Journal of Pain Research Dove

REVIEW

Familial Episodic Pain Syndromes

Yu Shen', Yilei Zheng', Daojun Hong'*?

'Department of Neurology, The First Affiliated Hospital of Nanchang University, Nanchang, 330006, People’s Republic of China; 2Department of
Medical Genetics, The First Affiliated Hospital of Nanchang University, Nanchang, 330006, People’s Republic of China

Correspondence: Daojun Hong, Department of Neurology, The First Affiliated Hospital of Nanchang University, |7# Yongwaizheng St, Nanchang,
330006, People’s Republic of China, Tel/Fax +86-791-8869-2511, Email hongdaojun@hotmail.com

Abstract: Over the past decades, advances in genetic sequencing have opened a new world of discovery of causative genes associated
with numerous pain-related syndromes. Familial episodic pain syndromes (FEPS) are one of the distinctive syndromes characterized
by early-childhood onset of severe episodic pain mainly affecting the distal extremities and tend to attenuate or diminish with age.
According to the phenotypic and genetic properties, FEPS at least includes four subtypes of FEPS1, FEPS2, FEPS3, and FEPS4, which
are caused by mutations in the TRPAI, SCN10A4, SCN114, and SCN94 genes, respectively. Functional studies have revealed that all
missense mutations in these genes are closely associated with the gain-of-function of cation channels. Because some FEPS patients
may show a relative treatability and favorable prognosis, it is worth paying attention to the diagnosis and management of FEPS as
early as possible. In this review, we state the common clinical manifestations, pathogenic mechanisms, and potential therapies of the
disease, and provide preliminary opinions about future research for FEPS.
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Introduction

Pain is an intrinsic alert system that defends organisms against further injuries.' Pain originates from particular stimuli
acting on the nociceptive receptors and triggering the depolarization of membranes that transmits sensory information to
corresponding regions of the central nervous system (CNS).>° According to its anatomical and pathophysiological
properties, pain can be divided into nociceptive and neuropathic pain, both of which sometimes overlap in clinical practice.’

Sensory neurons of the dorsal root ganglia (DRG) are a group of heterogeneous neurons with distinct functional and
histochemical properties and play a vital role in transmitting and integrating pain sensation.® DRG neurons can be sensitized
by various inflammations and injuries, leading to hyperactivity of the voltage-gated sodium channel (VGSC).”'* DRG
neurons express multiple VGSCs, including Nav1.1, Navl.3, Navl.6, Navl.7, Navl.§8, and Nav1.9, which are essential for
their ability to fire action potentials.'*'” VGSCs contain large pore-forming a-subunits and smaller B-subunits that
structure sophisticated heteromultimers.'® 2! As for the adaptive evolution and tissue specificity in vertebrates, there are
ten subtypes of a-subunits (Nav1.1-1.9 and Nav2.1) with distinct electrophysiological and pharmacological properties.*>
Each o-subunit is composed of four homologous membrane-spanning domains (DI-DIV). Each domain consists of six
transmembrane segments (S1-S6).%%-**

Genetic variants in Navl.7, Navl.8, and Navl.9 have been associated with human Mendelian pain-related disorders,
including familial episodic pain syndromes (FEPS), small fiber neuropathy (SFN), paroxysmal extreme pain disorder (PEPD),
primary erythromelalgia (PEM), and congenital insensitivity to pain (CIP).>>>" FEPS is an autosomal dominant inherited
disorder characterized by recurrent, stereotyped, intense episodic pain, occurring predominantly in the distal lower limbs and
sometimes affecting the upper body in several members of a family.?*~** The pain can be triggered or exacerbated by fatigue, cold
exposure, fasting, weather changes and/or physical stress or exertion. Sweating and other manifestations, such as tachycardia,
breathing difficulties and generalized pallor, may be associated. The attacks may or may not diminish with age and be relieved by

anti-inflammatory medicine.*'** Although FEPS shows a unique clinical phenotype, there is no clear definition of disease so far,
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and it is often confused or overlapped with small fiber neuropathy due to the common VGSC-related pathogenic genes. In this
review, we will discuss the subtypes of FEPS, summarize recent findings on FEPS, and highlight the similarities and differences
between these diseases. We also discuss the pathogenic mechanism across different FEPS, potential therapeutic strategies, and
challenges.

