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Abstract: Pain and nociception are different phenomena. Nociception is the result of complex activity
in sensory pathways. On the other hand, pain is the effect of interactions between nociceptive
processes, and cognition, emotions, as well as the social context of the individual. Alterations in
the nociceptive route can have different genesis and affect the entire sensorial process. Genetic
problems in nociception, clinically characterized by reduced or absent pain sensitivity, compose an
important chapter within pain medicine. This chapter encompasses a wide range of very rare diseases.
Several genes have been identified. These genes encode the Nav channels 1.7 and 1.9 (SCN9A, and
SCN11A genes, respectively), NGFβ and its receptor tyrosine receptor kinase A, as well as the
transcription factor PRDM12, and autophagy controllers (TECPR2). Monogenic disorders provoke
hereditary sensory and autonomic neuropathies. Their clinical pictures are extremely variable, and
a precise classification has yet to be established. Additionally, pain insensitivity is described in
diverse numerical and structural chromosomal abnormalities, such as Angelman syndrome, Prader
Willy syndrome, Chromosome 15q duplication syndrome, and Chromosome 4 interstitial deletion.
Studying these conditions could be a practical strategy to better understand the mechanisms of
nociception and investigate potential therapeutic targets against pain.

Keywords: nociception; pain insensitivity; nociceptors; hereditary sensory and autonomic neuropathies;
Angelman syndrome; Prader Willy syndrome; Chromosome 15q duplication syndrome; Chromosome
4 interstitial deletion; cancer

1. Introduction

According to the International Association for the Study of Pain (IASP), pain is “An
unpleasant sensory and emotional experience associated with, or resembling that associated
with, actual or potential tissue damage” [1]. This definition, and the set of proposed notes,
have completely changed the semantic and clinical approach to one of the most frequent
symptoms. Notably, a survey conducted by The National Center for Health Statistics,
in 2019, demonstrated that about one in five adults in the United States suffered from
chronic pain [2]. Among the descriptive notes, the IASP underlines that “Pain is always a
personal experience that is influenced to varying degrees by biological, psychological, and
social factors” and, importantly, “Pain and nociception are different phenomena”. Briefly,
nociception is the result of the complex activity in sensory neurons. On the other hand,
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pain is the effect of interactions between nociceptive phenomena, experiences, emotions,
social context, and other elements that are sometimes difficult to identify and dissect.

Through the activation of peripheral terminals, conduction of transduced stimuli to the
medulla, centripetal pathways, and modulations occurring at different levels, nociception
configures the structural part within the pain process. It works like a domino effect in which
one event causes a series of related events, one after another. Nociception can be defined as
the reception of signals from the CNS for the activation of peripheral nociceptors. It includes
all neurophysiological and neurochemical events related to pain sensitivity. Although not
all nociceptive stimuli are necessarily followed by signal transduction (and pain), the proper
ones trigger the domino effect of nociception. Therefore, nociception is responsible for
the sensory-discriminative component of pain. For example, nociceptors inform us about
the start, intensity (quality), and end of the stimulus. The other components, including
the affective, emotional, cognitive (e.g., the meaning of the pain experience in relation to
the health status), autonomic, and motor components, enrich sensation with contents and,
finally, shape the whole pain experience.

The pathological processes of a different nature can alter the nociception process.
Trauma, inflammation, neoplasms, and metabolic alterations, as well as chemical, physical,
and biological agents, can interfere with this intricate mechanism. The clinical effect is
variable and depends on the type of lesion. At the same time, endogenous substances, drugs,
and physical agents impact the system to modulate nociception and produce analgesic
effects. Furthermore, twin studies demonstrated hereditary components in several chronic
pain syndromes, such as irritable bowel syndrome, musculoskeletal pain, pelvic pain,
and dry eye disease, although the role of genetic and environmental factors should be
better explained [3]. On the other hand, a heterogeneous group of genetic disorders is
phenotypically characterized by increased pain threshold or pain insensitivity. Congenital
insensitivity to pain (CIP) and hereditary sensory and autonomic neuropathy (HSAN)
are examples of Mendelian pain loss conditions [4], but several numeric and structural
chromosomal abnormalities are also described. Clinical features encompass pain alterations
combined or not with a variety of neurological manifestations, as well as symptoms
affecting different organs and systems.

Despite the enormous impact of chronic pain issues on both patients and healthcare
systems, progress in the development of new therapeutic agents is limited. Commonly,
pharmacological strategies are aimed at optimizing the drugs and tools available to clini-
cians (e.g., through multimodal and tailored approaches). Nevertheless, new drugs that
can guarantee an effective and safe action profile are needed.

In this narrative review, the authors describe the main features of nociceptors and
discuss genetic disorders characterized by increased pain threshold or pain insensitivity.
Finally, research perspectives in preclinical and clinical research are reported.

2. Materials and Methods

This narrative review was performed by collecting clinical trials, basic research, and
reviews on nociception and rare genetic disorders characterized by reduced or absent pain
sensitivity. Articles published in peer-reviewed scientific journals were included. Articles
were excluded if they were not written in the English language.

2.1. Search Strategy

We researched the PubMed database using keywords or combinations of keywords.
“Nociception”, “Pain insensitivity”, “Nociceptors”, “Hereditary sensory and auto-

nomic neuropathies”, “Angelman syndrome”, “Prader Willy syndrome”, “Chromosome
15q duplication syndrome”, “Chromosome 4 interstitial deletion”. Articles published be-
tween 1 January 2005 and 30 March 2022 were selected. We further screened articles from
peer-reviewed scientific journals that were written in English.
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2.2. Study Selection

We screened for relevant articles and selected articles for further reading based on the
title and abstract. We read the articles that potentially fit our topic and all included articles
were carefully discussed in the present review. This narrative review does not need ethical
approval, because no human/patient data were used.

3. Results

Four hundred and fifty articles were included from the initial search, and 189 articles
were selected and discussed in the review in the end (Figure 1).
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3.1. Features of Nociceptors

The starting point of nociception is the activation of specialized structures, namely the
nociceptors [5]. They are relatively unspecialized nerve cell endings that initiate the process
of pain sensation. These terminals arise from cell bodies in dorsal root ganglia (DRG) or
in the trigeminal ganglion; from the cell body, one axonal process reaches the periphery
(nociceptor), and the other extension projects into the spinal cord or brainstem.

The viscera and part of the gastrointestinal system also have vagal afferents innervation
and their cell bodies are located in nodose ganglia (NG), but it remains unclear if neurons
in NG convey nociceptive sensation.

The study of nociceptors is a very important research topic, especially for potential
therapeutic implications [6]. The function of these structures is conditioned by an indefinite
number of factors, not only pathological in nature. For example, preclinical studies have
shown important age and sex differences for this purpose [7]. Moreover, although the
main role of nociceptors is sensory discrimination, they can also affect other processes.
For example, nociceptors activation can increase capillary permeability and blood flow,
producing neurogenic inflammation [8].

As a general rule, nociceptors are activated by several nociceptive stimuli, including
inflammatory mediators, such as interleukins, prostaglandins, and cytokines, as well as
neuropathic (due to damage), and nociceptive (thermal, chemical, and mechanical) stimuli.
This distinction is purely academic because the processes often overlap. For instance,
although tissue damage can usually trigger an inflammatory response, nerve damage
and/or activation of nociceptors that respond to physical insults can be related.
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Since nociceptors are “free nerve ending” structures, they are included among the
classes of somatic sensory receptors and classified on the properties of the axons associated
with them. In summary, axons conveying information about pain are mostly Aδ myelinated
axons or C fibers of unmyelinated axons. The former type (Aδ) includes mechanosen-
sitive and mechanothermal nociceptors, which exhibit fast conduction (about 20 m/s);
on the contrary, the C fibers are polymodal nociceptors (mechanosensitive), conducting
at velocities generally less than 2 m/s (slow pain pathway). Not all C-fibers are fully
polymodal. A subgroup is formed by the C-mechanoinsensitive afferents. They are unre-
sponsive to mechanical stimuli, although activated by thermal responses (at >48 ◦C) and
various chemical algogens. Another group of thickly myelinated nociceptors is the Aβ

type. These mechanosensors have conduction velocities like those of Aδ fibers and are
activated by high-threshold stimuli [9]. The mechanically insensitive or silent nociceptors
are unresponsive to all modalities but respond in the inflammatory state [10]. (Table 1).

Table 1. Main properties of sensory receptors (free nerve endings and organs) [9,10].

Type Structure Fiber and
Diameters

Axonal
Conduction
Velocities

Location Stimuli Act.
Thresh. Effects

Free nerve
endings

Minimally
specialized nerve
endings

C 0.5–2 m/s Skin Polymodal
Temperature High Persisting pain

sensations

Free nerve
endings

Minimally
specialized nerve
endings

Aδ 3–30 m/s Skin Pressure
Temperature High Rapid, sharp pain

Free nerve
endings

Minimally
specialized nerve
endings

Aβ 6–12 m/s Skin Pressure High Rapid, sharp pain

Meissner’s
corpuscles *

Encapsulated;
dermal papillae of
glabrous skin

Aβ 6–12 µm —

Most common
mechanorecep-
tors of “glabrous”
skin

Touch, pressure
(dynamic) Low

Somatosensory
acuity, (digital
extremities and
palmar skin)

Pacinian
corpuscles

Encapsulated;
onion-like covering Aβ 6–12 µm —

Skin,
Subcutaneous
tissues, viscera

Vibration (dynamic,
250 Hz) Deep
pressure (quasi-static)

Low Location of touch
sensations

Merkel’s
disks ◦

Encapsulated;
associated with
peptide- releasing
cells

Aβ — Skin, hair
follicles

Low vibrations
(5–15 Hz) Low

Information on
pressure, position,
and deep static
touch

Ruffini’s
corpuscles

Enlarged dendritic
endings. Elongated
capsules

Aβ 6–12 µm — Skin (deep
layers)

Mechanical
deformation.
Thermoreceptors

Low Kinesthetic control

Muscle
spindles

Highly specialized
(intrafusal fibers) Ia and II — Muscles Muscle length Low Stretch reflex

Golgi tendon
organs ˆ Highly specialized Ib — Tendons Muscle tension Low

Golgi tendon reflex
(sensory
component)

Joint
receptors

Minimally
specialized — — Joints Joint excursion Low Limbs position and

movement

Legend: * They have a role in peripheral and diabetic neuropathy. ◦ It is fundamental for tactile discrimination.
ˆ Large-diameter rapidly conducting Aα fibers and insensitive to passive muscle stretch.

