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Voltage-gated sodium channels

Pharmaceutical targets via anticonvulsants
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Epilepsy is a brain disorder characterized by seizures and
convulsions. The basis of epilepsy is an increase in neuronal
excitability that, in some cases, may be caused by functional
defects in neuronal voltage gated sodium channels, Nav1.1 and
Nav1.2. The effects of antiepileptic drugs (AEDs) as effective
therapies for epilepsy have been characterized by extensive
research. Most of the classic AEDs targeting Nav share a
common mechanism of action by stabilizing the channel’s fast-
inactivated state. In contrast, novel AEDs, such as lacosamide,
stabilize the slow-inactivated state in neuronal Navl.l and
Nav1.7 isoforms. This paper reviews the different mechanisms
by which this stabilization occurs to determine new methods
for treatment.

Introduction

There has been much research into the effects of anticonvulsants
as effective therapies for epilepsy, a brain disorder characterized
by epileptic seizures. This disorder is often linked to voltage-
gated sodium channel (VGSC) channelopathies, with approxi-
mately 200 mutations in patients with epilepsy.'? Research into
VGSCs as a therapeutic target is necessary due to the channel’s
importance in the initiation and propagation of electrical signals
in excitable cells. The o subunit is the core protein of the chan-
nel. It can exist in several different isoforms that localize in dif-
ferent tissues. The main neuronal VGSC subtypes are Navl.1,
Navl.2 and Navl.6.>” Epilepsy is characterized by an increase
in neuronal excitability that may be caused by changes in the
voltage-dependent properties of the VGSC. A variety of anti-
convulsants are used for the treatment of epilepsy caused by
malfunctioning VGSCs. Experimentally these drugs have been
shown to have similar mechanism of action: They tend to stabi-
lize the fast-inactivated state of the channel.“®* However, novel
anticonvulsants, such as lacosamide, effectively stabilize the slow-
inactivation state.*>!° Despite numerous studies, questions still
remain about the mechanisms of action of novel anticonvulsants
and their relationship with the variety of epileptic syndromes.
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Epilepsy: A Neurological Disorder Related to VGSC

Epilepsy is a broad term encompassing a variety of conditions and
syndromes originating from different causes. This review will
specifically focus on the role of mutations in the VGSC and how
those underlie certain forms of epilepsy. It is necessary to under-
stand the mechanisms of alteration in the biophysical properties
to determine how anticonvulsants are used to treat voltage-gated
sodium channelopathies.

Genetics and clinical phenotypes. Genetic mutations related
to the development of epilepsy were discovered mostly in the
SCNI1A gene encoding the Navl.1 core protein.>*!!? More than
500 mutations were found in the SCNIA relating to a variety of
epileptic syndromes.'? Several mutations in SCN2A gene encod-
ing the Navl.2 isoform have also been reported.? A few mutations
exist in other VGSC forming genes suggesting that epileptic syn-
dromes have multiple origins.>>'® Epilepsy patients are usually
heterozygous for the mutant channel.>'"'3 Some of the mutations
of SCN1A gene are shown in Figure 1. Many of these mutations
are missense where there is a single amino acid substitution. This
includes T875M and R1648H,*!" which give rise to the epileptic
syndrome known as generalized epilepsy with febrile seizures plus
(GEFS+). GEFS+ is one of the mildest forms of epilepsy wherein
seizures occur at elevated body temperature."*>!3" Generalized
epilepsy is a result of electrical excitation in both hemispheres
of the brain as opposed to partial seizures, which originate from
discrete areas across the cerebral cortex.”

The same phenotype (GEFS+) may also originate from a
mutation in the auxiliary sodium channel B1 subunit. 81 sub-
units are associated with cell adhesion and membrane trafficking,
they modulate biophysical properties of VGSC and may also have
a thermoprotective role.>'*1¢