Subtypes of FEPS

According to the Online Mendelian Inheritance in Man (OMIM) classification system, FEPS includes three subtypes: FEPS1,
FEPS2, and FEPS3. FEPS1 (OMIM#615040) is caused by a heterozygous variant in the transient receptor potential Al
(TRPA1) gene on chromosome 8q21;** FEPS2 (OMIM#615551) is caused by variants in the sodium voltage-gated channel
alpha subunit 10 (SCN10A) gene on chromosome 3p22;?® and FEPS3 (OMIM#615552) is caused by variants in the sodium
voltage-gated channel alpha subunit 11 (SCN11A) gene on chromosome 3p22.2°>° However, there are still many patients who
present with typical episodic pain syndromes, of which the genetic causes are unknown. Herein, we will propose a new
subtype, FEPS4, in this review, and will discuss the reasons for this classification and its related mechanisms.

FEPSI

FEPS1 has only been reported in one family, Colombia in South America.”®> The family has a total of 21 affected
members over four generations, which accords with autosomal dominant inherited pattern. Their clinical attacks are
characterized by the onset in infancy of episodic debilitating upper body pain usually triggered by fasting, fatigue, cold,
illness, and physical exertion. The episodes typically last for about 1.5 hours, have a prodromal phase during which the
episode could sometimes be aborted, and are followed by a period of exhaustion and deep sleep. Episodes of intense pain
are sometimes accompanied by some autonomic symptoms such as dyspnea, tachycardia, sweating, generalized pallor,
peribuccal cyanosis, and abdominal wall stiffness. However, no altered pain sensitivity outside the episodes has been
observed in the affected individuals.

Quantitative sensory testing (QST) has no differences between affected and unaffected individuals. Skin biopsies of
affected individuals show no abnormalities of intraepidermal nerve fibers. Tests with mustard oil known to activate
TRPAL receptors show that some affected individuals have a higher flare response and secondary hyperalgesia compared
to unaffected individuals. Genetic screening revealed a heterozygous variant (c.2564A>G, p.N855S) at exon 22 of TRPA1
(Figure 1). The variant was observed in all affected individuals but not in unaffected members, suggesting a family co-
segregation. TRPA1 is a nonselective cation channel permeable to Ca(2+), Na(+), and K(+) and involves a subpopulation
of Ad- and C-fiber nociceptive sensory neurons and is also in other sensory cells. The mutation leads to a gain-of-

function of the TRPA1 gate and is associated with enhanced secondary nociceptive hyperalgesia.**->
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Figure | Schematic representation of the TRPAI channel. The variant associated with represents as p.N855 in putative transmembrane S4.
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FEPS2

FEPS2 has been reported in only three patients from two independent families with atypical episodes of pain.?® The first
case is a man who developed a burning and intense paroxysmal itch in his feet at age 57. His son developed a similar
phenotype with allodynia and hyperalgesia at age 39. The third case is an unrelated woman who developed stabbing pain
in her feet, lower legs, and hands at age 65. Her soles occasionally show red discoloration. The pain attack of FEPS2 is
not associated with cold or other triggering factors, while warmth sometimes can relieve the attack.

Nerve conduction studies showed normal results in the father and unrelated woman, while the son showed decreased
action potential amplitudes, suggesting the involvement of larger fibers. Skin biopsies were conducted on all three patients,
and two patients (the father and son) had a partial or complete loss of intraepidermal nerve fiber density. In the father and
son, a heterozygous missense mutation (c.1661T>C, p.L554P) in the SCN10A gene was identified (Figure 2). The unrelated
woman carried a heterozygous mutation (c.3910G>A, p.A1304T). The SCN10A gene encodes the tetrodotoxin-resensitive
channel Nav1.8 that regulates sensory neuron excitability and contributes to several sensory modalities. Functional studies
in vitro indicate that the gain-of-function of Nav1.8 is associated with episodic pain attacks.*®

