 result in EIEE, 
while LOF mutations are associated with intellectual disability, developmental 
delay, and absence seizure. These disorders are usually comorbid with varied 
degree of movement disorders, which can be explained by the predominant 
localization of Nav1.6 in cerebellar Purkinje neurons. Interestingly, a recent 
finding identifies Nav1.6 abnormality in an Alzheimer’s disease mouse model 
(Ciccone, Franco et al. 2019). 
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G. VGSC regulation and modulation 
 
VGSCs are critical determinants of excitability. Their expression and 

function are tightly regulated by interacting proteins, toxins, and post-translational 
modifications. 

 
The Nav α subunit interacts with a myriad of important interacting partners 

including but not limited to Nav β subunits (Hull and Isom 2018), calmodulin, 
fibroblast growth factor homologous factors (FHFs) (Wang, Chung et al. 2012, 
Wang, Chung et al. 2014) and ankyrinG (ankG) (Shirahata, Iwasaki et al. 2006, 
Gasser, Ho et al. 2012). These protein partners can regulate Nav trafficking, 
expression pattern and gating in isoform- and cell type-specific manners 
(Deschênes, Neyroud et al. 2002, Herzog, Liu et al. 2003, Chichili, Xiao et al. 
2013, Ben-Johny, Yang et al. 2014, Barbosa, Xiao et al. 2017, Yan, Wang et al. 
2017). 

 
The exact outcome of β regulation depends on Navα isoform and cell 

type. Generally, β1 accelerates activation and inactivation kinetics (Isom, De 
Jongh et al. 1992). β2 promotes surface expression of Navα subunits (Chen, 
Bharucha et al. 2002, Chen, Westenbroek et al. 2004). β3 shifts the voltage 
dependence of activation and increases persistent current (Morgan, Stevens et 
al. 2000). β4 is considered one of the important components that support the 
generation of sodium resurgent currents (Raman, Sprunger et al. 1997, Grieco, 
Malhotra et al. 2005, Jarecki, Piekarz et al. 2010). 

 
H. Post-translational modifications of VGSC 

 
VGSC function is determined by the intrinsic biophysical properties, but it 

can also be regulated by post-translational modifications. Multiple post-
translational modifications that covalently modify VGSCs in neurons and muscle 
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have been identified. These include, but are not limited to, phosphorylation, 
ubiquitination, S-palmitoylation, nitrosylation, glycosylation, and SUMOylation. 
Post-translational modifications of VGSCs can have profound impact on cellular 
excitability, contributing to normal and abnormal physiology. While some 
modifications have similar effects on the various VGSC isoforms, others display 
isoform-specific modulations. In addition, while much has been learned about 
how individual modifications can impact VGSC function, there is still more to be 
learned about how different modifications can interact. 

 
Post-translational VGSC modulation appears to be critically important in 

neurons and cardiac tissue. It is less clear what the physiological role of sodium 
channel modulation is in skeletal muscle, although it is likely to be involved in 
disease states such as critical illness myopathy (Teener and Rich 2006). CaMKII 
phosphorylation of brain VGSCs has been implicated as a major regulator of 
VGSC persistent currents (Thompson, Hawkins et al. 2017) and is likely to 
contribute to pathophysiologies such as epilepsy. Cardiac sodium channel 
modulation is believed to be important in rhythmogenesis (Schubert, Vandongen 
et al. 1990, Wagner, Maier et al. 2015). As a result, Nav1.5 modulation has been 
extensively studied, and Nav1.5 is the target of a multitude of post-translational 
modifications including glycosylation, phosphorylation, methylation, acetylation, 
redox modifications, S-palmitoylation, and ubiquitination (Ashpole, Herren et al. 
2012, Marionneau and Abriel 2015, Pei, Xiao et al. 2016). Because of modern 
protein analysis technologies such as mass spectrometry, researchers are able 
to better determine the precise location of post-translational modification sites 
and consensus sequence among different VGSC subtypes, leading to a better 
understanding of the mechanistic details of these regulations. 
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1. Phosphorylation 
 
Phosphorylation is the most extensively studied post-translational 

modification of VGSCs. The identification of VGSC phosphorylation reveals the 
involvement of VGSC in dynamic cellular processes and its potential crosstalk 
with numerous second-messenger pathways (Cantrell and Catterall 2001). 
Various protein kinases have been identified to modify different isoforms of 
VGSC. These include protein kinase A and C (PKA and PKC) (Murray, Fahrig et 
al. 1994, Murray, Hu et al. 1997, Shin and Murray 2001), adenosine 
monophosphate-activation protein kinase (AMPK) (Light, Wallace et al. 2003), 
Ca2+/calmodulin-dependent serine/threonine protein kinase (CaMK) (Ashpole, 
Herren et al. 2012, Thompson, Hawkins et al. 2017), p38 MAP kinase (Wittmack, 
Rush et al. 2005, Gasser, Cheng et al. 2010, Wu, Cao et al. 2016),   
phosphatidylinositol 3-kinase (PI3K) (Lu, Jiang et al. 2013), and GSK3β (Scala, 
Nenov et al. 2018).  

 
These  kinases can add a negatively charged phosphate group to select 

serine, threonine,  or tyrosine residues. It is not possible to give a comprehensive 
review of all the  findings relating to this powerful form of VGSC modulation, so 
here only  a few specific areas are covered to provide highlights of what can be 
learned from the study of  VGSC phosphorylation. Many of the phosphorylation 
sites that have been identified  are located in the first intracellular linker loop (DI–
DII linker), and a number  of these are conserved among different species and 
subtypes (Marionneau and Abriel 2015). Early estimates indicated that the Navα 
subunit could be phosphorylated at  somewhere between 2 and 20 sites by PKA, 
PKC, and possibly other protein kinases. Numann et al. (Numann, Catterall et al. 
1991) studied the effect  of PKC on rat brain Nav1.2 expressed in Chinese 
hamster ovary cells.  They reported that activation of PKC with a membrane-
permeant agent, l-oleoyl-2-acetyl-sn-glycerol (OAG), both inhibited the peak 
current and slowed macroscopic  fast inactivation of rat neuronal sodium 
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channels. West et al. (West, Numann et al. 1991) reported that  phosphorylation 
of serine 1506 in the III–IV linker  by PKC was responsible for the slowing of RIIA 
(Nav1.2) macroscopic inactivation. After  this potential PKC site, located in the III–
IV linker, was removed by mutating  serine 1506 to an alanine, neither the slowing 
nor the inhibition by OAG was  observed. Additional experiments seemingly 
confirmed that phosphorylation of S1506 was necessary and sufficient for the 
observed slowing of inactivation. However, while phosphorylation of S1506 was 
also necessary for the decrease in current, it was not sufficient: phosphorylation 
of another site, possibly in the I–II linker, also seemed to be needed for the 
inhibition (Li, West et al. 1993). However, subsequent studies on PKC 
modulation of neuronal sodium channels in hippocampal neurons did not observe 
pronounced slowing of inactivation (Chen, Cantrell et al. 2005). This could be 
due to complex interactions between post-translational modifications and/or 
accessory subunits. The putative PKC site in the III–IV linker is conserved in 
most VGSCs. PKC phosphorylation of the corresponding residue in Nav1.5 
causes a major negative shift in the voltage dependence of inactivation (Qu, 
Rogers et al. 1996). Interestingly, this site is also conserved in Nav1.4, but while 
PKC also induces a negative shift in the voltage dependence of inactivation for 
Nav1.4, this effect is not dependent on the corresponding serine in the III–IV 
linker (Bendahhou, Cummins et al. 1995). Data from Xenopus oocyte 
experiments indicate that both Nav1.7 and Nav1.8 currents are inhibited by PKC 
activation and that this also shifts the voltage dependence of activation in the 
depolarizing direction (Vijayaragavan, Boutjdir et al. 2004). By contrast PKA 
activation enhanced Nav1.8 but inhibited Nav1.7currents in this experimental 
system. Recently it was shown that Nav1.7 resurgent sodium currents are 
enhanced by PKC, and this effect is modulated by the state of the corresponding 
III–IV linker residue in Nav1.7 (Tan, Priest et al. 2014). This illustrates some of 
the complexities of determining the functional consequences of VGSC 
phosphorylation and comparing the effects on various isoforms in various 
tissues.  
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Mass spectrometry is providing enhanced estimates of VGSC 

phosphorylation� although obtaining full coverage can be difficult with complex 

transmembrane proteins like VGSC. In one study of Nav1.2 (Berendt, Park et al. 
2010), 66% cover of the cytoplasmic linkers was obtained. Fifteen sites were 
identified, 1 in the N-terminus, 11 in the I–II linker, and 3 in the C-terminus. 
Unfortunately, there was insufficient coverage in the III–IV linker to determine if 
the conserved serine residue discussed above was phosphorylated in the brain 
tissue. In a follow-up study on Nav1.2 (Baek, Rubinstein et al. 2014), it was found 
that acute kainate-induced seizures induced a significant reduction in 
phosphorylation of nine sites in Nav1.2. Not surprisingly, these are primarily sites 
located in the I–II linker. However, this study also revealed that this 
downregulation was due, at least in part, to an increase in methylated arginines 
at three sites. Thus distinct regulation of phosphorylation and methylated 
arginines in Nav1.2 is likely to contribute to functional changes in Nav1.2, 
modulation of neuronal excitability, and perhaps seizure activity.  

 
CaMKII is believed to be an important regulator of excitability in neurons 

and muscle. CaMKII modulation of VGSCs has also been implicated in 
physiological and pathophysiological control of excitability. Increased CaMKII 
activity has been implicated in animal models of heart failure as well as in studies 
of failing human hearts (Hoch, Meyer et al. 1999, Zhang, Maier et al. 2003). In 
one study of CaMKII and Nav1.5 (Ashpole, Herren et al. 2012), it was found that 
a negative shift in Nav1.5 steady-state inactivation resulted from CaMKII-
dependent phosphorylation of Nav1.5 at two specific phosphor sites. However, a 
mass spectroscopy analysis of  human Nav1.5 purified from HEK293 cells 
with >80% coverage identified 23 sites  that could be phosphorylated by CaMKII 
in vitro (Herren, Weber et al. 2015). This suggests  that Nav1.5 can be 
extensively modified by phosphorylation. A study of sodium  currents in neurons 
from a SCN2A (Nav1.2) mutant mouse with epilepsy found that CaMKII 
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phosphorylation of Nav1.2 increases persistent sodium currents and  excitability. 
Maltsev et al. (Maltsev, Reznikov et al. 2008) reported that CaMKII can also 
increase persistent  sodium currents in cardiac myocytes. Burel et al. (Burel, 
Coyan et al. 2017) identified two distinct  CaMKII phosphor sites in the C-terminus 
of Nav1.5 that contribute in part to increased  Nav1.5 persistent currents; 
however, this modulation involved altered binding of  FGF13 to Nav1.5. 
Interestingly, these two sites were not among the 23 sites identified  by Herren et 
al (Herren, Weber et al. 2015). Although several hundred studies have 
investigated how a multitude  of kinases modulate VGSC isoforms and a 
substantial amount of insight has been  gained, our knowledge of the interplay 
between different phosphorylation sites and how this  impacts interactions with 
accessory proteins is still incomplete.   

 
2. Arginine methylation 

 
As mentioned above, VGSCs can also be modified at the nitrogen-

containing side-chains of arginine and lysine residues by arginine methylation, 
which is much less known about compared to VGSC phosphorylation. Mass 
spectrometry identified arginine methylation of Nav1.5 from both human 
ventricles and a cell line stably expressing Nav1.5 (Beltran-Alvarez, Pagans et al. 
2011, Beltran-Alvarez, Tarradas et al. 2014). Further studies revealed that 
Nav1.5 arginine methylation enhanced surface expression of the channel and 
thus increased its current density (Beltran-Alvarez, Espejo et al. 2013, Beltran-
Alvarez, Tarradas et al. 2014, Beltran-Alvarez, Feixas et al. 2015). It is likely that 
other Nav isoforms, in addition to Nav1.2 and Nav1.5, are regulated by arginine 
methylation. Differential expression of protein arginine methyl transferases may 
play a role in how VGSCs are modulated in different tissue and subcellular 
compartments. 
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3. Glycosylation 
 
Glycosylation is another common post-translational modification of ion 

channels. It attaches glycans to proteins and affects folding, and modulates the 
thermostability as well as the overall charge of glycoproteins. These sugar 
groups can be quite complex and extensive, making analysis complicated. Early 
reports (Waechter, Schmidt et al. 1983) indicated that glycosylation of neuronal 
VGSCs played a crucial role in biosynthesis, trafficking, and degradation of these 
channels. N-linked glycosylation attaches glycans to a nitrogen of asparagine or 
arginine side-chains, while O-linked glycosylation the hydroxyl oxygen of serine, 
threonine, tyrosine, hydroxyllysine, or hydroxyproline side-chains, or to oxygens 
on lipids such as ceramide. These attached glycans are often terminated by sialic 
acids, altering VGSC properties with their negative charges.  

 
Glycosylation impacts functional properties for multiple VGSC isoforms. It 

is not completely clear what the underlying mechanisms are, but it is thought that 
the surface charge of sialic acids is involved in the modulation of VGSC by 
glycosylation. The impact of glycosylation on Nav1.4 voltage dependence of 
activation and inactivation can be quite large, with both N-linked glycans and O-
linked glycans likely playing a role (Ednie, Harper et al. 2015). Glycosylated 
Nav1.5 only has a 5% mass increase, which is far less than the 25–30% increase 
observed with some other VGSC isoforms (Cohen and Levitt 1993). Despite the 
lesser degree of modification, there is still compelling evidence that glycosylation 
can be an important determinant of Nav1.5 membrane trafficking (Mercier, 
Clément et al. 2015). Indeed, it has been shown that the reduction of 
glycosylation in Nav1.5 can slow fast inactivation and increase the rate of 
recovery from inactivation, shortening the refractory time of the cardiomyocyte 
and enhancing susceptibility to ventricular arrhythmias (Ednie, Harper et al. 
2015). The sensory neuronal channel Nav1.9 is not extensively glycosylated, yet 
changes in glycosylation can still impact voltage dependence of steady-state 
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inactivation, and this appears to be developmentally regulated (Tyrrell, 
Renganathan et al. 2001). In addition to modifying Navα subunits, it is well 
established that Navβ subunits can also be glycosylated (Johnson, Montpetit et 
al. 2004, Patel and Brackenbury 2015)(Laedermannetal.2013a). However, the 
extent to which Navβ glycosylation is involved in control of excitability is not fully 
understood, and improved strategies for determining how VGSC glycosylation is 
controlled will undoubtedly provide invaluable insight in the near future. 

 
4. Ubiquitination 

 
Ubiquitination is another well-studied post-translational modification of 

VGSCs. It is the enzymatic attachment of ubiquitin, a small protein of 76 amino 
acids, to the modifying protein. Although ubiquitin is a small protein, only about 
8.5 kDa, but is a fairly large addition to a protein compared to most post-
translational modifications. The addition can alter protein function in several 
ways. Ubiquitination can target a protein to proteasomes and induce degradation. 
It can also alter localization of proteins and/or their functional properties. 
Modifications can involve addition of a single ubiquitin subunit or a chain of 
ubiquitin molecules. Addition of an ubiquitin molecule involves three proteins with 
distinct functions. Abriel et al. (Abriel, Kamynina et al. 2000) investigated the 
functional consequences of a PY (PPXY) motif in the C-terminus region of 
Nav1.5. This motif can bind Nedd4, an ubiquitin-protein ligase. Mutation of the 
PY motif in Nav1.5 increased current density. Interestingly, overexpression of 
Nedd4 could decrease Nav1.5 but not Nav1.4 current, probably because Nav1.4 
lacks the PY motif. This indicated that ubiquitination can be closely associated 
with Nav1.5 internalization. Ubiquitination of Nav1.5 has been demonstrated in 
both in vitro and in vivo studies (van Bemmelen, Rougier et al. 2004, 
Laedermann, Decosterd et al. 2014). Rougier et al. (Rougier, van Bemmelen et 
al. 2005) noted that most VGSC isoforms contain a PY motif (the exceptions 
being Nav1.4 and Nav1.9). They found that Nedd4-2 could downregulate Nav1.2, 
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Nav1.3, and Nav1.5 currents in HEK293 cells with a corresponding reduction in 
surface expression. Fotia et al. (Fotia, Ekberg et al. 2004) demonstrated that 
Nedd4-2 could downregulate Nav1.7 and Nav1.8 currents. While many studies 
have suggested that regulation of ubiquitination of VGSCs could lead to an 
altered surface expression level of channels (Rougier, Gavillet et al. 2013, 
Laedermann, Pertin et al. 2014), the detailed mechanism involved in this process 
and the study of its clinical relevance are still lacking. Interestingly, several 
studies were able to demonstrate that reduced Nedd4-2 levels led to DRG 
hyperexcitability, and conditions that increase pain in rodents downregulate 
Nedd4-2 expression in DRG, indicating that reduced ubiquitination of VGSCs 
might be involved in the development of neuropathic pain (Cachemaille, 
Laedermann et al. 2012, Laedermann, Cachemaille et al. 2013). Although 
Nav1.6 also has a PY motif in its C-terminus, it also appears to have a potential 
Nedd4 binding site in the I–II linker. In an elegant study, Gasseret al. (Gasser, 
Cheng et al. 2010) demonstrated that downregulation of Nav1.6 can be 
enhanced by p38 MAP kinase phosphorylation of the region involved in the I–II 
linker, indicating that Nedd4-induced ubiquitination and subsequent 
internalization of Nav1.6 involve at least two distinct Nedd4 binding sites and 
may be a stress response that limits cell excitability under pathophysiological 
conditions. 

 
5. SUMOylation 

 
The small ubiquitin-like modifier (SUMO) protein can also be conjugated to 

proteins, including ion channels. SUMO proteins are roughly 12 kDa in size and, 
as with ubiquitin, are added to other proteins by enzymes. Plant et al. (Plant, 
Marks et al. 2016) found that adding SUMO protein to the pipet solution can 
increase the amplitude of Nav1.2-mediated currents in HEK293 cells. They also 
showed that SUMO modulated Nav1.2 currents in cerebellar neurons. 
SUMOylation occurs on lysine residues. Plant et al. reported that mutating K38 in 
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the N-terminus of Nav1.2 eliminated the effect of SUMO. Thus Nav1.2 seems to 
be directly regulated by SUMOylation. This increase in current due to 
SUMOylation occurred rapidly in response to hypoxic conditions and may 
underlie some of the initial toxicity associated with hypoxia. SUMOylation also 
shifted the voltage dependence of activation and steady-state inactivation in the 
negative direction. While a negative shift in activation can increase excitability, a 
negative shift in inactivation can decrease excitability. SUMOylation has also 
been implicated in control of excitability in sensory neurons (Dustrude, Moutal et 
al. 2016). Reduced SUMOylation of collapsin response mediator protein 2 
(CRMP2) can alter CRMP2 binding to Nav1.7. As a consequence, Nav1.7 
membrane localization and current density is reduced. CRMP2 enhances 
ubiquitination and endocytosis of Nav1.7. This illustrates the sometimes complex 
web of post-translational modifications that can influence VGSCs. 

 
I. S-palmitoylation 

 
S-palmitoylation, also referred to as S-acylation, has emerged as an 

important mechanism that regulates protein functions. S-palmitoylation was first 
reported in 1979 (Schmidt and Schlesinger 1979), even earlier than the discovery 
of tyrosine phosphorylation (Ushiro and Cohen 1980), and yet the study of S-
palmitoylation lags far behind that of phosphorylation, largely due to the technical 
difficulties in the detection and analysis of S-palmitoylation, in producing 
antibodies that target S-palmitoylated proteins, and in purifying the enzymes 
responsible for the catalysis of the S-palmitoylation reaction. Recent 
advancement in S-palmitoylation detection has revealed the large scope of 
protein S-palmitoylation and its importance in regulating essential cellular 
processes by modifying both peripheral and integral membrane proteins. 
However, our knowledge of how S-palmitoylation regulates VGSCs is still limited 
(Shipston 2011).  
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1. The S-palmitoylation reaction 
 
S-palmitoylation is a post-translational modification that covalently 

attaches palmitate, a 16-carbon saturated fatty acid, to cysteine thiols of the 
target protein via thioester bond (Fig.4). Distinguished from most other lipid post-
translational modifications (e.g. myristoylation, O-acylation, and prenylation), S-
palmitoylation is reversible, due to the labile nature of the thioester bond. The S-
palmitoylation reaction is catalyzed by the enzyme family palmitoyl-acyl 
transferase (PAT); while the reverse process, depalmitoylation, is catalyzed by 
the enzyme family acyl-protein thioesterase (APT).  

 
The PAT enzyme family is also referred to as zDHHC-PAT, because they 

share a signature catalytic domain that has a zinc-finger and aspartate-histidine-
histidine-cysteine (zDHHC) motif (Dunphy, Schroeder et al. 2000)(Fig.4). The 
zDHHC-PATs are transmembrane proteins containing 4 or 6 transmembrane 
segments and N- and C-terminal domains exposed to the cytosol. The zDHHC 
motif typically locates in the linker between the second and third transmembrane 
segments. Some of the zDHHC-PATs also contain an ankyrin repeat in the N-
terminal domain (Lemonidis, Sanchez-Perez et al. 2015).  

 
The S-palmitoylation reaction is accomplished with a two-step palmitate 

transfer process. First, the zDHHC-PAT becomes auto-S-palmitoylated at the 
cysteine in the zDHHC motif, which has been shown to be crucial for the 
enzymatic activity of several PATs (Roth, Feng et al. 2002, Smotrys, Schoenfish 
et al. 2005, Valdez‐Taubas and Pelham 2005, Yang, Di Vizio et al. 2010). Then, 
the S-palmitoylated zDHHC-PAT transfers the attached palmitate to the target 
protein (Mitchell, Mitchell et al. 2010, Jennings and Linder 2012). 

 
The APTs are cytosolic enzymes. They belong to a metabolic serine 

hydrolase superfamily (Bachovchin, Ji et al. 2010). Interestingly, the APTs are 
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also substrates for PATs. The S-palmitoylation status of the APTs serve to 
regulate their localization between the membrane and the cytosol (Yang, Di Vizio 
et al. 2010, Kong, Peng et al. 2013). Later studies also identified depalmitoylation 
enzymes palmitoyl protein thioesterases 1 and 2 (PPT1/2) located in the 
lysosome (Lin and Conibear 2015), as well as 38 serine hydrolases from mouse 
(also referred to as ABHD proteins) with depalmitoylated activity (Lin and 
Conibear 2015, Yokoi, Fukata et al. 2016). 
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Figure 4. S-palmitoylation reaction and PAT structure. 
(A) The S-palmitoylation-depalmitoylation cycle. (B) Topological structure of 
zDHHC-PATs from (Linder and Jennings 2013). 
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2. The zDHHC enzyme family and potential enzyme-substrate specificity 
 
The human zDHHC-PATs belong to a large enzyme family. They are 

encoded by 23 human zDHHC genes (zDHHC1–zDHHC24 with no zDHHC10). 
These zDHHC-PATs display differential cell type and subcellular localization. 
Table 1 adopted from (Korycka, Łach et al. 2012) summarizes the characteristics 
of these human zDHHC-PATs. The majority of zDHHC-PATs locate in the 
endoplasmic reticulum (ER) and the Golgi apparatus, while some are found at 
the plasma membrane (Ohno, Kihara et al. 2006).  

