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Abstract

The itch-scratch reflex serves as a protective mechanism in everyday life. However, chronic
persistent itching can be devastating. Despite the clinical importance of the itch sensation, its
mechanism remains elusive. In the past decade, substantial progress has been made to uncover the
mystery of itching. Here, we review the molecules, cells, and circuits known to mediate the itch
sensation, which, coupled with advances in understanding the pathophysiology of chronic itching
conditions, will hopefully contribute to the development of new anti-itch therapies.
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INTRODUCTION

Itch, also known as pruritus, was defined 350 years ago by the German physician Samuel
Hafenreffer as an “unpleasant sensation that elicits the desire or reflex to scratch” (54, p.
535). Itch manifests in both acute and chronic forms. Acute itch evoked by insect bites can
be easily relieved by scratching. Chronic itch, however, remains a challenge in the clinic. On
the basis of clinical classification, chronic itch conditions can be divided into four subtypes:
dermatologic, systemic, neuropathic, and psychogenic (15, 153). Dermatologic itch arises
from diseases of the skin, such as atopic dermatitis, eczema, psoriasis, urticaria, and xerosis.
Systemic itch, by contrast, always accompanies diseases of organs other than the skin. The
examples of systemic itch include cholestatic pruritus and uremic pruritus. Neuropathic itch
results from nerve injury and can arise from diseases or disorders of the central nervous
system (CNS) or peripheral nervous system, such as neuropathy, multiple sclerosis, brain
tumors, and nerve compression or irritation. Psychogenic itch is attributed to psychological
or psychiatric disorders, such as obsessive-compulsive disorders and delusions of
parasitosis. It should be noted that the classification of chronic itch is based on clinical
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relevance, not on underlying mechanisms. Different subtypes of itch conditions might
involve common pruriceptive factors. For example, patients with uremic pruritus often
experience changes in skin physiology, such as dehydration (xerosis), which leads to
dermatologic itching (70).

Similar to pain, the itch sensation is initiated by pruriceptive primary afferent neurons that
transmit information from the periphery to the CNS (13, 54). The cell bodies of primary
afferent neurons are located in the dorsal root ganglia (DRG) and the trigeminal ganglion.
Primary afferent neurons are categorized into three classes: small-diameter, unmyelinated C
fibers with slow conduction velocity; medium-diameter, thinly myelinated A fibers; and
larger-diameter, heavily myelinated Af fibers with the fastest conduction velocity. C fibers
are the primary mediator of the itch sensation (54). A recent report demonstrated that A
fibers are also involved in the perception of itch (109). The investigators showed that
selectively blocking the conduction of myelinated fibers attenuated the itch sensation. The
central projections of sensory neurons form synapses with secondary neurons in the dorsal
horn of the spinal cord to convey itch signaling to the brain.

Because of the similarities between the pain and itch sensations, itch has been historically
considered a submodality of pain. However, as the study of the neuroscience of itching has
blossomed in recent years, our understanding of the mechanism and neuronal circuit
mediating the itch sensation has greatly advanced. Emerging evidence suggests that the itch
sensation is a distinct sensory modality that employs specific neural pathways. In this
review, we first introduce animal models for studying itching. We then discuss several
theories about how an itch is encoded and related to the pain sensation. We focus on itch
mediators, their corresponding receptors (Table 1), and sensing neurons on both the
peripheral and central levels, with the goal of clarifying the specific neural circuit mediating
the itch sensation. We also highlight progress made in investigating different subtypes of
clinical itchiness, including the systemic itch, neuropathic itch, and psychogenic itch. We
discuss the sensitization of the itch sensation in pathological conditions to understand the
plasticity of the itch neural pathway. The similarities and cross talk between the pain and
itch sensations are also briefly summarized.

ANIMAL MODELS FOR INVESTIGATING ITCH MECHANISMS

Recent progress in uncovering the mechanisms of the itch sensation has led to enthusiasm
for the generation of better animal models for this investigation. By definition, itch is the
unpleasant sensation that elicits the desire to scratch. Therefore, scratching behavior is the
indication of an itch sensation in animal models. In the traditional rodent scratching assay,
pruritogens are injected into the nape of the neck of the mouse, and the number of scratching
bouts is measured (69). One limitation of this model is that injection of the algogenic
capsaicin into the nape of the back also causes scratching behavior, indicating that this
model is not able to differentiate between itch- and pain-related behaviors (119). This is an
important issue, especially for itch researchers who are looking for components specific to
the itch neural pathway. Recently, LaMotte’s group (119) modified the traditional model to
establish the “cheek injection model.” They reported that mice exhibit distinct behaviors in
response to cheek injection of pruritogens versus algogens: Pruritogens elicit scratching with
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the hind paw, whereas algogens evoke facial wiping with the forelimb. This model was
amended in rats by Carstens’ group (127) and provides a reliable means of distinguishing
itch and pain behaviors.

