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Painful and painless channelopathies
David L H Bennett, C Geoff rey Woods

The discovery of genetic variants that substantially alter an individual’s perception of pain has led to a step-change in 
our understanding of molecular events underlying the detection and transmission of noxious stimuli by the peripheral 
nervous system. For example, the voltage-gated sodium ion channel Nav1.7 is expressed selectively in sensory and 
autonomic neurons; inactivating mutations in SCN9A, which encodes Nav1.7, result in congenital insensitivity to 
pain, whereas gain-of-function mutations in this gene produce distinct pain syndromes such as inherited 
erythromelalgia, paroxysmal extreme pain disorder, and small-fi bre neuropathy. Heterozygous mutations in TRPA1, 
which encodes the transient receptor potential cation channel, can cause familial episodic pain syndromes, and 
variants of genes coding for the voltage-gated sodium channels Nav1.8 (SCN10A) and Nav1.9 (SCN11A) lead to small-
fi bre neuropathy and congenital insensitivity to pain, respectively. Furthermore, other genetic polymorphisms have 
been identifi ed that contribute to risk or severity of more complex pain phenotypes. Novel models of sensory disorders 
are in development—eg, using human sensory neurons diff erentiated from human induced pluripotent stem cells. 
Understanding rare heritable pain disorders not only improves diagnosis and treatment of patients but may also 
reveal new targets for analgesic drug development.

Introduction
Rapid growth is taking place in the discovery of rare 
genetic variants associated with mendelian disorders of 
pain perception. Progress has been made because of 
enhanced ascertainment of patients with pain disorders, 
greatly improved phenotyping, and new sequencing and 
bioinformatics technologies. In some individuals, gene 
mutations lead to insensitivity to pain, whereas in others, 
mutations lead to increased pain perception. Many 
variants reside in genes encoding ion channels, which 
play an important part in determining the excitability 
and function of nociceptors. Restricted expression of 
these molecules in sensory neurons, and their pivotal 
role in chronic and acute pain states, means that these 
genetic fi ndings are now being translated into analgesic 
drug discovery programmes.

Chronic pain represents a substantial health burden, 
aff ecting one in fi ve people in Europe; for 40% of these 
individuals, treatment is inadequate.1 Common acquired 
chronic pain states are associated with altered expression 
and dysfunction of ion channels. Application of modern 
genomics to persistent pain states is challenging because 
of the complexity of phenotyping and the large cohort 
sizes needed; early fi ndings suggest, however, that 
variants in ion channels modulate the risk, severity, and 
persistence of pain after injury. In this Review, we discuss 
recent advances in the understanding of the molecular 
basis of nociception, describe the clinical features and 
genetics of mendelian disorders of pain perception, and 
highlight the role of ion channels in acquired pain 
syndromes.

Ion-channel function in nociceptors
The term nociceptor was originally coined to describe 
sensory neurons that detect high-threshold stimuli 
causing—or with the potential to cause—tissue injury.2 
Such stimuli include extremes of temperature, 
mechanical force, or chemicals (eg, acid or 
prostaglandins).3,4 The soma of nociceptors resides in 

dorsal root or trigeminal ganglia, and the neurons have 
unmyelinated or small-diameter myelinated axons. 
Nociceptors have a pseudo-unipolar morphology; a 
peripheral terminal innervates a target organ, such as 
skin, and a central terminal provides connectivity to the 
dorsal horn of the spinal cord (fi gure 1A–1C). During the 
past two decades, rapid advances have been made in our 
understanding of how nociceptors detect signals and 
transmit them to the CNS, leading to the perception of 
pain. Such nociceptor input from the periphery is subject 
to extensive processing and modulation within the CNS, 
such that perceived pain is dependent on environmental 
context, emotional factors, attentional mechanisms, and 
past experience.9 Here, we will focus on the role of 
nociceptors, rather than central processing.

Both ligand-gated and voltage-gated ion channels have a 
pivotal role in the processes of detection and transmission 
of high-threshold stimuli by nociceptors (fi gure 1D–1F). 
An example is the transient receptor potential (TRP) 
family of ion channels.10 TRPV1 was the fi rst to be linked 
to nociception and is a non-selective cation channel 
activated by noxious heat, capsaicin (the active ingredient 
in chilli peppers), and low pH.11,12 Several TRP channels 
were shown subsequently to be expressed by sensory 
neurons. Every TRP channel is attuned to detect specifi c 
physical and chemical stimuli, ranging from innocuous 
warming (TRPV3) to high temperatures (TRPV2). TRPA1 
is activated by noxious cold and various environmental 
irritants—eg, mustard, cinnamon, wasabi, and acrolein 
(the active component of tear gas).13–16 Although TRPA1 is 
not the noxious mechanotransducer (the identity of which 
remains a mystery), it amplifi es the response to high-
threshold mechanical stimuli.17 Subpopulations of 
nociceptors express ion channels in complex patterns, 
either in combination or in a mutually exclusive fashion, 
and these diff erences in expression ultimately determine 
the physiological heterogeneity of nociceptors. For 
example, some nociceptors respond to noxious thermal, 
mecha nical, and chemical stimuli (polymodal nociceptor) 
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whereas others are insensitive to mechanical and thermal 
stimuli unless sensitised in the context of infl ammation.18 
Transduction agents are important because they allow 
nociceptors to become sensitised after injury and 
infl ammation through altered expression,19 traffi  cking,20 
phosphorylation events,21 or interaction with G-protein-
coupled receptors,13 some times leading to abnormal 
hypersensitivity and, ultimately, chronic pain states.