 
For a long time, S-palmitoylation has been considered stochastic, because 

a consensus sequence motif has yet to emerge (Rocks, Gerauer et al. 2010). 
However, it is proposed that the differential tissue, cell type, and subcellular 
distribution of the zDHHC-PATs creates a spatial, and thus functional 
segregation among the enzymes, underlying potential enzyme-substrate 
specificity. Moreover, growing evidence suggests that zDHHC-PATs may 
recognize their substrates based on protein secondary structure (Plain, Congreve 
et al. 2017)  and / or protein-protein interacting domains (Li, Hu et al. 2010, 
Thomas, Hayashi et al. 2012, Fredericks, Hoffmann et al. 2014, Brigidi, Santyr et 
al. 2015, Lemonidis, Sanchez-Perez et al. 2015), instead of relying on a primary 
amino acid sequence motif. Indeed, experiments have indicated that the zDHHC-
PATs display differential but overlapping specificity for substrate proteins 
(Fukata, Fukata et al. 2004, Roth, Wan et al. 2006, Ponimaskin, Dityateva et al. 
2008, Noritake, Fukata et al. 2009, Brigidi, Sun et al. 2014, Lievens, Kuznetsova 
et al. 2016), supporting the existence of enzyme-substrate specificity for S-
palmitoylation (Hou, John Peter et al. 2009, Huang, Sanders et al. 2009, 
Nadolski and Linder 2009, Thomas, Hayashi et al. 2012, Howie, Reilly et al. 
2014, Lemonidis, Sanchez-Perez et al. 2015).  



 

 

Table 1 Characteristics of the human zDHHC-PAT family  

 
(Korycka, Łach et al. 2012)
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3. Functionalities of S-palmitoylation 

 
S-palmitoylation is a multifunctional post-translational modification. The 

addition of palmitate increases the hydrophobicity of a protein and creates a 
hydrophobic tethering point to the membrane (Fig.5). This can affect the life cycle 
of the protein, regulating stability, membrane association, and intracellular 
trafficking. These functionalities have been extensively demonstrated with 
multiple peripheral membrane proteins like the small GTPase Ras, the signaling 
activity of which depends on its dynamic shuttling between the Golgi and the 
plasma membrane. Ras is S-palmitoylated in the Golgi, after which is routed to 
the plasma membrane; Ras at the plasma membrane can be depalmitoylated by 
APT, after which it is dissociated from the plasma membrane and directed back 
to the Golgi (Cox, Der et al. 2015). Therefore, S-palmitoylation serves as a 
membrane trap or membrane anchor for peripheral membrane proteins and 
dictates their membrane attachment in non-polarized cells.  

 
In addition to the plasma membrane, S-palmitoylation also targets proteins 

to other specialized cellular compartments. The post-synaptic scaffolding protein 
PSD-95 switches between S-palmitoylated and non-palmitoylated status in an 
activity dependent manner. Blocking neuronal activity enhances PSD-95 S-
palmitoylation and its accumulation at the the post-synaptic density (PSD), while 
increased synaptic activity accelerates PSD-95 depalmitoylation and dissociates 
the protein from PSD (Topinka and Bredt 1998, Noritake, Fukata et al. 2009). 
Interestingly, S-palmitoylation also changes the conformation of PSD-95. Non-
palmitoylated PSD-95 is in a compact conformation, which does not interact with 
AMPA or NMDA receptors. S-palmitoylated PSD-95 transforms into an extended 
conformation and directly binds with AMPA and NMDA (Jeyifous, Lin et al. 2016). 
As a result, S-palmitoylation regulates synaptic transmission and plasticity.  
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Figure 5. Different location of a hydrophobic tethering point created by S-
palmitoylation.  
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S-palmitoylation also modifies integral membrane proteins, which is 
important for their correct processing and precise targeting to specific membrane 
compartments. Numerous neurotransmitter receptors are reported to be 
regulated by S-palmitoylation. These include but are not limited to AMPA, NMDA 
and kainate glutamate receptors, GABAA receptor, μ- and δ-opioid receptors, 
D1-D4 dopamine receptors, CB1 cannabinoid receptor, and 5-HT(1A, 4, 7) serotonin 
receptors (Naumenko and Ponimaskin 2018). One interesting case is presented 
by the regulation of AMPA receptor by S-palmitoylation. S-palmitoylation of a 
cysteine in the TMD2 of AMPA receptor results in Golgi retention, reducing the 
amount of AMPA receptor at the plasma membrane, while S-palmitoylation of 
another cysteine in the TMD4 inhibits the interaction between AMPA receptor 
and membrane-cytoskeleton adaptor protein 4.1N and facilitates AMPA receptor 
internalization (Hayashi, Rumbaugh et al. 2005, Yang, Xiong et al. 2009). In 
combination of the regulatory effect of S-palmitoylation on PSD-95, the precise 
localization of AMPA receptors are regulated by S-palmitoylation at multiple 
levels. Another intriguing example of integral membrane protein regulation is 
demonstrated by the dopamine transporter (DAT). The transporting capacity of 
DAT is reciprocally regulated by PKC-phosphorylation and S-palmitoylation 
(Moritz, Rastedt et al. 2015). In high phosphorylation / low S-palmitoylation state, 
DAT transporting capacity is reduced, whereas in low phosphorylation / high S-
palmitoylation state, DAT transporting capacity is increased. Such crosstalk 
between phosphorylation and S-palmitoylation is also found in the BK potassium 
channel (Tian, Jeffries et al. 2008), in the scaffold protein AKAP79/150 
(Woolfrey, O'Leary et al. 2018), and in the neuronal growth-associated protein 
GAP43 (Gauthier-Kemper, Igaev et al. 2014). Therefore, S-palmitoylation is also 
involved in complex interplays with other post-translational modification to 
regulate protein function. 
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S-palmitoylation also fine-tunes the activity of ion channels by imposing 
conformational change. Loss of S-palmitoylation in Kv1.1 results in a negative 
shift of the current-voltage relationship, inactivation at more positive potentials 
and a reduction of channel conductance (Gubitosi-Klug, Mancuso et al. 2005). It 
is also reported that S-palmitoylation modulated cardiac excitability by modifying 
the cardiac sodium channel Nav1.5 (Pei, Xiao et al. 2016), and that manipulating 
S-palmitoylation status of Nav1.2 altered its voltage dependence and toxin 
sensitivity (Bosmans, Milescu et al. 2011). 

 
Therefore, S-palmitoylation not only regulates protein shuttling between 

intracellular compartments by affecting membrane association, but also can have 
significant impact on protein-protein interaction, protein conformation and ion 
channel biophysics (Chien, Carr et al. 1996, Hayashi, Rumbaugh et al. 2005, 
Fukata and Fukata 2010, Bosmans, Milescu et al. 2011, Pei, Xiao et al. 2016, 
Globa and Bamji 2017, Pei, Pan et al. 2017, Itoh, Yamashita et al. 2018, 
Naumenko and Ponimaskin 2018, Itoh, Okuno et al. 2019).  

 
Moreover, S-palmitoylation is involved in host-pathogens interactions 

(Blanc, Blaskovic et al. 2013), membrane curvature modulation (Chlanda, 
Mekhedov et al. 2017), extrinsic and intrinsic apoptosis pathways (Fröhlich, 
Dejanovic et al. 2014, Akimzhanov and Boehning 2015), and innate immunity 
(Chesarino, Hach et al. 2014, Mukai, Konno et al. 2016, McMichael, Zhang et al. 
2017). 

 
4. S-palmitoylation disease implications 

 
The most recognized diseased conditions associated with abnormal S-

palmitoylation is cancers. For one thing, 78 out of 299 cancer drivers identified by 
Bailey et al (Bailey, Tokheim et al. 2018) are annotated S-palmitoylated proteins 
in the SwissPalm database (Blanc, David et al. 2015). For another, altered 
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zDHHC-PATs have been linked to various cancers (Ko and Dixon 2018). 
zDHHC11, zDHHC17, and zDHHC20 upregulation is found in several tumor 
types and thus are identified as potential oncoproteins, while lower zDHHC2 and 
zDHHC13 expression is found in different cancer types and thus have been 
considered tumor suppressors. However, conflicting evidence exists for zDHHC5 
and zDHHC14, the precise role of which may depend on the specific tissue 
and/or cancer type.  

 
Another group of S-palmitoylation related disorders are found in the 

nervous system. zDHHC8 is the most studied zDHHC-PAT that has been 
implicated in neurological disorders. The zDHHC8 gene locates in the human 
chromosome 22q11.2 locus, the microdeletions of which results in cognitive 
deficits and a high risk of schizophrenia (Chow, Watson et al. 2006, Xu, Roos et 
al. 2008). Moreover, a single-nucleotide polymorphism (SNP) in zDHHC8 that 
leads to a truncated inactive form of the enzyme is related to the development of 
schizophrenia (Mukai, Liu et al. 2004, Mukai, Dhilla et al. 2008). Huntington’s 
disease is another S-palmitoylation associated neurological disorder. A reduction 
of S-palmitoylation by zDHHC17 has been observed in the disease causing 
huntingtin protein (Huang, Yanai et al. 2004, Yanai, Huang et al. 2006). S-
palmitoylation is also implicated in Alzheimer’s disease. The amyloid precursor 
protein (APP) is the substrate of zDHHC7 and zDHHC21. It has been shown that 
S-palmitoylated APP is preferably subject to enzymatic cleavage by β-secretase 
(encoded by BACE1) instead of α-secretase, enhancing the amyloidogenic 
pathway that produces Aβ (Buxbaum, Liu et al. 1998, Allinson, Parkin et al. 2003, 
Mizumaru, Saito et al. 2009, Bhattacharyya, Barren et al. 2013). Moreover,  β-
secretase is also S-palmitoylated at three different sites (Benjannet, Elagoz et al. 
2001, Vetrivel, Meckler et al. 2009), but the precise role of S-palmitoyaltion in Aβ 
production is still in debate (Cordy, Hussain et al. 2003, Sidera, Parsons et al. 
2004, Parsons and Austen 2007, Motoki, Kume et al. 2012). There is also 
evidence of the involvement of zDHHC9 and zDHHC15 in some cases of X-
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linked mental retardation (Mansouri, Marklund et al. 2005, Raymond, Tarpey et 
al. 2007, Tarpey, Smith et al. 2009, Mitchell, Hamel et al. 2014, Hu, Haas et al. 
2016). Considering the fact that S-palmitoylation is a common post-translational 
modification for a large scope of neuronal proteins, S-palmitoylation may have an 
unrecognized role in many other neurological and psychiatric diseases.  
 

J. Hypothesis and specific aims 
 
Ion channel regulation provides important insights into channel biophysics 

in physiological condition as well as strategies for channel modulation in 
pathological conditions. Nav1.6 plays a central role in determining neuronal 
excitability throughout the nervous system. It has been an attractive target for 
excitability modulation. However, the extremely high structural conservation 
between sodium channel isoforms and their overlapping tissue and cell type 
distribution hinder the development of isoform specific targeting compounds. 
Moreover, due to the ubiquitous distribution of Nav1.6, targeting strategies with 
tissue and cell type specificity is highly desirable. So far, no known regulatory 
mechanism offers a satisfactory solution. Therefore, a new regulatory 
mechanism that provides isoform and cell type specificity is in high demand. 

 
1. S-palmitoylation regulation of Nav1.6 

 
S-palmitoylation is a lipid post-translational modification that dynamically 

regulates protein functions. Importantly, the two large S-palmitoylation enzyme 
families with the distinctive but overlapping distribution may serve as drugable 
targets with potential specificity. S-palmitoylation of VGSCs was first revealed in 
Nav1.2 from the rat brain (Schmidt and Catterall 1987). Since then, only two 
studies attempted to unravel the functionality of S-palmitoylation on VGSCs, and 
yet they demonstrate that S-palmitoylation regulates Nav1.2 and Nav1.5 with 
isoform specificity (Bosmans, Milescu et al. 2011, Pei, Xiao et al. 2016). CSS-
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palm, a S-palmitoylation site prediction software, has predicted multiple S-
palmitoylation sites in Nav1.6. Moreover, a proteomic analysis of neuronal 
proteins from the mouse forebrain has indicated Nav1.6 and other brain isoforms 
of VGSC as likely S-palmitoylated proteins (Collins, Woodley et al. 2017). I 
hypothesized that Nav1.6 is post-translationally modified by S-palmitoylation. 
Therefore the first aim of this dissertation is to provide direct biochemical 
evidence of Nav1.6 S-palmitoylation (Aim 1.1).  

 
Nav1.6 function is tightly controlled by an intricate network of regulatory 

mechanisms. The results from Aim 1.1 provide direct evidence of Nav1.6 S-
palmitoylation in vivo and in vitro. Therefore, I hypothesized that S-palmitoylation 
serves important regulatory function for Nav1.6. Although S-palmitoylation is a 
common modification for a wide range of neuronal proteins and is shown to be 
heavily involved in shuttling proteins between intracellular compartments, the 
functionality of S-palmitoylation on Nav1.6 can be very different due to its 
complex structure as a large single polypeptide chain, multi-domain 
transmembrane protein. It has been shown that the S-palmitoylation status of 
proteins can be altered by pharmacological treatments. Aim 1.2 of this 
dissertation is to reveal the functionalities of the S-palmitoylation on Nav1.6 by 
comparing the electrophysiological properties of the channel in different S-
palmitoylation status.  

 
The findings in Aim 1.2 reveals two major functional outcomes of 

manipulating S-palmitoylation status of Nav1.6. Thus Aim 1.3 of this dissertation 
is to identify the specific S-palmitoylation site(s) in Nav1.6 that are responsible for 
the functional regulation. Moreover, the identified S-palmitoylation sites will be 
biochemically verified with ABE assay. Additionally, the important S-
palmitoylation sites in Nav1.6 will be mapped and compared to the other two 
known S-palmitoylated VGSCs to reveal potential isoform specific regulation 
(Aim 1.4). 
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Aim 1.1 and 1.2 provide evidence of functional modulation of Nav1.6 by S-

palmitoylation in a non-neuronal heterologous system. It is important to 
demonstrate that such functional significance persist in neuronal environment, 
where the Nav1.6 channel functions in physiological condition. Thus, Aim 1.5 is 
to examine how Nav1.6 S-palmitoylation affect channel activity and neuronal 
excitability in DRG neurons and iCell GlutaNeuron (a highly pure population of 
human glutamatergic neurons derived from iPSCs). 

 
2. Functional consequence of epilepsy-associated mutations in Nav1.6 

 
Nav1.6 mutation is a known cause for early infantile epileptic 

encephalopathy. Although previous studies have revealed gain-of-function 
alteration in the vast majority of characterized mutant Nav1.6 channels, a clear 
genotype-phenotype connection has not been established. Moreover, the 
functional consequence of these mutations are highly variable and no 
commonality has been identified. Additionally, previous studies of functional 
characterization used a rodent Nav1.6 construct, which may not be functionally 
identical to the human Nav1.6 channel and thus not ideal for disease 
characterization and pharmacology testing. I hypothesized that a systematic 
characterization of various epilepsy mutations using the human Nav1.6 
(hNav1.6) construct provides more accurate estimation of functional alteration in 
human diseased conditions. Aim 2.1 of this dissertation is to functionally 
characterize four epilepsy-associated mutations located in distinct parts of 
Nav1.6 and elucidate potential commonalities among Nav1.6 epilepsy mutations. 
Findings in this aim may also provide a better understanding of the molecular 
components in Nav1.6. Also, the functional alterations revealed in the hNav1.6 
are compared to those obtained in the rodent channel to recognize important 
distinctions. 
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The results from Aim 2.1 present distinct alterations of Nav1.6 properties 
by different mutations. However, it is largely unclear how these alterations affect 
neuronal excitability and how amino acid mutations in different parts of the 
channel converge as a single clinical outcome as network over-excitation that 
underlies seizure activity. Moreover, the vast number of epilepsy mutations in 
Nav1.6 makes it impractical to extend functional assays to all identified 
mutations. Therefore, I hypothesized that computational modeling and simulation 
is a useful tool to help predict the integrated consequence of single amino acid 
mutation in an ion channel. Thus, Aim 2.2 of this dissertation is to model Nav1.6 
sodium current based on the experimental results in Aim 2.1 and perform 
simulations in modeled neurons to predict the excitability outcomes of the 
epilepsy mutations.  

 
3. S-palmitoylation modulation of Nav1.6 epilepsy mutations 

 
Aim 1 provides evidence that loss of S-palmitoylation at specific residues 

in Nav1.6 has major impact on neuronal excitability. The loss of S-palmitoylation 
due to a C981F mutation in the cardiac sodium channel Nav1.5 causes 
significant functional alteration in the channel and may be responsible for cardiac 
arrhythmia in human patients (Pei, Xiao et al. 2016). I hypothesized that 
mutations that result in either gain or loss of a S-palmitoylation site in Nav1.6 can 
be pathogenic and lead to abnormal channel activity. An arginine to cysteine 
mutation (R662C) in Nav1.6 was identified in an epilepsy patient (Carvill, Heavin 
et al. 2013), but no functional characterization has been reported. Importantly, a 
cysteine at this position in Nav1.6 was predicted to be a S-palmitoylation site in 
CSS-Palm. Aim 3.1 of this dissertation is to characterize the R662C mutant 
Nav1.6 channel and test whether it has increased sensitivity to S-palmitoylation 
manipulation that can imply an introduction of a S-palmitoylation site. 
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Aim 1 also demonstrates that S-palmitoylation modulates specific aspects 
of Nav1.6 function. Therefore, I hypothesized that I can exploit S-palmitoylation 
to target specific channel abnormalities caused by disease mutations. Aim 3.2 of 
this dissertation is to test whether S-palmitoylation manipulation can normalize 
specific aspect of mutant Nav1.6 function. 

 
The findings in this dissertation reveal S-palmitoylation as a new 

regulatory mechanism for Nav1.6. Importantly, it identifies both isoform specific 
and conserved modification sites in VGSCs that differentially regulate distinct 
properties of the channel. Moreover, this dissertation presents a potential 
commonality among the gain-of-function mutations in Nav1.6 that cause epileptic 
encephalopathy and provides proof-of-concept evidence that Nav1.6 S-
palmitoylation can be a drugable target to modulate excitability disorders with or 
without the Nav1.6 abnormality. The implication of these findings on VGSC 
regulation and future directions of this work are further discussed in Chapter VI. 

 
 
 
 
 
 
  



 

 42 

II. MATERIALS AND METHODS 
A. cDNA constructs  

 
1. Mouse Nav1.6 channel constructs 

 
This construct, referred to as mNav1.6r, was used in experiments 

presented in Chapter III and Chapter V for the characterization of Nav1.6 S-
palmitoylation. The pcDNA3-Nav1.6r encoding for the mouse Nav1.6 was 
modified from a pcDNA3-Nav1.6r-EGFP construct (Gasser, Ho et al. 2012). The 
Nav1.6 channel has been rendered tetrodotoxin-resistant (TTXr) by the Y371S 
substitution, enabling the isolation of currents from the transfected Nav1.6 
channels in whole-cell patch clamp recordings. The amino acid sequence of the 
c-terminal EGFP was deleted by introducing a stop codon at the end of the 
Nav1.6 channel sequence, in order to eliminate the potentially confounding 
influence of the c-terminal EGFP on channel properties and to achieve higher 
level of channel expression in our heterologous system.  

 
Mutations C1169,1170A (mNav1.6r-CCAA), C1978A (mNav1.6r-C1978A), 

C1169,1170,1978A (mNav1.6r-CCCAAA) and (mNav1.6r-R660C) were 
introduced into the construct using QuikChange® II XL site-directed mutagenesis 
kit from Agilent Technologies according to the manufacturer’s instructions. 
Mutant channel constructs were fully sequenced (ACGT, Inc.) to confirm the 
presence of the correct mutation and the absence of additional mutations. 

 
2. Human Nav1.6 channel constructs  

 
This construct was used in experiments presented in Chapter IV and 

Chapter V for the characterization of Nav1.6-associated epilepsy mutations. The 
codon optimized human cDNA construct for wild-type (WT) Nav1.6, encoding for 
the amino acid sequence corresponding to the accession number NP_055006.1 
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in the NCBI database, was designed in-house (Patel, Barbosa et al. 2016) and 
synthesized by GenScript (Piscataway, NJ). A Y371S amino acid substitution 
was introduced into the construct, rendering the channel resistant to TTX block.  

 
Mutations R850Q, T767I, R1617Q and R1872Q were introduced into the 

WT construct using QuikChange® II XL site-directed mutagenesis kit from Agilent 
Technologies according to the manufacturer’s instructions. Mutant channel 
constructs were fully sequenced (ACGT, Inc.) to confirm the presence of the 
correct mutation and the absence of additional mutations.  

 
3. Human Nav1.2 channel constructs  

 
This construct was used in experiments presented in Chapter III for the 

characterization of Nav1.2 S-palmitoylation. The codon optimized human cDNA 
construct for Nav1.2 was designed in-house and synthesized by GenScript 
(Piscataway, NJ). The amino acid sequence for the construct was correspondent 
to the accession number NG_008143.1 in the NCBI database. The Nav1.2 
channel was rendered resistant to TTX-R by a F385S substitution.  

 
The mutation K2005C (Nav1.2r- K2005C) was introduced into the 

construct using QuikChange® II XL site-directed mutagenesis kit from Agilent 
Technologies according to the manufacturer’s instructions. Mutant channel 
constructs were fully sequenced (ACGT, Inc.) to confirm the presence of the 
correct mutation and the absence of additional mutations. 

 
4. Fusion CD4-Nav1.6-Loop2 and CD4-Nav1.6-CTD constructs  

 
These construct were used in experiments presented in Chapter III for the 

acyl-biotin exchange experiments. The fusion proteins CD4-Nav1.6-Loop2 and 
CD4-Nav1.6-CTD were designed in-house and synthesized by GenScript 
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(Piscataway, NJ). The extracellular and transmembrane segments of CD4 
(amino acid 1-418) were fused with Nav1.6-Loop2 (amino acid 976-1193) or 
Nav1.6-CTD (amino acid 1768-1978).  

 
Cysteine to alanine mutations correspondent to amino acid residues 1163, 

1169,1170 and 1978 in Nav1.6 were introduced into the wild-type cDNA 
constructs using QuickChange II XL site-directed mutagenesis kit from Agilent 
Technologies according to the manufacture’s instructions. Mutant constructs 
were fully sequenced (ACGT, Inc.) to confirm correct mutation and absence of 
additional mutations.  

 
B. Cell cultures and transfections  

 
1. Culture of ND7/23 cells and HEK cells 

 
The neuronal cell line ND7/23 was used for transient expression of WT 

and mutant mNav1.6, hNav1.6 and hNav1.2 channels in electrophysiological 
experiments. The HEK293 cell line was used for stable expression of the WT 
hNav1.6 channel and transient expression of WT and mutant CD4 fusion proteins 
in acyl-biotin experiments. Both cell lines were maintained in Dulbecco's Modified 
Eagle Medium (Life Technologies, Grand ISLAND, NY, USA) supplemented with 
10% fetal bovine serum (Atlanta Biologicals, Laurenceville, GA, USA) and 1% 
penicillin/streptomycin (Invitrogen #15140-122, Grand Island, NY, USA) and kept 
at 37°C incubator with 5% CO2.  

 
2. Lipofectamine® transfection of ND7/23 cells and HEK cells 

 
Transient transfection of ND7/23 cells and HEK cells was performed using 

Invitrogen Lipofectamine® 2000 Transfection Reagent according to the 
manufacturer’s instructions.  
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For transfection of channel proteins in ND7/23 cells, lipid-DNA mixture in 

Opti-MEM medium with 5μg channel construct and 0.5μg enhanced green 
fluorescent protein (EGFP) construct was added to cells for 4h, after which 
transfected cells were split onto 35mm dish with fresh medium. Transfected cells 
were incubated at 30ºC overnight to increase channel surface expression. whole-
cell voltage-clamp recordings were performed 24-32h after transfection. 
Transfected cells were identified by EGFP expression under a fluorescent 
microscope.  

 
For transfection of CD4-Nav1.6 fusion protein in HEK cells, lipid-DNA 

mixture in Opti-MEM medium with 5μg cDNA construct was added to cells for 
2.5h, after which the medium was removed and replaced by fresh medium. Acyl-
biotin exchange was performed 24-32h after transfection. 