Alterations at certain stages of the sensorial route can affect the entire nociception
process. These changes can involve the first phase of nociception, namely the signal
transduction events within the nociceptor. Nociceptive transduction is the process by
which stimuli are converted to electrical signals that can be carried (via transmission) to
the central nervous system (CNS).

Clinically, the effects produced by problems in this fundamental step of the noci-
ceptive pathway vary from hyperalgesia phenomena to increased pain tolerance until
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pain insensitivity. Although multiple causes can provoke these alterations, most of these
occur due to an acquired process. In particular, nociception modifications can manifest
in degenerative processes (e.g., Parkinson’s disease) [11] or for instance because of a sus-
tained suprathreshold mechanical stimulation [12]. Nevertheless, peripheral sensitization
with increased nociceptive response to mechanical and chemical stimulation is among the
underlying mechanisms of chronic pain. The immune system has an important role in
nociception modulation. During inflammation, cytokines, and chemokines can reduce the
nociceptor thresholds and through an increased sensitivity to stimuli, inflammatory pain
hypersensitivity can develop [13]. Acquired processes can also affect the tissue density of
fibers, specifically the intraepidermal nerve fiber density (IENFD). Remarkably, decreased
IENFD is a marker of neuropathy and has been shown in several painful clinical manifes-
tations, such as diabetic polyneuropathy [14], complex regional pain syndrome [15], and
Guillain–Barré syndrome [16].

Nociceptors are usually categorized into peptidergic and non-peptidergic subgroup
families. Human nociceptors likely have a peptidergic phenotype [5]. The latter nocicep-
tors express calcitonin gene-related peptide (CGRP) and/or substance P (SP). They work
through the release of neuropeptides from their peripheral terminals in a calcium influx de-
pendent manner (pain modulators). On the other hand, non-peptidergic populations bind
isolectin B4 (IB4) and/or express purinoceptor P2X3 (activated by extracellular ATP) [17].

In each nociceptor subgroup, there is a different expression of structural/functional ele-
ments, namely nociceptive transduction channels (Figure 2). An important family is formed
by the transient receptor potential (TRP) cation channels. Although most TRP channels
transport calcium, other cations, such as sodium, magnesium, or iron, can be transported.
TRP channels are ubiquitously distributed in the body. Several hereditary diseases caused
by defects in TRP genes, such as polycystic kidney disease and mucolipidosis type IV,
have been described [18]. Some of the so-called thermosensitive TRP channels play a key
role in nociception [19]. The TRP vanilloid 1 (TRPV1) channel is mostly localized at the
peptidergic terminal [20]. Another ion channel that is activated by environmental irritants
is the TRP ankyrin-repeat 1 (TRPA1) channel. It is found in the non-peptidergic human
DRG neurons, mostly in association with TRPV1 expression [21]. Furthermore, the TrkA
(NTRK1 gene) is exclusively expressed in the peptidergic DRG subpopulation. To note, it
exhibits a high affinity for nerve growth factor (NGF) receptors [22,23]. NGF belongs to the
neurotrophin family and plays a fundamental role in the differentiation and survival of
neurons (including DRG) during embryogenesis. In adults, NGF influences the nociceptive
neuronal activity (pain modulators). The upregulation of neurotrophins and receptors
expression, as well as the increased DRG excitability, are encompassed among the multiple
pathogenic mechanisms of chronic pain conditions, such as postherpetic neuralgia [24].

In both peptidergic and non-peptidergic subgroups, voltage-gated channels have an
important role in nociception. For example, the voltage-gated sodium (Nav) channels 1.7,
1.8, and 1.9 are somewhat specifically expressed in DRG nociceptors and they can be used
for targeted pain therapy.

The composition of the nociceptors (e.g., channels, modulators) is truly complex and,
within certain limits, is subjected to continuous reworking. It depends on the innervated
territory, type of stimulus (duration, intensity), and concomitance of factors that can alter
their functioning (e.g., drugs, pathologies). Furthermore, recent studies have shown that
the gene expression of DRGs is much more complicated than expected [25]. Among the
multiple examples of implicated genes in pain and other processes, there are CCKAR, OSM,
IL31RA, and CHRNA9 genes. The latter encodes the nicotinic alpha 9 receptor and can be
useful as a target against chemotherapy-induced neuropathy (CIPN) [26,27].
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Figure 2. Schematic features of the DRG nociceptor. The pseudounipolar neuron has its cell body
located in the dorsal root ganglion (DRG). Once the stimuli reach the terminal receptor, an ionic
current is generated. It provokes a gradual potential that modulates the discharge of action potentials
in the afferent nerve fibers directed to the CNS. Each receptor generates an ionic current with its
characteristic voltage response (intensity (mV) and duration (Time)) and determines the specificity of
the sensation. Stimuli are carried by multiple types of fibers. Tactile/pressure stimuli are conducted
by Aβ fibers, mechanical/thermal/chemical stimuli by Aδ fibers, and polymodal stimuli by C fibers.
Aδ fibers are myelinated, fast-conducting fibers. They conduct the first part of the pain stimulus,
which is the most defined, acute, and superficial one (a spike of intensity in a shorter time). The
non-myelinated C fibers are slow-conducting and convey the second part of a pain stimulus in a more
lasting, profound, and less defined way (reduced in intensity and longer in the time). Abbreviations.
TrkA: tropomyosin kinase A receptor; ASIC: acid-sensitive ion channel; TRPV1–4: transient receptor
potential cation channel subfamily V; TRPA1: potential cation channel of the transient receptor,
subfamily A, member 1; TRPM8: member of the M (melastatin) subfamily of the potential cation
channel of transient receptor 8; Nav (1.1–1.8): voltage-gated sodium channels; CGRP: peptide related
to the calcitonin gene; 5-HT: 5-hydroxytryptamine; NGF: nerve growth factor; IL-1β: Interleukin
1 beta.

3.2. Genetic Disorders Featuring Increased Pain Threshold or Pain Insensitivity

Genetic problems in the signal transduction of nociceptive stimuli configure an im-
portant and underestimated chapter in pain medicine. These disorders can involve ion
channels (channelopathies) or other key elements of transduction pathways, such as modu-
lators. Alterations in painful sensitivity are found in multiple clinical pictures. For narrative
purposes, hereditary sensory and autonomic neuropathies (HSANs) [4], and numeric and
structural chromosomal abnormalities are reported. In the former group (Mendelian dis-
orders), nociception is altered due to a mutation in an ion channel (channelopathies),
structural neuronal elements, nociception modulators, or transcription factors. In com-
plex genetic alterations, although clinical findings are suggestive of a reduced/absent
sensitivity to pain, the underlying pathogenetic mechanisms are often difficult to identify.
Moreover, this approach is limited by continuous updates because of the discovery of new
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mutations and/or the more precise identification of genotype–phenotype correlations. As
Lischka et al. [4] recently highlighted, a precise terminology is still lacking.

3.2.1. Hereditary Sensory and Autonomic Neuropathies (HSANs)

HSANs encompasses a variegated group of inherited neuropathies, displaying sensory
and autonomic alterations. In some forms, a congenital sensory deficit occurs, and these
subtypes are also indicated as congenital insensitivity to pain syndromes.

The classification of HSANs is based on the underlying genetic mutation, inheritance
pattern, and clinical characteristics. According to Schwartzlow et al. [28], eight phenotyp-
ically HSAN types can be described (HSAN-I to HSAN-VIII) and in each type, several
subtypes have been identified. Another form (HSAN-IX) is due to a mutation of the
TECPR2 gene located on Chromosome 14 (Table 2).

Table 2. Monogenic disorders featuring pain insensitivity.

Disease Gene(s) Encoding/Inheritance Pain Features Ref.

HSAN Type I SPTLC1 (HSAN-IA);
SPTLC2 (HSAN-IC)

Reduced activity of serine
palmitoyltransferase;
Autosomal dominant

Painless injuries to the tongue
and limbs [29–33]

HSAN Type II

WNK1 (HSAN-IIA)
KIF1A
FAM134B
SCN9A (HSAN-IID)

TRPV4 (WNK1 gene); Nav1.7
(loss of function of SCN9A);
Kinesines (KIF1A)
Autosomal recessive

Congenital insensitivity to pain.
Global pain insensitivity [34–36]

HSAN Type III IKBKAP ELP1;
Autosomal recessive

Pain insensitivity or reduced pain
sensitivity [28,37]

HSAN Type IV TRKA Autosomal recessive
Congenital insensitivity to pain
with anhidrosis (CIPA); Global
pain insensitivity

[38–41]

HSAN Type V NGFβ NGF;
Autosomal recessive

Congenital insensibility to pain,
lack of temperature sensing;
reduced C-fibres

[42,43]

HSAN Type VI DST Dystonin;
Autosomal recessive Reduced pain sensitivity [44,45]

HSAN Type VII SCN11A

NaV1.9 channel. Gain of
function with sustained
depolarization
Autosomal dominant

Decreased pain sensitivity [46–49]

HSAN Type VIII PRDM12 PRDM12;
Autosomal recessive Non-global pain insensitivity [50,51]

HSAN Type IX TECPR2 Autosomal recessive Decreased pain sensitivity [52–54]

Abbreviations: HSAN, hereditary sensory and autonomic neuropathy; ELP1, elongator complex protein 1; NGF,
nerve growth factor; PRDM12, PR domain containing member 12.