Voltage-gated sodium channels (Nav) are key 
determinants of nociceptor excitability (fi gure 2). The 

channels Nav1.7,22 Nav1.8,23 and Nav1.924 are all expressed 
preferentially in peripheral neurons but have diff erent 
kinetics and show subtly distinct patterns of expression; 
all have been linked to pain. Nav1.7 channels are expressed 
in the peripheral terminals of sensory neurons, along 
their axons, at the node of Ranvier of thin myelinated 
sensory neurons, within the neuronal soma of dorsal 
root ganglia, and at the central terminals of nociceptors 
in the superfi cial laminae of the spinal cord.25,26 Nav1.7 
channels can produce a substantial ramp current in 

Figure 1: Structure and functional components of a nociceptor
Nociceptors provide connectivity between peripheral targets (in this case, skin) and the dorsal horn of the spinal cord. (A) Peripheral nociceptor terminals (arrows) are 
seen as free nerve endings (immunollabelled with PGP9.5, red) crossing the basement membrane (collagen IV, green) into human epidermis. (B) Cell bodies of distinct 
populations of nociceptors reside within dorsal root ganglia and diff er by histochemical characteristics, ion-channel expression, connectivity, and functional properties. 
Nociceptors can be divided into two roughly equal populations: those that express neuropeptides (immunolabelled with CGRP, red); and those that bind isolectin B4 
(green).5 (C) Nociceptors project to superfi cial laminae of the dorsal horn (immunolabeled with CGRP, red), by contrast with low-threshold myelinated aff erent fi bres 
that project to deeper laminae (labelled with cholera toxin, green). (D) A stylised view of a nociceptor terminal, showing just some of the ligand-gated ion channels 
(blue), G-protein-coupled receptors (light blue), and tyrosine kinase receptors (red) by which these neurons transduce extremes of temperature (Temp), low pH, and 
various chemical stimuli. The voltage-gated sodium channels (Nav; yellow) have a key role in responding to small depolarisations and action-potential generation. 
Voltage-gated potassium channels (Kv; green) are important breaks on excitability.6 The hyperpolarising activated cation channel HCN2 acts as a so-called pacemaker, 
modulating ectopic activity after nerve injury. (E) Altered ion-channel activity contributes to peripheral sensitisation, and mechanisms include stimulation of signalling 
pathways downstream of G-protein-coupled and tyrosine-kinase receptors and phosphorylation (P) events (upper left), altered traffi  cking to the membrane (centre), 
and, over longer periods, changes in transcription (lower right). (F) Central terminals are also important in nociceptive processing. Nav1.7 might also have a role in 
determining ingress of action potentials to central terminals and neurotransmitter release. Transient receptor potential (TRP) channels are also expressed centrally and 
can modulate presynaptic activity.7 The α2δ1 subunit is part of the voltage-gated calcium-channel complex (Cav; purple) and has an important role in traffi  cking of 
voltage-gated calcium channels to presynaptic terminals.8 GABApentinoids bind to α2δ1 and impair this traffi  cking.
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response to small slow depolarisation27 and, therefore, 
might be important in amplifying small subthreshold 
stimuli, hence acting as an important determinant of 
threshold in nociceptor terminals. Furthermore, similar 
to the olfactory system,28 Nav1.7 channels might regulate 
neurotransmitter release at the central terminals of 
nociceptors.29 Nav1.8 channels are crucial for transmission 
of nociceptive information because they carry most of the 
current underlying the depolarising phase of the action 
potential in neurons of dorsal root ganglia30,31 and are 
important for repetitive fi ring in these neurons. Nav1.9 
sodium channels have slow-gating kinetics32 and can 
generate persistent currents at near-resting membrane 
potential, meaning that these channels are an important 
regulator of membrane excitability.33–35

Congenital insensitivity to pain
Hereditary sensory and autonomic neuropathies 
(HSANs) are a clinical group of inherited disorders in 
which sensory and autonomic neurons either fail to 

develop or degenerate.36 They are classifi ed according to 
the neuronal population implicated and the associated 
clinical features. Involvement of nociceptors results in 
insensitivity to noxious stimuli. For example, NGF is a 
key neurotrophic factor needed for target-derived 
survival of nociceptors.37 Mutations in NGF38 (which 
cause HSAN type V) or NTRK139 (which encodes the 
NGF high-affi  nity receptor and cause HSAN type IV) 
result in cell death and axonal degeneration of small-
diameter sensory neurons, leading to congenital 
insensitivity to pain, anhidrosis, and learning 
impairment. HSAN type IV and HSAN type V are 
sometimes known as congenital insensitivity to pain 
with anhidrosis. Some patients with congenital 
insensitivity to pain have a structurally normal 
peripheral nervous system, with free nerve endings 
noted in the epidermis and normal intelligence,40 which 
indicates strongly that gene variants might be causing 
the disorder because of altered function rather than 
impaired structural integrity of nociceptors.

Figure 2: Schematic showing structural and functional features of voltage-gated sodium channels
The protein molecule (eg, Nav1.7, Nav1.8, or Nav1.9) forms a pore inserted through the cell membrane (light green). The sodium channel is composed of four sets (termed 
domains) of six transmembrane segments arranged as a cross, with the sodium channel in the centre. Only the fi rst and third set of six transmembrane segments is shown 
here. Transmembrane segments 1–4 function as a block (light blue; domain 4 indicated with white +). Transmembrane segment 4 responds to potential diff erence across 
the cell membrane, and this function is controlled by three positively charged arginine residues present at the location of the + signs. The link between transmembrane 
segments 4 and 5 is rigid (black). A fold in the protein is the selectivity fi lter (orange), which allows only Na+ to enter the centre of the protein. Transmembrane segment 6 
forms the wall of the central pore. When the pore opens it allows Na+ to pass into the interior of the cell. An intracellular inactivation motif is formed of three hydrophobic 
aminoacids—isoleucine, phenylalanine, and methionine (designated the IFM motif; dark green circle)—and can move into the intracellular opening of the pore and block it. 
(A) The cell membrane is at a resting potential of –70 mV, the IFM domain is in its resting intracellular conformation, and the pore is closed. (B) Depolarisation to −50 mV 
causes the voltage-sensing transmembrane segment 4 to move outwards (long red arrow) and the pore to open (short red arrows). Na+ fl ow causes a localised increase in 
positive charge. (C) The change in potential diff erence after pore opening causes the IFM domain to block the open pore (green arrow), inhibiting further Na+ fl ow into the 
cell. (D) Activity of other ion channels produces a hyperpolarised membrane potential (about −80 mV), causing transmembrane segment 4 to return to its resting position 
and closure of the pore.
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Congenital insensitivity to pain caused by inactivating 
SCN9A mutations
In 2006, a cause of the congenital insensitivity to pain 
phenotype was discovered—biallelic null mutations in 
the gene SCN9A (table 1).41–43 SCN9A encodes the voltage-
gated sodium channel Nav1.7. Congenital insensitivity to 
pain caused by inactivating mutations in SCN9A was 
initially referred to as channelopathy-associated 
insensitivity to pain. However, with identifi cation of a 
related pain disorder caused by mutations in SCN11A, 
the term is now obsolete.