 
3. Primary culture of DRG neurons 

 
Rat DRG neurons were dissociated and cultured as described (Cummins 

et al., 2000). In adherence with animal procedures approved by the Indiana 
University School of Medicine and the School of Science Institutional Animal 
Care and Use Committees, young adult male Sprague Dawley rats, were 
euthanized by carbon dioxide overexposure followed by decapitation. All DRGs 
were harvested and subsequently incubated in collagenase D (1 mg/ml) and 
protease (1 mg/ml) for 70min. The DRGs were then spun down and washed with 
Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine serum 
and 1% penicillin/streptomycin, following which the DRGs were resuspended for 
trituration. 60μl of the triturated cells were seeded on each coverslip coated with 
poly-D-lysine and laminin and incubated for 1h in a 37°C / 5% CO2 incubator 
before supplementing with 500μl DMEM with 10% FBS and 1% 
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penicillin/streptomycin and kept in a 37°C / 5% CO2 incubator for 48h before 
transient transfection. 

 
4. Biolistic transfection of DRG neurons 

 
Transient transfection in DRG neurons was performed using the Helios 

Gene Gun (Bio-Rad Laboratories) according to the manufacture’s instructions as 
previously described (Herzog, Cummins et al. 2003, Dib-Hajj, Choi et al. 2009, 
Jarecki, Piekarz et al. 2010)(Herzog et al., 2003; Dib-Hajj et al., 2009; Jarecki et 
al., 2010). Cells were co-transfected with 10 μg Nav1.6r cDNA and 5 μg Nav1.8 
(small hairpin RNA) shRNA (Mikami and Yang 2005, Barbosa, Tan et al. 2015) 
with an internal ribosome entry site–EGFP (IRES-EGFP). Previous data has 
shown that the Nav1.8 shRNA reduces endogenous Nav1.8 current in DRG 
neurons by 98% (Jarecki et al., 2010). Patch clamp recordings were performed 
48h after transfection. For current-clamp recordings, the medium was 
supplemented with 50 ng/ml mouse nerve growth factor (mNGF) (Sigma). 

 
5. Culture of iCell® GlutaNeurons 

 
iCell® GlutaNeurons were purchased from Cellular Dynamics International, 

Inc. and cultured according to the manufacture’s instructions. The iCell® 
GlutaNeurons Were thawed and plated on coverslips coated with Poly-L-
Ornithine (Sigma-Aldrich) and Corning® Matrigel® Basement Membrane Matrix 
and maintained in BrainPhyTM Neuronal Medium (STEMCELL Technologies Inc.) 
supplemented with iCell Neurons Medium Supplement (Cellular Dynamics 
International), iCell Nervous System Supplement (Cellular Dynamics 
International), N-2 Supplement (Sigma-Aldrich) and 1% penicillin/streptomycin 
(Invitrogen). The culture was maintained with 50% medium exchange every other 
day before transient transfection at 10 days post-plating. 
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6. ViaFectTM transfection of iCell® GlutaNeurons 

 
Transient transfection of the iCell® GlutaNeurons was perform on day 10 

post-plating using the ViaFectTM Transfection Reagent according to the 
manufacture’s instructions. 6μl of viaFect reagent was added to the cDNA 
mixture of 2μg hNav1.6 construct and 0.1 μg EGFP construct in BrainPhyTM 
Neuronal Medium and incubated for 20min before adding to the cells. Patch 
clamp recordings were performed 48h after transfection. 

 
7. Establishment of a Nav1.6 stable cell line 

 
5μg hNav1.6 cDNA construct was transfected in the HEK cell line using 

Invitrogen Lipofectamine® 2000 Transfection Reagent according to the 
manufacturer’s instructions. The cells were incubated with the transfection 
complex for 3h before being split on 10cm dish in fresh medium. G418 was 
added to the culture medium for selection. The culture was maintained with 
medium exchange every other day. After colonies were formed, isolated colonies 
were picked, dissociated and seeded on 10mm coverslips for functionality 
selection. At least three cells from each colony were randomly chosen for 
electrophysiological characterization. The colonies with all tested cells 
expressing Nav1.6 current at least 1nA in amplitude were selected for further 
expansion. The established cell lines were maintained in standard culture 
medium supplemented with G418. 

 
8. S-palmitoylation treatments 

 
2-Bromo palmitate (2BP, 2-Bromohexadecanoic acid, Sigma-Aldrich) was 

used to block S-palmitoylation and palmitic acid (PA, Sigma-Aldrich) was used to 
enhance S-palmitoylation. Although one single study (Pedro, Vilcaes et al. 2013) 
showed that 2BP may inhibit acyl-protein thioesterase activity at 150 μM, such 
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inhibition is not detected at 50 μM or 25 μM (the concentration used in our 
study). Both drugs were dissolved in DMSO in 1000X working concentration. 
They were diluted in warm medium and added to transfected cells at 25μM and 
10μM concentrations respectively for overnight incubation. 

 
C. Acyl-biotin exchange assay 

 
1. Chemicals 

 
β-Mercaptoethanol, Fisher, BP176 
Chloroform, Acros Organics, AC158210010 
EZ-Link™ HPDP-Biotin, Thermo Scientific, 21341 
Hydroxylamine solution, Sigma-Aldrich, 467804 
Methanol, Fisher Scientific, A412-4 
N-ethylmaleimide (NEM), Pierce, cat. no. PI 23030 
Pierce™ NeutrAvidin™ Agarose, Thermo Fisher, 29200 
Protease Inhibitor Cocktail Set V, Animal-Free, Calbiochem, 535141 
Triton™ X-100 Surfact-Amps™ Detergent Solution, Thermo Fisher, 28314 
UltraPure™ SDS Solution, 10%,  Thermo Fisher, 15553027 
 

2. Antibodies 

 
Mouse anti-beta-actin antibody, clone 4C2, Millipore, MABT825 
Mouse anti-sodium channel, pan antibody, Sigma-Aldrich, S8809 
Rabbit anti-CD4 antibody, Abcam, 133616 
Rabbit anti-SCN8A sodium channel antibody, Millipore, AB5580 
Goat anti-Mouse IgG H&L (IRDye® 800CW), Abcam, ab216772 
Goat anti-Rabbit IgG H&L (IRDye® 800CW), Abcam, ab216773 
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3. Protocol 

 
ABE assay was performed as previously described with minor 

modifications (Pei, Xiao et al. 2016). HEK 293 cells stably expressing Nav1.6 or 
transiently transfected with CD4-Loop2, CD4-CTD or their mutant variants were 
lysed and treated with N-ethylmaleimide (NEM) overnight to block free cysteines 
at 4ºC with end-to-end rotation. Next day, NEM was removed by chloroform-
methanol precipitation and dissolved in 4% SDS buffer. The soluble protein was 
then divided into two equal parts and treated with either NH2OH (0.7 M 
hydroxylamine, 1 mM biotin, 0.2% Triton X-100 and 1 x protease inhibitor) or tris 
buffered solution (200 mM tris, 1 mM biotin, 0.2% Triton X-100 and 1 x protease 
inhibitor). The reaction was carried out in dark for 1h. Chemicals were removed 
by chloroform-methanol precipitation. Protein was resolubilized in 2% SDS buffer 
and subsequently diluted with lysis buffer to achieve 0.1% SDS concentration for 
streptavidin-agarose beads capture. BCA protein assay was performed to ensure 
equal amount of proteins from different groups were subjected to the 
streptavidin-agarose beads capture. After 1 h incubation at room temperature, 
beads were washed four times with lysis buffer containing 1% Triton X-100 and 
0.1% SDS. Protein was eluted in LDS sample buffer (Invitrogen) with 2% β-
mercaptoethanol and heated at 65ºC for 5 min before probing with western 
blotting. 
 

D. Whole-cell patch clamp recordings  
 

1. Solutions 

 
For voltage-clamp recordings, the intracellular solution contained (in mM): 

140 CsF, 10 NaCl, 1.1 EGTA, and 10 HEPES, adjusted to a pH of 7.30 with 
CsOH. For recordings in ND7/23 cells, the extracellular solution contained (in 
mM): 140 NaCl, 20 TEA-Cl, 3 KCl, 1 MgCl2, 1 CaCl2 and 10 HEPES, adjusted to 



 

 50 

a pH of 7.30 with NaOH. For recordings in DRG neurons, the extracellular 
solution contained (in mM): 140 NaCl, 20 TEA-Cl, 3 KCl, 1 MgCl2, 1 CaCl2, 0.1 
CdCl2 and 10 HEPES, adjusted to a pH of 7.30 with NaOH. 500nM TTX was 
added to the extracellular solution to block endogenous sodium currents and 
isolate TTX-resistant current generated by transfected channels. Osmolarity of all 
solutions was adjusted to 300 mOsm. 

 
For current-clamp recordings, the intracellular solution contained (in mM): 

140 KCl, 5 MgCl2, 5 EGTA, 2.5 CaCl2 and 10 HEPES, adjusted to a pH of 7.30 
with KOH. The extracellular solution contained (in mM): 140 NaCl, 5 KCl, 2 
CaCl2, 1 MgCl and 10 HEPES, adjusted to a pH of 7.30 with NaOH. Osmolarity 
of solutions was adjusted to 300 mOsm. 

 
2. Protocols 

 
All recordings were obtained at room temperature (~22ºC) using a HEKA 

EPC-10 amplifier and the PatchMaster program (v2x73.2, HEKA Electronic). For 
voltage-clamp recordings, Electrodes were fabricated from 1.7mm capillary glass 
and fire-polished to a resistance of 0.8–1.0 MΩ using a Sutter P-1000 
Micropipette puller (Sutter Instrument Company). The series of recording 
protocols was started 3 min after break-in for each cell, which controlled for time-
dependent shifts in channel properties. For resurgent current recording, the 
protocol was started 5 min after break-in to allow sufficient time for Navβ4 
peptide diffusion. Cells were not considered for analysis if the initial seal 
resistance was < 1 GΩ or if they had a series resistance > 3 MΩ. Voltage errors 
were minimized using 80% series resistance compensation and passive leak 
currents were cancelled by subtraction. To induce resurgent currents in ND7/23 
cells, 200μM Navβ4 peptide (KKLITFILKKTREK-OH) (Biopeptide Co), a peptide 
that corresponds to part of the C-terminal tail of the full-length Navβ4 subunit, 
was included in the intracellular solution. For current-clamp recordings, 
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electrodes were fabricated from 1.2mm capillary glass to achieve a resistance of 
4.0 – 6.0 MΩ. The series of recording protocols was started 2 min after break-in 
for each cell. 
 

2.4.1 Activation protocol.  

 
Transient sodium current (INaT) was measured during a 50ms depolarizing 

step (–80mV to +45mV; 5mV increment) from a holding potential of –120mV 
(Fig.11D upper). The current density was calculated by dividing the measured 
INaT by the capacitance of the cell. Persistent sodium current (INaP) was measured 
at the last 1ms during the depolarizing steps and presented as a percentage 
normalized to the maximal INaT of each cell. Sodium current conductance (GNa) 
was converted from INaT using the equation  

GNa = INaT / (V – Vrev), 
where Vrev is the reversal potential of Na+ obtained in FitMaster (v2x73.5, 

HEKA Electronic) for each cell. Activation curves were generated by plotting 
normalized GNa against depolarizing potentials and fitting it with the Boltzmann 
function in the form of  

GNa / Gmax = 1 / (1 + exp[(V50,act - V) / kact]), 
where Gmax is the maximal GNa, V50,act is the potential at which activation is 

half-maximal, V is the depolarizing potential, and kact is the slope factor. Rate of 
decay (τNaT) for INaT was obtained in FitMaster by fitting the current traces 1ms 
into the depolarizing steps with a single exponential function. 

 

2.4.2 Steady-state inactivation.  

 
Availability of sodium channels was measured by the peak sodium current 

during a 20ms test pulse at 0mV following a 500ms prepulse (–140mV to +10mV; 
10mV increment) that allows channels to enter equilibrium states (Fig.11D 
lower). Steady-state inactivation curves were generated by plotting normalized 
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sodium current against prepulse potentials and fitting it with the Boltzmann 
function in the form of  

I / Imax = 1 / (1 + exp[(V50,inact - V) / kinact]), 
where Imax is the maximal sodium current obtained in this protocol, V50,inact 

is the potential at which half of the sodium channels are available for activation, V 
is the prepulse potential, and kinact is the slope factor. 

 

2.4.3 Recovery from inactivation.  

 
A 20ms depolarization prepulse at 0mV was applied to allow channel 

activation and subsequent inactivation, which was followed by a repolarizing step 
to –80mV for durations ranging from 0ms to 50ms with 2ms increment. The non-
inactivated sodium currents were measured during a subsequent 20ms test pulse 
at 0mV and normalized to the maximum current obtained in this protocol. The 
normalized non-inactivated sodium current was plotted against the duration of 
repolarizing step and fitted with a single exponential function.  

 

2.4.4 Resurgent current.  

 
Resurgent currents (INaR) were recorded with 200μM Navβ4 peptide in the 

intracellular solution and elicited by a protocol (Fig.18J top) with a step 
depolarization from –120 mV to +60 mV for 20 ms to open channels, allowing 
them to undergo open-channel block and subsequently repolarizing to a series of 
potentials (+25mV to –80mV; 5mV decrement) for 50 ms to allow the blocker to 
unbind, generating the resurgent current. INaR was presented as a percentage 
normalized to the maximal INaT obtained from the activation protocol and plotted 
against the repolarization potentials. Rate of decay (τrsg) for resurgent current 
was obtained in FitMaster by fitting the decay phase of the resurgent current 
traces, starting at 3ms (or 6.5ms for R1617Q due to its extremely slow resurgent 
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current kinetics) in the repolarizing steps of the resurgent current protocol with a 
single exponential function. 

 
E. Computational modeling and simulations 

 
1. Modelling Nav1.6 current 

 
Computational modeling of sodium currents and simulation of action 

potential firing were conducted in NEURON v7.5 (Hines and Carnevale 1997). 
The sodium current model was based on a Markov state model described in 
detail previously (Khaliq, Gouwens et al. 2003) with minor modifications to 
partially segregate the coupling of voltage dependence of activation and 
inactivation (Fig.22). To model WT Nav1.6 current, the kinetic parameters 
remained identical to the original model, except for Oon, the rate constant for the 
OàI6 transition (INaT decay), was modified from 0.75 to 1.132 to match the 
experimental result. Mutant Nav1.6 currents were modeled as changes relative to 
this baseline. Quantitative analysis and curve fitting were performed to reconcile 
experimental and modelled data. ε, the rate constant for OàOB was not altered 
for experiments with open channel block (resurgent current) implemented, while 
it was set to 0 otherwise. All modified parameters were reported in Table 2. 
 

2. Simulation of action potential firing 

 
Simulations of neuronal activity were performed in a single compartment 

model of a Purkinje neuron (Khaliq, Gouwens et al. 2003) and a multi-
compartment model of a cortical pyramidal neuron (Ben-Shalom, Keeshen et al. 
2017). To simulate action potential firing of the Purkinje neuron, sodium 
conductance in the original model (Khaliq, Gouwens et al. 2003) was replaced by 
the modeled Nav1.6 current. For the simulation in the cortical pyramidal neuron 
model (Ben-Shalom, Keeshen et al. 2017), the sodium conductance that 
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represents Nav1.6 current was replaced by the modeled Nav1.6 current. To 
simulate heterozygous mutant conditions in both models, 50% of the modelled 
WT Nav1.6 conductance was replaced by the modelled mutant Nav1.6 
conductance. Neuronal morphology, channel distributions and kinetics of other 
channels remained the same as the original models. 
 

F. Data analysis 
 
GraphPad Prism (v 6.00, GraphPad Software) was used for statistical 

analysis and curve fitting. The ROUT method in GraphPad Prism was used to 
identify outliers, which were then excluded from plotting and analysis. D'Agostino 
& Pearson omnibus normality test was used to confirm normal distribution of the 
data. Nonlinear least-squares minimization method was used for curve fitting. All 
data are presented as mean ± standard error of mean (SEM) of the indicated 
number of cells (n). Electrophysiological data for the WT group was collected 
along with each mutant group to eliminate potential differences in cell batch and 
in transfection efficiency. I found some significant difference of INaT current 
density, but not any other channel properties, between the various WT groups 
from different batches. Therefore, for comparisons of INaT current density, data 
from different WT batches was not pooled for comparison to mutants, and thus 
was presented with different number of cells (n). For comparisons of INaT current 
density, INaP percentage, INaR percentage, rate of decay for INaT, and rate of decay 
for INaR, two-way ANOVA with Sidak’s multiple comparisons test was performed 
between WT and mutants. For comparisons of V50,act, kact, V50,inact, kinact, and 
recovery rate, student’s t-test was performed on the parameters extrapolated 
from curve fitting.   
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III. NAV1.6 S-PALMITOYLATION REGULATES CHANNEL ACTIVITY AND 
NEURONAL EXCITABILITY 

A. Overview 
 
Some Nav isoforms are modified by S-palmitoylation. The cardiac sodium 

channel Nav1.5 was shown to be biochemically modified and functionally 
regulated by S-palmitoylation (Pei, Xiao et al. 2016). Additionally, the functional 
properties and toxin sensitivity of Nav1.2 are altered by manipulating the S-
palmitoylation status of the channel with pharmacological treatment (Bosmans, 
Milescu et al. 2011). However, it is unclear whether other Nav isoforms are 
differentially regulated by S-palmitoylation. This chapter presents experiments 
addressing the questions whether Nav1.6 is modified by S-palmitoylation and 
how Nav1.6 S-palmitoylation modulates channel activity. 
 

B. Nav1.6 is post-translationally modified by S-palmitoylation. 
 

1. Detection of Nav1.6 S-palmitoylation in mouse cerebellum. 

 
The acyl-biotin exchange assay was performed with proteins extracted 

from the mouse cerebellum due to its enriched expression of Nav1.6. Fig.6 
shows that native Nav1.6 in the mouse brain is S-palmitoylated. This is signified 
by the stark contrast of the intensity of Nav1.6 signal between the groups with 
and without hydroxylamine (HA) treatment, which selectively severs the labile 
thioester bond of S-palmitoylation and exposes the originally S-palmitoylated 
thiols for biotinylation and subsequent strep-avidin capture. 

 
2. Detection of Nav1.6 S-palmitoylation in Nav1.6 stable cell line. 

 
To further confirm the generalization of Nav1.6 S-palmitoylation, the 

channel was heterologously transfected in the HEK cell line. As shown in Fig.6B, 
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transient transfection (trans.) achieved very low level of total Nav1.6 expression 
compared to that selected for stable expression (stabl.) in HEK cells, probably 
due to the low transfection efficiency of the channel. The selectivity of the pan-
Nav antibody I used was confirmed by the lack of signal in HEK cells without 
transfection. With the Nav1.6 stable cell line, the ABE assay shows that 
heterologously expressed Nav1.6 was also S-palmitoylated, indicated by the 
contrast of signal intensity of pan-Nav probed proteins between +HA and –HA 
groups (Fig.6C).  
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Figure 6. Nav1.6 is biochemically modified by S-palmitoylation. 
(A) Acyl-biotin exchange assay on mouse cerebellum probed with Nav1.6 
antibody. (B) Nav1.6 probed with pan-Nav antibody in HEK cells with no 
transfection (left), with Nav1.6 stably transfected (middle) and with Nav1.6 
transiently transfected (right). (C)  Acyl-biotin exchange assay on HEK cell line 
stably expressing Nav1.6 probed with pan-Nav antibody.  
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C. Nav1.6 activity is regulated by S-palmitoylation. 
 

1. S-palmitoylation regulates Nav1.6 current amplitude. 

 
To understand the potential significance of Nav1.6 S-palmitoylation for 

channel function, whole-cell voltage clamp recordings was performed on ND7/23 
cells transiently transfected with Nav1.6. The S-palmitoylation status of the 
channel was manipulated by overnight treatment of the transfected cells with 
either 10μM palmitate acid (PA), the substrate for S-palmitoylation, to enhance 
S-palmitoylation, or 25μM 2-bromo-palmitate (2BP), a metabolically stable 
analog of palmitate acid, to block S-palmitoylation. These concentrations were 
determined by previous experiments in our lab that showed optimal 
enhancement and blockage of S-palmitoylation in our heterologous expression 
system (Pei, Xiao et al. 2016). 

 
The representative traces of Nav1.6 currents from each treatment group 

are shown in Fig.7A. The measured peak sodium currents were normalized by 
the capacitance of each cell, which reflects the area of plasma membrane. As 
shown in Fig.7B, blocking S-palmitoylation with 2BP reduced Nav1.6 current by 
2.5 fold (2BP: - 32.02 ± 6.65 pA/pF vs. DMSO: - 80.16 ± 8.30 pA/pF), while 
enhancing S-palmitoylation with PA increased Nav1.6 current by 1.8 fold (- 142.4 
± 17.27 pA/pF). Notably, the current density in the PA group is more than four-
fold larger than that of the 2BP group. To eliminate the possibility that these 
bidirectional effects were mediated by different mechanisms, transfected cells 
were simultaneously treated with 25 μM 2BP and 10 μM PA. The current density 
of the co-treated cells (- 31.12 ± 7.43 pA/pF) was similar to that of the 2BP group, 
suggesting that the bidirectional current density effects produced by individual 
2BP and PA treatments were very likely mediated by S-palmitoylation. These 
data also demonstrated that 2BP effectively blocked S-palmitoylation in our 
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expression system, although excessive S-palmitoylation substrate were provided 
to bias the palmitoylation – depalmitoylation equilibrium. 
 

2. S-palmitoylation regulates Nav1.6 voltage dependence. 

 
In addition to regulating Nav1.6 current amplitude, S-palmitoylation also 

modulates voltage dependence of the channel. Fig.7C shows that blocking S-
palmitoylation with 2BP resulted in an 8mV hyperpolarizing shift of steady-state 
inactivation (2BP: V1/2 = - 72.34 ± 0.28 mV vs. DMSO: V1/2 = - 64.46 ± 0.21 
mV), similar to the modulations seen in Nav1.2 (Bosmans, 2011) and Nav1.5 
(Pei, 2016). Also, there is a slight, though statistically significant, hyperpolarizing 
shift of voltage dependence of activation (Fig.7D 2BP: V1/2 = - 22.48 ± 0.84 mV 
vs. DMSO: V1/2 = - 19.7 ± 0.18 mV). On the other hand, enhancing S-
palmitoylation with PA did not alter Nav1.6 voltage dependence of activation or 
steady-state inactivation (Fig.7CD).  

 
3. S-palmitoylation has no prominent effect on Nav1.6 recovery from inactivation 

or Nav1.6 resurgent current. 

 
Blocking S-palmitoylation revealed a slight slowing effect on the channel 

recovery from inactivation, while enhancing S-palmitoylation with PA showed no 
effect (Fig.7E, 2BP: τ = 13.18 ± 1.28 ms, DMSO: τ = 9.84 ± 0.76 ms, PA: τ = 
10.54 ± 0.45 ms). Additionally, altering Nav1.6 S-palmitoylation status did not 
change the percentage of Nav1.6 resurgent current induced by the β4 peptide in 
the intracellular solution (Fig.7H).  
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Figure 7. S-palmitoylation regulates Nav1.6 functional properties 
(A) Representative current traces from each treatment group elicited with the 
activation protocol. Maximum current traces are highlighted with black, red and 
blue respectively. (B) Current density-voltage plot. * P < 0.05 compared to WT in 
two-way ANOVA. (C) Voltage dependence of activation and (D) Steady-state 
inactivation curves fitted with Boltzmann functions. (E) Recovery from inactivation 
with recovery time duration from 0 to 50ms. (F,G) Quantification of the mid-point 
voltage (V1/2) of steady-state inactivation and activation extrapolated from (C,D), 
respectively. (H) Percentage of resurgent current normalized to maximum peak 
sodium current obtained from the activation protocol with 200μM Navβ4 peptide 
in the intracellular solution. Data presented as mean ± SEM. Values are reported 
in Table 2. 
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D. Identification of S-palmitoylation sites in Nav1.6  
 

1. S-palmitoylation site prediction using CSS-Palm 

 
So far, there is no consensus sequence motif for S-palmitoylation. The 

identification of potential sites relies on prediction tools like CSS-Palm (Xue, Liu 
et al. 2011) that provides site prediction based on a limited pool of known S-
palmitoylation proteins using a clustering and scoring strategy (CSS) algorithm. 