The core a subunit of the Nav channel is usually associated
with one or more of the auxiliary subunits B1, B2, B3 and B4
by covalent or non-covalent bonds. The 2 subunit is covalently
linked to the a subunit via a disulfide bridge. B1 associates with
the a subunit via non-covalent interactions.” 31 and B2 enhance
the kinetics of fast-inactivation when co-expressed with the
a core protein.” Studies conducted by Tammaro et al. (2002)
showed that co-expression of wild-type 31 enhances onset kinet-
ics of fast-inactivation as opposed to the mutant C121W 1 sub-
unit. Due to the enhanced kinetics, the fast-inactivation during
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Figure 1. Mutations in voltage-gated sodium channels are associated with epilepsy. More than a 100 mutations alone appear to be involved with
VGSC channelopathies and give rise to the GEFS+ syndrome. This figure gives reference to a few of the mutations causing Generalized Epilepsy Febrile
Seizures + (GEFS+) indicated by red circles. Auxillary subunits, which contain IgG domains (transmembrane), form associations with the main core
protein of the channel. Mutations leading GEFS+ can also be found in subunits like 31 subunits shown in the figure (for a review see ref. 11). Image

an action potential is more complete resulting in decreased per-
sistent sodium current. Since more channels enter into fast-
inactivation with the co-expression of the B1 subunit, there is
a notable hyperpolarized shift in the steady-state voltage depen-
dence of fast-inactivation.””” The B1 subunit mutation C121W
disrupts the normal disulfide bridge formed between residues 121
and 21. Coexpression with the 1 C121W alters the biophysi-
cal properties of the channel protein complex.>'>'*1® Egri et al.
(2012) recently demonstrated temperature-dependent effects of
the C121'W mutation that may contribute to the pathophysiology
of GEFS+.

Another type of epileptic syndrome genetically based in
VGSC is severe myoclonic epilepsy of infancy (SMEI). The
SMEI mutations are often nonsense or frameshifts in the SCN1A
gene resulting in non-functional channels.>!®

Non VGSC related mechanisms that contribute to the
increase in neuronal excitability include enhancements of the
actions of glutamate, a common CNS neurotransmitter, which
is secreted from pre-synaptic neurons into the synaptic clefts at
larger amounts in some syndromes of epilepsy.”” The increased
concentration causes more neurotransmitters to bind to their glu-
tamatergic receptors in the post synaptic neurons. As a result,
Ca?* ions diffuse down their electrochemical gradients into the
neurons causing an ever greater depolarization in the membrane.
In comparison, mutations may cause a defect in the actions of
GABA, a common brain inhibitory neurotransmitter, which nor-
mally brings the membrane potential to hyperpolarized poten-
tials."” In these types of epilepsy, GABA is ineffective thus causing
post-synaptic neurons to be depolarized. These two counteract-
ing mechanisms are referred to as gain and loss of function, in
which excitatory pathways are stimulated and inhibitory path-
ways are inhibited, respectively.?
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Mechanisms of hyper-excitability. Many mutations in the
VGSC alter the biophysical properties of the channel in a similar
manner. As with all epileptic seizures, these mutations result in
neuronal hyper-excitability.?'32°

The VGSC is composed of four homologous domains that
contain six transmembrane segments. Transmembrane segments
S1-§4 helices are known as the voltage sensing domain. Its func-
tion is to elicit conformational alterations during depolarization
and repolarization phases. The S4 helices can translate upward
or downward depending on the polarity of the electric field, thus
causing channel activation or deactivation."'® This voltage sens-
ing property is due to conserved positively charged amino acid
residues in each third position in the S4 segments."?4718:20.22-24
The conformational change generated by translation of these seg-
ments is transmitted to the activation gate within the S5-S6 pore
segment.”? The S6 segment is then displaced laterally, opening
the central pore for the conduction of Na current.?

Voltage-gated sodium channels activate and start to conduct
Na current in a voltage and time dependent manner. The coun-
teracting process where Na entry ceases is known as inactivation
and occurs in a time-dependent manner.” The intracellular loop
linking Domains III and IV contains the IFMT (isoleucine-
phenylalanine-methionine-threonine) motif, which is vital for
the fast-inactivation process. Ragsdale et al. (1998) showed that
adding or cleaving residues to/from this motif can contribute to
the inability of the channel to enter the fast-inactivated state.
As the Na current rises rapidly during depolarization, the fast-
inactivation process takes place in which the IFMT motif struc-
ture flips to occlude the pore.!”#20242¢ I the brain, VGSC can
cycle through this process in a few milliseconds, thus being able
to sustain high frequency trains of action potentials." Another
mechanism of inactivation is known as slow-inactivation in
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which channels inactivate at slow time constant extending to a
few seconds. However, the conformational mechanism by which
this inactivation occurs still remains obscure.!”*%%’

In epilepsy, one of the common mechanisms of neuronal
hyper-excitability is the inability to inactivate quickly. A portion
of the Na channels is left in a conducting state resulting in the
late sodium currents.>”*° Consequently, the threshold for depo-
larization is lowered and more easily attained so a subsequent
depolarizing stimulus is more likely to activate sodium channels.