The typical phenotype of congenital insensitivity to pain 
caused by inactivating mutations in SCN9A comprises 
congenital insensitivity to pain, congenital anosmia, 
normal intelligence, and no other detectable anomalies in 
the peripheral nervous system or the CNS. No nociceptive 
pain is felt anywhere in the body from birth. Initial 
observation is usually made by parents, retrospectively, 
when the child makes no response to immunisations and 
injuries. Over the fi rst year of life, bruises and cuts 
accumulate from injuries, but signs of a pain disorder 
escalate with the eruption of teeth; the lips, anterior 
tongue, and fi ngers are chewed, which can result in 
permanent damage. The tip of the tongue can be lost, but 
it may heal well and speech is not aff ected; lip injuries 
can be repaired, but usually a scar remains; and fi ngertips 
can be lost as wounds from bites frequently become 
infected. The fi rst decade of a child’s life is marred by self-
induced injuries including bruises, burns, and scalds; 
historically, up to a third of families are accused of 
physical child abuse. Many children are at fi rst thought to 
be impaired mentally because they are clumsy and cannot 
use pain feedback to train themselves to use their bodies 
optimally. As children approach age 10 years they learn to 
mimic pain behaviour: they realise that their actions and 

injuries cause concern and, therefore, begin to learn pain 
empathy. In the second decade of life, the damage 
becomes more severe because of the child’s increasing 
height and weight. Boys in particular engage in harmful 
behaviours—eg, picking fi ghts or excessive risk-taking at 
play or in sports. Injuries received at this stage of life can 
result in progressive accumulation of orthopaedic 
fractures and breaks, which although painless might 
eventually be crippling. Very few men are reported (CGW, 
unpublished observation) as having congenital 
insensitivity to pain caused by inactivating mutations in 
SCN9A because their excessive risk-taking and resultant 
painless physical injuries lead to higher mortality in early 
life. Cognitive and motor development is normal in both 
aff ected males and females. Nociceptive stimuli, such as 
pin-prick and extremes of pressure or temperature, do 
not elicit a pain response; the individual can detect the 
stimulus but would—eg, on a temperature ramp—
comment on increasing warmth rather than report any 
pain, even at high temperatures such as 50°C, a 
temperature that unaff ected people would clearly fi nd 
painful. Other sensory modalities such as vibration and 
light touch are normal, as is motor function. The one 
other consistent fi nding on examination is anosmia. No 
features of autonomic dysfunction are noted.

The diagnosis of congenital insensitivity to pain caused 
by inactivating mutations in SCN9A can be confi rmed by 
identifi cation of biallelic null mutations in the gene, 
leading to translation of no functional Nav1.7 protein 
(fi gure 2A). Most pathogenic mutations are easy to 
identify as nonsense, small out-of-frame deletions or 
duplications, and splice-site mutations. Functional 
studies might be needed to ascertain if missense 
mutations are null or activating; for activating muta-
tions, the associated pathogenicity must also be noted 

Mutated gene 
(protein)

Type and eff ect of mutation Main phenotype Additional features

Congenital insensitivity to pain SCN9A (Nav1.7) Biallelic, null No pain; other somatosensory modalities normal Anosmia

Hereditary sensory and autonomic 
neuropathy type IID

SCN9A (Nav1.7) Biallelic, null No pain; autonomic features include hypohidrosis; nerve-
conduction studies show abnormalities

Anosmia (variable)

Congenital insensitivity to pain SCN11A (Nav1.9) Heterozygous, activating No pain Hyperhidrosis; muscular 
weakness; infant gut dysmotility

Inherited erythromelalgia SCN9A (Nav1.7) Heterozygous, activating Onset by age 20 years; episodic pain triggered by warmth; feet 
aff ected more frequently than hands

Erythema of feet

Paroxysmal extreme pain disorder SCN9A (Nav1.7) Heterozygous, activating Onset at birth; episodic pain; sacral region is aff ected most 
frequently, face is aff ected more often than the limbs; physical 
triggers include defecation

Erythema of the sacrum; 
tonic attacks

Small-fi bre neuropathy SCN9A (Nav1.7) Heterozygous, activating Onset at any age but more common in early adulthood; 
persistent burning pain; feet aff ected more frequently than hands

Could be autonomic features

Small-fi bre neuropathy SCN10A (Nav1.8) Heterozygous, activating Persistent burning pain Could be autonomic features

Familial episodic pain syndrome type I TRPA1 (TRPA1) Heterozygous, activating Onset at birth or in infancy; episodic chest or arm pain; triggers 
are hunger and cold

..

Familial episodic pain syndrome type III SCN11A (Nav1.9) Heterozygous, activating Onset in fi rst decade; episodic hand and foot pain; triggers are 
intercurrent illness or exercise

..

Nav=sodium ion channel.

Table 1: Clinical features of human disorders caused by mutations in ion-channel genes that lead to altered pain perception and are inherited in a mendelian manner
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(eg, inherited erythromelalgia, paroxysmal extreme pain 
disorder, or small-fi bre neuropathy).

Nav1.7 sodium channels have an important role in 
determining the threshold excitability of peripheral 
nociceptor terminals and might also play a part in 
neurotransmitter release from central terminals. 
Although nociceptors express other voltage-gated 
sodium channels (eg, Nav1.8 and Nav1.9), these cannot 
compensate for a paucity of Nav1.7 channels. Therefore, 
the absence of pain perception in people with inactivating 
mutations in SCN9A is attributable to the unique 
electrophysiological responsiveness and subcellular 
localisation of Nav1.7 channels. For instance, compared 
with Nav1.7 channels, the voltage dependence of 
activation of Nav1.8 is much more depolarised. Therefore, 
Nav1.8 makes an important contribution to the upstroke 
of the action potential; however, unlike Nav1.7, it will not 
respond to the small changes in membrane potential 
that are needed for initial transduction events in sensory 
terminals and Nav1.8, therefore, cannot compensate for 
the absence of Nav1.7. 

Although Nav1.7 channels have a clear role in sensory 
neurons, their functional relevance to nociceptive 
signalling might not be restricted to these neurons. The 
behaviour of mice in which Nav1.7 protein has been 
ablated in diff erent populations of peripheral neurons 
has been compared to the human phenotype for 
congenital insensitivity to pain caused by inactivating 
mutations in SCN9A. When Nav1.7 channels were 
removed from sensory neurons,29 a strikingly reduced 
behavioural response to noxious mechanical stimuli was 
recorded; however, to see a reduction in response to 
suprathreshold thermal stimuli in a hot-plate test, 
knockout of Nav1.7 from both sensory and sympathetic 
neurons was needed.