 
In the Nav1.6 amino acid sequence, 14 residues are predicted to be S-

palmitoylation sites with medium stringent threshold (Fig.8A). Six of them are 
exposed to the cytoplasm (Fig.8B), which are more likely to be accessible by 
palmitoyl acyltransferases and thioesterases, and thus have higher probability to 
be modified by S-palmitoylation and to undergo the dynamic palmitoylation – 
deplamitoylation cycle for dynamic regulation of Nav1.6 functions. Among them, 
three residues, C1169, C1170 and C1978, are of particular of interest. The two 
adjacent cysteines in the second intracellular loop (Loop2) are highly conserved 
among all isoforms of voltage-gated sodium channel (Fig.8C). And yet, they 
confer distinct functional modulations: in Nav1.2, depalmitoylation of the first of 
the two cysteines was shown to hyperpolarize voltage-dependence of 
inactivation (Bosmans, Milescu et al. 2011); a similar modulation was seen in 
Nav1.5, however, it was not conveyed by the homologous cysteine, but by a 
Nav1.5-exclusive residue (C981) in Loop2  instead (Pei, Xiao et al. 2016). This 
indicates potential isoform-specific functionality of S-palmitoylation. Because an 
8mV hyperpolarization of voltage-dependence of inactivation was observed in 
Nav1.6 upon S-palmitoylation blockage (Fig.7C), it would be interesting to test 
whether the two conserved cysteines were involved in the regulation and how it 
might differ from Nav1.2 and Nav1.5. 
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Figure 8. S-palmitoylation site prediction in Nav1.6. 
(A) CSS-Palm interface showing 14 predicted S-palmitoylation sites in Nav1.6 
with medium stringent threshold. (B) Predicted S-palmitoylation sites mapped to 
the sodium channel topology. Sites of interest C1169, C1170, C1978 are 
highlighted in red. (C) Two segments of sequence alignment of the 9 VGSC 
isoforms showing Nav1.6-C1169, C1170, C1978 in their immediate sequence 
environment. 
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Another site of interest, C1978, locates at the very end of the C-terminal 
domain in Nav1.6 (Fig.8B). This site is unique to Nav1.6 and not found in any 
other sodium channel isoform (Fig.8C). In addition, the C-terminus cysteine is 
evolutionally conserved in Nav1.6 among most species with a few exceptions in 
lower vertebrates (Fig.9). Therefore, this residue may carry functional 
significance that is exclusive to the Nav1.6 isoform. Moreover, C-terminus S-
palmitoylation has been shown to regulate protein surface expression (Hayashi, 
Rumbaugh et al. 2005, Roth, Wan et al. 2006, Jindal, Folco et al. 2008, Ebersole, 
Petko et al. 2015), which might explain the bi-directional modulation of Nav1.6 
current amplitude induced by S-palmitoylation manipulation. 
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Figure 9. Evolutionary conservation of cysteines in VGSC. 
(A) C-terminal domain and (B) Loop2 in Nav1.6. 
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2. C1169, C1170 and C1978 are major S-palmitoylation sites in Nav1.6 

 
To biochemically confirm S-palmitoylation occurs at C1169 and C1170, I 

designed a CD4-Nav1.6-Loop2 fusion protein for ABE assay due to low 
expression level of Nav1.6 in our heterologous expression system (Fig.10A). This 
construct was transiently transfected in the HEK cell line. I validated that the CD4 
antibody is specific for detecting the transfected fusion protein (Fig.10B) and the 
signal intensity is linear with protein loading, and thus can be used for 
quantification in the experiments (Fig.10C).  

 
The ABE assay showed that the CD4-Loop2 fusion protein was S-

palmitoylated and the S-palmitoylation signal was enhanced by PA treatment and 
reduced by 2BP treatment (Fig.10D). To eliminate S-palmitoylation at the 
cysteines corresponding to C1169 and C1170 in Nav1.6, both cysteines were 
mutated to non-palmitoylatable alanines (Loop2-CCAA).  Fig.10DF shows that 
the S-palmitoylation signal of Loop2-CCAA was greatly reduced compared to 
Loop2-WT, suggesting that C1169 and C1170 were major S-palmitoylation sites 
in Loop2. However, S-palmitoylation was not completely abolished in Loop2-
CCAA. This may indicate additional S-palmitoylation site(s) in the protein. In 
addition to C1169 and C1170, there are four other cysteines in Loop2 (1042, 
1058, 1163 and 1189). Intriguingly, C1163, a cysteine near the double cysteines 
1169 and 1170 (Fig.10C), became a predicted S-palmitoylation site in CSS-Palm 
in both Nav1.6-CCAA and Loop2-CCAA, while it was not a predicted site in the 
WT proteins. This indicated the possibility to unmask and favor S-palmitoylation 
at non-canonical residues upon the removal of primary S-palmitoylation sites in a 
protein. Indeed, the ABE assay showed that Loop2-C1163A displayed similar S-
palmitoylation signal as Loop2-WT, affirming that C1163 was not a major S-
palmitoylation site in WT CD4-Nav1.6-Loop2, although it might become one 
when neighboring S-palmitoylation sites were removed (Loop2-CCAA). Further, 
mutating the three cysteines (1163, 1169, 1170) eliminated the S-palmitoylation 
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signal from CD4-Loop2, which suggested the remaining three cysteines (C1042, 
C1158, C1189) were not S-palmitoylation site in Loop2. Fig.10EG shows that 
CD4-CTD was also S-palmitoylated and the C-terminus cysteine was the major 
S-palmitoylation site in the CTD. As a negative control to show the level of S-
palmitoylation signal in the experiments in the absent of S-palmitoylatable site, all 
cysteines in CD4-Loop2 were removed by deleting the sequence segment with 5 
cysteines clustered (1058-1193) and mutating the last cysteine (C1042A) making 
a CD4-Loop2-ΔC construct (Fig.10HI).  
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Figure 10. Acyl-biotin exchange assays (ABE) of CD4-Nav1.6 fusion proteins. 
(A) Schematic illustrations of the CD4-Nav1.6-loop2 and CD4-Nav1.6-CTD fusion 
proteins showing the linker region between CD4 and Nav1.6-loop2/CTD (last five 
amino acids of the CD4 transmembrane segment and the first five amino acids of 
the Nav1.6-loop2/CTD). (B,C) Detection of CD4-Nav1.6 fusion proteins 
transiently expressed in HEK cells with CD4 antibody. (D,E,I) ABE assays on WT 
and mutant fusion protein-transfected HEK cells. (F,G) Quantification of S-
palmitoylation signals in ABE. P value for 2BP, DMSO and PA treatments in 
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CD4-Loop2 was obtained from one-way ANOVA with Tukey multiple comparison 
test (n = 3 in each group), P values for WT vs. mutants were obtained from t-test 
(n = 3 for CD4-Loop2, n = 4 for CD4-CTD). (H) A segment of Nav sequence 
alignment showing the cluster of 5 cysteines in Loop2. 
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3. S-palmitoylation at C1169, C1170 regulates voltage-dependence of Nav1.6 

 
Since C1169 and C1170 are major S-palmitoylation sites in Loop2 of 

Nav1.6, next I set out to test the function of this modification. S-palmitoylation at 
C1169 and C1170 was eliminated by mutating both to non-palmitoylatable 
alanines (Nav1.6-CCAA). Fig.11A shows the representative traces of TTX-
resistant Nav1.6-CCAA current from each treatment group. Compared to Nav1.6-
WT, Nav1.6-CCAA displays a 11mV hyperpolarizing shift in voltage dependence 
of steady-state inactivation (V1/2 = - 75.5 ± 0.39 mV) (Fig.11C). This replicates, if 
not exaggerates, the voltage dependence modulation seen in Nav1.6-WT with S-
palmitoylation blockage, suggesting that S-palmitoylation at C1169 and C1170 
are critical for voltage dependence regulation of Nav1.6. However, the Nav1.6-
CCAA channel does not completely lose its sensitivity to 2BP treatment and still 
displays a minor (5mV) but statistically significant hyperpolarizing shift in steady-
state inactivation (V1/2 = - 80.48 ± 0.30 mV) (Fig.11D). This may be due to slight 
modulation conveyed by the unmasked S-palmitoylation site (C1163) when 
C1169 and C1170 were removed (Fig.10). Further experiments with all these 
three cysteines replaced are needed to test this hypothesis.  

 
Consistent with the WT channel, enhancing S-palmitoylation with PA 

treatment does not alter the voltage dependence of activation, steady-state 
inactivation (Fig.11D), or recovery from inactivation (Fig.11E), while blocking S-
palmitoylation with 2BP treatment results in slower recovery from inactivation 
(2BP: τ = 12.69 ± 0.69ms; DMSO: τ = 10.7 ± 0.384 ms). Interestingly, Nav1.6-
CCAA exhibits the same bidirectional current density response to 2BP and PA 
treatments as the WT channel (Fig.11B), indicating that C1169 and C1170 do not 
regulate current amplitude of the channel. 
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Figure 11. S-palmitoylation of C1169, C1170 regulates Nav1.6 voltage-
dependence of inactivation, but not Nav1.6 current amplitude. 
(A) Representative current traces elicited from Nav1.6-CCAA with different 
treatments. (B) Current density-voltage plot. * P < 0.05 compared to WT in two-
way ANOVA. Data presented as mean ± SEM. Values are reported in Table. 
(C)(D) Steady-state inactivation and activation curves of Nav1.6-WT and Nav1.6-
CCAA fitted with Boltzmann functions. (E) Recovery from inactivation with 
recovery time duration from 0 to 50ms. (F,G) Quantification of the mid-point 
voltage (V1/2) of steady-state inactivation and activation extrapolated from (C,D), 
respectively. 
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4. S-palmitoylation at C1978 regulates current amplitude of Nav1.6 

 
Since S-palmitoylation at C1169 and C1170 is only involved in regulating 

Nav1.6 voltage dependence, I set out to identify the S-palmitoylation site 
responsible for the regulation of Nav1.6 current amplitude. C1978 is a probable 
candidate. For one thing, it is a major S-palmitoylation site in the CTD 
(Fig.10EG). For another, it is the last residue of Nav1.6, locating at the very end 
of the cytoplasmic CTD; and S-palmitoylation at C-terminus of ion channels have 
been shown to regulate protein trafficking and their surface expression (Hayashi, 
Rumbaugh et al. 2005, Jindal, Folco et al. 2008, Hayashi, Thomas et al. 2009). 
More importantly, C1978 is of tremendous interest, because it is exclusive to and 
evolutionally conserved in Nav1.6. Therefore, I hypothesized that Nav1.6-C1978 
S-palmitoylation regulates Nav1.6 surface expression, and thus produced the 
opposite current density effects upon 2BP and PA treatments (Fig.7B).  

 
To test the above hypothesis, I eliminated S-palmitoylation at C1978 in 

Nav1.6 by mutating it into a non-palmitoylatable alanine and examined the 
functional properties of this mutant channel. Fig.12A shows the representative 
traces of TTX-resistant Nav1.6-C1978A current from each treatment group. I 
found that enhancing S-palmitoylation with PA no longer increased Nav1.6 
current (PA: - 118.3 ± 16.14 pA/pF, vs. DMSO: 110.9 ± 13.75 pA/pF) (Fig.12B). 
However, blocking S-palmitoylation with 2BP still slightly decreased Nav1.6-
C1978A current (- 71.4 ± 12.76 pA/pF), although the reduction did not reach 
statistic significance (P = 0.0544 in two-way ANOVA) (Fig.12B). I speculated that 
this decrease of Nav1.6-C1978A current by 2BP treatment may be accountable 
for by secondary S-palmitoylation site(s), similar to the additional 
hyperpolarization of steady state inactivation in Nav1.6-CCAA upon 2BP 
treatment. Alternatively, the S-palmitoylation of a Nav1.6 interacting protein can 
be involved in the additional regulation of the current amplitude. Importantly, 
Nav1.6-C1978A demonstrated the same voltage dependence response to 2BP 
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and PA treatments as Nav1.6-WT (Fig.12CD), suggesting that S-palmitoylation at 
C1978 did not regulate voltage dependence of the channel. 

 
It is note worthy that there was no functional interaction or competition 

between S-palmitoylation at C1169, C1170 and that at C1978, because the triple 
cysteine mutant (Nav1.6-CCCAAA) with all these three cysteines mutated to 
alanines, replicated the voltage-dependent response of Nav1.6-CCAA and the 
current density response of Nav1.6-C1978A (Fig.12HIJ). Together, the data 
demonstrates that S-palmitoylation at different residues of Nav1.6 differentially 
regulate distinct channel functions. 
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Figure 12. C1978A eliminates Nav1.6 current enhancement by PA without 
altering voltage-dependence response to S-palmitoylation manipulation. 
(A) Representative current traces of Nav1.6-C1978A. (B,H) Current density-
voltage plots. # P < 0.05 compared to 2BP in two-way ANOVA. (C,D,I) Steady-
state inactivation and activation curves of Nav1.6-C1978A and Nav1.6-CCCAAA 
fitted with Boltzmann functions. (E,J) Recovery from inactivation of Nav1.6-
C1978A and Nav1.6-CCCAAA with recovery time duration from 0 to 50ms. (F,G) 
Quantification of the mid-point voltage (V1/2) of steady-state inactivation and 
activation extrapolated from (C,D), respectively. Data presented as mean ± SEM. 
Values are reported in Table 2.  
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E. S-palmitoylation regulations for VGSCs are isoform-dependent 
 

1. Nav1.2 current is not increased by S-palmitoylation 

 
Since C1978 is exclusive to Nav1.6, I asked whether other Nav isoforms lacked 
similar current amplitude regulation by S-palmitoylation. To address this 
question, I evaluated how S-palmitoylation affected the functional properties of 
Nav1.2. The Nav1.2 isoform has high degree of sequence homology and a 
similar expression pattern in the central nervous system as Nav1.6. It has a 
lysine (K2005) at the Nav1.6-C1978 homologous site. Fig.13A shows the 
representative traces of Nav1.2-WT currents. I found that enhancing S-
palmitoylation with PA treatment did not increase Nav1.2 current density (PA: - 
641.2± 92.95 pA/pF vs. DMSO: - 648.7 ± 69.50 pA/pF) (Fig.13B), although 
blocking S-palmitoylation with 2BP decreased Nav1.2 current (- 397.3 ± 47.31 
pA/pF) (Fig.13B). This resembled the pattern of current density response to 2BP 
and PA treatments observed in the Nav1.6-C1978A channel. This suggested that 
a voltage gated sodium channel lacking S-palmitoylation at the C-terminus was 
unlikely to be subjected to current amplitude enhancement by S-palmitoylation.  
 
On the other hand, the voltage dependence of steady-state inactivation of Nav1.2 
was altered by its S-palmitoylation states (Fig.13C): blocking S-palmitoylation 
with 2BP caused a 4mV hyperpolarizing shift (2BP: V1/2 = - 61.95 ± 0.21 mV vs. 
DMSO: V1/2 = - 57.79 ± 0.18 mV), while S-palmitoylation resulted in a 4mV 
depolarizing shift (V1/2 = - 54.01 ± 0.10 mV) (Fig.13C), similar to previous result 
from oocyte (Bosman, 2011).  
 
With this data, I demonstrated that Nav1.2 failed to display sensitivity to current 
enhancement by S-palmitoylation, but preserved the voltage dependence 
modulation conveyed by the conserved double cysteines in loop2. 
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2. An engineered cysteine renders Nav1.2 current sensitive to S-palmitoylation 

enhancement 

 
To further explore the role of S-palmitoylation at the C-terminus of a 

voltage-gated sodium channel other than Nav1.6, I introduced an exogenous 
cysteine to Nav1.2 at its C-terminus (K2005), which is a predicted S-
palmitoylation site in CSS-Palm. Fig.13A shows the representative traces of TTX-
resistant Nav1.2-K2005C currents. I observed that Nav1.2-K2005C displayed the 
bidirectional current density modulation produced by 2BP and PA treatments 
(Fig.13E) just as Nav1.6-WT (Fig.13C), suggesting that S-palmitoylation at the 
exogenous cysteine in Nav1.2 altered the Nav1.2 current density response to S-
palmitoylation treatments. This indicates that the functional importance of S-
palmitoylation at this position may apply to multiple voltage gated sodium 
channel isoforms. However, the bidirectional modulation of Nav1.2 current was 
not as dramatic as that observed in Nav1.6. This might be due to the lower S-
palmitoylation efficiency at this particular site in Nav1.2 possibly due to difference 
in sequence environment, protein conformation and / or interacting partners 
associated with the channel.  

 
Unexpectedly, the pattern of voltage dependence response of Nav1.2-

K2005C was more similar to WT Nav1.6, rather than WT Nav1.2 (Fig.13F): 
enhancing S-palmitoylation with PA did not depolarize the voltage dependence of 
steady-state inactivation in Nav1.2-K2005C (PA: V1/2 = - 55.57 ± 0.22 mV vs. 
DMSO: V1/2 = - 57.20 ± 0.19 mV), while blocking S-palmitoylation with 2BP 
caused a hyperpolarizing shift in the voltage dependence of steady-state 
inactivation (V1/2 = - 62.91± 0.26 mV). The loss of PA response to voltage 
dependence modulation could be caused by the introduction of an extra S-
palmitoylation. This is in stark contrast to Nav1.6, where the S-palmitoylation 
status of the two sites seem to be unrelated, further supporting the notion that S-
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palmitoylation modifies Navs functions in an isoform-dependent manner. 
Moreover, the data also suggested that whether 2BP and PA individual treatment 
can lead to appreciable effect also depend on the saturation level of S-
palmitoylation at specific sites: if saturated, possibly as in the case of C1169 and 
C1170 in Nav1.6, providing more substrate for S-palmitoylation would not show 
appreciable effect on channel properties; while if a S-palmitoylation site is non-
saturated, likely as the case of the double cysteine in Nav1.2 and C1978 in 
Nav1.6, manipulating the S-palmitoylation status of the channels with 2BP and 
PA treatments result in bidirectional effects. 
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Figure 13. An exogenous cysteine renders Nav1.2 current amplitude enhanced 
by S-palmitoylation. 
Voltage-clamp recordings from ND7/23 cells transiently transfected with TTXr-
Nav1.2-WT and Nav1.2-K2005C. Transfected cells were treated with DMSO as 
solvent control, 2-Br-palmitate (2BP) to block S-palmitoylation and palmitate acid 
(PA) to enhance S-palmitoylation 24h before recording. (A) Representative 
current traces from different treatment groups elicited by activation protocol. 
(B)(E) Current density-voltage plots. * P < 0.05 compared to WT, # P < 0.05 
compared to 2BP in two-way ANOVA. (C)(F) Steady-state inactivation and 
activation curves fitted with a Boltzmann function. (D)(G) Recovery from 
inactivation with recovery time duration from 0 to 50ms. Data presented as mean 
± SEM. Values are reported in Table 2.



 

  

Table 2 Biophysical properties of WT and mutant Nav1.6 and Nav1.2 channel 

 

Max I density n Vhalf K n Vhalf K n Recovery(tau) n
DMSO -80.16 ± 8.30 29 -64.46 ± 0.21 5.32 ± 0.138 30 -19.7 ± 0.18 7.045 ± 0.13 28 9.842 ± 0.76 24
2BP -32.02 ± 6.65 22 **** -72.34 ± 0.28 **** 6.51 ± 0.243 **** 28 -22.48 ± 0.84 * 7.802 ± 0.16 ** 22 13.18 ± 1.28 * 18
PA -142.4 ± 17.27 33 **#### -66.12 ± 0.18 5.162 ± 0.08 33 -21.32 ± 0.2 6.92 ± 0.203 ### 33 10.54 ± 0.45 18

2BP+PA -32.12 ± 7.43 12 **
DMSO -94.17 ± 17.23 19 -75.5 ± 0.386 ^ 7.205 ± 0.19 ^ 26 -22.59 ± 0.93 ^^ 7.93 ± 0.37 ^ 18 10.7 ± 0.384 21

2BP -52.09 ± 5.11 19 * -80.48 ± 0.30 ** 6.824 ± 0.22 22 -25.88 ± 0.83 * 8.10 ± 0.22 17 12.69 ± 0.69 * 10
PA -163.3 ± 24.30 18 *#### -73.57 ± 0.32 6.767 ± 0.19 21 -22.48 ± 0.98 # 7.85 ± 0.18 17 10.45 ± 0.31 ## 19

DMSO -113.2 ± 13.68 35 -63.79 ± 0.23 5.446 ± 0.08 34 -19.81 ± 0.76 7.228 ± 0.12 35 10.32 ± 0.31 21
2BP -74.20 ± 12.70 27 P=.054 -73.59 ± 1.39 **** 7.107 ± 0.14 **** 22 -21.66 ± 0.99 7.76 ± 0.57 17 12.82 ± 0.57 ** 26
PA -120.5 ± 16.18 27 # -63.62 ± 0.29 #### 5.369 ± 0.11 #### 27 -17.95 ± 0.82 ## 7.203 ± 0.14 28 10.48 ± 0.55 ## 23

DMSO -115.8 ± 15.01 25 -72.91 ± 0.44 ^ 7.143 ± 0.18 ^ 21 -18.75 ± 0.2 8.58 ± 0.165 ^ 23 12.68 ± 0.54 19
2BP -83.50 ± 9.69 22 P=.011 -79.56 ± 0.35 *** 7.196 ± 0.18 21 -21.61 ± 0.2 8.491 ± 0.10 16 14.36 ± 0.68 15
PA -117.5 ± 12.84 26 P=.091 -75.05 ± 0.37 7.779 ± 0.29 22 -18.05 ± 0.5 9.671 ± 1.18 19 12.73 ± 0.55 17
WT -2006 ± 294.9 20 -78.30 ± 1.27 5.936 ± 0.197 20 -34.57 ± 2.16 7.113 ± 0.625 18 11.35 ± 1.17 20

CCCAAA -1026 ± 124.7 29 ** -85.17 ± 2.24 * 9.952 ± 0.659 **** 25 -31.63 ± 1.37 8.721 ± 0.403 * 27 9.355 ± 0.56 26
DMSO -648.7 ± 69.50 30 -57.79 ± 0.18 4.868 ± 0.06 26 -15.01 ± 0.2 6.743 ± 0.24 * 26 7.968 ± 0.38 22

2BP -397.3 ± 47.31 28 * -61.95 ± 0.21 **** 5.474 ± 0.15 *** 24 -14.59 ± 0.1 7.479 ± 0.16 27 10.41 ± 0.80 ** 21
PA -641.2 ± 92.95 23 # -54.01 ± 0.10 ****### 4.705 ± 0.10 #### 21 -12.43 ± 0.2 * 6.704 ± 0.23 # 21 7.437 ± 0.39 ## 20

DMSO -562.1 ± 62.34 28 -57.20 ± 0.18 4.88 ± 0.088 30 -14.82 ± 0.2 6.608 ± 0.21 27 8.702 ± 0.53 22
2BP -416.5 ± 52.65 29 P=.162 -62.91 ± 0.25 **** 5.33 ± 0.078 *** 29 -17.29 ± 0.2 7.212 ± 0.17 ^^ 25 11 ± 0.579 ** 26
PA -837.1± 134.8 31 P=.074,# -55.57 ± 0.21 4.849 ± 0.08 27 -16.13 ± 0.2 6.028 ± 0.30 27 7.384 ± 0.34 #### 23

Nav1.6

Nav1.2

Table1. Biophysical properties of WT and mutant Nav1.6 and Nav1.2 channel
Inactivation Activation

WT

CCAA

C1978A

CCCAAA

DRG

^P<0.0001 compared to WT
****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 compared to DMSO of the same DNA

# compared to 2BP

WT

K2005C
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F. Impact of Nav1.6 S-palmitoylation on DRG neuron activity. 
 