FEPS3
Unlike FEPS1 and FEPS2, FEPS3 has been reported in over 20 families.” ***°*' We summarized the literature and found
that almost all FEPS3 cases came from large autosomal dominant inherited families, except for one sporadic case
originating from her asymptomatic father.>* The episodic pain syndrome with onset in infancy or early childhood is length-
dependent and primarily involves in the distal joints, including the knees and ankles, and sometimes moves up to wrists,
elbows, and palms, and occasionally affects the proximal limbs and neck. The affected lesions do not have redness,
swelling, fever, rashes, or destruction, while a feeling of extreme cold is usually experienced in the pain region. Episodic
pain appears late in the day and occurs in cycles. Pain attacks typically last for tens of minutes, and an episodic cycle
consists of several attacks. An episodic attack is closely exacerbated by weather changes or stressful events such as rainy
days, cold temperatures, fatigue, and fever. Disturbed symptoms of autonomic nerves such as hyperhidrosis, constipation,
and intestinal spasm can be concomitantly observed in some patients. The pain can sometimes be relieved by nonsteroidal
anti-inflammatory drugs (NSAIDs). Most affected individuals report that the severe pain episodes diminish with age.
Nerve conduction studies were normal in most patients, while QST showed abnormal cold and warm temperature
thresholds in some patients. Skin biopsies in some FEPS3 patients have revealed different degrees of reduction of
intraepidermal nerve fiber density and vacuolar degeneration of unmyelinated axons, indicating small-fiber neuropathy.*®
Mild loss of myelinated nerve fibers has been observed in a patient with sensory axonal neuropathy with sharp episodes
of pain caused by the p.N820Y mutation. Intriguingly, long-term dysfunction of the Navl.9 channel may cause
degeneration of the unmyelinated fibers in FEPS3 patient with pain remission. Genetic screening identified nine different
variants in the SCN//A4 gene (Figure 3), which encodes channel Nav1.9, which is best known for its high expression
levels in peripheral sensory neurons and is thought to be associated with pain-related signaling.*” The positively charged
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Figure 2 Schematic representation of the Navl.8 channel. The positions of variants p.L544P and p.A1304T associated with FEPS2 are illustrated.
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Figure 3 Schematic representation of the Nav1.9 channel. All variants associated with FEPS3 are marked in the framework.

residues in the voltage sensor of transmembrane segment S4 could be variant hotspots (p.R222H/S and p.R225C) for

FEPS3. Functional studies suggest that gain-of-function of Nav1.9 is associated with episodic pain.??~%3¢-

FEPS4

The current OMIM classification of FEPS only includes three subtypes. A recent study indicated that a patient with a mutation
(c.130G>C, p.E44Q) in the SCN94 gene experienced paroxysmal knee pain resembling SCN1/A4-related FEPS rather than
other classic SCN94-related pain disorders (Figure 4).** Therefore, we propose that the phenotype associated with SCN94
mutation should be called FEPS type 4 (FEPS4). The index patient is a 53-year-old male who experienced episodes of
paroxysmal knee pain at age 4. The pain is dull and lasts for several hours to a few days, at a frequency of four times per year.
Pain episodes were induced by fatigue, weather changes, and seasonal changes, especially when the temperature and atmo-
spheric pressure drop, and never occurred in the summer or on a hot day. Pain can be relieved by warming. Paroxysmal knee
pain episodes started to decrease at age 12, where the pain lasted for a few hours to several days and improved with NSAIDs.
His father experienced similar symptoms (knee pain) in his childhood. Additionally, the patient and his father have trigeminal
neuralgias. Functional studies indicate that gain-of-function mutation is responsible for this pain phenotype.

Differential Diagnosis of FEPS

Similarities and Differences Between FEPS

Episodic pain attack is a common symptom among the different FEPS subtypes. Affected individuals have pain attacks
only in the acute period, and no clinical symptoms are observed in the remission period. Pain episodes occur abruptly and
last for several minutes to several hours, can be self-relieved after several episodes, and tend to attenuate or diminish with
age. The pain typically affects the joints of limbs, while no fever, redness, swelling, rashes, or destruction is experienced
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Figure 4 Schematic representation of the Navl.7 channel. The variant related to FEPS4 is labeled in the N-terminus.
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in the pain regions. Episodic attacks can sometimes be triggered by weather changes or stressful events and can be
relieved by warmth. Some concomitant symptoms, especially autonomic nerve disorders, have been observed in a few
affected individuals. No abnormal signs have been identified upon physical examination. Nerve conduction studies are
normal, while varying reductions in intraepidermal nerve fiber density and the degeneration of unmyelinated axons have
been observed in the skin. Collectively, the clinical features of FEPS show unique characteristics that can make it an
independent disease entity (Table 1).