HSAN type IID due to inactivating SCN9A mutations  
Although sensory neurons are typically structurally 
normal, as shown by fi ndings of nerve41,42,44,45 and skin 
biopsy,46 two groups of researchers have reported that 
morphological abnormalities can be present. Nilsen and 
colleagues47 described a patient with congenital 
insensitivity to pain due to a compound heterozygote 
nonsense mutation in SCN9A in whom intraepidermal 
nerve fi bre density was reduced signifi cantly. Furthermore, 
Yuan and coworkers48 reported two Japanese kindreds 
with a nonsense mutation in SCN9A and either 
congenital-onset or adolescent-onset loss of pain and 
temperature sensation and autonomic dysfunction 
(anhidrosis). In these people, fi ndings of nerve-conduction 
studies indicated a defi nite reduction in sensory 
compound action potentials, and, in one individual, 
pathological analysis confi rmed loss of large myelinated 
fi bres. This distinct phenotype has been denoted HSAN 
type IID (table 1). These two Japanese families show that 
further studies are needed to account for why diff erent 
phenotypes can be caused by nonsense SCN9A mutations.

Congenital insensitivity to pain caused by activating 
SCN11A mutations
Two unrelated children have been described with 
congenital insensitivity to pain secondary to a gain-of-
function mutation in SCN11A (table 1), which encodes 
the voltage-gated sodium channel Nav1.9.49 We too have a 
patient with the same phenotype and genotype (CGW, 
unpublished observation).

No nociceptive pain was felt anywhere in the body from 
birth in all three patients, resulting in multiple burns, cuts, 
and bruises, self-induced injuries, fractures, and slow or 
poor wound healing. All individuals sweat excessively 
(hyperhidrosis) without the usual precipitants of exercise 
or raised temperature; no evidence suggests cardiovascular 
autonomic dysfunction. The sense of smell is intact. 
Aff ected individuals have mild muscular weakness, which 
led to an early diagnosis of developmental delay; however, 
cognitive development and intelligence are normal. 
Gastrointestinal dysfunction was a relevant problem in the 
fi rst year of life, with episodes of diarrhoea and 
constipation; in some children, parenteral nutrition was 
needed. Findings of sural nerve biopsy are normal. In two 
individuals, motor and sensory nerve-conduction velocities 
are slightly reduced, but with normal amplitude. Findings 
of muscle and intestinal biopsies, electro myography, brain 
MRI, and malabsorption studies are normal. Laparotomy 
in one patient showed a morpho logically inconspicuous 
small intestine with reduced peristaltic waves and a grossly 
enlarged colon. The phenotype of congenital insensitivity 
to pain caused by an activating mutation in SCN11A is 
unique; the features shared with congenital insensitivity to 
pain caused by inactivating mutations in SCN9A are 
congenital insensitivity to pain and normal intelligence.

All three aff ected individuals have the same 
heterozygous mutation in SCN11A, 2432T→C. This 
variation causes an aminoacid change (Leu811Pro) in the 
Nav1.9 sodium channel. All three children are the only 
aff ected member of their families, no parent had the 
SCN11A 2432T→C mutation. Therefore, congenital 
insensitivity to pain caused by an activating mutation in 
SCN11A seems to be caused by a recurrent de-novo 
mutation.

The leucine at position 811 of the Nav1.9 protein is 
conserved in all ten human voltage-gated sodium channels. 
It occupies a very specifi c location, being the last aminoacid 
of one of the four transmembrane segments that form the 
pore of the Nav1.9 sodium channel. Leipold and colleagues49 
investigated the electrophysiological behaviour of Nav1.9 in 
man and mouse. Substantial discordance was noted 
between species: mice heterozygous for the corresponding 
Nav1.9 mutation had normal thresholds to noxious thermal 
and mechanical stimuli. Although mouse genetics has 
provided a powerful method for investigation of pain 
neurobiology, this fi nding emphasises that caution is 
needed when interpreting the outcomes of pain-related 
behaviour in mouse models. The heterozygous Leu811Pro 
mutation causes a gain of function in man, with a leftward 
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shift in channel activation and deactivation kinetics and 
slowed channel inactivation, consistent with the hypothesis 
that the altered residue interferes with voltage-dependent 
gate closure and channel inactivation (fi gure 2B). The 
result of this gain-of-function mutation in the Nav1.9 
protein is sustained depolarisation of the cell membrane 
(reducing the negative membrane potential), which is 
suggested to lead to inactivation of the other voltage-gated 
sodium channels (ie, Nav1.7 and Nav1.8) that form the main 
constituent of the action potential and, hence, conduction 
block in nociceptors.

Gain-of-function gene variants associated with 
heritable pain states
Inherited erythromelalgia  
Erythromelalgia is a symptom complex of pain and 
erythema of the hands and feet.50 The disorder usually 
starts in the feet but can aff ect the hands and, 
occasionally, the nose and ears. Pain is initially episodic, 
with attacks precipitated by warmth (such that most 
patients are unable to wear enclosed shoes), exercise, 
prolonged standing, and sometimes alcohol; the pain is 
relieved by cooling.51,52 In some patients, pain becomes 
constant, with fl uctuations. Pain is severe and disabling, 
and use of ice-cold water to provide relief (fi gure 3A) can 
cause skin ulceration. Erythromelalgia can be secondary 
to blood dyscrasias, connective-tissue disorders, and 
drug reactions; however, inherited erythromelalgia is 
usually associated with onset in the fi rst two decades of 
life. Yang and colleagues54 reported a Chinese kindred 
with an autosomal-dominant pattern of inheritance. 
With linkage analysis and candidate-gene sequencing, 
they identifi ed a point mutation in the Nav1.7 sodium 
channel (Leu858His); sequencing of further probands 
showed another mutation—Leu858Ile. Subsequently, 
multiple missense mutations in SCN9A, which encodes 
the Nav1.7 channel, have been associated with 
erythromelalgia (table 1, fi gure 3B).55 There are hotspots 
for mutations—eg, in the linker between trans-
membrane segments 4 and 5. Structural studies in 
several ion channels suggest that this region might 
connect the voltage sensor (segments 1–4) to the channel 
pore (segments 5 and 6; fi gure 2),56 thus, mutations in 
this region could have an eff ect on channel activation.