The diagnosis of HSAN is based upon clinical evaluations, a detailed patient/family
history, and a variety of diagnostic tests (e.g., sequencing, electromyography).

HSAN-I Group

HSAN-I group is the most common type of HSANs. The diseases of this group have
an autosomal dominant pattern of inheritance and different genetic mutations. They are
mostly involved in the SPTLC1 gene (HSAN-IA) and lead to reduced activity of serine
palmitoyltransferase, which is a key enzyme in a pivotal step of the sphingolipid synthesis.
Signs and symptoms appear in the second to fourth decades of life and consist of pupillary
abnormalities, loss of corneal reflex and abrasions, deafness, restless legs, cramps, absent
reflexes, Charcot joints, and a propensity to pick up painless injuries of the tongue and
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limbs. The clinical picture can be complicated with the occurrence of osteomyelitis and
sepsis [29,30].

In this variant, the sensory disturbances of nociception are not linked to a channel or
receptor defect, but to a membrane alteration with the accumulation of neurotoxins that
impair the signal transduction. Other mutations have been reported. One of these affects
the SPTLC2 gene (HSAN-IC) and produces an HSAN-IA-like phenotype [31]. Moreover,
mutations at the ATL1 gene (HSAN-ID) with an altered synthesis of axonal proteins, as
well as involving the DNMT1 gene (HSAN-IE) coding a DNA methylation protein [32] and
ATL3 gene (HSAN-IF) [33] have been also described.

HSAN-II

This type has an autosomal recessive inheritance pattern. Four mutations have been
reported. They concern the WNK1, FAM134B, KIF1A, and SCN9A genes, each one associ-
ated with a different subtype designated A through D [34]. Notably, WNK1 is engaged in
organizing sodium and chloride ions fluxes and cell membrane excitability. Furthermore,
it coordinates the expression of TRPV4, which is an important cation channel involved in
nociception. This mutation leads to the HSAN-IIA phenotype featuring profound loss of
pressure, proprioception, vibration sensation, areflexia, decreased corneal reflexes, diffuse
hypotonia, and autonomic problems (episodic hyperhidrosis) [34]. Recessive mutations
in KIF1A, encoding for kinesin proteins (axonal transport of synaptic vesicles), can be the
cause of HSAN-II disorders featuring complex neurological pictures.

HSAN-IIB and HSAN-IIC are not associated with increased pain threshold or pain
insensitivity. HSAN-IID subtype is also termed congenital insensitivity to pain type 1 (CIP1).
It is due to a loss-of-function mutation of SCN9A, which produces an impairment of
Nav1.7, a voltage-gated sodium channel found in nociceptive networks and olfactory
nerves. Consequently, this type is characterized by pain insensitivity and hyposmia [35].
Many mutations of SCN9A and, consequently, Nav1.7 dysfunctions have been described.
They do not necessarily induce reduced pain sensitivity [36]. Despite loss-of-function
Nav1.7 mutants leading to congenital pain insensitivity, gain-of-function mutations cause
the primary erythermalgia and paroxysmal extreme pain disorder. Primary erythermalgia
is characterized by a lowered threshold for activation and slowed deactivation. These
alterations produce pain attacks and erythema (particularly in the hands and feet) triggered
by mild warming stimuli. Moreover, paroxysmal extreme pain disorder (previously known
as familial rectal pain) is featured by paroxysmal attacks of visceral pain involving the
lower body (e.g., rectum and genitalia) or eye pain. The flushing of the affected site and
other autonomic disturbances can occur.

HSAN-III

This type is also known as Riley–Day syndrome or familial dysautonomia. It is a
neurodevelopmental genetic autosomal recessive disorder due to different mutations of
the IKBKAP or ELP1 gene (9q31.3). This gene encodes for the elongator complex protein
1 (ELP1), which is a scaffold protein for the transcription of neural key proteins and a
regulator for different kinases involved in proinflammatory signaling [37]. The patho-
logical findings demonstrate diffuse alterations, affecting myelinated terminals (usually
small nerve fibers), DRGs, spinal cord lateral root entry zones, Lissauer’s tracts, and
parasympathetic afferents.

Clinically, familial dysautonomia often presents at birth with progressive onset and
course; it manifests with pain insensitivity or reduced pain sensitivity, impaired tempera-
ture perception, motor incoordination, hypotonia, and feeding difficulties. Dysautonomia is
characterized by increased secretions, gastroesophageal reflux, vomiting crises, orthostatic
hypotension and dysautonomic crisis (e.g., hypertension crises), loss of temperature control,
and alacrima with subsequent corneal ulceration [28].
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HSAN-IV

Among the genetic disorders involving mutations in genes encoding receptors or mod-
ulators expressing pain insensitivity there is the HSAN-IV. This condition is also referred to
as congenital insensitivity to pain with anhidrosis (CIPA). It is an extremely rare syndrome
because a few hundred cases have been described and the estimated incidence is approxi-
mately 1 in 125 million newborns [38]. In genetics, CIPA is an autosomal recessive disease
with a loss-of-function mutation in the TRKA gene encoding the high-affinity tyrosine
kinase receptor NTRK1 for NGF. This gene is located on chromosome 1 (1q21–q22) and sev-
eral mutations have been reported. Moreover, a non-Mendelian inheritance characterized
by uniparental disomy of chromosome 1 can occur [39].

The clinical presentation is characterized by three basic signs including global insen-
sitivity to pain, anhidrosis, and intellectual disability [38]. In addition to pain problems,
the sensorial impairment often includes an inability to feel temperature and often leads
to repeated severe injuries. Other possible signs and symptoms are bone lesions, facial
alterations, microcephaly, mandibular osteolysis, dental caries and premature tooth loss,
recurrent soft tissue and bone infections, urine and fecal incontinence, and growth distur-
bances, as well as recurrent fevers, anhidrosis, self-mutilating behaviors, and hypotonia.
The electrophysiologic investigations demonstrated absent lower limb sensory nerve action
potentials in about 50% of patients and the biopsy can find the absence of unmyelinated
fibers (15%) [40]. Symptoms are usually found at birth or during infancy. The therapy is
symptomatic. Regarding bone lesions, Pérez-López et al. [41] proposed an early surgical
treatment for long bone fractures and bisphosphonates use to address osteoporosis. Be-
cause of the complexity of the clinical pictures, a multi-professional approach modulated
on the patient’s needs must guarantee the possibility of improving the quality of life of
these patients.

HSAN-V

A specific mutation in the NGFβ gene (chromosome 1p13.2) causes the autosomal
recessive HSAN-V disease. It is a very rare condition as only a few people with the
condition have been identified. Concerning the phenotypic spectrum, Carvalho et al. [42]
studied a family with five children who suffered from a congenital inability to feel pain,
anhidrosis, abnormal temperature sensing, mild intellectual disability, and an immune
deficiency. Other authors described a family with a homozygous NGF mutation and
presented with congenital insensibility to pain, lack of temperature sensing, but normal
sweating, immunity, and cognitive abilities. The biopsy demonstrated a reduced number
of C-fibers [43].

The NGFβ gene binds with the TRKA gene (HSAN-IV) and is also involved with
signaling apoptosis of nociceptive sensory neurons. Consequently, the HSAN-V phenotype
can encompass HSAN-IV characteristics. Probably, a spectrum of phenotypes caused by
changes in the NGF/TRKA signaling pathway can be postulated.

HSAN Type VI

This type was described, in 2012, by Edvardson et al. [42] in a single family of three
Ashkenazi children with severe dysautonomic symptoms, distal contractures, severe psy-
chomotor delays, pain insensitivity, and premature death. The underlined mutation in-
volves the dystonin (DST) gene encoding dystonin. It is a member of the plakin family
of proteins that bridge the cytoskeletal filament networks. Several isoforms, including
neuronal (3), muscle (3), and epithelial (1), have been detected. Since the children were
affected by a frameshift mutation starting at Glu4995, loss of a functional domain common
to all major neuronal dystonin isoforms was postulated [44].
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After the first report, Manganelli et al. [45] published the features of three affected
Italian brothers with mutations of the neuronal isoform-a2 of DST. The authors described
clinical pictures characterized by severely impaired pain sensitivity, distal ulcerations,
amputations of fingers or toes, and joint deformities, as well as autonomic disturbances,
including reduced sweating, heat intolerance, absent light reflexes, chronic diarrhea, and
erectile dysfunction. Neurodevelopmental delays were not observed. The skin biopsy
showed loss of Meissner corpuscles, myelinated fibers, and epidermal nerve fibers.

Based on the study of these two families, this very rare autosomal recessive defect
is clinically characterized by serious autonomic dysfunctions and reduced/absent pain
sensitivity. The clinical picture may vary according to the type of gene mutation and the
protein isoform affected. In particular, the milder phenotype seems to be associated with
mutations of the neuronal isoform-a2 of DST.

HSAN Type VII

In 2013, Leipold et al. [46] identified a specific de novo heterozygous gain-of-function
mutation in the SCN11A gene (L811P domain) in two unrelated patients with a congenital
inability to experience pain and frequent tissue damages. It was also indicated as CIP2 to
differentiate it from CIP (or HSAN-IID) due to a loss of function SCN9A mutation. On the
contrary, in this congenital pain disorder, SCN11A mutations are associated with a gain
of function with the sustained depolarization of nociceptors that obstruct the generation
of action potentials [47]. The SCN11A is preferentially expressed in DRG and trigeminal
ganglia in which it encodes the NaV1.9 channel. The role of the Nav1.9 channel in pain
mechanisms is still under investigation and its experimental deletion (Nav1.9-null) can
diminish the thermal pain hypersensitivity in knock-out mice [46]. Nevertheless, it plays a
key role in the generation of heat and mechanical pain hypersensitivity, both in subacute
and chronic inflammatory pain models [47]. Moreover, this channel is also an important
regulator of afferent sensitivity in visceral pain pathways to mechanical and inflamma-
tory stimuli. These findings suggest that the Nav1.9 channel may represent a suitable
pharmacological target for inflammatory and visceral pain.