I present that S-palmitoylation of Nav1.6 regulates channel activity in a non-
neuronal model system. Due to the important role of Nav1.6 in neuronal 
excitation, I predict that modulating Nav1.6 S-palmitoylation would exert great 
impact on neuronal excitability.  
 

1. Loss of S-palmitoylation at C1169, C1170 and C1978 in Nav1.6 reduces 

channel activity in DRG neurons. 

 
First, I investigated how loss of S-palmitoylation at C1169, C1170 and 

C1978 affect Nav1.6 activity in DRG neurons. To do this, S-palmitoylation sites at 
C1169, C1170, and C1978 were eliminated by mutating the three cysteines to 
alanines (CCCAAA), and then I compared the functional effects of the WT and 
CCCAAA TTX-resistant Nav1.6 by transient expression of these channels in 
DRG neurons with the endogenous Nav1.8 knocked down. I found that DRG 
neurons expressing Nav1.6-CCCAAA conduct smaller TTX-resistant sodium 
resistant sodium current (Fig.14AB) and have a hyperpolarized shift of steady 
state inactivation compared to the WT neurons (Fig.14C). This suggests that S-
palmitoylation of Nav1.6 also affect channel activity in neuronal environment. 

 
2. Loss of S-palmitoylation at C1169, C1170 and C1978 in Nav1.6 reduces 

Nav1.6-meidated excitability in DRG neuron. 

 
To explore the excitability outcomes of eliminating critical S-palmitoylation 

sites in Nav1.6, current-clamp recordings were performed on DRG neurons 
transfected with WT or CCCAAA TTX-resistant Nav1.6. Endogenous Nav1.8, the 
major TTX-resistant isoform of VGSC in DRG neurons, were knocked down to 
isolate Nav1.6-mediated excitability. In the recordings, currents were injected to 
each neuron to bias the resting membrane potentials to -80mV for better 
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comparison. I observe both a higher current threshold (Fig.14F, CCCAAA: 459.5 
± 59.82 pA vs. WT: 250.0 ± 46.17 pA) and a higher voltage threshold (Fig.14G, 
CCCAAA: -6.906 ± 3.471 mV vs. WT: -26.44 ± 4.364 mV) for evoked action 
potential in CCCAAA neurons with 500ms stimulations. The maximum number of 
action potentials fired during the 500ms stimulation are not different (Fig.14H). 
This is because in my experiments the vast majority of the DRG neurons fire only 
one action potential when the endogenous Nav1.8 channels are knocked down. 
Moreover, I found that less Nav1.6-CCCAAA cells are able to fire action potential 
upon a 1ms stimulation up to 1nA (Fig.14I, CCCAAA: 11/22 vs. WT: 2/21 cells, P 
= 0.0039 in Chi-square test). Collectively, these data suggest that loss of S-
palmitoylation at C1169, C1170 and C1978 reduces Nav1.6 activity and 
dampened Nav1.6-mediated excitability in DRG neurons. This is not due to any 
discrepancy of intrinsic properties between WT and CCCAAA transfected 
neurons, as no difference was observed with their resting membrane potential, 
input resistance, and cell capacitance (Fig.14J). 
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Figure 14. Loss of S-palmitoylation at C1169, C1170 and C1978 reduced Nav1.6 
current, channel availability and dampened Nav1.6-mediated excitability in DRG 
neuron. 
(A) Representative TTXr current traces elicited from Nav1.6-WT and Nav1.6-
CCCAAA transfected DRG neurons with endogenous Nav1.8 knocked down. (B) 
Current density-voltage plot. * P < 0.05 in two-way ANOVA. (C) Steady-state 
inactivation and activation curves fitted with Boltzmann functions. (D) Recovery 
from inactivation with recovery time duration from 0 to 50ms. (E) Representative 
traces of stimulated action potentials from WT- and CCCAAA-Nav1.6 DRG 
neurons with endogenous Nav1.8 knocked down. (F,G) Current and voltage 
threshold for evoked action potential during 500ms stimulation. * P < 0.05 in t-
test. (H) Maximum number of evoked action potentials during 500ms stimulations 
from 0pA to 1000pA in 50pA increments. (I) Fraction of cells fired versus did not 
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fire action potential upon 1ms stimulations from 0pA to 1000pA in 50pA 
increments. * P < 0.05 in Chi-square test. (J) Resting membrane potential, input 
resistance and cell capacitance of WT- and CCCAAA-Nav1.6 DRG neurons. 
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G. Impact of Nav1.6 S-palmitoylation on iCell GlutaNeuron activity. 
 
Although Nav1.6 is ubiquitously expressed in the nervous system, it plays 

a more dominating role in glutamatergic neurons in the central nervous system. 
Nav1.6 is strategically positioned to exert powerful control over the flow of 
electric signals within glutamatergic neurons with its concentrated distribution in 
the axon initial segment and nodes of Ranvier. It is desirable to test how S-
palmitoylation of Nav1.6 influenced the excitability of glutamatergic neurons. 
Here, a highly pure population of human glutamatergic neurons derived from 
iPSCs (iCell GlutaNeuron, Cellular Dynamics International) were used to reveal 
the excitability impact of S-palmitoylation deficient Nav1.6. 

 
1. S-palmitoylation alters Nav1.6-mediate excitability of iCell GlutaNeurons. 

 
The iCell GlutaNeurons do not express endogenous TTX-resistant sodium 

channels. Therefore, to study Nav1.6-mediated excitability in iCell GlutaNeurons, 
TTX-resistant Nav1.6 was transiently transfected into the cells and current clamp 
recordings were performed with TTX in bath solution to isolate the impact of 
transfected Nav1.6 channels. The S-palmitoylation status of Nav1.6 was 
manipulated by 2BP and PA treatments just as experiments in Nav1.6 
transfected ND7/23 cells.  

 
It is worth mentioning that the resting membrane potential of the iCell 

GlutaNeurons are around – 28.5 mV with or without Nav1.6 transfection 
(Fig.15A), suggesting that these neurons are immature and may not reflect firing 
behaviors of mature glutamatergic neurons. 

 
Negative currents were injected to bias the resting membrane potential to 

mimic mature neurons with more negative resting membrane potential and to 
eliminate variation between cells. To examine the ability of the Nav1.6 
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transfected iCell GlutaNeurons to fire action potentials, I applied a 1 ms short 
stimulus in 50 pA increment steps from 0 pA to 1 nA. The neurons were 
categorized as excitable and unexcitable according to their ability to fire action 
potential in response to the stimuli. Fig14D shows that from a holding potential of 
– 60 mV, the number of excitable cells are smaller in the 2BP treated group 
compared to DMSO control and PA treatment groups (P = 0.0205 vs. DMSO; P = 
0.0013 vs. PA, Chi-square test). The difference between DMSO control and PA 
treated group was not statistically significant (P = 0.6807, Chi-square test). For 
the excitable cells, current threshold for action potential generation was 
measured to reveal their responsiveness to stimuli (Fig14E). As shown in 
Fig14E, a trend of increased current threshold was observed in the 2BP 
treatment group, but it was not statistically significant due to the small number of 
excitable cells in this group (P = 0.056 vs DMSO; P = 0.083 one-way ANOVA 
with Tukey multiple comparison test). All of above differences were eliminated 
when cells were biased to the more negative resting membrane potential of -
80mV (Fig.15DE). This is aligned with increased availability of Nav1.6 at more 
negative potentials (left shift of voltage dependence of inactivation). 

 
To test the ability of Nav1.6 transfected iCell GlutaNeurons to fire multiple 

action potentials, the cells were stimulated with a prolonged (200ms) stimulus in 
2 pA increment steps from 0 pA to 200 pA. The cells were categorized according 
to their ability to fire multiple action potentials, one action potential, or none 
action potential (Fig.15F). Also, the maximum number of action potentials fired 
was counted during the stimuli. From holding potentials of both – 60mV and – 80 
mV, PA treated cells tended to fire more action potentials, while 2BP treated cells 
tended to fire less action potentials (Fig.15GHIJK), but none of these trends were 
statistically significant due to the pronounced variability in repetitive firing. 
Therefore, I could not draw definitive conclusions on how S-palmitoylation of 
Nav1.6 modulate excitability of iCell GlutaNeurons from this data set. 
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Figure 15. Nav1.6-mediate excitability of iCell GlutaNeurons is altered by S-
palmitoylation. 
(A) Resting membrane potential (RMP) of iCell GlutaNeurons with and without 
TTXr-hNav1.6 transfection and treated with DMSO, 2BP and PA. (B) Input 
resistance of transfected iCell GlutaNeurons in different treatment group. (CF) 
Example traces of categorized activity evoked by a 1ms stimulus and 200ms 
stimulus. (D,G) Fraction of categorized cells with membrane potential held at -
60mV and -80mV in different treatment groups. ** P < 0.01, two-way ANOVA. (E) 
Current threshold measured by a 1ms stimulus from 0 pA to 1 nA in 50 pA steps 
with membrane potential held at -60mV and -80mV. (H-K) Number of action 
potentials elicited by a 500ms stimulus of increasing intensity from a holding 
potential of -60mV or -80mV.   
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2. S-palmitoylation regulates Nav1.6 activity in iCell GlutaNeurons. 

 
Since the manipulation of S-palmitoylation in iCell GlutaNeurons failed to 

show prominent effect on Nav1.6-mediated excitability, I do not have very high 
confidence about the conclusion drawn from the current clamp data of iCell 
GlutaNeurons. Voltage-clamp recordings were performed to test whether this 
resulted from the lack of appropriate S-palmitoylation machinery for Nav1.6 
modification in this expression system or from the low expression level of Nav1.6 
in these immature neurons. Compared to Nav1.6 transfected ND7/23 cells, I 
observed that the Nav1.6 transfected in iCell GlutaNeurons present the same 
voltage dependence modulation by 2BP and PA treatments (Fig.16B). This 
explains the excitability difference between cells held at -60mV vs. -80mV. Also, 
recovery from inactivation of the channel is slowed by 2BP treatment. However, 
the pattern of current density response was different: enhancing S-palmitoylation 
does not boost Nav1.6 current, although blocking S-palmitoylation still decreases 
Nav1.6 current. These data suggest that the S-palmitoylation machinery should 
be intact in these neurons, or at least for the modification of the adjacent S-
palmitoylation sites in loop 2. The lack of current enhancement with PA treatment 
suggests that the C-terminus S-palmitoylation site is saturated in iCell 
GlutaNeurons. It is also possible that the immature iCell GlutaNeurons lack the 
S-palmitoylation PATs specifically for the S-palmitoylation of the C-terminus 
cysteine in Nav1.6, resulting in small Nav1.6 current and limited neuronal 
excitability. This might account for the subtle increase of excitability observed in 
the iCell GlutaNeurons with PA treatment. Moreover, it is likely that the limited 
Nav1.6 expression in the neuron placed a ceiling on current enhancement and 
thus the limited increase of excitability observed upon PA enhancement. 
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Figure 16. S-Palmitoylation regulates Nav1.6 current in iCell GlutaNeurons. 
Voltage-clamp recordings from iCell GlutaNeurons transiently transfected with 
TTXr-Nav1. Transfected cells were treated with DMSO as solvent control, 2-Br-
palmitate (2BP) to block palmitoylation and palmitate acid (PA) to enhance 
palmitoylation 24h before recording. (A) Current density-voltage plot. * P < 0.001 
WT vs. 2BP and 2BP vs. PA; two-way ANOVA. (B) Steady-state inactivation and 
activation curves fit with a Boltzmann function. (C) Recovery from inactivation 
with recovery time duration from 0 to 50ms. Data presented as mean ± SEM. 

 
 

  



 

  88 

H. Discussion 
 

I show here that Nav1.6 is modified by S-palmitoylation. 3 major S-
palmitoylation sites are identified: two adjacent cysteines in the second 
intracellular loop (loop 2), C1169 and C1170, and the C-terminus C1978. The 
two cysteines in loop 2 are highly conserved among Nav isoforms, but their 
functional significance can vary: in Nav1.6 and Nav1.2, S-palmitoylation at the 
conserved cysteines modulates channel steady-state inactivation; in Nav1.5, 
similar modulation is mediated by S-palmitoylation at a non-conserved residue 
(C981) without involving the conserved cysteine pair. This suggests that the 
function of a S-palmitoylation site in a voltage-gated sodium channel depends on 
the specific isoform. It is also possible that S-palmitoylation may not ubiquitously 
occur at conserved sites in all Nav isoforms. 

 
I also demonstrate that S-palmitoylation regulates distinct Nav1.6 

functions by modifying different cysteine residues in the channel. Without 
affecting steady-state inactivation, the S-palmitoylation status of C1978 
substantially modulates the current amplitude of Nav1.6. This uncovers the 
possibility to fine tune specific channel properties by modulating S-palmitoylation 
at respective residues. The underlying mechanism of current amplitude 
regulation might be that S-palmitoylation at Nav1.6-C1978 promotes the surface 
expression of the channel. However, I were not able to directly test this 
hypothesis due to the extremely low expression level of Nav1.6 in our 
heterologous system.  

 
Intriguingly, the C-terminus cysteine is unique to Nav1.6 and absent from 

all other Nav isoforms. More importantly, this residue is invariant in Nav1.6 
among most mammalian and vertebrate species with few exceptions in lower 
vertebrates. From an evolutionary perspective, this conservation indicates that 
C1978 is a more recent adaptation for Navs and probably confers critical 



 

  89 

regulation that is specific to Nav1.6 and to its special physiological role. Indeed, I 
observed current enhancement by S-palmitoylation only in the presence of the C-
terminus cysteine in Nav1.6. Nav1.2, lacking the homologous S-palmitoylation 
site, only obtained such modulation when an exogenous was cysteine introduced 
(K2005C). It is noteworthy that the beginning 2/3 of the CTD is quite conserved 
among all human Nav isoforms, while the remaining 1/3 that follows the 
calmodulin binding IQ motif is highly variable. Thus, it is reasonable to speculate 
that the last 1/3 of the CTD, which includes the unique S-palmitoylation site in 
Nav1.6, serves isoform-dependent functions for Nav channels. Interestingly, the 
steady-state inactivation of Nav1.2-K2005C assumed a more similar pattern as 
Nav1.6-WT, rather than Nav1.2-WT, in response to S-palmitoylation 
manipulation. This may suggest that the introduction of an exogenous S-
palmitoylation site affects the saturation level of S-palmitoylation at the double 
cysteines that are responsible for the regulation of steady-state inactivation. It is 
also possible that S-palmitoylation at the C-terminus influences voltage 
dependence of inactivation in Nav1.2, which does not apply to Nav1.6. This 
presents another probable evidence for isoform-dependent functionality of S-
palmitoylation.  

 
It is important to point out that the dynamic range of current amplitude 

modulation in Nav1.2-K2005C is far smaller than that in Nav1.6, likely due to 
lower S-palmitoylation efficiency at an exogenous S-palmitoylation site. There is 
growing evidence that there is enzyme-substrate specificity for S-palmitoylation 
(Hou, John Peter et al. 2009, Huang, Sanders et al. 2009, Nadolski and Linder 
2009, Thomas, Hayashi et al. 2012, Howie, Reilly et al. 2014, Lemonidis, 
Sanchez-Perez et al. 2015). Palmitoy-acyl transferases (PATs), the enzymes that 
catalyze the S-palmitoylation reaction, may recognize their substrates based on 
protein secondary structure (Plain, Congreve et al. 2017) and / or protein-protein 
interacting domains (Li, Hu et al. 2010, Thomas, Hayashi et al. 2012, Fredericks, 
Hoffmann et al. 2014, Brigidi, Santyr et al. 2015, Lemonidis, Sanchez-Perez et al. 
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2015), although these PATs were once deemed stochastic because a consensus 
sequence motif has yet to emerge (Rocks, Gerauer et al. 2010). The existence of 
PAT-substrate specificity is further supported by my observation of sub-optimal 
effect of current enhancement by S-palmitoylation on an exogenous site in 
Nav1.2-K2005C as well as the possible lack of S-palmitoylation at the conserved 
double cysteines in Nav1.5 (Pei, Xiao et al. 2016).  

 
So far, 23 human PATs have been identified. It has been shown that these 

PATs differ in tissue, cell type, and subcellular distribution (Fukata, Fukata et al. 
2004, Fernández-Hernando, Fukata et al. 2006, Mill, Lee et al. 2009, Gorleku, 
Barns et al. 2011, Greaves, Carmichael et al. 2011, Brigidi, Santyr et al. 2015), 
creating a spatial, and thus functional segregation among these enzymes. 
Additionally, PAT distributions are subjected to dynamic regulation (Globa and 
Bamji 2017), adding another layer of complexity for the regulation of S-
palmitoylation. Although more work is needed to clarify the mechanisms of S-
palmitoylation and its regulation, the intricacy of PAT specificity and the variety of 
S-palmitoylation functionalities substantiate its potential of being exploited to 
target Navs with isoform specificity.  

 
Our discovery of Nav1.6 modification by S-palmitoylation provides a novel 

strategy to modulate neuronal excitability, considering the crucial role of Nav1.6 
in action potential initiation and propagation in both CNS and PNS. I 
demonstrated, as a proof of concept, that altering S-palmitoylation of Nav1.6 
exerts great impact on the excitability of DRG neurons. Nav1.6 has long been an 
attractive target for excitability modulation due to its unique properties that 
support high frequency, repetitive firing in a wide range of neurons in CNS and 
PNS (Maurice, Tkatch et al. 2001, Khaliq, Gouwens et al. 2003, Do and Bean 
2004, Van Wart and Matthews 2006, Enomoto, Han et al. 2007, Mercer, Chan et 
al. 2007, Royeck, Horstmann et al. 2008). Moreover, Nav1.6 is distinguished by 
its ability to generate high level of persistent current (Smith, Smith et al. 1998, 
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Maurice, Tkatch et al. 2001) and resurgent current (Raman, Sprunger et al. 1997, 
Jarecki, Piekarz et al. 2010), which are often perturbed, usually augmented, in 
channelopathies. Over 200 disease mutations have been identified in Nav1.6, 
implicating its direct involvement in the etiology of diverse neurological diseases 
including epilepsy, mental retardation, and movement disorders. Although none 
of them directly removes or introduces a Nav1.6 S-palmitoylation site, disease 
mutations that are seemingly distant from a S-palmitoylation site, may influence 
S-palmitoylation by altering the post-translational code (Pankow, Bamberger et 
al. 2019), changing the secondary structure or disrupting protein-protein 
interaction. Additionally, there are complex interplays between different post-
translational interactions (Tian, Jeffries et al. 2008, Ho, Selvakumar et al. 2011, 
Shipston 2014, Pei, Pan et al. 2017, Summers, Milbrandt et al. 2018, Woolfrey, 
O'Leary et al. 2018). Thus, mutations that interfere with, for example, 
phosphorylation or its related signaling pathways can also affect S-palmitoylation 
and indirectly alter channel maturation, trafficking and functional properties. 
Conversely, altering S-palmitoylation status of specific sites offers an opportunity 
to attenuate abnormal Nav1.6 activity imposed by disease mutations. 
Collectively, I present S-palmitoylation as a novel mechanism for isoform specific 
regulation for voltage-gated sodium channels and provide a new therapeutic 
strategy to modulate excitability disorders. 
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IV. DISTINCT FUNCTIONAL ALTERATIONS IN NAV1.6 EPILEPSY MUTANT 
CHANNELS 

A. Overview  
 

Early infantile epileptic encephalopathy (EIEE) is a heterogeneous group 
of disorders characterized by early onset epileptic seizures and developmental 
delays. The majority of EIEE patients are resistant to seizure control treatments. 
Important causes for EIEEs include mutations in voltage-gated sodium channel 
(Nav) genes SCN1A, SCN2A, SCN3A and SCN8A. Among them, SCN8A is a 
relatively novel EIEE gene with the first case reported in 2012 (Veeramah, 
O'Brien et al. 2012). The number of SCN8A mutations and clinical cases have 
been growing rapidly with the advances of whole genome / exome sequencing as 
well as the inclusion of SCN8A in the diagnostic panels for infantile epileptic 
encephalopathy (Meisler, Helman et al. 2016). These patients have seizure onset 
within 18 months of life (5 months on average), after which development delay or 
regression is typical. Moderate to severe intellectual disability is common and 
motor deficits are found in 50% of affected individuals. 10% of the published 
cases reported sudden unexpected death in epilepsy (SUDEP) (Meisler, Helman 
et al. 2016). 
 

SCN8A encodes the protein voltage-gated sodium channel Nav1.6. More 
than 150 epilepsy-related mutations have been identified in SCN8A (Meisler, 
Helman et al. 2016). Most of these are de novo missense mutations. To date, 
only about 20 mutations have been functionally characterized. 15 of them are 
gain-of-function, highlighting Nav1.6 as a potent contributor to neural excitation. 
Indeed, SCN8A expression was increased in chemical and electrical induced 
seizure models (Blumenfeld, Lampert et al. 2009, Hargus, Nigam et al. 2013, 
Sun, Wagnon et al. 2013), while reducing SCN8A activity conferred seizure 
protection (Martin, Tang et al. 2007, Makinson, Tanaka et al. 2014, Wong, 
Makinson et al. 2018). Importantly, SCN8A loss-of-function mutations were able 
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to rescue the seizure phenotypes of SCN1A epilepsy models, presumably by 
tuning down excitation in the inhibition-defected network (Martin, Tang et al. 
2007, Hawkins, Martin et al. 2011). Moreover, the SCN8A-N1768D knockin 
mouse, carrying the gain-of-function epilepsy mutation, recapitulated the main 
features in the human disease (Wagnon, Korn et al. 2014). 
 

The molecular mechanisms and phenotypic outcomes of SCN8A epilepsy 
mutations are highly heterogeneous, in part due to the various location of these 
mutations in the channel. The highly conserved regions, S1-S4 voltage sensors 
and S5-S6 ion conducting pore in each of the four domains in the voltage-gated 
sodium channel, are critical for normal channel functions, and thus are the 
frequent targets of disease mutations. 

 
The aim of this chapter is to present the characterization of a novel 

SCN8A epilepsy mutation R850Q, systematically compare it to three other 
SCN8A epilepsy mutations (T767I, R1617Q, R1872Q) (Fig.17) and to identify 
potential commonalities among different SCN8A epilepsy mutations in the human 
Nav1.6 (hNav1.6) channel. Additionally, computational modelling and simulation 
are used to predict excitability outcomes of these mutations in neurons. 
  



 

  94 

 
Figure 17. Topology of voltage-gated sodium channel with SCN8A epilepsy 
mutations.  
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B. Characterizations of epilepsy-related mutant Nav1.6. 
 
1. R850Q hyperpolarizes voltage dependence of activation, increases persistent 

current and resurgent current, and slows the decay of resurgent current. 