Electrophysiological analysis of Nav1.7 mutants has 
indicated several pathophysiological mechanisms 
leading to enhanced excitability. A hyperpolarising shift 
in the voltage dependence of activation is a constant 
feature of inherited erythromelalgia (fi gure 3C and 3D). 
Other eff ects of mutations include slowed deactivation 
and increased current response to slow depolarisation 
(ramp currents; fi gure 2D).55 When mutant ion channels 
are expressed in cells of dorsal root ganglia, a lowered 
threshold is observed for the generation of action 
potentials and a higher frequency of repetitive fi ring.57 
Microneurographic recordings from sensory axons in 
patients with erythromelalgia58 show augmented activity-

dependent slowing and mechanically insensitive 
aff erents with pathological spontaneous activity (several 
cases were described as hereditary in this series, which 
was undertaken before availability of mutation 
screening). A relation exists between biophysical 
abnormalities of the mutant channel and clinical severity: 
the greater the hyperpolarising shift in the voltage 
dependence of activation, the younger the age of onset.53,59 
A correlation is also present with temperature sensitivity: 
the degree of dysfunction of mutant Nav1.7 versus wild-
type channels is greater at higher temperature.60 
Extensive genetic screening indicates that inherited 
erythromelalgia cannot be distinguished from acquired 
erythromelalgia merely on the basis of age of onset and 
the presence of family history: several cases have been 
associated with de-novo mutations.61 Furthermore, a 
patient with an age of onset in her late 50s and no family 
history had a Trp1538Arg Nav1.7 mutation with gain of 
function on electrophysiological analysis.53

Treatment of primary erythromelalgia is challenging 
and based essentially on small case series. Use of drugs 
such as anticonvulsants and local anaesthetics with 
known broad activity against voltage-gated sodium 
channels seems logical. The therapeutic window is 
narrow because of cardiac and CNS side-eff ects. 
Success—both on a clinical level and when tested in 
vitro—is dependent on the exact mutation. 
Carbamazepine and mexiletine both show effi  cacy in 
the context of specifi c mutations, and structural 
modelling predicts pharmacological responsiveness.62,63 
Topical lidocaine plasters can be applied to the most 
aff ected areas (eg, the soles of the feet) and have the 
great advantage of few side-eff ects. Development of 
selective blockers of Nav1.7 sodium channels is ongoing, 
and inherited erythromelalgia is a substrate for proof-of-
concept trials.64 Occasionally, patients devise their own 
physical measures to keep their feet cool; for example, 
perfusing cooled water through a plastic sock enclosing 
the feet (used to cool limbs during orthopaedic surgery) 
can be very helpful.52

Paroxysmal extreme pain disorder
Paroxysmal extreme pain disorder (formerly known as 
familial rectal pain) is inherited in an autosomal-dominant 
fashion and characterised by paroxysmal episodes of 
severe perineal and rectal, ocular, and mandibular pain. 
Pain is associated with autonomic features that can include 
fl ushing (which sometimes results in harlequin colour 
change), lacrimation, rhinorrhoea, and tonic attacks with 
apnoea and bradycardia.65–67 Tonic attacks might be 
confused with epilepsy; however, fi ndings of 
electroencephalography are normal. Important stimuli are 
physical factors—eg, defecation or eating—but strong 
emotion can also be a trigger. Between episodes, physical 
examination is normal. Most patients present at birth or in 
infancy. The frequency of rectal pain episodes typically 
falls with increasing age, although ocular and mandibular 
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pain can become more common. Linkage analysis fol-
lowed by candidate-gene sequencing identifi ed missense 
mutations in SCN9A, which encodes Nav1.7 sodium 
channels (table 1), segregating with this disorder. These 

mutations lead to sensory neuronal hyperexcitability68 via 
a mechanism that is distinct from that seen in inherited 
erythromelalgia. In the case of paroxysmal extreme pain 
disorder, impaired fast inactivation of the Nav1.7 channel 

Figure 3: Clinical characteristics and genetic and biophysical features of inherited erythromelalgia and small-fi bre neuropathy
(A) Patient with inherited erythromelalgia and erythema cools feet in cold water in an attempt to relieve pain, which is exacerbated by warmth. (B) Schematic diagram 
of the Nav1.7 α subunit. Two mutations are shown in the fourth domain—Trp1538Arg in transmembrane segment 2 and Ala1746Gly in transmembrane segment 
6—that cause erythromelalgia with varying clinical phenotypes and that have been characterised biophysically. (C) Whole-cell voltage-clamp recordings in HEK293 cells 
expressing wild-type Nav1.7 or mutant channels. From a holding potential of −120 mV, currents were evoked by voltage increments of 5 mV from −80 mV to 40 mV. 
(D) Normalised current–voltage plots from recordings in (C) show a hyperpolarising shift in the voltage dependence of activation. This shift is more pronounced in the 
mutation causing early onset (fi rst decade) of inherited erythromelalgia (Ala1746Gly) rather than late onset (sixth decade; Trp1538Arg). (E) Inherited erythromelalgia 
is not associated with sensory nerve-fi bre degeneration, by contrast with small-fi bre neuropathy. Epidermal innervations in a healthy individual are detected by 
immunostaining with the pan-neuronal marker PGP9.5 (red). Intraepidermal fi bres (arrows) and dermal fi bres (arrowheads) are seen. (F) Gain-of-function mutations 
in Nav1.7 (distinct from mutations causing inherited erythromelalgia) or Nav1.8 can cause small-fi bre neuropathy characterised by degeneration and loss of 
intraepidermal nerve fi bres as shown here. (B–D) Modifi ed from Cregg and colleagues,53 with permission of Springer Science and Business Media.
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(fi gure 2C) leads to a persistent sodium current69 and more 
rapid recovery from fast inactivation.68 A further feature of 
these mutations is the generation of resurgent currents.70

Carbamazepine is eff ective for reduction of the 
frequency and severity of attacks in most patients. 
Furthermore, it lowers the persistent sodium current 
generated by the mutant Nav1.7 channel that is associated 
with paroxysmal extreme pain disorder.69 By contrast to 
inherited erythromelalgia, paroxysmal extreme pain 
disorder is characterised by a much more proximal 
distribution of pain, is triggered by mechanical factors 
rather than increased temperature, and the associated 
mutations impair inactivation rather than promote 
activation. Although, in general, inherited erythromelalgia 
and paroxysmal extreme pain disorder are clinically 
distinct, a patient has been described who has a mutation 
in the Nav1.7 channel and clinical features and biophysical 
characteristics common to both disorders.71