In this rare disorder, the phenotype is characterized by decreased pain and temperature
sensations, hyperhidrosis, significant pruritis, self-mutilation, delayed healing, Charcot
joints, scoliosis, hypotonia, delayed motor development, and intestinal dysmotility and
diarrhea. A milder phenotype was described by Woods et al. [48]. The patient presented
with abdominal and urinary discomfort with chronic constipation, mild hypotonia and
muscle weakness, and an inability to feel peripheral pain, although intelligence was normal.
In another case report, the patient suffered from severe abdominal, perianal, or rectal acute
episodic pain during defecation or urination [49].

HSAN Type VIII

This disorder is also indicated as CIP3 since it presents at birth or early childhood with
loss of pain and temperature sensations, and painless injuries. The syndrome is caused by
mutations in the PRDM12 gene and is inherited in an autosomal recessive pattern. This
gene encodes for the transcription factor PR domain containing member 12 (PRDM12). It is
a member of a family of transcriptional regulators (epigenetic regulators) that participate
in the control of vertebrate neurogenesis. Chen et al. [50] showed that PRDM12 plays a
critical role in pain perception. Clinically, the sensory deficit is difficult to standardize in
precise patterns and patients do not experience global pain insensitivity. For example, in
their case series, Zhang et al. [51] described a patient with complete pain insensitivity in
the left leg, but partial in the right. The clinical picture can include self-mutilation, dental
trauma, osteomyelitis, anhidrosis, hyperpyrexia, absent corneal reflexes, and alacrima [50].
The phenotype is very similar to that of HSAN type IV and HSAN type V, but usually
patients have normal intellectual abilities. In the literature, only a few cases have been
described [51].
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HSAN Type IX

The syndrome was previously indicated as spastic paraplegia [52]. It is due to a
homozygous or compound heterozygous mutation in the TECPR2 gene (14q32.31) with im-
pairment of the intracellular autophagy pathway. Clinically, this rare and severe syndrome
is characterized by global developmental delay and intellectual disability, dysmorphic
features (e.g., brachycephaly, microcephaly), hypotonia, dysarthria, hyporeflexia, central
apnea, ataxic (Biot’s) breathing [53], and autonomic dysfunction (gait ataxia). Patients can
be affected by peripheral neuropathy and decreased sensitivity to pain [54].

3.2.2. Numeric and Structural Chromosomal Abnormalities

Aneuploidies and structural chromosomal abnormalities, such as terminal or inter-
stitial deletions, inversions, translocations, or duplications, occur in about 0.6% of live
births [55]. They often manifest as dysmorphism, malformations, and/or developmental
disabilities. Alterations in pain sensitivity can be encompassed among the clinical features
(Table 3).

Table 3. Numeric/structural chromosomal abnormalities with reduced pain or insensitivity.

Disease Genetics Encoding/Inheritance/
Pain Features Ref.

Angelman syndrome
Deletion or mutation in the
maternal chromosome region
containing the UBE3A gene

High resistance to pain in
about two-thirds of
patients (67%)

[56–60]

Prader Willy
syndrome

Paternal 15q11.2–q13
deletion

A high pain threshold is a
very common finding [61–63]

Chromosome 15q
duplication syndrome

Duplication of the PWACR
region (15q11.2–q13.1) High pain threshold in 87% [64]

Chromosome 4
interstitial deletion Cr4 del q31.3 to q32.2 High pain threshold with

preserved tactile sensitivity [65]

Abbreviations: PWACR, Prader–Willi/Angelman critical region.

Angelman Syndrome

Angelman syndrome is a complex genetic disorder that primarily affects the nervous
system. It occurs in about 1 in 12,000 to 20,000 individuals. About causes, the syndrome
is produced by a deletion in the critical region 15q11.2–q13 (60–75% of cases), paternal
uniparental disomy (2–5%), imprinting defect (2–5%), and ubiquitin-protein ligase E3A
(UBE3A) gene mutation (10%) [56]. Clinically, it is characterized by severely delayed
development, intellectual disability, scoliosis, microcephaly, seizures, severe speech im-
pairment (e.g., minimal to no use of words), and ataxia. There is a typical behavior with
an apparent happy demeanor that includes frequent laughing, smiling, and excitability.
Artigas-Pallarés et al. [57] showed high resistance to pain in about two-thirds of patients
(67%) with Angelman syndrome. Nevertheless, the topic needs to be better established.
Other studies, indeed, reported pain and discomfort with feeding [58], as well as visceral
pain [59]. In non-communicating intellectual disability or severe cognitive disability, pain
is very difficult to assess. Thus, it is often a challenge to establish if there is a nociception
issue or a difficulty in the self-report of symptoms [60].

Prader Willy Syndrome

Prader Willy syndrome, is a congenital multisystem disease with considerable clin-
ical variability. It is due to different genetic mechanisms that lead to the absence of the
expression of the paternal genes located in the region 15q11.2–q13 for deletion (about 60%)
or maternal uniparental disomy of chromosome 15 or both 15s from the mother. Prader
Willy syndrome is a rare disease whose prevalence is between 1:15,000 and 1:25,000 [61].
About clinical features, the trend is typically biphasic. The neonatal period and early
childhood are characterized by marked muscular hypotonia, and the delayed acquisition
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of the main stages of psychomotor development. Subsequently, between the second and
fourth years of life, there is a progressive improvement of the hypotonia and the appearance
of worsening hyperphagia. In a few years, a high degree of obesity resistant to dietary
and pharmacological treatment is established, leading to serious complications of a car-
diorespiratory, metabolic, and osteoarticular nature. Notably, it is the most common cause
of genetically based syndromic obesity. Endocrine dysfunctions, such as cryptorchidism
and hypogonadism/hypogenitalism, central hypothyroidism, growth hormone deficiency,
central hypoadrenalism, and osteoporosis/osteopenia are added. Moreover, intellectual
disability, behavioral and psychiatric disorders (e.g., self-harm, depression, anxiety, sleep
disorders, autism spectrum disorders, ADHD, obsessive-compulsive disorder, psychosis)
are described.

Among the clinical characteristics, there is a tendency to self-injury and reduced sensi-
tivity to painful stimuli [62]. In their neurophysiological investigations, Priano et al. [63].
demonstrated that these findings can be related to a DRG involvement inducing high
pain threshold.

Chromosome 15q Duplication Syndrome

It is a rare genetic condition due to one extra maternally derived copy of the Prader–
Willi/Angelman critical region (PWACR), a region approximately 5 Mb long within chro-
mosome 15 (15q11.2-q13.1). The severity of the condition and the associated signs and
symptoms vary based on the size and location of the duplication and which genes are
involved. Common features include developmental delay, intellectual disability, autism
spectrum disorder, hypotonia, seizures (e.g., infantile spasms), scoliosis, slow growth, com-
munication difficulties, behavioral problems (e.g., self-injurious behaviors), and distinctive
facial features (high and/or cleft palate). In an online survey conducted in 840 families
with children with the disease, a high pain threshold was reported in 87% of children. This
condition was mostly observed in the isodicentric variant (85.6%) [64].

Chromosome 4 Interstitial Deletion

A case of pain insensitivity was described in a 12-year-old girl with a de novo inter-
stitial deletion at the long arm of chromosome 4 between band q31.3 and q32.2 (Cr4 del
q31.3 to q32.2). The deletion included the TECPR2 gene (14q32.31). The clinical picture
showed developmental delay, multiple congenital abnormalities, and moderate intellectual
disability (IQ 47). In history, there was no evidence of pain perception to injuries, which
normally evoke pain and, in turn, absent grimacing or crying after falls, cuts, or bruises. It
induced severe disability caused by painless injuries and bone fractures. The neurological
examination manifested a high pain threshold with preserved tactile sensitivity [65].

4. Research and Perspectives

The Nav1.7 channel is a key element in the nociception pathway. In mouse acute/chronic
pain models, Shields et al. [66] showed that Nav1.7 inhibitors (i.e., the acylsulfonamide
compounds GX-201 and GX-585) can have an important antinociceptive activity after a
single dose. Ralfinamide is a Nav and calcium channels blocker and induces sensitization
of CNS neurons, through NMDA-receptor modulation. Preclinical studies on this molecule
showed anti-nociceptive activity in the animal models of neuropathic pain [67], but clinical
efficacy should be better proved. Based on ralfinamide, other molecules, such as the
(S)-2-((3-(4-((2-fluorobenzyl) oxy) phenyl) propyl) amino) propanamide (QLS-81), were
preclinically evaluated [68]. An interesting computer-aided drug discovery study yielded a
new Nav1.7 inhibitor (DA-0218); it could be helpful against paclitaxel-induced CIPN [69].
The translational research must necessarily provide further details to verify the clinical
efficacy and safety of these compounds.
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The nociception selectivity of these potential pain killers is the key to their clinical use.
Although several sodium channel-blocking anticonvulsants, such as carbamazepine and
lamotrigine, are commonly used against neuropathic pain, their poor selectivity for sodium
channel isoforms is a great limitation. For example, the Nav1.7 channel is expressed widely
in all sensory neuron subtypes (including olfactory neurons) apart from proprioceptors. It is
also found in the hypothalamus and some parenchyma, such as the pancreas [70]. On these
bases, Weiss et al. [71] proved that several Nav1.7 loss-of-function mutations cause anosmia.
Novel Nav1.7-targeted analgesic drugs should be highly selective for DRG terminals.