Another mechanism underlying neuronal hyper-excitability,
as seen in the D188V and R1648H mutations in the SCN1A
gene, is a rapid recovery from fast-inactivation.> With increased
recovery, more channels are available to be activated upon subse-
quent depolarization, thus contributing to an increase in neuro-
nal excitability.

Contribution of the mutant f1C121W to hyper-excitability.
The C121W mutation in the B1 subunit causes GEFS+ syndrome
through similar mechanisms of excitability.”'* Recently, Egri et
al. (2012) found that upon co-expression with 1 C121W, the
voltage-dependence of Navl.2 activation is significantly altered at
high temperatures (34°C) as observed by hyperpolarized shifts in
the conductance curve compared with room temperature (22°C).
B1CI121W also acts to destabilize the fast-inactivated state as seen
by a depolarized shift in the fast-inactivation curve relative to the
wild-type B subunit. Nevertheless, the kinetics of recovery from
fast-inactivation is enhanced with both mutated and wild-type
forms at elevated temperature. The destabilization of fast-inacti-
vation is also observable in the use-dependence protocol as there
is a significant reduction in the use-dependence at elevated tem-
peratures. The mean UDI asymptote is greater than 0.6 (more
than 60% of channels are available for activation) at 34°C com-
pared with only 30% channel availability at 22°C. This result
suggests that a significantly greater proportion of channels are
available to be activated at higher temperatures, supporting the
hyperexcitability of neuronal tissues. Additionally, Egri et al.
(2012) observed higher a proportion of B1C121W-coexpressed
channels remaining in a non-inactivated state at elevated temper-
atures; thus an increase in the persistent sodium current. These
and other results support the notion of neuronal hyperexcitabil-
ity accompanying epileptic seizures in patients with B1C121W
mutation.

Anti-Epileptic Drugs

Voltage gated sodium channels have been the target of many
antiepileptic drugs. A variety of toxins and pharmacological
modulators exert their effects by binding to different biophysi-
cal states of the VGSC. Certain states of VGSC are stabilized
or destabilized depending on the effects of modulatory agents,
resulting in biophysical alterations of the channel.! The modu-
lated receptor hypothesis formulates a link between the func-
tional states of VGSC and the activity of drug molecules. This
hypothesis postulates that anticonvulsants and related com-
pounds, such as local anesthetics, preferentially bind to the
activated or inactivated states of the channel over the closed/
deactivated state.’
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Antiepileptic drugs (anticonvulsants) are most often tricyclic
compounds that share a basic structure with an amide group
in the middle making the molecule both polar and rigid.*
Phenytoin, carbamazepine, lamotrigine and a variety of others
play a role in VGSC modulation by blocking them from the cyto-
plasmic side (Fig. 2). However, there are novel anticonvulsants
such as lacosamide that do not share these structural characteris-
tics,* suggesting different mechanisms of binding.

The Food and Drug Administration in the U.S. has approved
20 different anticonvulsants for treatment of epilepsy. About
half these drugs have similar mechanism of action, inhibiting
VGSC by stabilization of fast inactivation: Fosphenytoin, oxcar-
bazepine, primidone, zonisamide, valproic acid and valproate
semisodium all share this mode of action. In this review, phenyt-
oin will be examined greatly and minor reference will be given to
other anticonvulsants with similar properties. A few drugs with
different modes of action, such as lacosamide and ranolazine, an
antiarrhythmic, will also be considered in this review.