Small-fi bre neuropathy
Small-fi bre neuropathy refers to selective injury to 
unmyelinated and thin myelinated axons, which is usually 
length-dependent.72 The typical presenting symptom is 
burning pain of the feet. Small-fi bre neuropathy is distinct 
from inherited erythromelalgia in that symptoms are not 
clearly exacerbated by warming and relieved by cooling 
(a virtually invariant feature of inherited erythromelalgia). 
Although erythema is present in some patients with 
small-fi bre neuropathy, it is relatively mild. Large fi bres 
are not aff ected and, as such, deep-tendon refl exes and 
large-fi bre sensory function are both normal. Autonomic 
signs are recorded commonly in people with small-fi bre 
neuropathy; autonomic-function tests are needed to prove 
autonomic involvement, but these tests are not widely 
available. The gold-standard diagnostic test is a reduction 
of intraepidermal nerve-fi bre density, assessed by skin 
biopsy (fi gure 3E and 3F).73 Moreover, quantitative sensory 
testing might show raised thermal thresholds. Small-fi bre 
neuropathy might be acquired secondary to diabetes 
mellitus, for example; however, the condition in a 
substantial proportion of patients (up to 50%) has been 
described as idiopathic.

Gain-of-function missense variants in Nav1.7 channels 
have been reported in 30% of individuals with small-fi bre 
neuropathy in whom no underlying cause of the disorder 
could be identifi ed (table 1).74 These changes are best 
described as variants rather than mutations because 
some of them arise with a minor allele frequency of up to 
3·7% (eg, Met932Leu [rs12478318]). The penetrance of 
these variants is not yet known; of eight patients in the 
initial report, three recalled similar symptoms in family 
members. Future work, in which segregation of these 
variants is followed up through pedigrees, will establish 
if variants are fully penetrant or important risk factors 
interacting with other genetic or environmental factors.

All reported variants result in substitution of highly 
conserved aminoacids within Nav1.7 channels; these 

variants are, in general, distinct to those causing inherited 
erythromelalgia. Specifi c variants, such as Ile228Met 
(rs71428908), show phenotypic heterogeneity and can 
result in either small-fi bre neuropathy or inherited 
erythromelalgia, with varying levels of facial pain, even in 
members of the same family.75 Functional analysis shows 
impaired slow inactivation, depolarised slow and fast 
inactivation, and increased resurgent currents (fi gure 2D); 
however, the hyperpolarising shift in voltage dependence 
of activation reported with inherited erythromelalgia is 
not seen.74,76 These biophysical changes lead to dorsal root 
ganglia cell hyperexcitability, including a depolarising 
shift in resting membrane potential, reduced current 
threshold, enhanced fi ring frequency, and spontaneous 
activity. How do these variants lead to loss of structural 
integrity of sensory axons? One variant, Ile228Met, 
signifi cantly diminishes neurite outgrowth in cells of 
dorsal root ganglia,77 which could be ameliorated by 
carbamazepine—a use-dependent blocker of voltage-
gated sodium channels. Enhanced activity of Nav1.7 
channels is predicted to augment sodium load, reverse the 
operation of the sodium-calcium exchanger, and increase 
intra-axonal calcium concen trations, which could lead to 
axonal degeneration. Indeed, inhibition of reverse 
operation of the sodium-calcium exchanger could enhance 
neurite outgrowth of dorsal root ganglia cells transfected 
with Ile228Met, thus suggesting a novel target for neural 
repair in people with small-fi bre neuropathy.

Analysis of SCN10A, which encodes the voltage-gated 
sodium channel Nav1.8, showed that nine of 104 patients 
with predominantly small-fi bre neuropathy symptoms 
(and negative for mutations in the Nav1.7 channel) had 
missense Nav1.8 variants (table 1).78 Predictive algorithms 
suggested three variants could be pathogenic and these 
underwent functional profi ling, of which two showed a 
gain of function at channel level (including enhanced 
ramp responses and repriming) and enhanced activation. 
These mutations led to hyperexcitability of small neurons 
in dorsal root ganglia, assessed by current clamp, 
including reduced current threshold, increased fi ring 
frequency, and spontaneous activity.

Familial episodic pain syndrome due to TRPA1 mutation  
Familial episodic pain syndrome type I is a rare, inherited, 
painful channelopathy. In a large Colombian pedigree, this 
disorder showed an autosomal-dominant pattern of 
inheritance.79 Patients report severe episodes of pain, 
mainly aff ecting the thorax and arms but occasionally 
radiating to the abdomen and legs. These pain attacks start 
in infancy, are triggered by cold and hunger, last about 
60–90 min, and respond poorly to conventional analgesia. 
Between attacks, neurological examination is normal, 
as are fi ndings of nerve-conduction studies, and 
intraepidermal nerve-fi bre density is unchanged 
(fi gure 3E). Linkage analysis and candidate-gene 
sequencing indicated a gain-of-function missense 
mutation in TRPA1, which encodes the TRP channel 
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TRPA1 (Asn855Ser; table 1). Patients with familial episodic 
pain syndrome showed hypersensitivity to mustard oil, an 
agonist at this channel, and this eff ect correlated with a 
gain of function of the mutant channel, when assessed 
electrophysiologically. In particular, the mutant channel 
passed more current after activation at normal resting 
potentials. The eff ects of the mutation were ameliorated by 
a small-molecule blocker of TRPA1, indicating that there 
may ultimately be therapeutic options for these patients.

Familial episodic pain syndrome due to SCN11A mutation
Two large Chinese kindreds with familial episodic pain 
inherited in an autosomal dominant manner have been 
reported (which is termed type III).80 The clinical 
presentation of familial episodic pain syndrome type III 
is distinct to the type I disorder (caused by TRPA1 
mutations) in that pain has a distal (aff ecting hands and 
feet) rather than a proximal (chest and arms) distribution. 
Pain episodes usually happen near the end of the day and 
arise in clusters; triggers include intercurrent illness and 
fatigue after exercise. Pain is relieved by non-steroidal 
anti-infl ammatory drugs. Neurological examination is 
normal and, in particular, no evidence is seen of sensory 
loss. A combination of linkage analysis and whole-exome 
sequencing in both Chinese pedigrees has revealed 
missense mutations (Arg225Cys and Ala808Gly) in 
SCN11A, which encodes the Nav1.9 sodium channel 
(table 1).80 Findings of electrophysiological analyses show 
that these mutations cause hyperexcitability of cells of 
dorsal root ganglia, with increased peak current densities 
and enhanced action potential fi ring after current 
injection. By contrast with the Leu811Pro mutation in the 
Nav1.9 ion channel, which is associated with congenital 
insensitivity to pain, these mutations do not result in a 
depolarising shift in the resting membrane potential. 
Therefore, diff erent mutations in Nav1.9—all resulting in 
gain of function but with distinct biophysical 

characteristics—have opposite eff ects on dorsal root 
ganglia cell excitability and the clinical phenotype.