An interesting field of study is the role of modulatory analgesic pathways on the
NaV1.7 signaling. The link between the Nav17-based nociceptor functioning and the
opioid system falls within this scope. Pereira et al. [72] showed that Nav1.7 loss of function
requires activation of µ- and δ-opioid receptors.

Gain-of-function of Nav 1.9 sodium channel subunits could also offer interesting
research perspectives. As Sopacua et al. [73] suggested, several findings could be achieved
by the study of small-fiber neuropathy. It is a disorder of thinly myelinated Aδ and
unmyelinated C fibers due to gain-of-function variants of genes encoding for the Nav 1.9
and other channel subtypes.

The NTRK1 gene (or TrkA) encodes for the neurotrophic tyrosine kinase receptor
(NTKR) family. It binds NGF [23] and its mutations can lead to HSAN-IV (or CIPA). Several
pieces of research focused on the NGF/TrkA signaling as a therapeutic target for pain [74]
and other aims, such as anticancer actions [75]. Research must clarify the efficacy and
safety profiles of these molecules as the pathway is involved in a wide range of biological
effects [23].

Furthermore, the preclinical research can develop an ad hoc animal model for investi-
gating peripheral/central neuropathy. For instance, recently, Tamim-Yecheskel et al. [76]
generated a TECPR2 knockout mouse model that exhibits behavioral pathologies observed
in HSAN-IX. Model features include sensory and gait defects, abnormalities in motor
coordination, hypersensitivity to thermal stimuli, and peripheral/central neuronal/fibers
damages. This approach can be useful for studying neurodegenerative diseases and verify-
ing potential links between the pathways of nociception and other intracellular signaling
processes, such as those regarding cancer biology [77]. In addition, it could also offer impor-
tant information for the development of molecules useful for the prevention or treatment
of peripheral neuropathies, such as CIPN [78].

Finally, research must verify the functioning differences between the peripheral re-
ceptors (nerve endings) and the central medullary ones about NaV1.7 channels. The
explanation for the failure of peripherally targeted NaV1.7 inhibitors can be found in this
difference. Interestingly, MacDonald et al. [79] demonstrated that the central NaV1.7 termi-
nal is associated with opioid signaling. Thus, a therapeutic strategy through a combination
of opioids and centrally Nav1.7-targeted agents should require a necessary in-depth study.

Several clinical investigations are ongoing to evaluate the efficacy of potential ther-
apeutic strategies, to better define the pathophysiology, and to build datasets on clinical
features of hereditary pain disorders (Table 4).

Table 4. Ongoing clinical investigations on hereditary sensory and autonomic neuropathies.

Disease Study type Intervention(s) Outcome Study ID *

HSAN-I RCT L-serine supplementation
(400 mg/kg/d, 2 years) Disease severity ◦ NCT01733407

HSAN-III RCT Proprioceptive inputs
(cortical representation) Proprioception and Sensorimotor Control NCT02876939
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Table 4. Cont.

Disease Study type Intervention(s) Outcome Study ID *

HSAN-III Observational
Prospective N/A Database. Predictive biomarkers of disease

progression and severity NCT03920774

Rare Disease Observational
Prospective N/A Genetics; Pain; Diagnosis (e.g., skin biopsy) NCT02696746

Rare Diseases ˆ Observational
Prospective N/A Patient Registry & Natural History Study NCT01793168

Pain sensitivity
alterations †

Observational
Prospective N/A Pain score, Measures of quality of life,

Neurophysiology, Imaging NCT02696746

Legend: * From https://clinicaltrials.gov (accessed on 30 March 2022); ◦ Charcot Marie Tooth Neuropathy Score;
ˆ Coordination of Rare Diseases at Sanford Registry (CoRDS); † Painful Channelopathies Study. Abbreviations:
HSAN, hereditary sensory and autonomic neuropathies.

5. Conclusions

Although pain represents the integration of multiple elements, nociception is an
essential phase in the process. This is the electrophysiological phase of the pain pathway
and provides encoding and processing of noxious stimuli. Nevertheless, nociception is
a very complex phenomenon with many aspects that have yet to be defined. Several
alterations can affect this process. Genetic disorders featuring increased pain threshold
or pain insensitivity compose a heterogeneous group that is receiving growing attention
from researchers. For instance, monogenetic disorders, producing hereditary sensory and
autonomic neuropathies, are characterized by reduced or absence of pain sensitivity. To
date, disparate genes involved in low or absent pain perception have been identified.
These genes encode for the Nav channels 1.7 and 1.9 (SCN9A, and SCN11A), NGFβ and its
receptor TrkA, as well as the transcription factor PRDM12 and other structural proteins or
signaling molecules. Furthermore, pain insensitivity was described in diverse numerical
and structural chromosomal abnormalities.

Taken together, the study of genetic disorders showing increased pain threshold inte-
grates with pain physiology research. Both fields of study offer valuable findings useful
for the development of new pain relievers. A wide range of factors need to be considered
while choosing an ideal gene for pain suppression or modulation. For translational per-
spectives, it is essential to fully understand the physiological mechanisms of nociception
and their changes, as well as the close correlations between nociception and inflammatory
phenomena, especially those responsible for pain chronification.

Author Contributions: Conceptualization, M.C.; methodology, M.R.M. and F.M.; investigation,
F.P. and D.N.; resources, A.O.; writing—original draft preparation, M.A.I.; writing—review and
editing, M.C.; supervision, M.A.I. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study did not require ethical approval.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

https://clinicaltrials.gov


Pathophysiology 2022, 29 449

References
1. Raja, S.N.; Carr, D.B.; Cohen, M.; Finnerup, N.B.; Flor, H.; Gibson, S.; Keefe, F.J.; Mogil, J.S.; Ringkamp, M.; Sluka, K.A.; et al. The

revised International Association for the Study of Pain definition of pain: Concepts, challenges, and compromises. Pain 2020,
161, 1976–1982. [CrossRef] [PubMed]

2. Zelaya, E.C.; Dahlhamer, M.J.; Lucas, W.J.; Connor, E. Chronic Pain and High-Impact Chronic Pain among U.S. Adults, 2019. The
National Center for Health Statistics. Available online: https://www.cdc.gov/nchs/products/databriefs/db390.htm (accessed
on 23 November 2021).

3. Livshits, G.; Ni Lochlainn, M.; Malkin, I.; Bowyer, R.; Verdi, S.; Steves, C.J.; Williams, F. Shared genetic influence on frailty and
chronic widespread pain: A study from TwinsUK. Age Ageing 2018, 47, 119–125. [CrossRef] [PubMed]

4. Lischka, A.; Lassuthova, P.; Çakar, A.; Record, C.J.; Van Lent, J.; Baets, J.; Dohrn, M.F.; Senderek, J.; Lampert, A.; Bennett, D.L.; et al.
Genetic pain loss disorders. Nat. Rev. Dis. Prim. 2022, 8, 1–23. [CrossRef] [PubMed]

5. Middleton, S.J.; Barry, A.M.; Comini, M.; Li, Y.; Ray, P.R.; Shiers, S.; Themistocleous, A.C.; Uhelski, M.L.; Yang, X.;
Dougherty, P.M.; et al. Studying human nociceptors: From fundamentals to clinic. Brain 2021, 144, 1312–1335. [CrossRef]

6. McEntire, D.M.; Kirkpatrick, D.R.; Dueck, N.P.; Kerfeld, M.J.; Smith, T.A.; Nelson, T.J.; Reisbig, M.D.; Agrawal, D.K. Pain
transduction: A pharmacologic perspective. Expert Rev. Clin. Pharmacol. 2016, 9, 1069–1080. [CrossRef]

7. Magerl, W.; Krumova, E.K.; Baron, R.; Tölle, T.; Treede, R.-D.; Maier, C. Reference data for quantitative sensory testing (QST):
Refined stratification for age and a novel method for statistical comparison of group data. Pain 2010, 151, 598–605. [CrossRef]

8. Michoud, F.; Seehus, C.; Schönle, P.; Brun, N.; Taub, D.; Zhang, Z.; Jain, A.; Furfaro, I.; Akouissi, O.; Moon, R.; et al. Epineural
optogenetic activation of nociceptors initiates and amplifies in-flammation. Nat. Biotechnol. 2021, 39, 179–185. [CrossRef]

9. Nagi, S.S.; Marshall, A.G.; Makdani, A.; Jarocka, E.; Liljencrantz, J.; Ridderström, M.; Shaikh, S.; O’Neill, F.; Saade, D.;
Donkervoort, S.; et al. An ultrafast system for signaling mechanical pain in human skin. Sci. Adv. 2019, 5, eaaw1297. [CrossRef]

10. Schmidt, R.; Schmelz, M.; Forster, C.; Ringkamp, M.; Torebjork, E.; Handwerker, H. Novel classes of responsive and unresponsive
C nociceptors in human skin. J. Neurosci. 1995, 15, 333–341. [CrossRef] [PubMed]

11. Cintra, R.R.; Lins, L.C.R.F.; Medeiros, K.A.A.L.; Souza, M.F.; Gois, A.M.; Bispo, J.M.; Melo, M.S.; Leal, P.C.; Meurer, Y.S.;
Ribeiro, A.M.; et al. Nociception alterations precede motor symptoms in a progressive model of parkinsonism induced by
reserpine in middle-aged rats. Brain Res. Bull. 2021, 171, 1–9. [CrossRef] [PubMed]

12. Chen, X.; Green, P.G.; Levine, J.D. Neuropathic pain-like alterations in muscle nociceptor function associated with vibration-
induced muscle pain. Pain 2010, 151, 460–466. [CrossRef] [PubMed]

13. Ronchetti, S.; Migliorati, G.; Delfino, D. Association of inflammatory mediators with pain perception. Biomed. Pharmacother. 2017,
96, 1445–1452. [CrossRef] [PubMed]