Apart from different causative genes for the four FEPS types, there are some distinctive manifestations among these FEPS.
Most patients with FEPS experience a similar onset of the disease, except for the FEPS2, which occurs in late adulthood. The
pain regions of FEPS2/3/4 are length-dependent and mainly involve the distal joints, including the knees and ankles, and
sometimes move up to the wrists, elbows, and palms. In contrast, FEPS1 pain attacks are primarily concentrated in the arms,
shoulder, and thorax. The pain symptoms of FEPS1/3/4 differ from FEPS2, in which the affected individuals have intense
burning, itching, and stabbing pain. Additionally, the triggers, frequency, duration, and circadian rhythm of pain attacks are
also different between the four types of FEPS. FEPS1 or FEPS3 patients can experience symptoms of autonomic dysfunction
such as breathing difficulties, tachycardia, hyperhidrosis, generalized pallor, constipation, and intestinal cramps. FEPS]1 is
more likely to involve the cardiopulmonary system, while gastrointestinal symptoms are emphasized in FEPS3 patients.>3¢-*

Since FEPS3 has been reported more frequently, some rare clinical manifestations have also been found in FEPS3
patients. For example, in a large FEPS3 Chinese family, affected individuals exhibit a typical phenotype of an episodic
pain attack, while all patients simultaneously have essential tremors, which is the first association of Nav1.9 with
essential tremor.”' Another report demonstrates that patients with the p.R838Q mutation can exhibit various clinical
manifestations such as recurrent exertional rhabdomyolysis with hematuria and proteinuria and paroxysmal pain.*’ The
clinical manifestations related to the Nav1.9 mutations are increasingly associated with rare symptoms and common pain.

Other Paroxysmal Pain Syndromes

Aside from the discrimination between the different subtypes of FEPS, several other syndromes with episodic pain should
be distinguished from FEPS.** Changes in skin color and pain locations are important biomarkers for differentiating
between PEM and PEPD. PEM results in a paroxysmal burning sensation and erythema in the arms and legs. Concomitant
pain begins in childhood, does not decrease with age, and will persist for a lifetime. The triggering factor of PEM is usually
high temperature, and cooling can reduce or relieve the pain attack. Clinical symptoms of PEPD are characterized by attacks
with sudden burning and lancinating pain at the proximal regions of the body, especially in the rectal, pubic, and facial
areas, rather than the distal of the limbs.*** PEPD attacks last from a few seconds to several hours and are accompanied by
sharp color changes in the skin. The pain can be so severe that it can accompany cardiopulmonary dysfunctions such as
apnea, high blood pressure, asystole, or epileptic seizures. Most often, PEPD attacks can be triggered by defecation, eating,
micturition, gynecological or rectal examination, and even touch, and partially respond to carbamazepine.*®*’

In some cases, it is difficult to distinguish between paroxysmal pain. For example, two 63-year-old female patients show
severe paroxysmal pain accompanied by skin changes resembling PEM-like pain, while the causative variants can be
attributed to p.N1169S and p.I11293V in the SCN1/4 gene.*® A 50-year-old male patient with p.I381T mutation in SCN1/4
shows an SFN phenotype, while he simultaneously presents with typical episodic pain and red discoloration of the skin.*
Therefore, the clinical spectrum of episodic pain significantly overlaps with the phenotypes of NaV1.7, NaV1.8, and NaV1.9.
Additionally, primary or secondary SFN, vasculitis, thrombotic diseases, and rheumatic diseases should be considered when
making a differential diagnosis of paroxysmal pain.