Gene variants and risk of developing chronic 
acquired pain syndromes
Polymorphisms in the genes encoding ion channels might 
aff ect an individual’s susceptibility to, and severity of, 
chronic pain after tissue infl ammation or neural injury 
(table 2).81–91 Testing this hypothesis has been challenging 
not only because detailed pain phenotyping is needed but 
also in view of the number of patients required to power 
such studies adequately. Chronic pain is not a homogeneous 
occurrence, many pathophysiological mechanisms can 
coexist in one individual,92 and experimental pain models 
in man suggest that pain evoked by diff erent stimuli has a 
distinct genetic basis.93 Indeed, evidence shows that specifi c 
polymorphisms in TRPV1 and TRPA1 do not alter 
neuropathic pain severity but do alter the pattern of 
somatosensory dysfunction on sensory testing.94

A single nucleotide polymorphism (SNP) in SCN9A 
results in an aminoacid substitution of arginine to 
tryptophan (Arg1150Trp; rs6746030) in the Nav1.7 sodium 
channel, which enhances cell excitability of dorsal root 
ganglia.81,82 Reimann and colleagues82 reported that the 
minor allele was associated with increased pain in 
patients with osteoarthritis, sciatica, and phantom limb 
syndrome. This fi nding was not replicated in a larger 
cohort with osteoarthritis83 nor in patients with chronic 
widespread pain.84

CACNA2D3 encodes the α2δ3 subunit of the voltage-
dependent calcium-channel complex. This gene has been 
implicated in thermal pain-related behaviour in fl ies and 
mice.84 In healthy volunteers, the rare allele of an SNP in 
CACNA2D3 (rs6777055, located within an intron) was 
associated with reduced acute thermal pain and 
diminished chronic pain after lumbar discectomy (no 
replication studies have been done to date).

SNP Protein mutation 
or coding

Functional assessment Clinical cohorts (patients [n]) Eff ect on pain perception

SCN9A rs6746030 Arg1150Trp Enhanced dorsal-root 
ganglion excitability81,82

Osteoarthritis (578)*;82 osteoarthritis (4295);83 sciatica (195)*;82 lumbar root 
(179)*;82 phantom limb (100)*;82 pancreatitis (205)*;82 chronic widespread pain 
(1071 case, 3212 control);84 Parkinson’s disease pain (229)*85

Increased

SCN9A rs7958311 Val1104Leu Not tested Postoperative pain (200)*86 Decreased

CACNA2D3 rs6777055 Intronic Not applicable Lumbar discectomy (169)*87 Decreased

KCNS1 rs734784 Ile488Val Not tested Lumbar discectomy (151)*;88 phantom limb pain (199)*;88 phantom limb pain 
(100)*;88 sciatica (195)*;88 post mastectomy (529);88 HIV neuropathy (342)89†

Increased

CACNG2 rs4820242; 
rs2284015; 
rs2284017

Intronic Not applicable Post mastectomy (549)*90 Increased (in haplotype block)

P2RX7 rs208294 His155Tyr Hyperfunctional; pore 
formation in macrophage

Post mastectomy (534)*91 Increased

P2RX7 rs7958311 Arg270His Hypofunctional; pore 
formation in macrophage

Post mastectomy (534)*91 Decreased

SNP=single nucleotide polymorphism. *Signifi cant association. †In this study, although rs734784 was not associated with pain intensity in the context of HIV neuropathy in a black South African population, 
several haplotypes of population-specifi c tag SNPs did correlate with pain intensity.

Table 2: Studies examining the association between SNPs in candidate ion-channel genes and altered pain perception in chronic pain syndromes



10 www.thelancet.com/neurology   Published online May 7, 2014   http://dx.doi.org/10.1016/S1474-4422(14)70024-9

Review

KCNS1 encodes the voltage-gated potassium channel 
subunit Kv9.1, which is electrically silent but can modify 
the function of other functional α subunits. Reduced 
expression of Kv9.1 results in neuronal hyperexcitability 
in rodent models.95 In a cohort of human experimental 
pain models (ie, healthy controls) and patients with 
neuropathic pain,88 an SNP in KCNS1 (rs734784), which 
resulted in substitution of isoleucine for valine 
(Ile488Val), was associated with a substantial increase 
in acute pain in controls and in patients with 
neuropathic pain after radiculopathy or post 
amputation, but the variant had no eff ect on post-
mastectomy pain.88 These study fi ndings suggest that 
the premorbid pain threshold or sensitivity to pain 
correlates positively with risk of chronic neuropathic 
pain and that KCNS1 plays a part in this process. 
However, this hypothesis has yet to be proven in a 
prospective cohort. In a black South African population 
with HIV-associated sensory neuropathy,89 the SNP 
rs734784 was not associated with pain intensity; 
however, several haplotypes of population-specifi c 
SNPs did correlate signifi cantly with pain intensity.

CACNG2 encodes a protein that is included among the 
γ subunit of voltage-dependent calcium channel family. 
However, this name is a misnomer; the functional role of 
CACNG2 is as a type 1 transmembrane AMPA receptor 
regulatory peptide. This protein regulates traffi  cking of 
this key receptor (for the excitatory neurotransmitter 
glutamate) to the synapse. CACNG2 aff ects suscep-
tibility to chronic pain after nerve injury in mice; in 
patients, an association was noted between increased 
suscep tibility to pain after mastectomy and the haplotype 
of three intronic SNPs (rs4820242, rs2284015, and 
rs2284017).90 No replication studies have been done to date.