Phenytoin and comparable anticonvulsants. Voltage-
dependent effects. Phenytoin was the first anticonvulsant used to
successfully treat epileptic syndromes without having negative
side effects, such as brain sedation. Ragsdale et al. (1998) have
shown that phenytoin inhibits high frequency neuronal action
potentials. Electrophysiological studies and site-directed muta-
genesis have proven that phenytoin blocks the VGSC from the
inner vestibule of the pore.> Phenytoin binding is voltage- and
frequency-dependent. At hyperpolarized membrane potentials
where the channel resides in the closed/deactivated states, the
binding affinity of phenytoin is low. According to Montegazza et
al. (2010) at reduced membrane potentials the dissociation con-
stant is > > 100 wM. Over a range of depolarized voltages from
-80 to -30 mV the affinity of the channel to the drug rises linearly.
Phenytoin preferentially binds to the activated and inactivated
states as shown by a thermodynamic stabilization in fast-inactiva-
tion steady-state curves. This reduces the channel availability for
the next intermittent depolarizing train.”® As epileptic seizures
are characterized by an increased frequency of action potentials,
the likelihood of finding channels available for activation in the
next successive AP is highly reduced with phenytoin application.”
In addition, there are suggestions that phenytoin plays a role in
inhibiting late sodium current through non-inactivated channels,
which sustain depolarisations during epilepsy.

During repolarization, the drugs affinity for the channel
diminishes. As channels return to the resting state, the drug
starts dissociating from the channel. The drug dissociates at a
rate slower than the recovery from inactivation. Thus, the likeli-
hood of eliciting a response during the next depolarizing pulse is
relatively low.”

Carbamazepine is another anticonvulsant similar to phenyt-
oin, exhibiting a voltage-dependent and frequency-dependent
block of channels.”?° Carbamazepine binds to VGSC with
3-fold lower affinity but almost five times faster kinetics than
phenytoin.>” As the concentration of carbamazepine increases,
there is a significant reduction in the amplitude of peak current.
In line with the modulated receptor hypothesis, carbamazepine

binds preferentially to channels in the depolarized state.*°
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Figure 2. Anticonvulsants like phenytoin (left), carbamazepine (middle) and Lamotrigine (right) share common molecular structures. They are tricyclic
compounds that form interactions with the inner pore of the channel, specifically in Domain IV and the S6 helix. The two binding sites that these com-
pounds share with local anesthetics in DIV-S6 are Phe-1764 and Tyr-1771. The interactions include aromatic-aromatic interactions and aromatic-polar
interactions. However there are additional interactions formed elsewhere that helps block the pore (for a review see ref. 28). Image from reference 28.

Binding sites. Local anesthetics and anticonvulsants such as
phenytoin share common binding site in the VGSC. This recep-
tor site includes residues F1764 and Y1771 in the S6 segment of
Domain IV.?® The location of these residues in the inner ves-
tibule of the pore indicates that these drugs bind intracellularly
to the VGSC. In the open-state conformation, the C-termini of
S6 in Domains I to IV form a wide opening, and the two recep-
tor site residues face the pore. In this high affinity conforma-
tional state, phenytoin forms interactions with the two aromatic
rings of the two receptor residues and thus effectively blocks the
pore.? For phenytoin, one of its aromatic rings forms a non-polar
aromatic-aromatic interaction with the Y1771 residue. The other
amide containing branch of phenytoin (hydantoin ring) forms
a polar bond between the electron-donating  electron of the
F1764 aromatic residue. An interaction also occurs between phe-
nytoin and the residues of the IFM inactivation gate motif, con-
tributing to the stabilization of the fast-inactivated state. Earlier
Ragsdale et al. (1998) suggested that the phenylalanine residue
(F1764) and the tyrosine residue (Y1771) situated in the inner
vestibule of the pore form thermodynamically favorable interac-
tions with the inactivation IFMT motif and thus stabilize the fast
inactivation state.” Site-directed mutagenesis of the receptor site
residues, F1764 and Y1771, were performed by replacing these
residues with alanine. These experiments show an alteration in
the voltage-dependence of fast-inactivation exhibiting a destabi-
lization in fast-inactivation.