Pathogenic Mechanisms of FEPS

Various stimuli can fire DRG neurons through the hyperactivity of ion channels on membranes. All variants associated
with FEPS are heterozygous missense mutations associated with the gain-of-function of cation channels rather than
dominant-negative mutants or haploinsufficiency. However, functional studies have demonstrated that different mutations

cause distinctive changes in the transmembrane potential.
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Table | The Clinical and Laboratory Summarization of Different FEPS

Triggers of pain

Frequency of pain
Duration of pain
Cold feeling
Concomitant

Fasting, cold, fatigue,
illness

Once weekly

1.5 hours

No

BD, HH, GP,

UA

UA
UA
No
None

limbs and neck

Rain, cold temperature

Several times monthly
Tens of minutes

Yes

HH, IS, constipation

FESPI FESP2 FESP3 FESP4
Causative gene TRPAI SCNIOA (Navl.8) SCNIIA (Navl.9) SCNOYA (Navl.7)
Mutation c.2564A>G(p.N855S) | c.1661T>C(p.L554P), Nine mutations* c.130G>C(p.E44Q)
c.3910G>A(p.A1304T)
Family number | family 2 families More than 20 families I family
Onset of age Infancy Late adulthood Early childhood Childhood
Pain location Arm, shoulder;, thorax | Feet and hands Distal joints, occasionally proximal | Knee

Fatigue, weather changes

Several times a year
Several hours to days
UA

Trigeminal neuralgia

symptoms tachycardia
Skin changes None Soles red discoloration in Neck and face flushing in 2 patients | None
a patient
Relief measures Eating, warmth, Warmth Warmth, massage Warmth
resting
Relief with age Yes No Yes Yes
Response to No UA Yes/No Yes
NSAIDs
Nerve conduction | UA Normal Normal UA
Skin biopsy Normal Loss of INFD Reduction of INFD, DUA UA

Notes: *The nine mutations p.(R222H, R222S, R225C, A808G, F814C, N816K, R838Q, F1146S, V1184A) are illustrated in Figure 3.
Abbreviations: DB, breathing difficulty; DUA, degeneration of unmyelinated axons; GP, generalized pallor; HH, hyperhidrosis; INFD, intraepidermal nerve fiber density; IS,
intestinal spasm; UA, unavailable.

TRPAI-Related FEPSI

TRP is one of the most important components of the nociceptive pathway and is exclusive to pain sensation.”® TRPAI is
the only member of the TRPA family in mammals and is primarily expressed in small-diameter C- or Ad-fibers of
sensory ganglia, including DRG and trigeminal ganglia.”'>* This provides a basis for functional experiments to verify
the association of TRPA1 with FESP1.

In vitro studies on HEK293 cells have demonstrated that the current-voltage of wild-type (WT) TRPAL is the same as
the mutant (p.N8558S) in the absence of an agonist, while the mutant channels have a 5.4-fold greater current with agonist.
More than a 4-fold increase in current is observed at normal resting potentials, but no differences in current density have
been recorded between WT and mutant channels.** Interestingly, cooling is more likely to activate the mutant channel and
induce a greater inward current shift under physiological temperature. Several studies have demonstrated that voltage-
dependent thermal TRPs are based on Ca®" dependence.***> Therefore, the mutant p.N855S is thought to be associated with
increased inward current and has cold activation properties, which explains why warmth can relieve pain symptoms.

Nav|.8-Related FEPS2

Navl.8 is indispensable in the sensory pathway since it is responsible for most of the sodium inward flow (58-90%) and
is essential for the depolarization phase of the action potential.’>>® Additionally, deletion or knockout of Nav1.8 in
neurons results in cold nociceptive deficits and inflammatory damage.>’ >’

To investigate the pathogenic basis of the two mutants (p.L554P and p.A1304T) on the Navl.8 channel, in vitro
experiments were performed on DRG neurons. Mutant p.L554P shows no significant differences in resting potential,
depolarization voltage, and inactivation compared with WT. However, it has great enhancement and increases the

excitability of DRG neurons during the recovery process after inactivation (ramp effect), and the response to slow ramp
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stimuli is one-third larger at its peak for p.L554P compared with the WT channels.®®°' Additionally, the p.L554P mutant
also shows more action potential under a series of graded stimuli (500ms steps at 1%, 2x, and 3% current threshold) and
displays more spontaneous firing. The p.A1304T mutant is similar to the L554P and has a little difference in its response
magnitude to slow ramp stimulation and reflection in the peak ramp current. Functional experiments confirm that both
mutants cause episodic pain and are primarily dependent on faster potential recovery and more action potential.