Pruritogen injection is used to evoke only acute itch-scratching behavior. To investigate the
mechanism of itchiness in pathological conditions, some chronic itch models have been
established, most of which focus on cutaneous diseases, including atopic dermatitis and
xerosis (dry skin). Atopic dermatitis is a common pruritic inflammatory skin disorder that
affects 10-20% of children and 1-3% of adults (57). Currently, there are three different
types of atopic dermatitis animal models. The first type, and also the first established atopic
dermatitis model, is the NC/Nga mouse inbred strain, which spontaneously develop atopic
dermatitis—like skin lesions (90). When the NC/Nga mice are maintained in conventional
non-air-controlled rooms, spontaneous dermatitis and pruritus occur because of the skin-
barrier abnormalities that predispose the mice to skin damage from the environment. The
second type of atopic dermatitis model is produced by treating the skin of the mice with an
allergen, such as ovalbumin, dinitrobenzene, or squaric acid dibutylester, to induce skin
inflammation and pruritus (57). The third type is genetically modified mice that either
overexpress or lack specific molecules, for instance, IL-31 transgenic mice (29) and
cathepsin E knockout mice (142). These models have been valuable tools for investigating
the pathogenesis of atopic dermatitis and the associated mechanism of the itch sensation.

Chronic itch models have also been developed for another cutaneous condition: xerosis.
Xerosis is a medical condition in which skin dehydration is accompanied by persistent
itching. It might be caused by excessive washing or defects in genes that are important for
maintaining the skin-barrier function (23). Dry skin can directly cause pruritus, and in many
cases, it is also one of the symptoms of chronic itch conditions, such as atopic dermatitis,
cholestatic pruritus, and uremic pruritus. A dry-skin mouse model was established by
Kuraishi’s group (94) in 2002. In this model, the skin on the backs of mice was shaved and
then dehydrated using a mixture of acetone and ether. After this treatment, the mice
displayed robust spontaneous scratching, and the affected skin area exhibited decreased
stratum corneum hydration and increased transepidermal water loss, which mimic the
symptoms of dry skin in patients. This model was later modified by Carstens’ (4) and
Bautisca’s groups (150) to generate dry skin on the hind paw and cheek, respectively. The
same treatment can induce spontaneous scratching in mast cell-deficient mice, suggesting
that mast cells are not required for the generation of dry-skin pruritus. Histological analyses
have shown that the dermis of a treated skin sample is not infiltrated with inflammatory
cells, suggesting that different mechanisms are responsible for dry-skin pruritus versus
contact dermatitis, which always involves skin inflammation (94).

The mechanisms of pruritus associated with systemic disorders, such as cholestatic pruritus,
are poorly understood, partly because of the scarcity of animal models for the investigation.
Cholestasis, a condition in which bile cannot flow properly from the liver, can be caused by
bile duct obstruction and is modeled in mice or rats via common bile duct ligation (BDL)
(14). This model is very effective in causing jaundice and impairment of liver function and
has been a useful tool for investigating the pathophysiology of cholestasis. Recently,
researchers in Planells-Cases’s group (14) showed that this model can be used as an animal
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model of cholestatic pruritus. They showed for the first time that BDL can induce scratching
behavior in rats. They found that rats that underwent BDL exhibited robust spontaneous
scratching behavior 48 hours after surgery and that this behavior persisted for up to 3
months. This study provided a promising animal model to elucidate the mechanisms of
cholestatic pruritus in the future.

PERIPHERAL MECHANISMS OF ITCH CODING

Itch has been considered a minor form, or submodality, of pain based on studies in the early
twentieth century (75, 147). These studies have shown that there are itch and pain spots
coinciding in human skin, leading to hypotheses that both sensations are transmitted by the
same neuronal populations and that they would be differentiated by way of intensity or
patterns of neuronal activity. However, more recent findings argue against the intensity/
pattern theory. Tuckett (143) showed that increased frequency of electrical stimulation on
human skin produces increased intensity of itch, with no change in the quality of the
sensation. Painful stimulation cannot be converted to itch at lower frequencies either (46,
100). In 1997, Schmelz et al. (114), using a microneurographic study in humans, identified a
population of histamine-sensitive C fibers, which have distinct properties from other
nociceptive populations, such as mechanoinsensitivity, high electrical activation threshold,
low-conduction velocity, and large innervation territories. Subsequently, Andrew & Craig
(9) identified a class of lamina | spinothalamic tract (STT) neurons in the spinal cord dorsal
horn that responds to histamine but is insensitive to mechanical or thermal stimuli, which
typically induce pain. Although subsequent studies demonstrated that all of the histamine-
responsive neurons examined also respond to algogens (79, 86, 115, 123), these results lead
to the speculation, termed labeled-line theory, that different sets of neuronal populations
mediate itch versus pain sensations.