 
R850 is the third charged residue in DII S4 of Nav1.6 (Fig.17). Substitution 

of this Arg with an uncharged Gln is predicted to impair channel activation and 
can potentially generate gating pore current. Fig.18A shows the representative 
traces of transient current from hNav1.6 WT and R850Q. The peak current 
density (Fig.18B) and rate of decay for the transient current (Fig.18C) were not 
significantly changed by the R850Q mutation. However, R850Q exhibited altered 
channel activation as predicted, with a midpoint voltage 4.5mV more negative 
than the WT channel (V50 = -25.61 ± 0.67 mV in R850Q vs V50 = -21.07 ± 0.79 
mV in WT, P < 0.0001) (Fig.18D). This shift indicated premature opening of the 
mutant channel, while the voltage-dependence of steady-state inactivation 
remained unchanged (Fig.18E). Collectively, this resulted in larger window 
currents in the mutant channel as demonstrated in Fig.18F. Fig.18G shows the 
normalized current traces of WT and R850Q, revealing an increased percentage 
of persistent current from the mutant channel (1.33 ± 0.06 % in R850Q vs. 0.52 ± 
0.03 % in WT, P < 0.0001) (Fig.18H). Compared to WT, R850Q did not have a 
significant change in its rate of recovery from inactivation (Fig.18I). However, the 
resurgent current amplitude of R850Q increased (7.40 ± 0.53 % in R850Q vs. 
5.50 ± 0.23 % in WT, P < 0.0001) (Fig.18JK), and the decay of the resurgent 
current was slower compared to the WT channel (at -35mV repolarization step, 
11.35 ± 0.44 ms in R850Q vs. 7.25 ± 0.09 ms in WT, P < 0.0001) (Fig.18L). 
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Figure 18. R850Q displayed altered voltage-dependence of activation, increased 
persistent current, increased resurgent current, and altered resurgent current 
kinetics. 
(A) representative current trace families from hNav1.6 WT (left) and R850Q 
(right) channels elicited by an activation protocol. Maximum current traces are 
highlighted with bolded black and red respectively. (B) Current density-voltage 
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plot of hNav1.6 WT and R850Q. (C) Rate of decay for transient sodium current 
(τNaT) at each depolarization voltages. (DE) Activation and steady-state 
inactivation curves fitted with Boltzmann functions. (F) Window currents shown 
by Boltzmann fitted curves enlarged from (DE) combined. (G) Representative 
traces showing persistent current from WT (black) and R850Q (red) channels. 
Traces shown are elicited at 0mV and are presented as the percentage 
amplitude normalized to the maximal transient current during the 50ms activation 
protocol. (H) Per cent persistent current-voltage plot with persistent current 
measured during the last 1ms of the 50ms activation protocol. P < 0.01 from -
55mV to 45mV in two-way ANOVA with Sidak multiple comparison test. (I) 
Recovery from inactivation with recovery duration from 0 to 50ms. (J) Resurgent 
current protocol and representative traces showing resurgent current from WT 
(upper) and R850Q (lower) channels. (K) Per cent resurgent current plotted 
against repolarization voltages. P < 0.01 from -80mV to -30mV in two-way 
ANOVA with Sidak multiple comparison test. (L) Rate of decay for resurgent 
current (τrsg) at each repolarization voltages. P < 0.0001 from -45mV to -35mV 
and at -15mV in two-way ANOVA with Sidak multiple comparison test. All values 
and statistical significance are reported in Table 3. 
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2. T767I hyperpolarizes voltage dependence of activation, increases persistent 

current and resurgent current, and slows the decay of resurgent current. 

 
T767 is located in the first transmembrane segment of DII (Fig.17). The 

mutation from Thr to Ile has been shown to disrupt channel activation in mouse 
Nav1.6 (Estacion, O'Brien et al. 2014). Representative current traces of hNav1.6 
WT and T767I are shown in Fig.19A. The current density (Fig.19B) and rate of 
decay for transient current (Fig.19C) of T767I in hNav1.6 were not significantly 
different from the WT channel. In agreement with previous literature, T767I 
displayed a 10mV hyperpolarizing shift in the voltage-dependence of activation 
(V50 = -31.68 ± 0.81 mV vs V50 = -21.07 ± 0.79 mV in WT, P < 0.0001) (Fig.19D), 
indicative of premature channel opening, while it did not alter the steady-state 
inactivation (Fig.19E). As a result, larger window currents were observed 
(Fig.19F). The normalized current traces of WT and T767I shown in Fig.19G 
demonstrates an increased percentage of persistent current in the mutant 
channel (1.21 ± 0.06 % in T767I vs. 0.52 ± 0.03 % in WT, P = 0.0012) (Fig.19H). 
Compared to WT, T767I had no significant change in the rate of recovery from 
inactivation (Fig.19I). Fig.19J shows the representative traces of resurgent 
current generated by WT and T767I. Similar to R850Q, T767I showed significant 
increase in resurgent current amplitude (7.91 ± 0.42 % in T767I vs. 5.50 ± 
0.23 % in WT, P < 0.0001) (Fig.19K), and the resurgent currents displayed 
slower decay kinetics (at -35mV repolarization step, 11.24 ± 0.29 ms in T767I vs. 
7.25 ± 0.09 ms in WT, P < 0.0001) (Fig.19L). 
  



 

  99 

 
Figure 19. T767I displayed depolarized voltage-dependence of activation, 
increased persistent current, increased resurgent current, and altered resurgent 
current kinetics. 
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(A) representative current trace families from hNav1.6 WT (left) and T767I (right) 
channels elicited by an activation protocol. Maximum current traces are 
highlighted with bolded black and pink respectively. (B) Current density-voltage 
plot of hNav1.6 WT and T767I. (C) Rate of decay for transient sodium current 
(τNaT) at each depolarization voltages. (DE) activation and steady-state 
inactivation curves fitted with Boltzmann functions. (F) window currents shown by 
Boltzmann fitted curves enlarged from (DE) combined. (G) representative traces 
showing persistent current from WT (black) and T767I (pink) channels. Traces 
shown are elicited at 0mV and presented as the percentage amplitude 
normalized to the maximum peak current during the 50ms activation protocol. (H) 
per cent persistent current-voltage plot with persistent current measured during 
the last 1ms of the 50ms activation protocol. P < 0.0001 from -50mV to 45mV in 
two-way ANOVA with Sidak multiple comparison test. (I) recovery from 
inactivation with recovery duration from 0 to 50ms. (J) representative traces 
showing resurgent current from WT (top) and T767I (bottom) channels. (K) per 
cent resurgent current plotted against repolarization voltage. P < 0.05 from -
80mV to -30mV in two-way ANOVA with Sidak multiple comparison test. (L) Rate 
of decay for resurgent current (τrsg) at each repolarization voltages. P < 0.0001 
from -45mV to -35mV in two-way ANOVA with Sidak multiple comparison test. All 
values and statistical significance are reported in Table 3. 
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3. R1617Q slows the decay of transient current, increases persistent current 

and resurgent current, accelerates recovery from inactivation, and alters 

voltage dependence of inactivation. 

 
R1617 is the first positively charged arginine in DIV S4 (Fig.17). Loss of 

the positive charge is predicted to and has been shown to affect channel 
inactivation in mouse Nav1.6 (Wagnon, Barker et al. 2016). Representative 
current traces of hNav1.6 WT and R1617Q are shown in Fig.20A. The transient 
current of R1617Q was not significantly different from WT in current density 
(Fig.20B) (Table 3). However, it decayed tremendously slower with a time 
constant about 3.5 times larger than that of the WT channel (τ = 3.49 ± 0.15 in 
R1617Q vs. τ = 0.89 ± 0.03 in WT, P < 0.0001) (Fig.20C). Voltage-dependence 
of activation of R1617Q remained unchanged (Fig.20D), while steady-state 
inactivation had a shallower slope (k = 10.07 ± 0.67) compared to WT (k = 5.30 ± 
0.38) (P < 0.0001), but was unaltered in midpoint voltage (Fig.20E), in contrast to 
the 9 mV depolarizing shift seen by Wagnon et al. with the mouse orthologue. 
Fig.20F shows the larger window currents of R1617Q due to the change of 
inactivation time constant. The normalized current traces of WT and R1617Q in 
Fig.20G demonstrates an increase of persistent current in the mutant channel 
(2.68 ± 0.20% in R1617Q vs. 0.52 ± 0.03 % in WT, P < 0.0001) (Fig.20H). 
Compared to WT, R1617Q had faster recovery from inactivation with a time 
constant of 5.33 ± 0.20 ms compared to 13.2 ± 0.72 ms in WT (P < 0.0001) 
(Fig.20I). Fig.20J shows the representative resurgent current traces from WT and 
R1617Q, demonstrating larger resurgent current amplitude generated by 
R1617Q (14.13 ± 0.72 % in R1617Q vs. 5.50 ± 0.23 % in WT, P < 0.0001) 
(Fig.20K). In addition, the R1617Q resurgent current also displayed slower decay 
kinetics (at -10mV repolarization step, 25.87 ± 1.26 ms in R1617Q vs. 10.46 ± 
0.43 ms in WT, P < 0.0001) (Fig.20L). 
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Figure 20. R1617Q has altered voltage-dependence of inactivation and slower 
rate of decay for transient current, increased persistent current, faster recovery 
from inactivation, increased resurgent current and altered resurgent current 
kinetics. 
(A) representative current trace families from hNav1.6 WT (left) and R1617Q 
(right) channels elicited by an activation protocol. Maximum current traces are 
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highlighted with bolded black and green respectively. (B) Current density-voltage 
plot of hNav1.6 WT and R1617Q. (C) Rate of decay for transient sodium current 
(τNaT) at each depolarization voltages. P < 0.0001 at all voltages in two-way 
ANOVA with Sidak multiple comparison test. (DE) activation and steady-state 
inactivation curves fitted with Boltzmann functions. (F) window currents shown by 
Boltzmann fitted curves enlarged from DE combined. (G) representative traces 
showing persistent current from WT (black) and R1617Q (green) channels. 
Traces shown are elicited at 0mV and presented as the percentage amplitude 
normalized to the maximum peak current during the 50ms activation protocol. (H) 
per cent persistent current-voltage plot with persistent current measured during 
the last 1ms of the 50ms activation protocol. P < 0.0001 from -40mV to 40mV in 
two-way ANOVA with Sidak multiple comparison test. (I) recovery from 
inactivation with recovery time duration from 0 to 50ms. (J) representative traces 
showing resurgent current from WT (top) and R1617Q (bottom) channels. (K) per 
cent resurgent current plotted against repolarization voltage. P < 0.0001 from -
75mV to 0mV in two-way ANOVA with Sidak multiple comparison test. (L) Rate 
of decay for resurgent current (τrsg) at each repolarization voltages.  P < 0.0001 
from -25mV to -10mV in two-way ANOVA with Sidak multiple comparison test. All 
values and statistical significance are reported in Table 3. 
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4. R1872Q increases current amplitude, shifts voltage dependence of activation 

and inactivation, and slows the decay of transient current. 

 
R1872 locates near the center of the cytoplasmic C-terminal domain 

(Fig.17). The loss of the positively charged Arg in this region is predicted to 
interfere with channel inactivation due to its implicated interaction with the 
channel inactivation gate. Representative traces of hNav1.6 WT and R1872Q are 
shown in Fig.21A. Fig.21B shows that R1872Q generated larger hNav1.6 
current, with a current density of -861.00 ± 97.40 pA/pF compared to -498.10 ± 
95.49 pA/pF of WT (P = 0.016). Interestingly, the R1872Q transient current 
decayed slower, particularly at more negative voltages (1.52 ± 0.06 ms in 
R1872Q vs. 0.89 ± 0.03 ms in WT, P < 0.0001) (Fig.21C). This is clearly shown 
in Fig.21G, where the decay of R1872Q was almost undistinguishable from WT 
at -10mV, but was dramatically slower at -35mV. This voltage-dependent change 
of current decay likely contributed to a peculiar pattern of the persistent current-
voltage plot (Fig.21H), showing significantly larger percentage of persistent 
current only at depolarizing voltages ranging from -40mV to -10mV. Important to 
note, this pattern was not observed when persistent current was measure at 
500ms of the prepulse depolarization step in the steady-state inactivation 
protocol (Fig.21JK). I reasoned that the increased persistent current observed 
with the 50ms stimulation protocol was due to the slow decay at more negative 
voltages, instead of a non-inactivating component of the transient current. The 
voltage-dependence of activation and stead-state inactivation of R1872Q were 
shifted in opposite directions: a hyperpolarizing shift in activation (V50 = -25.5 ± 
0.83 mV in R1872Q vs V50 = -21.07 ± 0.79 mV in WT, P = 0.0004) and a 
depolarizing shift in steady-state inactivation (V50 = -61.69 ± 0.61 mV in R1872Q 
vs. V50 = -67 ± 0.66 mV in WT, P < 0.0001) (Fig.21DE) (Table 3). This may 
suggest that the CTD interacts with different molecular components in the 
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channel that independently control the voltage-dependence of activation and 
inactivation. As a result, R1872Q displayed larger window currents (Fig.21F). 
R1872Q had no significant change in recovery from inactivation (Fig.21I) (Table 
3). Fig.21L shows the representative resurgent current traces from WT and 
R1872Q. The resurgent current of R1872Q had no significant change in 
amplitude (Fig.21M), but exhibited a substantially slower rate of decay (at -35mV 
repolarization step, 17.52 ± 1.29 ms in R1872Q vs. 7.25 ± 0.09 ms in WT, P < 
0.0001) (Fig.21N). 
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Figure 21. R1872Q has increased current amplitude, altered voltage-dependence 
of both activation and steady-state inactivation, altered pattern of persistent 
current and enhanced resurgent currents. 
(A) representative current trace families from hNav1.6 WT (left) and R1872Q 
(right) channels elicited by an activation protocol. Maximum current traces are 
highlighted with bolded black and blue respectively. (B) Current density-voltage 
plot of hNav1.6 WT and R1872Q. P < 0.05 from -25mV to +10mV in two-way 
ANOVA with Sidak multiple comparison test. (C) Rate of decay for transient 
sodium current (τNaT) at each depolarization voltages. P < 0.0001 from -10mV to 
0mV in two-way ANOVA with Sidak multiple comparison test. (DE) activation and 
steady-state inactivation curves fitted with Boltzmann functions. (F) window 
currents shown by Boltzmann fitted curves enlarged from (DE) combined. (G) 
representative traces showing persistent current from WT (black) and R1872Q 
(blue) channels elicited at 0mV (left) and -35mV (right). Traces shown are 
presented as the percentage amplitude normalized to the maximum peak current 
during the 50ms activation protocol. (H) per cent persistent current-voltage plot 
with persistent current measured during the last 1ms of the 50ms activation 
protocol. P < 0.001 at -45mV and -10mV in two-way ANOVA with Sidak multiple 
comparison test. (I) recovery from inactivation with recovery time duration from 0 
to 50ms. (J) persistent current measurement at 50ms (red line) of the test pulse 
in the activation protocol (upper) and at 500ms (red line) of the prepulse of the 
steady-state inactivation protocol. (K) per cent persistent current-voltage plot with 
persistent current measured during the last 1ms of the 500ms prepulse in steady-
state inactivation protocol. P < 0.05 at 10mV in two-way ANOVA with Sidak 
multiple comparison test. (L) representative traces showing resurgent current 
from WT (top) and R1872Q (bottom) channels. (M) per cent resurgent current 
plotted against repolarization voltage. (N) Rate of decay for resurgent current 
(τrsg) at each repolarization voltages.  P < 0.0001 from -40mV to -20mV, P < 
0.001 at -15mV, P < 0.01 at -10mV in two-way ANOVA with Sidak multiple 
comparison test. All values and statistical significance are reported in Table 3.



 

  

Table 3 Biophysical properties of WT and epilepsy mutant SCN8A channels 
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C. Computational models of Nav1.6 currents. 

 
The sodium current model was based on a Markov state model described 

in detail previously (Khaliq, Gouwens et al. 2003) with minor modifications to 
partially segregate the coupling of voltage dependence of activation and 
inactivation (Fig.22). A summary of the biophysical properties of modeled 
channels are reported in Table 3. 
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Figure 22. Simple Markov state model of the sodium channel. 
Modified based on the model described by Khaliq et al. (2003). States of the 
channel include closed (C), inactivated (I), open (O), and open-blocked (OB).  
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1. Modelling WT Nav1.6 current. 

 
To model WT Nav1.6 current, the kinetic parameters remained identical to 

the original model, except for Oon, the rate constant for the OàI6 transition (INaT 
decay), was modified from 0.75 to 1.132 to match the experimental result. Mutant 
Nav1.6 currents were modeled as changes relative to this baseline. Quantitative 
analysis and curve fitting were performed to reconcile experimental and modelled 
data. ε, the rate constant for OàOB was not altered for experiments with open 
channel block (resurgent current) implemented, while it was set to 0 otherwise. 
All modified parameters were reported in Table 4. 
 

2. Modelling Nav1.6-R850Q current. 

 
To model R850Q current, Ooff was modified from 0.005 to 0.018 to induce 

higher percentage of persistent current (Fig.23A). Parameters α and β were 
changed from 150 to 90 and 3 to 0.9, respectively, to model voltage dependence 
alterations observed (Fig.23B). In my experiment data, R850Q had no shift in 
voltage dependence of steady-state inactivation but hyperpolarized voltage 
dependence of activation with a shallower slope. However, this was difficult to 
achieve in the Khaliq et al. model due to the intrinsic coupling of activation and 
inactivation; shifting voltage dependence of activation unavoidably results in a 
shift of inactivation in the same direction to similar extend. As a result, the 
modeled R850Q displayed a slight hyperpolarizing shift in steady-state 
inactivation. Fig.23C shows the resurgent current traces with ε set to the value in 
the original model. The impact of the R850Q mutation on the percentage 
resurgent current were shown in Fig.23D. The increase of resurgent current 
percentage and altered resurgent current dynamics in simulation was the result 
of modifications of the forward mentioned parameters without implementing any 
change for the resurgent current parameters. 
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3. Modelling Nav1.6-T767I current. 

 
For T767I, Ooff was modified from 0.005 to 0.018 to achieve a higher 

percentage of persistent current (Fig.23A). α and β were changed from 150 to 
450 and 3 to 5 respectively (Fig.23B) to mirror the voltage dependence 
alterations observed. In my experiment data, T767I displayed a 10mV 
hyperpolarizing shift in the voltage dependence of activation with no change in its 
voltage dependence of steady-state inactivation. Again, with activation and 
inactivation coupling in the original model, I only achieved a 6mV hyperpolarizing 
shift for activation with minimal alteration, a 2mV hyperpolarizing shift, for 
inactivation. The impact of the mutations on resurgent current was shown in 
Fig.23C,D.  
 

4. Modelling Nav1.6-R1617Q current. 

 
For R1617Q, Oon was modified from 1.132 to 0.2866 to mirror a slowed 

decay of inactivation (Fig.23A); Coff was modified from 0.5 to 0.8 to achieve 
faster recovery from inactivation (Fig.23E). These alterations were sufficient to 
achieve a higher percentage of persistent current, as well as a depolarizing shift 
in steady-state inactivation without changing other parameters. I chose not to 
modify the voltage dependence parameters to reflect the shallower slope of 
stead-state inactivation observed in my experimental data, because I were not 
able to achieve such alteration without excessively modifying the voltage 
dependence of activation in this model. Fig.23C,D shows the resultant impact on 
resurgent current dynamics and amplitude, both of which closely aligned with my 
experimental data without changing the resurgent current parameters. However, 
the time constant for the rate of recovery from inactivation only displayed a 1.7-
fold decrease in the simulation, instead of an observed 2.5-fold decrease. This is 
due to a faster rate of recovery implemented in the original model. Therefore, my 
modeled R1617Q channel did not perfectly reflect functional alterations observed 
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in my experimental data, and thus underrepresents some of the changes 
incurred by the mutation. 
 

5. Modelling Nav1.6-R1872Q current. 

 
For R1872Q, Oon was modified from 1.132 to 0.656 for a slower inactivation rate 
(Fig.23A); α and β were changed from 150 to 250 and 3 to 4, respectively 
(Fig.23B). The impact of the mutations on the resurgent current were shown in 
Fig.23C,D. Important to note, I did not implement a change in sodium current 
conductance to match the observed increase of R1872Q current density, 
considering direct translation of current density change from a model cell line to 
neuronal data would not be appropriate. 
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Figure 23. Simulation of sodium current generated by modeled WT and mutant 
Nav1.6. 



 

  115 

(A) example WT (black) and mutant Nav1.6 currents (red: R850Q, pink: T767I, 
green: R1617Q, blue: R1872Q) generated from modeled neurons without open 
channel block. (B) I-V/G-V plots showing the voltage dependence of activation 
and steady-state inactivation of the modeled WT and mutant Nav1.6 channels. 
(C) example resurgent currents generated by modeled WT and mutant Nav1.6 
channels with open channel block. (D) per cent resurgent currents plotted against 
repolarization voltages from simulated recordings. Peak resurgent currents were 
measured starting 1.4ms into the repolarization step and normalized to the 
maximum peak current during a 50ms activation protocol. (E) recovery from 
inactivation plot with recovery time duration from 0 to 50ms for R1617Q. Values 
are reported in Table 5. 



 

  

Table 4 Parameters of modeled sodium channels 

  WT R850Q T767I R1617Q R1872Q 

α 150 85 700 150 330 
β 3 0.9 5 3 4 
αi 150 126 110 650 80 
βi 3 3.4 6 3 6 
γ 150 137 94 111 103 

Coff 0.5 0.4 0.34 5 0.35 
Oon 1.132 1.018 1.213 0.2866 0.656 
Ooff 0.005 0.018 0.018 0.005 0.005 
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Table 5 Biophysical properties of modeled WT and mutant SCN8A channel 

    WT R850Q T767I R1617Q R1872Q 

Transient I (pA/pF) -714.6 -713.2 -735.3 -724.5 -716.7 
Transient I decay  0.92 1.06 0.85 2.01 1.30 

Activation 
V1/2(mV) -31.23 -35.78 -40.59 -30.92 -35.59 

K 6.90 8.08 6.73 6.45 6.60 

Inactivation 
V1/2(mV) -55.85 -56.16 -56.41 -53.86 -51.57 

K 3.84 3.74 4.00 6.15 3.96 
Recovery (ms) 3.30 3.35 3.36 1.68 3.26 
Resurgent I (%) 3.50 5.93 5.40 7.43 5.85 
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D. Simulations of action potential firing in modeled neurons. 
 

1. Simulation in a single compart model of Purkinje neuron. 

 
To simulate spontaneous and evoked activity of Purkinje neurons, the total 

sodium conductance of the Khaliq model was replaced by my modeled hNav1.6. 
To represent heterozygous conditions, 50% of the Nav1.6 sodium conductance 
was replaced by the modeled mutant channels. Fig.24A shows the spontaneous 
action potential (AP) firing from WT and mutant Purkinje neurons with open 
channel block implemented. Modeled neurons incorporated with R850Q, T767I 
and R1872Q currents demonstrated increased excitability exemplified by a 
higher frequency of spontaneous (Fig.24AC) as well as evoked APs (Fig.24D) 
(Table 6). The R1617Q neuron was not more excitable than the WT neuron in 
response to lower range of stimulation, but its firing frequency continued 
increasing in the higher stimulation range, showing resistance to depolarization 
block and reaching a higher maximal AP frequency. This enables the R1617Q 
neuron to sustain high-frequency, repetitive firing, which is an important 
characteristic of neurons involved in seizure activity. The simulations 
demonstrated a differential pattern of excitability outcome caused by functional 
alterations in activation versus inactivation. Premature opening, as implemented 
in R850Q, T767I and R1872Q, has prominent effect on enhancing firing, either 
spontaneous or in response to low intensity stimulation. On the other hand, 
altered inactivation that led to increased channel availability, as exhibited mainly 
with R1617Q and R1872Q, boosts the ability of a neuron to sustain high 
frequency firing.  