14. Themistocleous, A.C.; Ramirez, J.D.; Shillo, P.R.; Lees, J.G.; Selvarajah, D.; Orengo, C.; Tesfaye, S.; Rice, A.S.C.; Bennett, D.L.H.
The Pain in Neuropathy Study (PiNS): A cross-sectional ob-servational study determining the somatosensory phenotype of
painful and painless diabetic neuropathy. Pain 2016, 157, 1132–1145. [CrossRef] [PubMed]

15. Rasmussen, V.F.; Karlsson, P.; Drummond, P.D.; Schaldemose, E.L.; Terkelsen, A.J.; Jensen, D.T.S.; Knudsen, L.F. Bilaterally
Reduced Intraepidermal Nerve Fiber Density in Unilateral CRPS-I. Pain Med. 2018, 19, 2021–2030. [CrossRef] [PubMed]

16. Martinez, V.; Fletcher, D.; Martin, F.; Orlikowski, D.; Sharshar, T.; Chauvin, M.; Bouhassira, D.; Attal, N. Small fibre impairment
predicts neuropathic pain in Guillain–Barré syndrome. Pain 2010, 151, 53–60. [CrossRef]

17. Basbaum, A.I.; Bautista, D.M.; Scherrer, G.; Julius, D. Cellular and Molecular Mechanisms of Pain. Cell 2009, 139, 267–284.
[CrossRef] [PubMed]

18. Moran, M.M.; McAlexander, M.A.; Bíró, T.; Szallasi, A. Transient receptor potential channels as therapeutic targets. Nat. Rev.
Drug Discov. 2011, 10, 601–620. [CrossRef]

19. Sałat, K.; Filipek, B. Antinociceptive activity of transient receptor potential channel TRPV1, TRPA1, and TRPM8 antagonists in
neurogenic and neuropathic pain models in mice. J. Zhejiang Univ. Sci. B 2015, 16, 167–178. [CrossRef]

20. Cavanaugh, D.J.; Lee, H.; Lo, L.; Shields, S.D.; Zylka, M.J.; Basbaum, A.I.; Anderson, D.J. Distinct subsets of unmyelinated
primary sensory fibers mediate behavioral responses to noxious thermal and mechanical stimuli. Proc. Natl. Acad. Sci. USA 2009,
106, 9075–9080. [CrossRef]

21. Shiers, S.; Klein, R.M.; Price, T.J. Quantitative differences in neuronal subpopulations between mouse and human dorsal root
ganglia demonstrated with RNAscope in situ hybridization. Pain 2020, 161, 2410–2424. [CrossRef] [PubMed]

22. Rostock, C.; Schrenk-Siemens, K.; Pohle, J.; Siemens, J. Human vs. mouse nociceptors—Similarities and differences. Neuroscience
2018, 387, 13–27. [CrossRef] [PubMed]

23. Bimonte, S.; Cascella, M.; Forte, C.A.; Esposito, G.; Cuomo, A. The Role of Anti-Nerve Growth Factor Monoclonal Antibodies in
the Control of Chronic Cancer and Non-Cancer Pain. J. Pain Res. 2021, 14, 1959–1967. [CrossRef] [PubMed]

24. Sikandar, S.; Minett, M.S.; Millet, Q.; Santana-Varela, S.; Lau, J.; Wood, J.N.; Zhao, J. Brain-derived neurotrophic factor derived
from sensory neurons plays a critical role in chronic pain. Brain 2018, 141, 1028–1039. [CrossRef] [PubMed]

25. Ray, P.; Torck, A.; Quigley, L.; Wangzhou, A.; Neiman, M.; Rao, C.; Lam, T.; Kim, J.-Y.; Kim, T.H.; Zhang, M.Q.; et al. Comparative
transcriptome profiling of the human and mouse dorsal root ganglia: An RNA-seq–based resource for pain and sensory
neuroscience research. Pain 2018, 159, 1325–1345. [CrossRef]

26. Cascella, M.; Muzio, M.R. Potential application of the Kampo medicine goshajinkigan for prevention of chemotherapy-induced
peripheral neuropathy. J. Integr. Med. 2017, 15, 77–87. [CrossRef]

http://doi.org/10.1097/j.pain.0000000000001939
http://www.ncbi.nlm.nih.gov/pubmed/32694387
https://www.cdc.gov/nchs/products/databriefs/db390.htm
http://doi.org/10.1093/ageing/afx122
http://www.ncbi.nlm.nih.gov/pubmed/28985290
http://doi.org/10.1038/s41572-022-00365-7
http://www.ncbi.nlm.nih.gov/pubmed/35710757
http://doi.org/10.1093/brain/awab048
http://doi.org/10.1080/17512433.2016.1183481
http://doi.org/10.1016/j.pain.2010.07.026
http://doi.org/10.1038/s41587-020-0673-2
http://doi.org/10.1126/sciadv.aaw1297
http://doi.org/10.1523/JNEUROSCI.15-01-00333.1995
http://www.ncbi.nlm.nih.gov/pubmed/7823139
http://doi.org/10.1016/j.brainresbull.2021.03.001
http://www.ncbi.nlm.nih.gov/pubmed/33675933
http://doi.org/10.1016/j.pain.2010.08.004
http://www.ncbi.nlm.nih.gov/pubmed/20800357
http://doi.org/10.1016/j.biopha.2017.12.001
http://www.ncbi.nlm.nih.gov/pubmed/29217162
http://doi.org/10.1097/j.pain.0000000000000491
http://www.ncbi.nlm.nih.gov/pubmed/27088890
http://doi.org/10.1093/pm/pnx240
http://www.ncbi.nlm.nih.gov/pubmed/30299507
http://doi.org/10.1016/j.pain.2010.05.017
http://doi.org/10.1016/j.cell.2009.09.028
http://www.ncbi.nlm.nih.gov/pubmed/19837031
http://doi.org/10.1038/nrd3456
http://doi.org/10.1631/jzus.B1400189
http://doi.org/10.1073/pnas.0901507106
http://doi.org/10.1097/j.pain.0000000000001973
http://www.ncbi.nlm.nih.gov/pubmed/32639368
http://doi.org/10.1016/j.neuroscience.2017.11.047
http://www.ncbi.nlm.nih.gov/pubmed/29229553
http://doi.org/10.2147/JPR.S302004
http://www.ncbi.nlm.nih.gov/pubmed/34234542
http://doi.org/10.1093/brain/awy009
http://www.ncbi.nlm.nih.gov/pubmed/29394316
http://doi.org/10.1097/j.pain.0000000000001217
http://doi.org/10.1016/S2095-4964(17)60313-3


Pathophysiology 2022, 29 450

27. Cascella, M. Chemotherapy-induced peripheral neuropathy: Limitations in current prophylactic strategies and directions for
future research. Curr. Med. Res. Opin. 2017, 33, 981–984. [CrossRef]

28. Schwartzlow, C.; Kazamel, M. Hereditary Sensory and Autonomic Neuropathies: Adding More to the Classification. Curr. Neurol.
Neurosci. Rep. 2019, 19, 52. [CrossRef]

29. Ho, K.W.; Jerath, N.U. V144D mutation of SPTLC1 can present with both painful and painless phenotypes in hered-itary sensory
and autonomic neuropathies type I. Case Rep. Genet. 2018, 2018, 1898151. [CrossRef]

30. Houlden, H.; King, R.; Blake, J.; Groves, M.; Love, S.; Woodward, C.; Hammans, S.; Nicoll, J.; Lennox, G.; O’Donovan, D.G.; et al.
Clinical, pathological and genetic characteri-zation of hereditary sensory and autonomic neuropathy type 1 (HSAN I). Brain 2006,
129, 411–425. [CrossRef]

31. Rotthier, A.; Auer-Grumbach, M.; Janssens, K.; Baets, J.; Penno, A.; Almeida-Souza, L.; Van Hoof, K.; Jacobs, A.; De Vriendt, E.;
Schlotter-Weigel, B.; et al. Mutations in the SPTLC2 Subunit of Serine Palmitoyltransferase Cause Hereditary Sensory and
Autonomic Neuropathy Type I. Am. J. Hum. Genet. 2010, 87, 513–522. [CrossRef]

32. Zheng, W.; Yan, Z.; He, R.; Huang, Y.; Lin, A.; Huang, W.; Su, Y.; Li, S.; Zhang, V.W.; Xie, H. Identification of a novel DNMT1
mutation in a Chinese patient with hereditary sensory and autonomic neuropathy type IE. BMC Neurol. 2018, 18, 174. [CrossRef]
[PubMed]

33. Kornak, U.; Mademan, I.; Schinke, M.; Voigt, M.; Krawitz, P.; Hecht, J.; Barvencik, F.; Schinke, T.; Gießelmann, S.; Beil, F.T.; et al.
Sensory neuropathy with bone destruction due to a mutation in the membrane-shaping atlastin GTPase 3. Brain 2014, 137, 683–692.
[CrossRef] [PubMed]

34. Axelrod, F.B.; Simson, G.G.-V. Hereditary sensory and autonomic neuropathies: Types II, III, and IV. Orphanet J. Rare Dis. 2007,
2, 39. [CrossRef]

35. Yuan, J.; Matsuura, E.; Higuchi, Y.; Hashiguchi, A.; Nakamura, T.; Nozuma, S.; Sakiyama, Y.; Yoshimura, A.; Izumo, S.;
Takashima, H. Hereditary sensory and autonomic neuropathy type IID caused by an SCN9A mutation. Neurology 2013,
80, 1641–1649. [CrossRef]

36. Eberhardt, M.; Nakajima, J.; Klinger, A.B.; Neacsu, C.; Hühne, K.; O’Reilly, A.O.; Kist, A.M.; Lampe, A.K.; Fischer, K.;
Gibson, J.; et al. Inherited pain: Sodium channel Nav1.7 A1632T mutation causes erythromelalgia due to a shift of fast in-
activation. J. Biol. Chem. 2014, 289, 1971–1980. [CrossRef]

37. Carmi, S.; Hui, K.Y.; Kochav, E.; Liu, X.; Xue, J.; Grady, F.; Guha, S.; Upadhyay, K.; Ben-Avraham, D.; Mukherjee, S.; et al.
Sequencing an Ashkenazi reference panel supports pop-ulationtargeted personal genomics and illuminates Jewish and European
origins. Nat. Commun. 2014, 5, 4835. [CrossRef] [PubMed]

38. Daneshjou, K.; Jafarieh, H.; Raaeskarami, S.-R. Congenital Insensitivity to Pain and Anhydrosis (CIPA) Syndrome: A Report of 4
Cases. Iran J. Pediatr. 2012, 22, 412–416. [PubMed]

39. Indo, Y. Genetics of congenital insensitivity to pain with anhidrosis (CIPA) or hereditary sensory and autonomic neuropathy type
IV. Clinical, biological and molecular aspects of mutations in TRKA(NTRK1) gene encoding the receptor tyrosine kinase for nerve
growth factor. Clin. Auton. Res. 2002, 12, l20–l32.