The strongest evidence for labeled-line theory has come from recent studies involving
genetic modification. Sun and colleagues (132, 133) showed that gastrin-releasing peptide
receptor (GRPR) and GRPR* neurons in the spinal cord are required for an itch sensation
but are dispensable for a pain sensation. Similarly, our group reported that mice lacking
mas-related G protein—coupled receptors (Mrgprs) exhibit attenuated itch sensations but
normal acute pain responses (79, 80). We also found that ablation of MrgprA3* neurons in
the DRG reduced itch behavior without disturbing pain (44). Moreover, Ji’s group (82)
found that toll-like receptor 7 (TLR7) expression in primary sensory neurons was required
for inducing itch but not pain. These studies suggest that certain molecules and sensory
neurons specifically mediate itch sensations but not pain, providing the molecular and
cellular basis of labeled-line theory. However, these studies have some limitations. They do
not rule out the possibility that the molecules or neurons investigated may also mediate pain
and that their ablation did not affect pain behavior owing to compensation from other pain-
sensing neurons. To address this issue, our recent study (44) created a genetically modified
mouse line to express the transient receptor potential cation channel V1 (TRPV1), the
molecular sensor of noxious heat and capsaicin only in MrgprA3* neurons (44). Injection of
capsaicin, an algogen, into the mice specifically activated MrgprA3* itch-sensing neurons
and induced itch but not pain behavior. This result demonstrated that MrgprA3* DRG
neurons only mediate an itch sensation, not pain (Figure 1). Even when MrgprA3* neurons
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were activated by an algogen, the activated neuronal circuit still transmitted itch signaling,
rather than pain signaling, to the brain. This result is consistent with Miiller’s doctrine of
“specific nerve energy,” which proposes that the quality of sensation depends on the specific
neuronal pathway that is activated and not on the nature of the stimulus (34). In summary,
recent studies suggest that the itch sensation is not a submodality of pain. It is a distinct
sensory modality that employs specific molecules and sensory neurons and a specific neural
pathway (Figure 1a) (see the “Interactions Between Pain and Itch” section below for an
additional discussion of itch coding).

PERIPHERAL ITCH MEDIATORS AND RELATED RECEPTORS

Histamine and Histamine Receptors

Histamine is synthesized endogenously from the amino acid histidine and is mainly released
from mast cells (124). Application of histamine to human skin induces the itch sensation,
accompanied by axon reflex flare (54). Histamine is by far the most closely studied
pruritogen, and it has been employed as the itch stimulus to identify pruritoceptive sensory
neurons/fibers. Four histamine receptors, all of which are G protein—coupled receptors
(GPCRs), have been identified in mammals (124). Among them, H1R has been detected on
DRG neurons and has been presumed to be important in histamine-induced itch reactions
(45). Indeed, inhibitors of H1R can completely suppress histamine-induced itch in human
skin (124). A recent study suggests that H4R also plays an important role in evoking an itch
sensation: The H4R antagonist can block the itch sensation in a contact dermatitis mouse
model (112). The combination of H1R and H4R antagonists is even more effective than
either alone (112). Unfortunately, histamine receptor antagonists are ineffective at relieving
itch in many of the chronic itch conditions, such as cholestatic pruritus and uremic pruritus
(54). Therefore, itch is often characterized as either histaminergic or nonhistaminergic itch.

H1R is coupled with the G protein Gagy1; to activate phospholipase C-33 (PLCB3), which in
turn leads to an increase in intracellular calcium and activation of protein kinase C (124).
Mice lacking PLCPB3 showed significant defects in scratching behavior induced by histamine
(45). H1IR-mediated sensory neuron activation and scratching behavior also require TRPV1
(45), possibly through the activation of phospholipase A2 and 12-lipoxygenase after
histamine binding (118).

Mas-Related G Protein—Coupled Receptors

Mrgprs are a family of orphan GPCRs consisting of more than 50 members in the mouse
genome; several of these are specifically expressed in small-diameter sensory neurons in the
DRG and trigeminal ganglia, indicating their important role in somatosensation (30, 74). In
recent studies, several Mrgprs have been identified as receptors that mediate
nonhistaminergic itch (78-80, 120). For example, MrgprA3 is a receptor for the antimalarial
drug chloroquine (CQ), which can produce a side effect of severe itchiness when taken by
black Africans (79). MrgprC11 serves as the receptor for the bovine adrenal medulla 8-22
peptide (BAMB8-22), which when injected into human skin induces nonhistaminergic itching
(79, 120). In addition, MrgprD is activated by p-alanine, leading to the itch sensation in
humans and scratching behavior in mice (78). Furthermore, Liu et al. (80) found that the
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synthetic peptide SLIGRL-NH,, which had been believed to activate protease-activated
receptor (PAR) 2 to induce an itch sensation, actually acts through MrgprC11. Together,
these findings suggest that Mrgprs are an itch-sensing receptor family and that some family
members serve as the receptors to detect different pruritogens in primary sensory neurons,
analogous to other chemosensory systems (e.g., taste and olfaction).

The intracellular signaling pathways underlying Mrgpr-mediated itch sensations are not
completely known. A recent study has shown that MrgprA3 and MrgprC11 utilize distinct
mechanisms to induce neuronal activation. MrgprA3 is coupled to Gy to induce neuronal
activation, whereas MrgprC11 is coupled to Gagyq1 to activate PLC and TRPAL. In spite of
involving different mechanisms, both MrgprA3 and MrgprC11 require TRPA1 (149).
TRPA1-deficient mice exhibited markedly decreased scratching responses to application of
CQ and BAM8-22.