 
In addition, simulations without the open channel block mechanism 

suggested an important role of resurgent current in affecting excitability, 
especially when mutant channels were involved. As shown in Fig.24B and Table 
6, all variants are consistently less excitable without OB, suggesting that 
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resurgent current is an important contributor to high frequency firing associated 
with epilepsy mutations. Moreover, the WT neuron demonstrated about 12% 
reduction of spontaneous AP firing, while the R1617Q, R1872Q, R850Q and 
T767I mutants showed 9%, 34%, 46% and 40% reduction, respectively. This 
indicated that the excitability of neurons with mutant channels was generally 
more sensitive to the existence of the open channel block. As a result, the 
R1872Q, R850Q and T767I mutant neurons with OB implemented presented 
larger percentage increase of spontaneous APs (92%, 177%, 219%) compared 
to those without OB implemented (43%, 70%, 117%). Therefore, resurgent 
currents can have significant impact on the excitability of neurons with mutant 
Navs, although resurgent currents did not display as remarkable an influence on 
the excitability of WT neurons in the simulations. Intriguingly, the effect size of 
OB inclusion in the model did not correlate with the amplitude of resurgent 
current (Table 6). For example, the excitability of the R850Q-containing model 
neuron was most affected by the inclusion of OB, although the modeled R850Q 
channel did not exhibit the most prominent increase of resurgent current 
(Fig.24CD). On the contrary, the spontaneous activity of R1617Q was 
unexpectedly reduced by the inclusion of OB, although it had the largest increase 
of resurgent current. This emphasizes that neuronal excitability is an integrated 
outcome of different aspects of channel functions, and such complex integration 
can potentially be extended to the inter-cellular and network levels. 
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Figure 24. Simulation of action potential firing in Purkinje neuron expressing WT 
or heterozygous mutant Nav1.6 channels. 
(A-B) example traces of spontaneous firing of modeled Purkinje neurons either 
with 100% WT Nav1.6 current or with 50% WT and 50% mutant Nav1.6 currents 
(black: WT, green: R1617Q, blue: R1872Q, pink: T767I, red: R850Q) with OB (A) 
and without OB (B). (C) Quantification of the frequency of spontaneous action 
potentials. Values are reported in Table 6. (D) Quantification of evoked action 
potentials.   



 

  

Table 6 Spontaneous action potential frequency (Hz) of simulated Purkinje neurons 

    WT R1617Q R1872Q R850Q T767I 

Spontaneous 
With OB 26 22 50 72 83 

Without OB 23 20 33 39 50 

Maximum 
With OB 136 150 207 166 196 

Without OB 140 146 171 155 199 
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2. Simulation in a multi-compartmental model of cortical pyramidal neuron. 

 
To further investigate the impact of Nav1.6 mutations on the integrated 

outcome of neuronal excitability, I incorporated the modeled Nav1.6 in a more 
sophisticated cortical pyramidal neuron model (Ben-Shalom, Keeshen et al. 
2017). This model implemented multiple sodium channel isoforms that were 
differentially distributed in soma, dendrites, axon initial segment, nodes of 
Ranvier and along the myelinated axon. The sodium conductance that 
represents Nav1.6 current in the original model was replaced by the modeled 
hNav1.6 current. Similar to the Purkinje neuron model, heterozygous mutations 
of Nav1.6 R1872Q, R850Q and T767I in modeled cortical pyramidal neuron lead 
to marked increase of excitability with or without OB (Fig.25). However, unlike the 
Purkinje neuron model, the inclusion of the OB mechanism did not consistently 
increase action potential firing across all variants. In response to lower range of 
stimulations, WT and mutant neurons fired more action potentials without OB, 
while in the higher range of stimulations (up to 4nA) the firing rates were 
eventually surpassed by those with OB implemented. This supports the notion 
that resurgent current facilitates but does not guarantee high frequency firing 
(Lewis and Raman 2014). Therefore, the precise impact of resurgent currents on 
neuronal excitability also likely depends on cellular background. 
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Figure 25. Simulation of action potential firing in cortical pyramidal neuron 
expressing WT or heterozygous mutant Nav1.6 channels. 
(A-B), example traces of action potential firing evoked by 2.3nA current injection 
in cortical pyramidal neuron models either with 100% WT Nav1.6 current or with 
50% WT and 50% mutant Nav1.6 currents (black: WT, green: R1617Q, blue: 
R1872Q, pink: T767I, red: R850Q) with OB (A) and without OB (B). (C) 
Quantification of evoked action potentials.  
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E. Discussion 
 
A growing number of SCN8A mutations have been associated with EIEE, 

but the pathogenic outcomes are hard to predict without functional 
characterization. Here I report that the novel epilepsy mutation R850Q is gain-of-
function, consistent with the hypothesis that a majority of SCN8A epilepsy 
mutations primarily lead to enhanced channel function. R850Q exhibits multiple 
aberrant properties, including premature opening, impaired inactivation and 
increased resurgent current. By comparing R850Q with three other SCN8A 
epilepsy mutations that have been previously characterized in mouse Nav1.6 
constructs, I show that the mutations affect different aspects of the human 
Nav1.6 channel properties despite all being gain-of-function. To my surprise, all 
the evaluated mutations display enhanced resurgent currents, pointing to a 
potential commonality among gain-of-function SCN8A epilepsy mutations. Using 
computational simulations, I demonstrate that modeled neurons bearing these 
SCN8A epilepsy mutations are hyperexcitable, further supporting the proposed 
mechanism for SCN8A epilepsy being neuronal over-excitation and the 
hypothesis that altered resurgent currents in hNav1.6 channels likely contribute 
to increased seizure susceptibility. 

 
EIEE with a SCN8A mutation is a devastating condition due to its 

phenotypic severity and resistance to classic anti-epileptic drugs. Additionally, 
SCN8A cases are highly heterogeneous, displaying variable clinical presentation 
and treatment response. The disease mechanism is not well understood and 
requires functional characterization of a wide range of SCN8A mutations for more 
individualized therapeutic development. However, the majority of previous 
functional analysis of SCN8A mutations were conducted with the mouse cDNA 
construct expressed in heterologous systems. Although these results have 
provided valuable insights for the molecular underpinnings of the disease, the 
alterations of channel functions they presented may differ from the same 
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mutations in human DNA. Moreover, most of the previous studies on SCN8A 
epilepsy mutations did not-test the involvement of resurgent current, the 
alteration of which can affect neuronal excitability, as it does in many other 
sodium channelopathies (Jarecki, Piekarz et al. 2010, Hargus, Merrick et al. 
2011, Sittl, Lampert et al. 2012, Hargus, Nigam et al. 2013, Tan, Piekarz et al. 
2014, Patel, Barbosa et al. 2016, Xiao, Barbosa et al. 2019). In my study, I used 
a human SCN8A cDNA construct (hNav1.6) for functional characterization and 
systematically compare the outcomes with those from previous studies using the 
mouse construct. I observed consistent functional changes for the mutation 
R1872Q, but important functional differences for mutations T767I and R1617Q in 
the human compared to the mouse channel background. For example, the 
current amplitude produced by the T767I mutation in hNav1.6 is similar to the 
amplitude observed with WT hNav1.6, while the T767I mutation was reported to 
have a 2.5-fold reduction in mouse Nav1.6 (Estacion, O'Brien et al. 2014). On the 
other hand, the hyperpolarizing shift of voltage dependence of activation and the 
increase of persistent current are comparable in both backgrounds. As for 
R1617Q, a similar slowing of current decay and increase of persistent currents 
are observed with both the human and mouse channel background, but there are 
differential effects on the voltage dependence of activation and inactivation 
(Wagnon, Barker et al. 2016). In hNav1.6, the R1617Q mutation altered only the 
slope of steady-state inactivation, while in the mouse Nav1.6, there is a 
hyperpolarizing shift of activation and a depolarizing shift of inactivation along 
with a slope change. Such differences may seem subtle, but they suggest 
molecular and functional distinctions between the human and mouse channels, 
which in turn could alter how individual mutations impact intrinsic neuronal 
excitability and even affect their pharmacological responsiveness, and thus could 
have important impact when it comes to therapeutic development and testing. 

 
Although it is generally accepted that SCN8A epilepsy mutations are 

primarily gain-of-function, the molecular mechanisms often differ among 
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individual mutations. The heterogeneity of SCN8A epilepsy phenotypes likely 
stems in part from the various locations and functional consequences of the 
mutations. Due to the clear functional segregation of channel regions, outcomes 
of some mutations can be predicted by their location. For example, mutations in 
DI-DIII voltage sensors are likely to alter channel activation. As shown in this 
study, missense mutations at R850 and T767, located in DII S4 and S1 
respectively, result in premature opening, a functional alteration in activation that 
is highly predicted to lead to hyperactivity. On the other hand, mutations in DIV 
voltage sensors usually disrupt channel inactivation. An Arg to Gln substitution at 
1617 in DIV S4 exhibits a dramatically slower decay of the transient current, 
indicating impaired inactivation. This impairment is highlighted by a 2-fold 
increase of resurgent current, the mechanism of which involves an open channel 
block (Raman and Bean 2001, Grieco, Malhotra et al. 2005). Since the open 
channel block competes with the IFM (Ile-Phe-Met motif) inactivation gate for 
channel binding after activation (Khaliq, Gouwens et al. 2003, Grieco and Raman 
2004), the slower inactivation kinetics of R1617Q and many other disease 
mutations (Jarecki, Piekarz et al. 2010) increase the probability of open channel 
block, and thus the generation of larger resurgent currents. The same applies to 
R850Q and R1617Q with impairment of inactivation. Both R850Q and R1617Q 
neutralize charged residues in S4 segments. While R1617Q may not induce 
gating pore currents due to its location at the extracellular extreme of the S4 
segment, R850Q is predicted to induce gating pore current. However, because 
gating pore currents are very small and difficult to measure in mammalian 
expression systems, I were unable to directly determine if either of these 
mutations induced gating pore currents. 

 
In addition to direct lesion to the molecular components responsible for 

specific channel function, mutations located in regions involved in intramolecular 
interactions can also cause predictable functional defects. The C-terminal 
domain (CTD) has been shown to interact with the IFM inactivation gate via static 
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interaction between charged residues (Shen, Zhou et al. 2017, Johnson, Potet et 
al. 2018). Removing any of the charges can disrupt the interaction and affect 
normal channel inactivation (Lee and Goldin 2008, Nguyen and Goldin 2010, 
Johnson, Potet et al. 2018). Indeed, I show that an Arg to Gln mutation at 1872, 
located near the center of CTD, displays abnormal inactivation properties, 
including shifted voltage dependence of inactivation, slower decay of transient 
current and higher level of persistent current. Similarly, Wagnon et al. (2016) 
demonstrated inactivation-related dysfunctions of two other epilepsy mutations at 
R1872 in mouse Nav1.6, highlighting the functional significance of the IFM-CTD 
interaction for channel inactivation. 

 
The complicated network of sodium channel regulation is another source 

of heterogeneity for EIEE13. As shown in this study, the functional consequences 
of a single residue substitution can impact properties beyond what is predicted 
based on its location. For example, R850Q and T767I in the domain II voltage-
sensor both impair inactivation and R1872Q in the CTD has premature 
activation. Most interestingly, R850Q, T767I and R1872Q demonstrate slowed 
resurgent kinetics that are not readily predicted by their location. These 
alterations may be consequences of the complex nature of subtle intramolecular 
interactions within the channel as well as intermolecular interactions between the 
channel and a great variety of regulatory proteins. So far, Nav-β subunits (Hull 
and Isom 2018), calmodulin, fibroblast growth factor homologous factors (FHFs) 
(Wang, Chung et al. 2012, Wang, Chung et al. 2014) and ankyrinG (ankG) 
(Shirahata, Iwasaki et al. 2006, Gasser, Ho et al. 2012) are identified as 
important interacting partners of Nav channels. They regulate Nav trafficking, 
expression pattern and gating in isoform- and cell type-specific manners 
(Deschênes, Neyroud et al. 2002, Herzog, Liu et al. 2003, Chichili, Xiao et al. 
2013, Ben-Johny, Yang et al. 2014, Barbosa, Xiao et al. 2017, Yan, Wang et al. 
2017). Mutations within or near the interacting interface on either protein can 
alter the interaction and cause channel dysregulation. Moreover, the wide range 
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of post-translational modifications of voltage-gated sodium channels (Pei, Pan et 
al. 2017). 

 
Modifier genes also contribute to the heterogeneity of SCN8A epilepsy 

(Meisler, O’brien et al. 2010). This is implicated by the lack of clear genotype-
phenotype correlation with recurrent mutations (Meisler, Helman et al. 2016). 
R850Q is one of the recurrent mutations that has been identified in at least three 
unrelated patients. They demonstrate considerable variation in clinical 
presentations, including age of onset, degree of developmental delay and motor 
deficit, and treatment response (Kong, Zhang et al. 2015, Wang, Gao et al. 
2017). Similarly, Wagnon et al observed tremendous phenotypic heterogeneity in 
patients carrying the same mutations at 1617 and 1872 (Wagnon, Barker et al. 
2016). Such heterogeneity is also common in other monogenic epilepsies 
(Meisler, Helman et al. 2016), indicating an undeniable role of genetic 
background in modifying the disease manifestation. Consistently, various 
monogenic mouse models for epilepsy presented strain-dependent phenotypic 
severity (Kearney, Buchner et al. 2002, Bergren, Chen et al. 2005, Frank, 
Mantegazza et al. 2006, Ogiwara, Miyamoto et al. 2007, Papale, Beyer et al. 
2009, Mistry, Thompson et al. 2014). Follow-up studies on the genomic 
composition of these mouse strains identified a number of candidate modifier 
genes (Sprunger, Escayg et al. 1999, Bergren, Chen et al. 2005, Rusconi, 
Scalmani et al. 2007, Bergren, Rutter et al. 2009, Singh, Pappas et al. 2009). 
Interestingly, many of them encode ion channels that contribute to the control of 
the membrane excitability (Kearney, Yang et al. 2006, Glasscock, Qian et al. 
2007, Hawkins, Martin et al. 2011, Calhoun, Hawkins et al. 2016, Hawkins, 
Zachwieja et al. 2016). This underscores the integrated nature of neuronal and 
network excitability. As a result, it is not surprising that mouse models combining 
epilepsy mutations in different ion channel genes can either alleviate (Glasscock, 
Qian et al. 2007, Martin, Tang et al. 2007, Hawkins, Martin et al. 2011) or 
aggregate (Kearney, Yang et al. 2006) the phenotypes observed in their 
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monogenetic counterparts. As pointed out by Klassen et al, it is the combinatorial 
impact of genetic variants in ion channel genes that determines the potential or 
the lack of potential for homeostatic compensation of membrane excitability and 
thus for clinical expression (Klassen, Davis et al. 2011). Therefore, personalized 
medicine, where genetic background is taken into consideration, is highly 
desirable in order to achieve accurate diagnosis, prediction and treatment 
planning for excitability disorders like epilepsy in the clinical setting. 

 
Due to the vast number of epilepsy mutations and the remarkable 

complexity of sodium channel regulation, it may be impractical to extend 
functional assays to all combinations of mutations and genetic variants appearing 
in patients. Computational simulation can be of great value in this matter. In my 
study, I performed excitability simulations using two neuron models and show 
predictions of the outcome of allelic epilepsy mutations. To model sodium 
channel kinetics, I adapted a simple Markov state model that included the open 
channel block mechanism (Khaliq, Gouwens et al. 2003). This feature enables 
the simulation of resurgent sodium currents. Extensive evidence has showed that 
physiological resurgent currents support high-frequency repetitive firing of action 
potentials by maintaining a relatively constant availability of sodium channels 
(Raman and Bean 2001). Pathological alterations of resurgent current kinetics 
are involved in a wide range of excitability disorders (Jarecki, Piekarz et al. 2010, 
Hargus, Merrick et al. 2011, Sittl, Lampert et al. 2012, Hargus, Nigam et al. 2013, 
Tan, Piekarz et al. 2014, Patel, Barbosa et al. 2016, Xiao, Barbosa et al. 2019). 
More importantly, I revealed enhanced resurgent current as a commonality 
among the four Nav1.6 epilepsy mutations in my study. Therefore, abnormal 
resurgent currents found in epilepsy mutant Nav1.6 are likely to contribute to 
neuronal hyperexcitability. Indeed, my simulations demonstrated a cell type- and 
frequency- dependent role of resurgent current in heightening excitability, which 
in turn can lead to uncontrolled, synchronized firing involved in seizure activity. 
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The computational simulations I performed can be expanded to 
accommodate variants in multiple ion channel genes to predict the integrated 
effect on neuronal as well as network excitability (Klassen, Davis et al. 2011). 
However, such simulations are not without limitations. The original sodium 
channel model (Khaliq, Gouwens et al. 2003) couples the voltage dependence of 
inactivation with activation, which does not necessarily reflect the complex 
behaviors of a voltage-gated sodium channel. As illustrated by the R1872Q 
mutant channel, where the voltage-dependence of activation and inactivation are 
shifted in opposite directions. Such channel behavior is impossible to be 
represented by a model constrained by activation-inactivation coupling. 
Therefore, I partially segregated the coupling to closely mimic channel behaviors 
observed in my experiments. The modified model allowed us to accurately 
simulate the opposite direction shifts in R1872Q, and the depolarizing shifts of 
activation in R850Q and T767I without immensely affecting the voltage 
dependence of inactivation. Nonetheless, I were not able to satisfactorily achieve 
all functional alterations observed in R1617Q. The inability to completely mirror 
R1617Q channel behavior may account for the mild increase of excitability 
observed in the R1617Q simulation. Therefore, there is a clear need for improved 
channel models to accurately capture the dynamics of ionic flows in excitable 
cells in order to produce reliable excitability prediction and assist in individualized 
medicine. 

 
Taken together, my study demonstrates that while many epilepsy-related 

SCN8A mutations are gain-of-function, they can impact multiple gating properties 
in distinct combinations. One commonality among them is an alteration in 
resurgent current, which can play a critical role in determining neuronal 
excitability and thus seizure activity in patients. I demonstrated that 
computational simulation is a useful tool to explore the influence of mutations on 
excitability. Using the human Nav1.6 channel, my data also indicates that the 
SCN8A mutations can exhibit subtle yet potentially important differences in their 
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biophysical consequences in human versus rodent channels. These important 
distinctions could influence how specific mutations are targeted therapeutically. 
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V. S-PALMITOYLATION MODULATES NAV1.6 WITH EPILEPSY MUTATION 
A. Overview  

 
In Chapter III, I showed that the S-palmitoylation of the voltage-gated 

sodium channel isoform Nav1.6 regulates distinct functions of the channel by 
modifying different residues in the channel. Therefore, I hypothesized that S-
palmitoylation can be exploited to modulate Nav1.6 activities in diseased 
conditions. 

 
A previous study of Nav1.5 suggests that loss of S-palmitoylation due to 

the mutation C981F in the cardiac sodium channel may be responsible cardiac 
arrhythmia in human patients (Pei, Xiao et al. 2016). A potentially pathogenic 
arginine to cysteine mutation (p.Arg662Cys) in Nav1.6 was identified in an 
epilepsy patient (Carvill, Heavin et al. 2013), but no functional characterization 
has been reported. Importantly, a cysteine at this position in Nav1.6 was 
predicted to be a S-palmitoylation site in CSS-Palm. Therefore, I hypothesized 
that the R662C mutation in Nav1.6 introduced a S-palmitoylation site in the 
channel and caused Nav1.6 hyperactivity that lead to epilepsy in the patient, and 
thus can be rescued by blocking S-palmitoylation at this residue. 

 
For disease mutations that do not directly introduce or remove a S-

palmitoylation site in the Nav1.6 channel, S-palmitoylation can also be used to 
modulate Nav1.6 activity to counteract the abnormal channel. After all, disease 
mutations may indirectly alter channel maturation, trafficking and functional 
properties even though they do not introduce or remove a S-palmitoylation site in 
the channel. The S-palmitoylation status of a protein can be influenced by protein 
secondary structure, protein-protein interaction, interplays between different post-
translational interactions (Tian, Jeffries et al. 2008, Ho, Selvakumar et al. 2011, 
Shipston 2014, Pei, Pan et al. 2017, Summers, Milbrandt et al. 2018, Woolfrey, 
O'Leary et al. 2018). Conversely, altering S-palmitoylation status of specific sites 
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offers an opportunity to attenuate abnormal Nav1.6 activity imposed by disease 
mutations. Additionally, in Chapter IV, I showed that the epilepsy-associated 
mutation R1872Q introduces multiple gain-of-function abnormality in the Nav1.6 
channel, including increased current amplitude, negative shift of voltage 
dependence of activation, positive shift of voltage dependence of inactivation, 
and slowed decay of transient current and resurgent current. Among these 
altered properties, current amplitude and voltage dependence of inactivation can 
be specifically targeted by altering the S-palmitoylation status of the Nav1.6 
channel. Thus, I hypothesized that the aberrant current amplitude and voltage 
dependence of inactivation in R1872Q can be rescued by S-palmitoylation status 
manipulation.  
 

B. R660C does not alter Nav1.6 functions or sensitivity to S-palmitoylation 
manipulation.  

 
As shown in Fig.26, the R660C mutation in Nav1.6 did not display 

aberrant current density, voltage dependence or recovery from inactivation. 
Thus, this might be a non-pathogenic variant. Moreover, the response pattern of 
the R660C mutant channel to 2BP and PA treatments was identical to that of the 
WT channel, suggesting that it did not have altered sensitivity to S-palmitoylation 
manipulation. Therefore, the introduction of potential S-palmitoylation might not 
be S-palmitoylated in our heterologous system. 
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Figure 26. Characterization of Nav1.6 variant R660C and it is sensitivity to 2BP 
and PA treatment. 
(A,D) Current density-voltage plots of WT and R660C. (B,E) Voltage dependence 
of activation and steady-state inactivation curves fitted with Boltzmann functions. 
(C,F) Recovery from inactivation with recovery duration from 0 to 50ms. 
  



 

  135 

C. Aberrant R1872Q activity are partially rescued by S-palmitoylation.  
 
Fig.27 shows that blocking S-palmitoylation with 2BP treatment reversed the 
increased current and depolarized voltage dependence of inactivation caused by 
the R1872Q mutation. On the other hand, the response pattern of other 
functional properties, normal or aberrant compared to the WT channel, remained 
identical to the WT channel. These suggested that S-palmitoylation can be used 
to rescue disrupted Nav1.6 by targeting specific channel functions. 
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Figure 27. Partial rescue of R1872Q by S-palmitoylation. 
(A) Current density-voltage plot of hNav1.6 WT and R1872Q. (B,C) Voltage 
dependence of activation and steady-state inactivation curves fitted with 
Boltzmann functions. (D) Recovery from inactivation with recovery time duration 
from 0 to 50ms. (E) Rate of decay for transient sodium current (τNaT) at each 
depolarization voltages. (F) Percent persistent current-voltage plot with persistent 
current measured during the last 1ms of the 50ms activation protocol.  
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D. Discussion  
 
Here I characterized the functional properties of an epilepsy-associated mutation 
R662C in Nav1.6. No appreciable functional alteration has been identified in the 
mutant channel. There are several possibilities. First of all, the R662C mutation 
may not be pathogenic. The seizure phenotype observed in the patient can be 
caused by other pathogenic factors. Secondly, the functional alteration brought 
by the R662C mutation may not be presented in a cell line. After all, functional 
characterization in a cell line with very different cellular properties may not 
faithfully replicate the aberrant behavior of a mutant channel in its original 
environment. As discussed in Chapter III, S-palmitoylation can not only directly 
affect ion channel function by shifting conformation, it can also indirectly 
modulate protein-protein interaction and protein life cycle in a cell-type specific 
manner. The cell line I used for Nav1.6 expression may lack the functional 
components that is critical for the presentation of the abnormality caused by the 
mutation. Additionally, as discusses in Chapter IV, epilepsy is a complex disease 
and can involve predisposition from modifying genes. The patient carrying the 
R662C mutation may have unidentified genetic variation that increases seizure 
susceptibility. 
 
The R662C mutation also does not exhibit any change of sensitivity to S-
palmitoylation manipulation. It is possible that the introduced cysteine is not 
modified by S-palmitoylation. It is also possible that the expression system I used 
did not have the specific subset of PATs that targets R662C for S-palmitoylation. 
Therefore, this mutation may result in abnormal S-palmitoylation in particular 
neuronal cell types with the specific PAT set and cause neuronal over-excitation. 
 