40. Echaniz-Laguna, A.; Altuzarra, C.; Verloes, A.; De La Banda, M.G.G.; Quijano-Roy, S.; Tudorache, R.A.; Jaxybayeva, A.;
Myrzaliyeva, B.; Tazir, M.; Vallat, J.-M.; et al. NTRK1 gene-related congenital insensitivity to pain with anhidrosis: A nationwide
multicenter retrospective study. Neurogenetics 2021, 22, 333–341. [CrossRef]

41. Pérez-López, L.M.; Cabrera-González, M.; la Iglesia, D.G.-D.; Ricart, S.; Knörr-Giménez, G. Update Review and Clinical
Presentation in Congenital Insensitivity to Pain and Anhidrosis. Case Rep. Pediatr. 2015, 2015, 589852. [CrossRef] [PubMed]

42. Carvalho, O.P.; Thornton, G.K.; Hertecant, J.; Houlden, H.; Nicholas, A.K.; Cox, J.J.; Rielly, M.; Al-Gazali, L.; Woods, C.G. A novel
NGF mutation clarifies the molecular mechanism and ex-tends the phenotypic spectrum of the HSAN5 neuropathy. J. Med. Genet.
2011, 48, 131–135. [CrossRef] [PubMed]

43. Einarsdottir, E.; Carlsson, A.; Minde, J.; Toolanen, G.; Svensson, O.; Solders, G.; Holmgren, G.; Holmberg, D.; Holmberg, M.
A mutation in the nerve growth factor beta gene (NGFB) causes loss of pain perception. Hum. Mol. Genet. 2004, 13, 799–805.
[CrossRef] [PubMed]

44. Edvardson, S.; Cinnamon, Y.; Jalas, C.; Shaag, A.; Maayan, C.; Axelrod, F.B.; Elpeleg, O. Hereditary sensory autonomic neu-ropathy
caused by a mutation in dystonin. Ann. Neurol. 2012, 71, 569–572. [CrossRef] [PubMed]

45. Manganelli, F.; Parisi, S.; Nolano, M.; Tao, F.; Paladino, S.; Pisciotta, C.; Tozza, S.; Nesti, C.; Rebelo, A.P.; Provitera, V.; et al. Novel
mutations in dystonin provide clues to the pathomechanisms of HSAN-VI. Neurology 2017, 88, 2132–2140. [CrossRef] [PubMed]

46. Leipold, E.; Liebmann, L.; Korenke, G.C.; Heinrich, T.; Giesselmann, S.; Baets, J.; Ebbinghaus, M.; Goral, R.O.; Stödberg, T.;
Hennings, J.C.; et al. A de novo gain-of-function mutation in SCN11A causes loss of pain perception. Nat. Genet. 2013,
45, 1399–1404. [CrossRef] [PubMed]

47. Priest, B.T.; Murphy, B.A.; Lindia, J.A.; Diaz, C.; Abbadie, C.; Ritter, A.M.; Liberator, P.; Iyer, L.M.; Kash, S.F.; Kohler, M.G.; et al.
Contribution of the tetrodotoxin-resistant voltage-gated sodium channel nav1.9 to sensory transmission and nociceptive behavior.
Proc. Natl. Acad. Sci. USA 2005, 102, 9382–9387. [CrossRef]

48. Woods, C.G.; Babiker, M.O.E.; Horrocks, I.; Tolmie, J.; Kurth, I. The phenotype of congenital insensitivity to pain due to the
NaV1.9 variant p.L811P. Eur. J. Hum. Genet. 2015, 23, 561–563. [CrossRef]

49. Salvatierra, J.; Diaz-Bustamante, M.; Meixiong, J.; Tierney, E.; Dong, X.; Bosmans, F. A disease mutation reveals a role for NaV1.9
in acute itch. J. Clin. Investig. 2018, 128, 5434–5447. [CrossRef]

http://doi.org/10.1080/03007995.2017.1284051
http://doi.org/10.1007/s11910-019-0974-3
http://doi.org/10.1155/2018/1898151
http://doi.org/10.1093/brain/awh712
http://doi.org/10.1016/j.ajhg.2010.09.010
http://doi.org/10.1186/s12883-018-1177-2
http://www.ncbi.nlm.nih.gov/pubmed/30342480
http://doi.org/10.1093/brain/awt357
http://www.ncbi.nlm.nih.gov/pubmed/24459106
http://doi.org/10.1186/1750-1172-2-39
http://doi.org/10.1212/WNL.0b013e3182904fdd
http://doi.org/10.1074/jbc.M113.502211
http://doi.org/10.1038/ncomms5835
http://www.ncbi.nlm.nih.gov/pubmed/25203624
http://www.ncbi.nlm.nih.gov/pubmed/23400697
http://doi.org/10.1007/s10048-021-00668-z
http://doi.org/10.1155/2015/589852
http://www.ncbi.nlm.nih.gov/pubmed/26579324
http://doi.org/10.1136/jmg.2010.081455
http://www.ncbi.nlm.nih.gov/pubmed/20978020
http://doi.org/10.1093/hmg/ddh096
http://www.ncbi.nlm.nih.gov/pubmed/14976160
http://doi.org/10.1002/ana.23524
http://www.ncbi.nlm.nih.gov/pubmed/22522446
http://doi.org/10.1212/WNL.0000000000003992
http://www.ncbi.nlm.nih.gov/pubmed/28468842
http://doi.org/10.1038/ng.2767
http://www.ncbi.nlm.nih.gov/pubmed/24036948
http://doi.org/10.1073/pnas.0501549102
http://doi.org/10.1038/ejhg.2014.166
http://doi.org/10.1172/JCI122481


Pathophysiology 2022, 29 451

50. Chen, Y.C.; Auer-Grumbach, M.; Matsukawa, S.; Zitzelsberger, M.; Themistocleous, A.C.; Strom, T.M.; Samara, C.; Moore, A.W.;
Cho, L.T.; Young, G.T.; et al. Transcrip-tional regulator PRDM12 is essential for human pain perception. Nat. Genet. 2015,
47, 803–808. [CrossRef] [PubMed]

51. Zhang, S.; Sharif, S.M.; Chen, Y.-C.; Valente, E.-M.; Ahmed, M.; Sheridan, E.; Bennett, C.; Woods, G. Clinical features for diagnosis
and management of patients with PRDM12 congenital insensitivity to pain. J. Med. Genet. 2016, 53, 533–535. [CrossRef] [PubMed]

52. Oz-Levi, D.; Ben-Zeev, B.; Ruzzo, E.K.; Hitomi, Y.; Gelman, A.; Pelak, K.; Anikster, Y.; Reznik-Wolf, H.; Bar-Joseph, I.;
Olender, T.; et al. Mutation in TECPR2 Reveals a Role for Autophagy in Hereditary Spastic Paraparesis. Am. J. Hum. Genet. 2012,
91, 1065–1072. [CrossRef] [PubMed]

53. Patwari, P.P.; Wolfe, L.F.; Sharma, G.D.; Berry-Kravis, E. TECPR2 mutation–associated respiratory dysregulation: More than
central apnea. J. Clin. Sleep Med. 2020, 16, 977–982. [CrossRef]

54. Neuser, S.; Brechmann, B.; Heimer, G.; Brösse, I.; Schubert, S.; O’Grady, L.; Zech, M.; Srivastava, S.; A Sweetser, D.; Dincer, Y.; et al.
Clinical, neuroimaging and molecular spectrum of TECPR2-associated hereditary sensory and autonomic neuropathy with
intellectual disability. Hum. Mutat. 2021, 42, 762–776. [CrossRef] [PubMed]

55. Shaffer, L.G.; Lupski, J.R. Molecular Mechanisms for Constitutional Chromosomal Rearrangements in Humans. Annu. Rev. Genet.
2000, 34, 297–329. [CrossRef]

56. Yang, L.; Shu, X.; Mao, S.; Wang, Y.; Du, X.; Zou, C. Genotype–Phenotype Correlations in Angelman Syndrome. Genes 2021,
12, 987. [CrossRef] [PubMed]

57. Artigas-Pallarés, J.; Brun-Gasca, C.; Gabau-Vila, E.; Guitart-Feliubadaló, M.; Camprubí-Sánchez, C. Aspectos médicos e comporta-
mentais da síndroma de Angelman. Rev. Neurol. 2005, 41, 649–656. [PubMed]

58. Larson, A.M.; Shinnick, J.E.; Shaaya, E.A.; Thiele, E.A.; Thibert, R.L. Angelman syndrome in adulthood. Am. J. Med. Genet. Part A
2015, 167, 331–344. [CrossRef] [PubMed]