The structure of carbamazepine is similar to phenytoin sig-
nifying the same pharmacological activity.® Both are tricyclic

www.landesbioscience.com

compounds. Carbamazepine contains two nitrogen atoms. The
same interactions that occur between the aromatic rings of phe-
nytoin and the receptor site in sodium channel apply to carba-
mazepine as well: one aromatic—aromatic non-polar bond and
another N-aromatic polar hydrogen bond are formed.?®

Lidocaine, a Class I antiarrhythmic and a common local
anesthetic, has effects similar to phenytoin by binding to the
same receptor site as shown by site-directed mutagenesis at the
S6 transmembrane segment to the F1764 and Y1771 residues in
Domain IV.%73? After the deletion of aromatic side chains, there
is a decrease in the affinity of VGSC for lidocaine and a reduction
in the voltage-dependent and frequency-dependent block.” Study
of Yang et al. (2010) demonstrated that lidocaine has optimal
binding affinity to the activated/inactivated states of the neuro-
nal sodium channel. This in effect proves that most antiarrhyth-
mic and local anesthetics function to stabilize the fast-inactivated
states just as most anticonvulsants do.?

Lacosamide. Lacosamide is a novel anticonvulsant that
effectively treats partial seizures.” Lacosamide stabilizes the
slow-inactivated state in contrast to other anticonvulsants that
exhibit their effects primarily on the fast-inactivation state.”” In
a prolonged train of depolarizing stimuli, lacosamide is more
effective at reducing the amplitudes and frequency of sustained
repetitive firing spikes when the stimulus was prolonged to tens
of seconds as opposed to less than 1 sec. This effect was even
more significant as the concentration of the drug was increased
from 32-100 WM.’ By contrast, older anticonvulsants, such as
phenytoin, carbamazepine, and lamotrigine, exert their action
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over substantially shorter time scale. Another effect of lacos-
amide is blocking neuronal channels without any shifts in the
voltage-dependent curves of activation. Additionally, lacosamide
seems to have a preferential affinity to the slow inactivated state
of other neuronal VGSCs, Nav 1.3 and Nav 1.7.!° Experiments
conducted by Errington et al. (2008) indicate no notable change
in the kinetics of fast-inactivation with the perfusion of 100 M
lacosamide. The only significant change detected in experiments
of Errington et al. (2008) as well as Sheets et al. (2008) is on
slow-inactivation, as lacosamide acts to stabilize this state caus-
ing a reduction in channel availability on a time scale of seconds
to tens of seconds.”'® We tested the effects of lacosamide on the
mutated CI121W B1 auxiliary subunit associated with GEFS+
(unpublished results). The mutant B1 subunit was transfected
into a stable Navl.2 cell line. The channels coexpressed with
the wild-type and mutant B1 subunits were both compared at
elevated and normal room temperature. The results obtained
support the earlier synopsis that lacosamide selectively stabilizes
the slow-inactivated state. We observed more significant stabili-
zation of steady-state slow-inactivation by lacosamide at elevated
temperatures (34°C) compared with normal temperature (22°C,
unpublished results). Interestingly, the stabilization effect was
greater for the wild-type as opposed to the mutant C121W Bl
subunit. This supports the thermoprotective role of the wild-type
B1 subunit in stabilizing the slow-inactivated state and indicates
the importance of the $1 subunit in regulating sodium channel
slow inactivation. The thermoprotective role is lost in C121W B1
mutant leading to hyperexcitability associated with GEFS+ but
also results in a decrease in the efficacy of the anticonvulsant,
lacosamide. These results confirm the importance of auxiliary
subunits B1 subunit in the interaction of the drug with the chan-
nel. Study of Uebachs et al. (2010) have shown that the absence 31
subunits associated with neuronal VGSC cause altered neuronal
sensitivity to the anticonvulsant carbamazepine.® Additionally,
more effective stabilization of slow-inactivation steady-state at
elevated temperatures as opposed to normal temperatures sug-
gests that lacosamide is more potent in the physiological range
of temperatures than at room temperature, which is commonly
used in electrophysiological studies in heterologous expression
systems.

Ranolazine. Ranolazine is an antiarrhythmic or antianginal
drug used in the treatment of angina pectoris, cardiac instabil-
ity, arthythmias and reduced contractility due to an improper
3436 This imbalance is the

result of an increase in persistent currents in Nav 1.5 channels.

sodium balance within myocytes.