More exciting results came from the cellular analysis of MrgprA3* DRG neurons. The
expression of MrgprA3 and MrgprC11 largely overlap in DRG neurons (79), which suggests
that MrgprA3* neurons respond to CQ, BAM8-22, and SLIGRL. Given that histamine can
activate all CQ-sensitive neurons (79), MrgprA3* neurons therefore respond to at least four
different pruritogens, suggesting that MrgprA3* neurons are selective pruriceptive primary
sensory neurons. Indeed, ablation of MrgprA3* neurons significantly attenuated behavioral
responses to multiple pruritogens, as well as spontaneous scratching under chronic itch
conditions, without affecting pain sensitivity (44). MrgprA3* neurons also exhibit some
characteristics typical of pruriceptive neurons. For example, they exclusively innervate the
skin, which provides the anatomical basis of skin-derived itch (44).

It has been suggested that itch-mediating nerve fibers terminate in the superficial skin layer.
The cowhage spicule (an itchy plant) induces a stronger itch sensation when it is inserted
into the basal membrane between the epidermis and the dermis (117). Capsaicin generates
pain when delivered intradermally but can evoke an initial sensation of itch when applied
topically or by means of a cowhage spicule to the superficial skin layer (38, 121). Consistent
with this finding, both MrgprA3* and MrgprD* fibers innervate the stratum granulosum, the
superficial epidermis layer (44, 157).

Proteases and Protease-Activated Receptors 2 and 4

Protease-activated receptors (PARS) belong to the GPCR family and are widely expressed in
different tissues, including the DRG (125, 156). PARs are very different from most GPCRs
in their mechanism of activation: They are activated by proteolytic cleavage of their own
extracellular N terminus by a protease. The unmasked N terminus functions as a tethered
ligand and activates the receptor. PAR2 and PAR4 can be activated by many endogenous
and exogenous proteases that have been shown to induce itch sensations, such as mucunain
(107), cathepsin S (108), and tryptase (125). Mucunain is the active pruritogenic component
isolated from the spicule of the seed pod of cowhage (Mucuna pruriens), a plant widely
found in tropical areas (107, 117). The insertion of a single cowhage spicule into the human
skin produces a strong pruritus without wheal-and-flare response, indicating
nonhistaminergic itch. Consistent with this finding, cowhage-induced itch cannot be blocked
by antihistamines. Therefore, cowhage has been used to investigate the mechanism of
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nonhistaminergic itch (26, 28, 58, 59, 86, 95, 103). Cathepsin S is a lysosomal enzyme that
is important for mediating immune responses. It was recently identified as a new pruritogen
because the application of cathepsin S on human skin induced the itch sensation (108).
Cathepsin S—overexpressing transgenic mice spontaneously develop atopic dermatitis and
severe itching (64). Both mucunain and cathepsin S activate PAR2 and PAR4 in
heterologous systems (107, 108). Tryptase is another endogenous agonist of PAR2. The
expressions of tryptase and PAR2 were dramatically increased in the skin of atopic
dermatitis patients (129, 141), which suggests that PAR2 is one of the key players in
evoking the itch sensation. Because PAR2 and PARA4 are expressed on primary sensory
neurons, it is likely that the proteases mentioned above directly activate DRG neurons to
elicit itch sensations (156). Given that PAR2 and PAR4 are widely expressed in many
different cell types and have important roles in allergic inflammation and immune responses
(73), overexpression of the proteases can also promote the pathogenesis of atopic dermatitis
and induce itch indirectly.

A recent study (80) revealed an unexpected role of MrgprC11 in the PAR2-mediated itch
signaling pathway. Injections of the peptide SLIGRL-NH,, the synthesized unmasked N
terminus (tethered ligand) of PARZ2, induce robust scratching behaviors in mice and the itch
sensation in humans. This effect had been believed to be mediated directly by PAR2.
However, Liu et al. (80) showed that PAR2 mutant mice exhibit scratching behavior
comparable to wild-type (WT) mice in response to SLIGRL-NH, injections, suggesting that
PAR?2 is not required for a SLIGRL-NHj,—induced itch sensation. They also discovered that
SLIGRL-NH, actually acts directly on MrgprC11 to induce the itch sensation (80). This
result leads to the hypothesis that the unmasked N terminus of PAR2, after cleavage by a
protease, can activate MrgprC11 in vivo if PAR2 is expressed in the same DRG neurons as
MrgprC11 or in the neighboring skin cells. This idea has a precedent in the intermolecular
activation model of PARs wherein the cleaved PAR N terminus was employed as a ligand to
activate another PAR molecule (125).