Using the epilepsy-associated mutation R1872Q, I demonstrated that the 
aberrant increased of Nav1.6 current and positive shift of voltage dependence of 
inactivation are rescued by blocking S-palmitoylation with 2BP treatment, while 
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no other channel properties are modified. Therefore, this feature of functional 
specificity of S-palmitoylation can be advantageous for therapeutic development 
when targeting a particular property of the channel is desirable.  
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VI. CONCLUSIONS 
A. Summary of findings  

 
1. Nav1.6 S-palmitoylation regulates channel activity and neuronal excitability. 

 
Nav1.6 has powerful control over neuronal excitability in CNS and PNS. 

Its functions are tightly regulated at multiple levels by an intricate network of 
molecular mechanisms. In this dissertation, I present the discovery of S-
palmitoylation as a novel regulatory mechanism for Nav1.6. S-Palmitoylation is a 
reversible post-translational lipid modification that dynamically regulates protein 
functions. Voltage-gated sodium channels subjected to S-palmitoylation can 
exhibit altered functions in different S-palmitoylation states. I demonstrated that 
Nav1.6 is chemically modified and functionally regulated by S-palmitoylation. 
Three S-palmitoylation sites (C1169, C1170, C1978) were identified. They 
differentially modulate distinct Nav1.6 properties. Interestingly, C1978 is 
exclusive to Nav1.6 among all Nav isoforms and it is evolutionally conserved in 
Nav1.6 among most species. It regulates current amplitude uniquely in Nav1.6. 
Furthermore, I showed that eliminating S-palmitoylation at specific sites altered 
Nav1.6-mediated excitability in dorsal root ganglion neurons. Therefore, this 
study reveals S-palmitoylation as a potential isoform-specific mechanism to 
modulate Nav activity and neuronal excitability in physiological and diseased 
conditions. 
 

2. Epilepsy-associated mutations in Nav1.6 increase channel activity and are 

predicted to enhanced neuronal excitability. 

 
SCN8A, the gene that encodes Nav1.6, is a novel causal gene for early 

infantile epileptic encephalopathy. A rapidly growing number of SCN8A mutations 
have been associated with EIEE since the first discovery in 2012. It is well 
accepted that gain-of-function mutations in SCN8A underlie the disorder, but the 
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remarkable heterogeneity of its clinical presentation and poor treatment response 
demand for better understanding of the disease mechanisms. Here, I 
characterize a new epilepsy-related SCN8A mutation, R850Q, in human Nav1.6. 
I show that it is a gain-of-function mutation, with a hyperpolarizing shift in voltage 
dependence of activation, a 2-fold increase of persistent current and a slowed 
decay of resurgent current. I systematically compare its biophysics with three 
other SCN8A epilepsy mutations, T767I, R1617Q and R1872Q, in the human 
Nav1.6 channel. Although all of these mutations are gain-of-function, the 
mutations affect different aspects of channel properties. One commonality I 
discovered is an alteration of resurgent current kinetics, but the mechanisms by 
which resurgent currents are augmented is not yet clear for all of the mutations. 
Computational simulations predict increased excitability of neurons carrying 
these mutations with differential enhancement by open channel block. 

 
3. Aberrant epilepsy-associated mutant Nav1.6 can be partially rescued by S-

palmitoylation. 

 
Malfunction of S-palmitoylated neuronal proteins have been shown to be 

involved in various neurological and psychiatric disorders. Although I did not 
observe any S-palmitoylation related changes in the epilepsy associated 
mutation R662C in Nav1.6, the function modulating effect of S-palmitoylation on 
Nav1.6 can be exploited to alleviate aberrant neuronal activity in diseased 
conditions. An example is demonstrated by the R1872Q epilepsy mutation, the 
abnormally increased current and positively shifted voltage dependence of 
inactivation is rescued by blocking S-palmitoylation. More importantly, S-
palmitoylation is controlled by the two enzyme families that catalyze the S-
palmitoylation reaction and the reversible process depalmitoylation. Both of them 
are large enzyme families that display distinct but overlapping substrate 
preference as well as distribution in different tissue, cell type, and subcellular 
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compartment. Therefore, these proteins may serve as drugable targets for a 
wider range of excitability disorders.  
 

B. Benefits and limitations of experimental design  
 

1. Use of the ND7/23 cell line as a model system to study VGSCs 

 
The ND7/23 cell line is used as a non-neuronal model system for all the 

electrophysiological characterization of VGSCs in this dissertation. Similar to the 
HEK cell line, the ND7/23 cells are small and have cell morphology that allows 
for excellent voltage control over the entire cell, minimizing voltage clamp error, 
and resulting in more precise measurement of sodium currents. Although the 
HEK cell line is a more commonly used model system for ion channel 
characterization, Nav1.6 has proven to be one of the most difficult channels to be 
expressed in the HEK cells. Transient transfection of Nav1.6 in HEK cells results 
in the majority of the channels stuck in intracellular compartments (ER and / or 
Golgi), and resultant Nav1.6 current, if any, is too small for accurate 
measurement and analysis. On the other hand, the use of ND7/23 cell line help 
boost the surface expression of the Nav1.6 and make electrophysiological 
characterization possible. Since ND7/23 is a hybrid cell line transformed from rat 
DRG neuron and mouse neuroblastoma cells and considered a neuronal cell 
line, it might have preserved some neuronal components that facilitate Nav1.6 
folding and trafficking to the surface. However, the use of a neuronal cell line is 
not without limitation. For one thing, it is unclear what the exact components are 
responsible for the enhanced expression of the Nav1.6 channel. It is also 
unknown whether these components have modulating effects on other properties 
of the channel or whether they directly respond to experimental manipulations. 
Therefore, the use of ND7/23 cell line may confound the interpretation of 
experimental results. For another, the ND7/23 cell line express significant TTX-
sensitive voltage-gated sodium currents, among which Nav1.7, Nav1.6 and 
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Nav1.3 are estimated to be responsible for 65%, 20% and 2% of the current, 
respectively (Rogers, Zidar et al. 2016, Lee, Kim et al. 2019). Therefore, in order 
to study TTX-sensitive sodium current in the ND7/23 cell line, the channel of 
interest is rendered TTX-resistant by single amino acid substitution (Nav1.6-
Y371S, Nav1.2-F385S) before expression and TTX must be included in the 
extracellular solution for the isolation of current from the transfected channel. 
Additionally, although the probability is unknown, it is possible that the 
endogenous channel would affect the biophysics of the transfected channel by 
forming dimers (Clatot, Hoshi et al. 2017). Collectively, the use of the ND7/23 cell 
line provides the benefits of a reduced system for the electrophysiological 
characterization of the hard-to-express Nav1.6. 
 

2. Use of cultured dorsal root ganglion neuron as a model system to study 

Nav1.6 and excitability 

 
Cultured dorsal root ganglion (DRG) neurons were used to further validate 

the findings in ND7/23 cells. The use of DRG neurons was specifically 
advantageous for addressing the question posed in this dissertation due to the 
ease of transient transfection and high expression level of Nav1.6. The need for 
transient transfection of Nav1.6 and its S-palmitoylation deficient variants is 
imposed by the fact that pharmacological treatments (2BP and PA) affect global 
S-palmitoylation of a wide range of neuronal proteins, and thus it is impossible to 
isolate the effect of altering Nav1.6 S-palmitoylation. Moreover, the vast majority 
of cultured CNS neurons, are either too immature to support sufficient level of 
Nav1.6 expression (as Nav1.6 is an adult brain isoform that starts its expression 
relatively late in development) or too difficult to be transfected. However, one 
limitation of using DRG neurons as the neuronal model system is that they 
express a combination of endogenous TTX-sensitive (Nav1.6, Nav1.7) and TTX-
resistant (mainly Nav1.8) sodium currents (Rush, Cummins et al. 2007). To 
isolate transfected TTX-resistant Nav1.6 current, the endogenous TTX-resistant 
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Nav1.8 is knocked down with shRNA. This method results in reduced neuronal 
excitability: the majority of the DRG neuron only fire one action potential without 
Nav1.8, because Nav1.8 is the major contributor to action potential upstroke and 
repetitive firing in DRG neurons (Rush, Cummins et al. 2007). Although Nav1.6 
support high frequency, repetitive firing in a wide range of CNS neurons 
(Maurice, Tkatch et al. 2001, Khaliq, Gouwens et al. 2003, Do and Bean 2004, 
Van Wart and Matthews 2006, Enomoto, Han et al. 2007, Mercer, Chan et al. 
2007, Royeck, Horstmann et al. 2008, Osorio, Cathala et al. 2010), the cellular 
background of DRG neurons, including the subset of K+ channels, the leaky 
membrane property, the post-translational modifications and the Nav1.6 
interacting proteins, may limit the ability of this channel to generate multiple 
action potentials. Moreover, although this method provides a clear picture of the 
role of S-palmitoylation in modulating Nav1.6-mediated neuronal excitability, it 
does not reflect the firing behavior of DRG neuron in vivo. It would be interesting 
to observe the excitability outcome of Nav1.6 S-palmitoylation with endogenous 
Nav1.8 intact. Moreover, although Nav1.6 contributes to DRG neuron firing, it 
has a more prominent role in CNS neurons. The consequence of Nav1.6 S-
palmitoylation or the lose of it can be very different in CNS cell types. 
 

3. Use of iCell GlutaNeuron as a model system to study Nav1.6 and excitability 

 
Although Nav1.6 is ubiquitously expressed in both CNS and PNS, it plays 

a more dominating role in glutamatergic neurons in the central nervous system. It 
is natural to examine the influence of Nav1.6 modulation in glutamatergic 
neurons. However, due to the technical difficulty of transient transfection in CNS 
neurons and the global effect of S-palmitoylation pharmacological treatments 
(2BP and PA), the iCell GlutaNeuron (Cellular Dynamics International) was used 
to circumvent these limitations and explore the effects of Nav1.6 S-palmitoylation 
on neuronal excitability. The iCell GlutaNeuron is a highly pure population of 
human glutamatergic neurons derived from iPSCs. They can also be particularly 
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useful for genetic editing experiments as well as for the development of 
personalized medicine and pharmacological screening for genetic diseases. 
Unfortunately, the transient transfection of these iCell GlutaNeurons does not 
result in sufficient Nav1.6 expression for excitability examination: only 40% of the 
transfected cells are able to fire action potential. The low expression level of 
Nav1.6 might be due to the lack of appropriate machineries, for example the key 
PATs for Nav1.6 S-palmitoylation, for optimal Nav1.6 expression in these 
immature neurons, as with the case of primary embryonic neuronal cultures. It is 
also possible that the transfection method used is not ideal for ion channel 
expression in iCell GlutaNeurons. 
 

4. Use of acyl-biotin exchange assay for S-palmitoylation detection 

 
The classic method for S-palmitoylation detection involves metabolic 

labelling with radioactive [3H]-palmitate followed by fluorography (Schlesinger, 
Magee et al. 1980, Peseckis, Deichaite et al. 1993). This assay, although being 
useful, suffers from the hazards of radioactivity, low sensitivity, and lengthy 
exposure time ranging from days to months. The development of acyl-biotin 
exchange (ABE) assay enables safe, sensitive and efficient detection of protein 
S-palmitoylation. More importantly, the ABE assay also detect protein S-
palmitoylation in their native environment without the requirement for culture as 
required by metabolic labelling, although in vivo labeling for click chemistry has 
been demonstrated with reporters for glycan (Baskin, Prescher et al. 2007, 
Chang, Prescher et al. 2010), the development of in vivo labeling methods 
specifically for protein S-palmitoylation or any other lipid modification still awaits 
(Gao and Hannoush 2018). 

 
The ABE assay has some limitations. The assay requires complete 

blockage of free thiols as the first step to avoid false positive S-palmitoylation 
signal, which depends on the accessibility to the thiols in the denatured protein. 
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Moreover, the ABE assay cannot differentiate the identity of the lipid modification 
(chain length and saturation). Additionally, since the ABE assay detect S-
palmitoylation through the detection of thioester bond, this assay can result in 
false positive hits on proteins that use, even just transiently, thioester bonds for 
biochemistries other than S-palmitoylation (Roth, Wan et al. 2006). The 
possibility of a false positive signal can be easily eliminated by global S-
palmitoylation blockage or enhancement with treatments like 2BP and PA, in 
response to which the false positive signal would remain unchanged. 
 

5. Use of human channel for electrophysiological characterization  

 
EIEE cases with Nav1.6 mutations are highly heterogeneous, displaying 

variable clinical presentation and treatment response. The disease mechanism is 
not well understood and requires functional characterization of a wide range of 
Nav1.6 mutations for more individualized therapeutic development. However, the 
majority of previous functional analysis of Nav1.6 mutations were conducted with 
the mouse cDNA construct. Although these results have provided valuable 
insights for the molecular underpinnings of the disease, the alterations of channel 
functions they presented may differ from the same mutations in human DNA. In 
this dissertation, I used a human Nav1.6 cDNA construct (hNav1.6) for functional 
characterization and systematically compare the outcomes with those from 
previous studies using the mouse construct. I observed consistent functional 
changes for the mutation R1872Q, but important functional differences for 
mutations T767I and R1617Q in the human compared to the mouse channel 
background. Such differences may seem subtle, but they suggest molecular and 
functional distinctions between the human and mouse channels, which in turn 
could alter how individual mutations impact intrinsic neuronal excitability and 
even affect their pharmacological responsiveness, and thus could have important 
impact when it comes to therapeutic development and testing. 
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6. Use of computational modeling for excitability prediction  

 
Due to the vast number of epilepsy mutations (in Nav1.6 as well as 

Nav1.1 and Nav1.2) and the remarkable complexity of sodium channel 
regulation, it may be impractical to extend functional assays to all combinations 
of mutations and genetic variants appearing in patients. Computational 
simulation can be of great value in this matter. In my study, I adapted a simple 
Markov state model (Khaliq, Gouwens et al. 2003) to model sodium current and 
modified the parameters to reflect biophysical alterations incurred by mutations 
observed in experimental recordings. The model sodium current was then 
incorporated into different model neurons for excitability simulations to predict the 
outcome of allelic mutations. Such computational simulations is well suited for 
pathogenicity prediction for complex diseases like epilepsy, because the 
modeling can be expanded to accommodate variants in multiple ion channel 
genes to predict the integrated effect on neuronal as well as network excitability 
(Klassen, Davis et al. 2011).  

 
However, such simulations are not without limitations. The original sodium 

channel model (Khaliq, Gouwens et al. 2003) couples the voltage dependence of 
inactivation with activation, which does not necessarily reflect the complex 
behaviors of a voltage-gated sodium channel, and renders some channel 
behaviors impossible to be represented by a model with an activation-inactivation 
coupling constrain. Therefore, there is a clear need for improved channel models 
to accurately capture the dynamics of ionic flows in excitable cells in order to 
produce reliable excitability prediction and assist in individualized medicine. 
Additionally, although the multi-compartment model of cortical pyramidal neuron I 
used implemented differential distribution of Nav1.2 and Nav1.6 in the soma, the 
AIS, the nodes of Ranvier, and the dendrites, the functional properties of these 
two channels are uniformed across different compartments. This might not be the 
case for an actual neuron. An Nav isoform can be differentially regulated by post-
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translational modification and protein-protein interaction in distinct neuronal 
compartments. It is possible that an Nav isoform can demonstrate variation of 
functional properties and support the generation of action potentials in different 
ways. Thus, the use of uniformed parameters for an ion channel across multiple 
compartments can be convenient and useful for simulation, but may not be 
accurate. 
 

C. Future directions 
 

This dissertation identifies a S-palmitoylation as a novel regulatory 
mechanism for Nav1.6 with isoform- and site-specificity. This unravels a new 
research avenue for the modulation of Nav1.6 activity and neuronal excitability, 
as well as for VGSC targeting with isoform specificity. 

 
I identified a S-palmitoylation site that is unique to and evolutionally 

conserved in Nav1.6. It would be particularly interesting to elucidate the 
physiological function of this S-palmitoylation site. For example, the phenotypic 
consequences of loss of S-palmitoylation at this site can be examined in animal 
models with knockout strategies.  

 
Although I identified two S-palmitoylation sites that differentially regulate 

Nav1.6 properties, additional site(s) may exist and contribute to channel 
modulation. It is worth to note that I observed residual effects of 2BP treatment 
when all the identified S-palmitoylation sites were removed from the channel 
(Fig.12FGH), suggesting the existence of additional S-palmitoylation site(s) that 
participate in channel regulation. It is also possible that the channel regulations 
involve S-palmitoylation of an Nav1.6 interacting protein. Moreover, the 
molecular components for channel recovery from inactivation, which has not yet 
been identified, might also be affected by a S-palmitoylation site, based on my 
data showing slower recovery time constant when S-palmitoylation is blocked by 
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2BP treatment. Further experiments are needed to test whether extra S-
palmitoylation site(s) exist in the channel. Experimental approaches combining 
acyl-biotin exchange and mass spectrometry (Collins, Woodley et al. 2017, 
Edmonds, Geary et al. 2017) might be useful for this purpose. 

 
It is also critical to identify the palmitoylating and depalmitoylating 

enzymes that are responsible for Nav1.6 modification, because they can be the 
potential targets for the development of cell type and isoform specific drugs. 
Moreover, it is possible that the difficulty of heterologous expression of Nav1.6 in 
the HEK cell line is due to the lack of appropriate zDHHC-PAT that is essential 
for Nav1.6 correct folding and subsequent targeting to the plasma membrane. A 
comparison of the PAT repertoire between the HEK and ND7/23 cell lines may 
reveal the enzymes responsible for Nav1.6 S-palmitoylation. This can be 
achieved by profiling the endogenous expression of all 23 human zDHHC-PATs 
at the mRNA level in HEK and ND7/23 cells respectively using quantitative real 
time PCR (qRT-PCR), and further confirm the expression at protein level by 
probing the zDHHC-PATs with western blotting or immunocytochemistry if the 
target zDHHC-PAT antibodies are available. One study has showed that the HEK 
cell line they use has the highest expression level of zDHHC4, with the other 
zDHHCs expressed at the level of 5% - 20% of zDHHC4 (Tian, McClafferty et al. 
2010). Additionally, Tian et al. demonstrated a systematic though laborious 
method to identify candidate zDHHC-PATs that are responsible for the S-
palmitoylation of the target protein. They combine small interfering RNA (siRNA) 
knockdown and cDNA overexpression of the 23 zDHHC-PATs individually in the 
HEK cells and observe subcellular localization of the fluorescent tagged target 
protein as the experimental output to indicate S-palmitoylation. However, this 
approach can result in false positive hits due to the nature of over-expression 
experiments and may only be useful for identifying putative zDHHC-PATs for the 
reaction. 
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Regarding the regulation of VGSC S-palmitoylation, further questions 
include what triggers S-palmitoylation and depalmitoylation at different 
modification sites in the channel and whether they are constituent or dynamic. 
This can be achieved by examining the rate of S-palmitoylation turnover on the 
channel. Kang et al. (Kang, Wan et al. 2008) demonstrated in cultured neurons 
that proteins that undergo rapid S-palmitoylation cycling, like PSD95, Cdc42, 
H/N-Ras and Rho-B, display loss of S-palmitoylation signal in the ABE assay 
after a 5h 2BP blockage. In contrast, S-palmitoylation on Snap25, synaptotagmin 
1, Scamp1 and the glutamate transporter EAA1 (Slc1a3), are relatively stable, 
without showing significant changes of S-palmitoylation signal in the presence of 
2BP. However, this method may not be applicable to proteins with multiple S-
palmitoylation sites that are differentially regulated. It may also not work in 
transient expression system due to the tricky timing for target protein expression, 
S-palmitoylation and the start of 2BP treatment. Understanding S-palmitoylation 
turnover on the channel can be informing for elucidating the physiological and 
pathological roles of VGSC S-palmitoylation. 

 
Many neuronal proteins demonstrate activity-dependent shifts of S-

palmitoylation status (Hayashi, Rumbaugh et al. 2005, Kang, Wan et al. 2008). It 
is reasonable to speculate that protein S-palmitoylation level is altered in 
excitability disorders. Indeed, a broad range of neuronal proteins, including PSD-
95, Cyt1, and GlutA1, display enhanced S-palmitoylation in the kainic-acid-
induced seizure mouse model (Kang, Wan et al. 2008). Paradoxically, the knock-
in mice with S-palmitoylation deficient GluA1 display increased susceptibility to 
PTZ-induced seizures (Itoh, Yamashita et al. 2018, Itoh, Okuno et al. 2019). 
Thus, altered S-palmitoylation status of particular proteins can result in abnormal 
neural excitation, although the cause-and-effect relationship still awaits to be 
elucidated. Another study finds increased zDHHC8 level in the brains of temporal 
lobe epilepsy patients (Yang, Zheng et al. 2018), further supporting a role of 
protein S-palmitoylation in seizure-related conditions. Since Nav1.6 has been 
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implicated in many neurological diseases and its activity is regulated by S-
palmitoylation, it would be interesting to examine whether Nav1.6 S-
palmitoylation status is altered in neurological diseases and how this alteration 
contributes to disease pathologies. 

 
Due to the low expression level of Nav1.6 and insufficient sensitivity of the 

antibodies that detect the channel, I were not able to directly observe and 
quantify Nav1.6 on the cell surface and discern quantitative changes in response 
to S-palmitoylation manipulation. Future experiments are needed to validate my 
hypothesis that S-palmitoylation of Nav1.6 enhance its membrane targeting. 
Also, it would be interesting to further dissect the specific role of S-palmitoylation 
in Nav1.6 trafficking. For one thing, S-palmitoylation can affect multiple stages of 
ion channel life cycle, from assembly and surface targeting, to internalization and 
degradation (Shipston 2014). The increased Nav1.6 current in response to PA 
treatment can result from reduced ER and / or Golgi retention, increased protein 
stability at the plasma membrane, and / or reduced internalization of the channel. 
For another, S-palmitoylation of distinct residues of Nav1.6 can serve to 
differentially target the channel to specialized neuronal compartments like the 
axon initial segment (AIS), the nodes of Ranvier and dendritic arborization. The 
AIS organizer AnkG is S-palmitoylated at the C70 residue and this modification is 
necessary for its localization to the AIS (He, Jenkins et al. 2012). It is not clear 
whether S-palmitoylation of Nav1.6 affects its interaction with AnkG and further 
influences its targeting to and stabilization at the AIS. It is tempting speculate that 
S-palmitoylation is a key regulator of the AIS organization. The post-synaptic 
density has presented an intriguing case of activity-dependent, rapid 
(re)organization facilitated by S-palmitoylation, involving the modification of 
glutamate receptors, AMPA and NMDA (Hayashi, Rumbaugh et al. 2005, 
Hayashi, Thomas et al. 2009), as well as scaffolding proteins, PSD-95 and 
AKAP150 (El-Husseini, Schnell et al. 2002, Purkey, Woolfrey et al. 2018). 
Although the AIS is considered a more stable neuronal structure compared to the 
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post-synaptic density, AIS is also plastic and changes in length and in position in 
response to neuronal activity and disease (Grubb and Burrone 2010, Kuba, Oichi 
et al. 2010, Kaphzan, Buffington et al. 2011, Baalman, Cotton et al. 2013, 
Hinman, Rasband et al. 2013). However, it is not clear whether such plasticity 
involves altered S-palmitoylation status of AIS proteins. It is possible that S-
palmitoylation can be an important mechanism not only for the initial targeting, 
and subsequent retention and stabilization of proteins at the AIS, but also for AIS 
plasticity via dynamic cycling of S-palmitoylation on AIS proteins. In this way, S-
palmitoylation can regulate intrinsic neuronal excitability by dynamically 
modulating AIS proteins. On the other hand, S-palmitoylation at the nodes of 
Ranvier is predicted to be more static due to the requirement for reliable and 
regenerative AP propagation down the axon. 
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