Nav|.9-Related FEPS3

The Nav1.9 channel is preferentially expressed in the nociceptive neurons of DRG, trigeminal ganglia, and myenteric plexus in
the gut.éz’63 In contrast to other VGSCs, the Nav1.9 channel is thought to be associated with a tetrodotoxin-resistant Na" current,
which shows unique biophysical properties. Additionally, this channel plays an important role in neuronal inflammatory
hyperalgesia and is thought to be closely related to the threshold potential during depolarization.*®*%3

The FEPS3 phenotype has been associated with nine heterogeneous mutations in SCN1/4, most of which are positively
charged residues in the voltage sensor of the transmembrane segment S4°°. It is believed that these mutations alter the gating
properties of the mutant channel and lower the threshold for action potentials. The p.R222H mutation has been reported in
several independent families, indicating that the position may be a variant hotspot. Therefore, we took the mutation as an
example. DRG neurons with p.R222H expression have revealed that the mutation alters the current density and gating
properties of the Nav1.9 channel. It shows no significant difference in the current density, but it has a significant shift of 6.4mV
in the half-maximal activation voltage and a larger slope factor for the p.R222H mutant channel, which is consistent with more
channels opening at hyperpolarized voltages compared to WT channels, and an increase in the window current. The other eight
mutations have different pathogenic effects on the Nav1.9 channel, while they all show a gain-of-function for action potentials
by increasing the Na+ influx under resting potential, accelerating the channel opening, or decelerating the channel closing.
Nav1.9 is also expressed in the muscle and submucosa of the normal human colon. One study found reduced expression of

67,68

Nav1.9 in the ganglion tissue of patients with congenital megacolon, which could explain the unique gastrointestinal

symptoms of FEPS3 patients.

Navl.7-Related FEPS4

Navl.7 is highly expressed in peripheral neurons, especially in various DRG neurons.'' Navl.7 defects have been
associated with various painful disorders, which originate from the dysfunction of its role in nociceptive processing.
Currently, only one mutant (p.E44Q) is associated with FEPS4, of which the symptoms are more like Nav1.9-related
FEPS3. Compared with WT, the Nav1.7 channel with p.E44Q shows no differences in sodium current of activation,
inactivation, and depolarization threshold. However, the current amplitude caused by slow-slope depolarization is
significantly larger than the WT. The percentage of peak currents associated with slow ramp depolarizations is also
significantly larger than that of the WT, more than 2 times.*? Therefore, p.E44Q is thought to affect the slope and peak
during channel depolarization, and enhanced excitability is related to episodic pain.

Therapeutic Approaches for FEPS
FEPS is a severe and disabling pain syndrome, and currently lacks effective treatments. Fortunately, some patients with
VGSC-related FEPS experience pain attacks that can gradually weaken and disappear with age.***%*” A similar age-
dependent reduction in painful events is reported in patients suffering from TRPA 1-related FEPS1. The underlying pathogen-
esis could be related to the physiological expression level of ion channels with age. In contrast, episodic pain does not
gradually weaken in patients with Nav1.8-related FEPS2. Pain episodes can continue in some patients with Nav1.9-related
FEPS3, which indicates that environmental factors or modifier genes can play a role in the phenotype as the ages of patient.
Multiple studies have demonstrated that VGSCs (Nav1.7, Navl.8, and Navl.9) are involved in the development of
inflammatory pain, which is consistent with the effect of inflammatory mediators on modulating current density and gating
properties altering the firing properties of DRG neurons. The local release of inflammatory mediators by immune and injured
cells sensitizes DRG neurons, which contributes to the pain phenotype. Therefore, it is reasonable that some patients with
Nav1.7- and Nav1.9-related FEPS respond favorably to NSAID treatments, while it is puzzled that patients with Nav1.8-related
FEPS are irresponsive to NSAIDs. Additionally, FEPS3 patients with the p.R222H mutation from South America do not respond
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to NSAIDs. It is not surprising that these individuals respond differently to NSAID treatments since these medications do not act
directly on the channel. Their molecular cascades and neural circuitry likely differ in different patients.