Toll-Like Receptors

TLRs are a class of single transmembrane proteins that function as microbial-sensing
receptors in the immune system. Once TLRs recognize the invading microbes in the body,
they activate immune cell responses, such as the release of proinflammatory cytokines and
chemokines (1). Recent studies have shown that some TLR family members are expressed
in sensory neurons and are involved in somatosensations (65, 81, 82). TLR7 is one such
family member. Topical application of a TLR7 agonist, imiquimod (47), is currently used
for treating genital warts via stimulation of the immune system, and itching has been
reported as one of the side effects (130). Two groups have published studies investigating
the underlying mechanism of the imiquimod-induced itch sensation (65, 82). Both found
that imiquimod can excite primary sensory neurons directly and evoke scratching behavior
in mice. However, they presented contrasting data about whether the action of imiquimod is
mediated by TLR7. Data from the first group demonstrate that neuronal activation and
scratching responses evoked by imiquimod are reduced in TLR7 mutant mice, suggesting
that TLR7 is directly involved in imiquimod-induced itch (82). The other group, by contrast,
reported that imiquimod induced comparable neuronal and behavioral responses in WT and
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TLR7 mutant mice, suggesting that a TLR7-independent pathway exists (65). Indeed,
imiquimod can also activate adenosine receptors, inositol 1,4,5-trisphosphate receptors, and
potassium channels, although the roles of these molecules in itch sensations have not been
identified (72, 116). An interesting finding from the first study is that mice lacking TLR7
showed a significant reduction in scratching behaviors compared to WT mice in response to
multiple pruritogens, including CQ, endothelin-1, and SLIGRL-NH,, suggesting that TLR7
plays a general role in the transduction of itch signaling (82).

In a later study, Liu et al. (81) reported that TLR3 plays a role similar to that of TLR7 in itch
sensations. The synthetic TLR3 agonist polyinosinic:polycytidylic acid activates primary
sensory neurons directly and evokes scratching behavior in a TLR3-dependent way. The
researchers (81) also found that mice lacking TLR3 showed reduced scratching responses
evoked by many pruritogens, including histaminergic and nonhistaminergic chemicals. This
result can be explained by the fact that TLR3 is critically involved in spinal cord excitatory
synaptic transmission and central sensitization, suggesting that TLR3 might not be directly
involved in evoking itch sensations. Instead, TLR3 might regulate the transmission of the
itch signal in the neural circuit.

The effect of serotonin (5-HT) on the itch sensation appears to be species dependent. In rats,
intradermal injection of 5-HT induces scratching with almost no pain behavior (115),
whereas in mice and humans, it produces both itch and pain sensations (3, 115). 5-HT is,
like histamine, mainly secreted from skin mast cells in the periphery (126) and is able to
directly activate sensory neurons. The 5-HT receptors are GPCRs, with the exception of the
5-HT3 receptor, which is a ligand-gated ion channel (17). Pharmacological studies suggest
that the 5-HT1 and 5-HT2 receptors are important for itch perception (55, 63, 151). The 5-
HT2 receptor is coupled to Gag11 to activate PLCs, especially PLCB3, leading to activation
of mitogen-activated protein kinase and protein kinase C (17).

Endothelin-1

Endothelin-1 (ET-1) is a 21-amino acid peptide whose name is based on the fact that it is
secreted from endothelial cells. It is a well-known vasoconstrictor that plays a key role in
vascular homeostasis (25). In humans, intradermal injection of ET-1 causes a burning
pruritus sensation, accompanied by wheal-and-flare responses (60), and in rodents, it
induces mixed pain and itch behaviors (3, 77, 91, 140). Two GPCR subtypes serve as the
receptors for ET-1: ET and ETg (25). ET 4 is responsible for the ET-1-evoked itch
sensation (77, 91). It acts via Gs to raise CAMP levels and activate PLC. Although both
types of receptors for ET-1 have been found on DRG neurons, direct application of ET-1 to
the DRG neurons elicits only weak or no neural activation, suggesting that ET-1 evokes the
itch sensation via an indirect mechanism. Because ET-1 causes a wheal-and-flare response
in human skin, it is possible that it evokes the itch sensation by inducing the release of
endogenous itch mediators (e.g., histamine) from mast cells. In a recent study (8),
researchers found that ET-1 is involved in the itch sensation induced by cathepsin E, an
aspartic protease. The ET 5 antagonist blocked the scratching behavior that was induced by
intradermal injection of cathepsin E. They also observed increased ET-1 levels in the skin at
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the injection site, leading to the hypothesis that cathepsin E induces the release of ET-1 in
vivo to evoke the itch sensation.

Interleukin-31

Interleukin-31 (IL-31) has been shown to play an important role in the induction of itch
sensations. IL-31 is a newly discovered member of the IL-6 family of cytokines, and it is
mainly secreted from Th2 lymphocytes (29). IL-31 signals via a heterodimeric receptor
consisting of the IL-31 receptor a (IL-31RA) and the oncostatin M receptor (OSMR) (29).
This heterodimeric receptor directly activates members of the JAK family of tyrosine
kinases, which leads to activation of the transcription factor STAT, as well as to induction of
the phosphatidylinositol 3-kinase and mitogen-activated protein kinase signaling cascades
(24). IL-31RA and OSMR are expressed in a wide range of cell types and tissues, including
DRG neurons (11).