Persistent currents may lead to an increase in the amplification of
synaptic potentials, generation of subthreshold oscillations and
facilitation of repetitive firing.?

Ranolazine has been shown to inhibit persistent late sodium
currents, which may elongate the duration of action potentials,
by stabilizing the inactivated state.*® Kahlig et al. (2010) tested
the effects of ranolazine on epilepsy-associated Navl.1 mutations
that result in an increase in persistent current. Control data was
obtained for the wild-type form of Navl.l where perfusion of
30 wM of ranolazine reduced persistent current by one third
while causing no significant tonic block of peak current. The
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effect of ranolazine on R1648H, a mutation that increases per-
sistent current leading to GEFS+, was even more pronounced
(50% reduction in persistent current with 30 WM of ranolazine).
Ranolazine thus leads to a decrease in sodium and calcium over-
load in cardiac myocytes, which contributes to a reduction in
myocardial contractility during periods of ischemia.?> Ranolazine
significantly acts to reduce persistent current as opposed to peak
current in cardiac and neuronal sodium channels.?#3¢-3

There are other mutations that have been shown to contrib-
ute to an increase in the amplitude of persistent Na current in
various sodium channel isoforms. Huang et al. (2011) demon-
strated that Y1767C mutation in Navl.5 cardiac channel, associ-
ated with long QT syndrome, increases persistent Na current.”
Interestingly, the tyrosine residue in this position contributes to
the binding site of Class I antiarrhythmics.®*%* Concordantly,
Huang et al. (2011) show that when this tyrosine is changed to
cysteine Class I antiarthythmics quinidine, mexiletine and fle-
cainide have no inhibitory effect on persistent current. However,
50 wM ranolazine effectively blocks persistent current in Navl.5
Y1767C channel. Moreover, use-dependent inactivation protocol
shows enhanced efficiency of ranolazine for the Y1767C mutant
compared with the wild type Navl.5 channel. These results sug-
gest that there are important distinctions between binding sites
of ranolazine and Class I antiarrhythmics. Ranolazine is struc-
turally different and bulkier than many Class I antiarrhyth-
mics. Replacement of the large aromatic group at the inner pore
entrance with smaller cysteine side chain may reduce the steric
hindrance experienced by ranolazine while accessing its binding
site within the pore.?’

Recently, Peters et al. (2013) tested the effects of ranolazine on
Nav1.2.% They observed significant stabilization of steady-state
slow inactivation, faster onset of slow inactivation and delayed
recovery from it in the presence of 10 or 100 M ranolazine.
Thermodynamic stabilization of the slow-inactivated state might
be the most important effect. The -8 mV shift in the slow inac-
tivation curve with the addition of 10 pM (therapeutic range)
suggests that there will be a significant decrease in the number
of available channels over time. This conclusion is corroborated
in use-dependent inactivation experiments where channel avail-
ability after 500 depolarizations decreases from 0.9 (Control) to
0.6 with perfusion of 10 WM ranolazine.”” The decrease in the
number of available of channels over a long time scale suggests
that ranolazine might be similar to lacosamide in its ability to
stabilize the slow-inactivated state.

Summary and Future Studies

Voltage-gated sodium channels play a vital role in excitable
cells, like cardiomyocytes and neurons, to generate and propa-
gate action potentials. Functional deficits in the VGSC may
alter their biophysical properties and thus alter the physiological
behaviors, as in the neurological disorder of epilepsy resulting in
seizures. Anticonvulsants play an important role in compensat-
ing for these channel deficits and treating epileptic conditions.
Lacosamide, the novel anticonvulsant, could be tested with other
mutated forms of VGSC that contribute to epileptic disorders. In
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addition, mechanisms of action of lacosamide should be deter-
mined in order to fully understand why they are different than

anti-epileptics.

the other classes of anticonvulsants. Ranolazine, although not

recognized as an anti-epileptic drug, could be tested using epi-
leptogenic mutant VGSCs. Further studies are necessary to deter-

mine whether the actions of ranolazine are similar to lacosamide

or the older class of anticonvulsants and which biophysical state it

alters. There also could be studies on the effects of local anesthet-
ics with molecular structures similar to primary anticonvulsants,
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