Medications such as mexiletine, lidocaine, and carbamazepine are nonselective sodium channel blockers and are
currently used as analgesics. Some efficacy has been shown in certain pain channelopathies associated with VGSC
mutations (such as Navl.7-related PEPD). Other anti-epilepsy medications with varying effectiveness include lamotri-
gine, topiramate, tiagabine, and sodium valproate. However, no positive outcomes for these anti-epilepsy nonselective
blockers have been observed in FEPS patients. Additionally, analgesic efficacy is accompanied by dose-dependent side
effects on the CNS, including seizures, ataxia, confusion, and sedation.®%7°

Current small-molecule sodium channel blockers in clinical use all lack isoform selectivity.®” Therefore, it is important for
VGSC blockers to develop subunit-specific blockers during chronic pain. For example, A-803467, an inhibitor for Nav1.8
with 100-fold selectivity over other Nav isoforms, has demonstrated that the acute and selective pharmacological blockade of
Nav1.8 can produce significant analgesia in rodent models with neuropathic and inflammatory pain.”' Additionally, consider-
ing that nociceptors express at least two of the peripheral VGSC subunits (Nav1.7, Nav1.8 and Nav1.9), an effective analgesic
strategy can result from a combination of blockers against these subunits, which may have additive and synergistic effects on
nociceptors.

Prospects and Challenges

VGSCs are required for firing action potentials in DRG neurons and contribute to increased sensitization of primary
transduction channels such as TRP channels. Therefore, it is necessary to explore the clinical and pathogenic mechanisms
of FEPS, which is one of the important forms of pathological pain. The clinical phenotype of FEPS has its unique
characteristics, but there are significant differences between different FEPS subtypes. Our study recently revealed that the
long-term dysfunction of the Nav1.9 channel could cause the degeneration of unmyelinated fibers in FEPS3 patients with
pain remission, indicating that the persistent dysfunction of VGSC channels could be the pathological basis of SFN.*!
Therefore, the dysfunction of ion channels will induce time-dependent neuropathological changes, which form a common
basis of the clinical spectrum for various pain syndromes.

Advances in next-generation sequencing technology and bioinformatic analysis have allowed for significant progress
in genetic diagnostic workflows over the last 20 years. This has led to identifying disease-related mutations in all of the
VGSC subunits selectively expressed in DRG-related nociceptors (Navl.7, 1.8, and 1.9). This progress is likely to
continue since many patients with clinical symptoms of episodic pain have no clear genetic cause. Several genes related
to action potential should be investigated, including SCNI1A, SCN2A, SCN3A4, SCN4A4, SCN5A4, SCN7A4, SCN8A, SCN1B,
SCN2B, SCN3B, SCN4B, TRPV1, TRPMS, NGF, NGFR, BDNF, GDNF, NTRKI, CACNG2, KCNSI, COMT, P2RX3,
TACI, TACRI, and WNKI.

Studies on these pain-related diseases have provided important insights into the normal function and pathophysiological
role of these ion channels. However, it is difficult to find small-molecule blockers that show subunit specificity to avoid CNS
and cardiac side effects. Improved structural modeling through artificial intelligence may hopefully be overcome the
tremendous search work. Personalized medicine may also enable us to integrate a combination of blockers to produce
synergistic effects. The development of novel small-molecule inhibitors of sodium channels or other approaches, including
peptide toxins, monoclonal antibodies against specific channels, and gene therapy that target these channels on peripheral
neurons, could provide effective pain treatments with fewer adverse effects. Clinical trials of some of these medicines are
ongoing and can hopefully, within the next decade, provide specific medicines that can effectively treat chronic pain.

Conclusion

As discussed in this review, the clinical spectrum of FEPS is variable, but mainly characterized by severe episodic pain
involving the distal limbs in young patients. The disease spectrum may be further enlarged in the future due to the increasing
attention on pain-related pathway and the advances of DNA sequencing methods. However, a well-explained gain-of-
function pathogenesis underlying these different disease phenotypes will still be a huge challenge. Future investigations of
small-molecule blockers to specific subunits of sodium channels may reveal more effective downstream targets of VGSCs,
and provide us with a more complete picture to better understand, diagnose, and treat the diseases.
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