Transgenic mice overexpressing IL-31 either ubiquitously or in lymphocytes experience
severe pruritus, as evidenced by excessive scratching behavior. This pruritus leads to skin
lesions resembling those in patients with atopic dermatitis (29). These results suggest that
IL-31 is involved in the pathogenesis of atopic dermatitis and associated pruritus. Consistent
with this hypothesis, an increased level of IL-31 has been reported in both human patients
and NC/Nga mice with atopic dermatitis (97, 134, 136), and treatment with the 1L-31
antibody can attenuate the scratching behavior in NC/Nga mice (39). In addition, levels of
IL-31 correlate with the severity of atopic dermatitis (106). However, the exact role 1L-31
plays in the itch sensation is unclear. Currently, there is no evidence showing that IL-31 can
directly excite DRG neurons, although IL-31RA and OSMR are expressed in DRG neurons
(12). IL-31 is also involved in inflammatory lung disease and inflammatory bowel disease
(24), suggesting that it might play a general role in inflammatory immune responses and
hence might indirectly evoke the itch sensation.

Substance P

Intradermal injection of substance P into human skin stimulates a histamine release from
mast cells to induce the itch sensation (50). Therefore, substance P—evoked itch can be
blocked by histamine H1 receptor antagonists (50). The serum level of substance P is
increased in contact dermatitis patients (139), and histological analysis revealed that the
density of substance P* nerve fibers is increased in the lesional skin of patients with prurigo
nodularis (42). A recent study showed that aprepitant, a substance P receptor (NK1)
antagonist, significantly inhibits scratching behavior in the NC/Nga mouse model of atopic
dermatitis (101). More importantly, clinical studies demonstrated that aprepitant is effective
for treating chronic pruritus, especially in patients with therapy-refractory pruritus (18, 128,
146). The inhibitory effect of this NK1 receptor antagonist could be caused by inhibition of
substance P in the periphery or by blockage of NK1* neurons in the dorsal spinal cord,
which are involved in transmitting the itch sensation. Nonetheless, these results suggest that
substance P plays an important role in the chronic itch sensation.
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Mediators in Systemic Itch

Chronic pruritus is often associated with certain systemic disorders. For example, about 60—
70% of patients with cholestatic liver disease report pruritus as a common symptom within
10 years after diagnosis (19). Up to 90% of patients receiving chronic dialysis therapy for
renal disease suffer from severe itching (62). This persistent itching significantly affects the
quality of the patients” lives, leading to sleep deprivation and depression. On rare occasions,
justification can be made for patients to undergo liver transplantation because of debilitating
pruritus. The pathogenesis of chronic pruritus in these conditions is largely unknown, and
the current treatment options are all empiric and are not consistently effective.

It has been hypothesized that cholestatic pruritus arises from pruritogenic substances that
accumulate as a consequence of impaired secretion of bile (19, 92). Among these
substances, bile acid has become an attractive candidate for several reasons. First,
application of bile acid on skin causes the itch sensation in humans (145). Second, the levels
of bile acid in both serum and skin are elevated in patients with cholestasis (87).
Furthermore, the bile acid sequestrant cholestyramine, which is the current first-line therapy
for the management of cholestatic pruritus, enhances the clearance of bile acid from the
body and relieves pruritus (19, 92).

TGRS is a GPCR that serves as the cell surface receptor for bile acids. It is a key player in
the bile acid signaling pathway, which regulates a number of pathophysiological events,
such as energy homeostasis and glucose metabolism (61). TGRS is expressed in many
different tissues, including lung, liver, spleen, and gall bladder, as well as in primary sensory
neurons and dorsal horn spinal neurons. Bunnett’s and Corvera’s groups (7) found that
TGRS expression in DRG is restricted to a subset of peptidergic neurons that coexpress
GRP, TRPA1, and TRPV1. They also showed that bile acid can activate TGR5 to cause
direct excitation and increased intrinsic excitability of DRG neurons. Bile acid—induced
scratching behavior is attenuated in TGR5 mutant mice but exacerbated in TGR5 transgenic
mice, which exhibit spontaneous scratching, indicating that TGR5 mediates bile acid—
induced itch sensation. Furthermore, the authors have shown that TGRS signals act upstream
of GRP-GRPR because TGR5 activation stimulates release of GRP and a GRPR antagonist
that can block bile acid—induced scratching behavior. This report revealed the molecular and
cellular mechanisms of bile acid—induced itch sensation and advanced our understanding of
cholestatic pruritus.

Involvement of lysophosphatidic acid (LPA) has also been proposed in cholestatic pruritus
(68). Evidence for its involvement came from an analysis of the serum from pruritic and
nonpruritic cholestatic patients. The researchers showed that serum levels of LPA and
autotoxin, the enzyme that converts lysophosphatidylcholine into LPA, are elevated only in
those patients who suffer from pruritus. It is noteworthy that autotoxin activity significantly
correlates with the intensity of pruritus in these patients. However, further investigations are
required to clarify whether LPA plays a critical role in cholestatic pruritus.
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CENTRAL ITCH PATHWAY