59. Khan, N.; Cabo, R.; Tan, W.; Tayag, R.; Bird, L.M. Healthcare burden among individuals with Angelman syndrome: Findings
from the Angelman Syndrome Natural History Study. Mol. Genet. Genom. Med. 2019, 7, e00734. [CrossRef] [PubMed]

60. Cascella, M.; Bimonte, S.; Saettini, F.; Muzio, M.R. The challenge of pain assessment in children with cognitive disabilities:
Features and clinical applicability of different observational tools. J. Paediatr. Child Health 2019, 55, 129–135. [CrossRef]

61. Butler, M.G.; Miller, J.L.; Forster, J.L. Prader-Willi Syndrome—Clinical Genetics, Diagnosis and Treatment Approaches: An
Update. Curr. Pediatr. Rev. 2019, 15, 207–244. [CrossRef]

62. Angulo, M.A.; Butler, M.G.; Cataletto, M.E. Prader-Willi syndrome: A review of clinical, genetic, and endocrine findings.
J. Endocrinol. Investig. 2015, 38, 1249–1263. [CrossRef] [PubMed]

63. Priano, L.; Miscio, G.; Grugni, G.; Milano, E.; Baudo, S.; Sellitti, L.; Picconi, R.; Mauro, A. On the origin of sensory impair-ment
and altered pain perception in Prader-Willi syndrome: A neurophysiological study. Eur. J. Pain 2009, 13, 829–835. [CrossRef]
[PubMed]

64. Luchsinger, K.; Lau, H.; Hedlund, J.L.; Friedman, D.; Krushel, K.; Devinsky, O. Parental-reported pain insensitivity in Dup15q.
Epilepsy Behav. 2016, 55, 124–127. [CrossRef]

65. Cascella, M.; Muzio, M.R. Pain insensitivity in a child with a de novo interstitial deletion of the long arm of the chromosome 4:
Case report. Rev. Chil. Pediatr. 2017, 88, 411–416. [CrossRef] [PubMed]

66. Shields, S.D.; Deng, L.; Reese, R.M.; Dourado, M.; Tao, J.; Foreman, O.; Chang, J.H.; Hackos, D.H. Insensitivity to Pain upon
Adult-Onset Deletion of Nav1.7 or Its Blockade with Selective Inhibitors. J. Neurosci. 2018, 38, 10180–10201. [CrossRef] [PubMed]

67. Liang, X.; Yu, G.; Su, R. Effects of ralfinamide in models of nerve injury and chemotherapy-induced neuropathic pain. Eur. J.
Pharmacol. 2018, 823, 27–34. [CrossRef]

68. Niu, H.-L.; Liu, Y.-N.; Xue, D.-Q.; Dong, L.-Y.; Liu, H.-J.; Wang, J.; Zheng, Y.-L.; Zou, A.-R.; Shao, L.-M.; Wang, K. Inhibition of
Nav1.7 channel by a novel blocker QLS-81 for alleviation of neuropathic pain. Acta Pharmacol. Sin. 2021, 42, 1235–1247. [CrossRef]

69. Chandra, S.; Wang, Z.; Tao, X.; Chen, O.; Luo, X.; Ji, R.R.; Bortsov, A.V. Computer-aided Discovery of a New Nav1.7 In-hibitor for
Treatment of Pain and Itch. Anesthesiology 2020, 133, 611–627. [CrossRef]

70. Waxman, S.G.; Merkies, I.S.J.; Gerrits, M.M.; Dib-Hajj, S.D.; Lauria, G.; Cox, J.J.; Wood, J.N.; Woods, C.G.; Drenth, J.P.H.;
Faber, C.G. Sodium channel genes in pain-related disorders: Phenotype–genotype associations and recommendations for clinical
use. Lancet Neurol. 2014, 13, 1152–1160. [CrossRef]

71. Weiss, J.; Pyrski, M.; Jacobi, E.; Bufe, B.; Willnecker, V.; Schick, B.; Zizzari, P.; Gossage, S.J.; Greer, C.A.; Leinders-Zufall, T.; et al.
Loss-of-function mutations in sodium channel Nav1.7 cause anosmia. Nature 2011, 472, 186–190. [CrossRef]

72. Pereira, V.; Millet, Q.; Aramburu, J.; Lopez-Rodriguez, C.; Gaveriaux-Ruff, C.; Wood, J.N. Analgesia linked to Nav1.7 loss of
function requires µ- and δ-opioid receptors. Wellcome Open Res. 2018, 3, 101. [CrossRef] [PubMed]

73. Sopacua, M.; Hoeijmakers, J.G.J.; Merkies, I.S.J.; Lauria, G.; Waxman, S.G.; Faber, C.G. Small-fiber neuropathy: Expanding the
clinical pain universe. J. Peripher. Nerv. Syst. 2019, 24, 19–33. [CrossRef] [PubMed]

74. Hirose, M.; Kuroda, Y.; Murata, E. NGF/TrkA Signaling as a Therapeutic Target for Pain. Pain Pract. 2016, 16, 175–182. [CrossRef]
[PubMed]

75. Wang, Y.; Long, P.; Wang, Y.; Ma, W. NTRK Fusions and TRK Inhibitors: Potential Targeted Therapies for Adult Glioblastoma.
Front. Oncol. 2020, 10, 593578. [CrossRef] [PubMed]

http://doi.org/10.1038/ng.3308
http://www.ncbi.nlm.nih.gov/pubmed/26005867
http://doi.org/10.1136/jmedgenet-2015-103646
http://www.ncbi.nlm.nih.gov/pubmed/26975306
http://doi.org/10.1016/j.ajhg.2012.09.015
http://www.ncbi.nlm.nih.gov/pubmed/23176824
http://doi.org/10.5664/jcsm.8434
http://doi.org/10.1002/humu.24206
http://www.ncbi.nlm.nih.gov/pubmed/33847017
http://doi.org/10.1146/annurev.genet.34.1.297
http://doi.org/10.3390/genes12070987
http://www.ncbi.nlm.nih.gov/pubmed/34203304
http://www.ncbi.nlm.nih.gov/pubmed/16317633
http://doi.org/10.1002/ajmg.a.36864
http://www.ncbi.nlm.nih.gov/pubmed/25428759
http://doi.org/10.1002/mgg3.734
http://www.ncbi.nlm.nih.gov/pubmed/31090212
http://doi.org/10.1111/jpc.14230
http://doi.org/10.2174/1573396315666190716120925
http://doi.org/10.1007/s40618-015-0312-9
http://www.ncbi.nlm.nih.gov/pubmed/26062517
http://doi.org/10.1016/j.ejpain.2008.09.011
http://www.ncbi.nlm.nih.gov/pubmed/18986815
http://doi.org/10.1016/j.yebeh.2015.10.007
http://doi.org/10.4067/S0370-41062017000300016
http://www.ncbi.nlm.nih.gov/pubmed/28737203
http://doi.org/10.1523/JNEUROSCI.1049-18.2018
http://www.ncbi.nlm.nih.gov/pubmed/30301756
http://doi.org/10.1016/j.ejphar.2018.01.041
http://doi.org/10.1038/s41401-021-00682-9
http://doi.org/10.1097/ALN.0000000000003427
http://doi.org/10.1016/S1474-4422(14)70150-4
http://doi.org/10.1038/nature09975
http://doi.org/10.12688/wellcomeopenres.14687.1
http://www.ncbi.nlm.nih.gov/pubmed/30271888
http://doi.org/10.1111/jns.12298
http://www.ncbi.nlm.nih.gov/pubmed/30569495
http://doi.org/10.1111/papr.12342
http://www.ncbi.nlm.nih.gov/pubmed/26452158
http://doi.org/10.3389/fonc.2020.593578
http://www.ncbi.nlm.nih.gov/pubmed/33330081


Pathophysiology 2022, 29 452

76. Tamim-Yecheskel, B.-C.; Fraiberg, M.; Kokabi, K.; Freud, S.; Shatz, O.; Marvaldi, L.; Subic, N.; Brenner, O.; Tsoory, M.; Eilam-
Altstadter, R.; et al. A tecpr2 knockout mouse exhibits age-dependent neuroaxonal dystrophy associated with autophagosome
accumulation. Autophagy 2021, 17, 3082–3095. [CrossRef]

77. Bimonte, S.; Barbieri, A.; Cascella, M.; Rea, D.; Palma, G.; Del Vecchio, V.; Forte, C.A.; Del Prato, F.; Arra, C.; Cuomo, A. The
effects of naloxone on human breast cancer progression: In vitro and in vivo studies on MDA.MB231 cells. Onco Targets Ther.
2018, 11, 185–191. [CrossRef]

78. Desai, N.; Arora, N.; Gupta, A. Chemotherapy-Induced Peripheral Neuropathy. JAMA Intern. Med. 2022, 182, 766–767. [CrossRef]
79. MacDonald, D.I.; Sikandar, S.; Weiss, J.; Pyrski, M.; Luiz, A.P.; Millet, Q.; Emery, E.C.; Mancini, F.; Iannetti, G.D.; Alles, S.R.; et al.

A central mechanism of analgesia in mice and humans lacking the sodium channel NaV1.7. Neuron 2021, 109, 1497–1512.e6.
[CrossRef]

http://doi.org/10.1080/15548627.2020.1852724
http://doi.org/10.2147/OTT.S145780
http://doi.org/10.1001/jamainternmed.2022.1812
http://doi.org/10.1016/j.neuron.2021.03.012

	Introduction 
	Materials and Methods 
	Search Strategy 
	Study Selection 

	Results 
	Features of Nociceptors 
	Genetic Disorders Featuring Increased Pain Threshold or Pain Insensitivity 
	Hereditary Sensory and Autonomic Neuropathies (HSANs) 
	Numeric and Structural Chromosomal Abnormalities 


	Research and Perspectives 
	Conclusions 
	References