P2RX7 is an ATP-gated ionotropic receptor that is 
highly expressed on cells of the myeloid lineage and has a 
role in cytokine release.96 Activation leads to the opening 
of a channel for small cations, and then the opening of a 
larger non-selective pore. Mouse strains with a P2RX7 
gene variant that impairs pore formation showed reduced 
mechanical hypersensitivity after nerve injury.91 In human 
cohorts of osteoarthritis and post-mastectomy pain, the 
SNP rs7958311, which causes a substitution of arginine 
for histidine (Arg270His), is also linked to impaired pore 
formation and was associated with a signifi cant reduction 
in chronic pain.91

In summary, fi ndings of several studies show an 
association between the risk or severity of pain and 
polymorphisms in ion channels and associated proteins. 
However, these initial fi ndings must be regarded as 
preliminary because either they are not supported by 
replication studies or such studies are awaited. Such 
replication in large, distinct, and well-defi ned chronic 
pain states (eg, neuropathic pain vs osteoarthritis-related 
pain) will be needed to establish whether polymorphisms 
either confer risk or severity of chronic pain across a range 
of disorders or are specifi c to particular causes of disease. 
Most studies so far have used fairly rudimentary pheno-
typing, such as a global rating of ongoing pain. Careful 
analysis of symptom descriptors and quantitative sensory 
testing could reveal genetic polymorphisms modulating 
specifi c patho physiological aspects of persistent pain. 
As with many other human traits, the eff ect size of 
individual common genetic polymorphisms on pain 
severity is likely to be small.97 For example, a haplotype of 
P2RX7 that is associated signifi cantly with post-
mastectomy pain accounted for 4·5% of variance in the 
trait. However, such an association provides biological 
insight that a particular gene or pathway may be a potential 
therapeutic target.

Treatments for pain that target ion channels
New analgesics eff ective for the treatment of chronic pain 
are needed urgently. Current agents that have activity 
directed against ion channels (eg, GABApentinoids, 
carbamazepine, and mexiletine) were not developed as 
analgesics but as antiepileptic or antiarrhythmic drugs. 
None are highly effi  cacious, and we cannot predict effi  cacy 
in individual patients.98 Most agents have side-eff ects that 
can limit their usefulness in practice. Ion-channel genes 
are good candidates for novel analgesic targets: the eff ect 
on pain, and the side-eff ects, can be predicted from the 
human phenotype (eg, anosmia with Nav1.7 antagonists, 
gut dysmotility with Nav1.9 antagonists);99 ion channels 
are cell-membrane proteins and, hence, easily accessible 
to drugs within the bloodstream.

The process of discovering chemical and antibody 
antagonists (eg, against Nav1.7 and Nav1.8) or agonists 
(eg, of Nav1.9) has been enhanced greatly by construction 
of large molecule libraries, by computer modelling of 
proteins, and by combinatorial chemistry. Nav1.7 
antagonists are expected to ameliorate acute and 
infl ammatory pain, but whether they have a role in 
neuropathic pain remains unknown. Human trials of 
Nav1.7 antagonists are in progress,64 but the extent to 
which the ion channel will need to be blocked is 
unknown. People who are haploinsuffi  cient for Nav1.7 
have normal pain perception. The aim would be to block 
hypersensitivity by reduction of primary aff erent drive 
rather than achieve complete insensitivity to noxious 
stimuli, which could lead to self-injury. Nav1.8 antagonists 
have shown effi  cacy against neuropathic pain in rodents, 
but human trials are awaited.100 However, concern has 

Search strategy and selection criteria

We searched PubMed between January, 1990, and Nov 1, 2013, for papers published in 
English, using combinations of terms including: “SCN9a”, “SCN10a”, “SCN11a”, “Nav1.7”, 
“Nav1.8”, “Nav1.9”, “TRPa1”, “erythromelalgia”, “paroxysmal extreme pain disorder”, “small 
fi bre neuropathy”, and “familial episodic pain disorder”. The fi nal reference list was generated 
on the basis of relevance to the topics covered in this Review. Our primary sources stem from 
our own clinical and research practices, which have possibly infl uenced our choice of the 
topics to include and exclude from this Review.
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been raised that cardiac arrhythmias might arise after 
blockade.101 In a mouse model of nerve injury, loss of the 
pacemaker potassium channel HCN2 within sensory 
neurons blocked neuropathic pain.102 However, loss of 
HCN2 in mice within the CNS and the heart leads to 
absence epilepsy and cardiac sinus dysrhythmia, 
respectively.103 Ivabradine is an antagonist that has proven 
effi  cacy for treatment of angina104 and blocks all four 
hyperpolarisation activated cyclic nucleotide-gated 
potassium (HCN) channels. A known side-eff ect of 
ivabradine is bradycardia (presumably due to antagonism 
of either HCN2 or HCN4, or both) but we do not know if 
this eff ect will limit the usefulness of ivabradine as an 
analgesic. A further interesting idea is to exploit selective 
expression of TRPV1 in nociceptors: coapplication of a 
TRPV1 agonist and QX-314 (a polar-membrane-
impermeant lidocaine derivative) enables entry of this 
molecule into axons and produces pain-specifi c local 
anaesthesia in rodents.105

Conclusions and future directions
Understanding the genetic basis of rare heritable human 
pain disorders has improved our knowledge of pain 
pathophysiology and, perhaps unsurprisingly, highlighted 
the key functions of ion channels expressed in nociceptors. 
Perhaps what was unexpected is the primacy of the three 
voltage-gated sodium channels—Nav1.7, Nav1.8, and 
Nav1.9—in acute pain sensing. Polymorphisms in 
mendelian pain genes might also establish the risk and 
severity of acquired pain states, such as painful diabetic 
neuropathy or osteoarthritis. Application of new sequencing 
technologies enabling whole exome or genome 
sequencing106 and better clinical phenotyping of pain 
disorders92 is likely to enhance our understanding of how 
genetic variants in ion channels are linked to human pain 
perception. Development of transgenic mouse models of 
human disease, and studying the genetic basis of sensory 
function in rodents, will generate important complementary 
data for human studies.107 Such large datasets need 
integration and consolidation, and publicly accessible 
databases have now be en established.108,109 Sensory neuronal 
diff erentiation protocols for human inducible pluripotent 
stem cells provide an opportunity to study ion-channel 
dysfunction in human sensory neurons110 and should be a 
potent technique for drug discovery. We are optimistic that 
this knowledge, combined with improved human 
experimental pain models and clinical trial design, will 
ultimately translate to better treatment for both inherited 
and acquired chronic pain syndromes.
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