Primary sensory neurons transmit sensory information from the periphery to the spinal cord.
The molecular identification of itch-sensing neurons in the spinal cord came from studies
about gastrin-releasing peptide (GRP) and its receptor, the GRPR. GRP and GRPR are
distributed throughout the mammalian CNS and have been involved in numerous
physiological processes, including feeding behavior, learning, and memory, as well as in
neurological and psychiatric disorders (88). In the spinal cord, the expression of GRPR is
restricted in the lamina | of the superficial dorsal horn (132). Mice lacking GRPR showed
reduced responses to pruritogenic stimuli, especially nonhistaminergic pruritogens, but
comparable responses to painful stimuli compared to WT mice, suggesting that GRPR is an
important component in the itch-sensing neural pathway but is not involved in the pain-
sensing neural pathway (132). This conclusion is supported by pharmacological studies in
which GRPR antagonists effectively blocked pruritogen-evoked scratching behavior.
Furthermore, ablation of GRPR™ neurons by intrathecal injection of bombesin, the high-
affinity ligand, coupled with a cytotoxin, almost eliminated the behavioral responses evoked
by both histaminergic and nonhistaminergic pruritogens. In contrast, ablation of GRPR*
neurons did not affect behavioral responses to painful stimuli, demonstrating that GRPR*
neurons are the specific itch-sensing neurons in the spinal cord (133). These studies
provided the cellular basis of the itch sensation in the spinal cord, supporting the labeled-line
theory. It is unclear whether GRPR* neurons are spinal interneurons or projection neurons;
this question can be answered by retrograde tracing from the thalamus.

Compared to WT mice, GRPR knockout mice also exhibit attenuated scratching responses
evoked by intrathecal injection of morphine (83). Morphine-induced itch has been presented
for years as an example of the cross talk between the pain and itch sensations (54). The
underlying mechanism of a morphine-induced itch is presumably attributed to morphine-
induced disinhibition of the pain-sensing pathway in the spinal cord. Recent findings from
Chen’s group (83) argue against this hypothesis. They found that morphine-induced
analgesia and itch are two independent processes. Morphine acts through the p-opioid
receptor (MOR) isoform, MORZ, to induce analgesia. However, it directly activates the
heterodimer of MOR1D and GRPR to relay the itch sensation This study further
strengthened the notion that GRPR is an itch-specific receptor.

Like GRPR, the substance P receptor neurokinin 1 (NK1) is expressed in the lamina | of the
spinal cord dorsal horn; more specifically, it is expressed in the majority of STT neurons in
this region (54). However, NK1 does not label the same neuronal population as GRPR
because ablation of GRPR™ neurons does not affect the total number of NK1* neurons
(133). NK1* neurons are involved in both pain and itch sensations. In rats, elimination of
NK1* neurons by the intrathecal injection of substance P-saporin significantly attenuated
both pain and itch behaviors, demonstrating that NK1 is expressed in both nociceptive and
pruriceptive STT neurons (21, 89).

STT neurons have also been studied by recordings from antidromically identified projection
neurons in the dorsal horn. Using this method, a small fraction of STT neurons in lamina |
was identified in cats as selective pruriceptive neurons (9). This class of neurons is
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mechanically and thermally insensitive, and responds to histamine with a discharge pattern
that parallels the temporal profile of the histamine-elicited itch sensation in humans. This
result supports the labeled-line theory. However, in this study, the response of STT neurons
to algogens was not examined. In later studies, researchers found that STT neurons in
monkeys are polymodal neurons that respond to pruritogens, algogens, and mechanical and
thermal stimuli (28, 123).

Recent studies have examined the responses of STT neurons to histamine and cowhage, a
nonhistaminergic itch stimulus. They found that histamine and cowhage activate separate
populations of STT neurons in nonhuman primates (26, 28). Additional studies using
antidromic mapping revealed that histamine-responsive STT neurons project to narrower
brain regions than do cowhage-responsive STT neurons (26). Consistent with this result,
human brain imaging studies revealed notable differences in the brain regions activated by
histamine versus cowhage, although they can coactivate a core group of brain structures
(103). A similar phenomenon was discovered in the periphery. Namer et al. (95) found that
histamine and cowhage activate distinct nonoverlapping populations of C fibers in human
skin. Together, these results suggest that different neural circuits exist for mediating
histaminergic versus nonhistaminergic itch sensations. However, possibly because of species
differences and sensitivity of detection, other groups have reported overlapping populations
of primary afferent neurons responding to histamine and cowhage in mice and monkeys (58,
86).

When sensory information is transmitted to the spinal cord, the signals are integrated and
regulated and then conveyed to projection neurons. It is comprehensible that the perception
of sensation by the brain requires the engagement of projection neurons, as well as the
excitatory and inhibitory interneurons that regulate the activity of projection neurons. Direct
evidence about the role of excitatory interneurons in the behavioral responses evoked by
pruritogens came from the analysis of TR4 conditional knockout mice (148). Neuronal
deletion of TR4, a testicular orphan nuclear receptor, results in preservation of primary
afferent neurons and spinal projection neurons, as well as the loss of many excitatory
interneurons in the superficial dorsal horn. Spinal projection neurons in TR4 conditional
knockout mice exhibit decreased responsiveness to both noxious stimuli and pruritogens;
these changes are associated with the attenuated pain and itch behavioral responses,
demonstrating the importance of the concurrent activation of excitatory neurons for
transmitting sensory information (148).

NEUROTRANSMITTERS FOR THE ITCH SENSATION

Recent striking evidence implicates neuropeptide natriuretic polypeptide b (Nppb) as a
neurotransmitter secreted from pruriceptive primary sensory neurons (93). Nppb is
selectively expressed in TRPV1* and MrgprA3/C11* DRG neurons. Nppb knockout mice
lost almost all behavioral responses to multiple pruritogens. Intrathecal injection of Nppb
induced robust scratching behavior. Furthermore, its primary receptor, natriuretic peptide
receptor A (Npra), is expressed in a group of dorsal horn neurons in the spinal cord, which is
a different neuronal population from GRPR™* neurons. Ablation of Npra* neurons by Nppb-
saporin attenuated the behavioral responses to histamine. These data suggest that Nppb acts
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as a neurotransmitter that conveys itch signaling from the periphery. Despite these
compelling results, there is no direct evidence that Nppb is released in response to pruritic
stimuli. In addition, Npra is also expressed in a large population of DRG neurons (155),
which leads to the possibility that Nppb-saporin ablates pruriceptive primary sensory
neurons, which in turn inhibit the itch sensation. Further studies with a trans-synaptic
marker are needed to examine the neuronal connection between primary pruriceptive
neurons and Npra* spinal neurons.

Because of the intriguing role of GRPR in the itch sensation, it is reasonable to consider
GRP as a neurotransmitter that possibly mediates the itch sensation. Indeed, intrathecal
injection of GRP induces robust scratching behavior, which can be blocked by a GRPR
antagonist, demonstrating that GRP is a key player in transmitting the itch sensation (132).
There are some controversies about the types of cells that secrete GRPs. Some groups have
shown that GRP is expressed in a small subset of peptidergic DRG neurons (81, 96, 132),
leading to the hypothesis that GRP is a neurotransmitter secreted from the periphery. Other
groups have found that GRP is expressed in the dorsal horn of the spinal cord, instead of the
DRG (35, 93). Mishra et al. (93) showed that GRP and Npra are expressed in the same
population of dorsal horn neurons in the spinal cord. Ablation of Npra* neurons with Nppb-
saporin attenuated Nppb-induced scratching behavior but not GRP-induced scratching,
suggesting that GRP acts downstream of Nppb and Npra™ neurons in the itch neural circuit.
The critical role of GRP in the itch sensation is also supported by the recent study from
Bunnett’s and Corvera’s groups (7), which shows that bile acid can activate its receptor, G
protein—coupled bile acid receptor 1 (GPBAR1 or TGR5), to stimulate release of GRP and
induce the itch sensation.

There are limited studies about the role of glutamate in the itch sensation. A recent study
performed an electrophysiological recording of the spinal cord dorsal horn neurons that
receive monosynaptic inputs from C fibers (67). The results showed that activation of these
neurons by histamine application on the skin can be blocked by glutamate receptor
antagonists. Although the cell number in this study was too small to make clear conclusions,
it provides the possibility that glutamate is a neurotransmitter involved in transmitting the
itch sensation. Because deletion of the vesicular glutamate transporter (VGLUT) 2 in
pruriceptive DRG neurons leads to enhanced responses to pruritogens (71, 84), it is likely
that glutamate is not the only neurotransmitter that transmits the itch sensation.

MECHANICALLY EVOKED ITCH

We know from everyday experience that mechanical stimuli, such as the contact of wool
fibers to the skin, can induce itching. However, not every type of mechanical stimulus
evokes this response. For example, poking the skin with von Frey filaments or touching it
lightly with a cotton swab induces only a tactile sensation, not itching. In a recent study
from Ikoma’s group (36), researchers developed an assay to generate mechanically evoked
itch sensations. They attached a thin stainless-steel wire loop to a piezoelectric actuator. The
actuator was electrically controlled to vibrate at a fixed range and frequency, which caused
the wire loop to vibrate and apply a light mechanical stimulus to the vellus hair on human
skin. They demonstrated that this light mechanical stimulus can reproducibly induce an
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intense histamine-independent itch sensation. This is the first report to experimentally show
a mechanically evoked itch sensation in healthy human skin. The beauty of this study is that
the mechanically evoked itch is the “pure itch” that itch researchers have been seeking. In
previous human psychophysical studies, when the subjects were challenged with
pruritogens, such as histamine, BAM8-22, and cowhage, they always reported an itch
sensation accompanied by pricking, stinging, and burning, which represents a nociceptive
(although not necessarily painful) sensation (107, 120). Despite emerging evidence
suggesting the existence of a specific neural pathway for itching, the mixed human
sensations generated by pruritogens create doubt that the itch sensation has a pain-related
sensory component. In this study, Ikoma’s group (36) demonstrated that vibrating vellus
hairs on human skin induce only an itch sensation and never involve pain-related sensory
components. This method will be very useful for further investigation into the differentiation
of itch and pain sensations. The authors did not examine which type of afferent is involved
in their mechanically evoked itch, but they propose that C—tactile neurons are possible
candidates because these cells have characteristics that are consistent with the observed
phenomenon. MrgprA3* and MrgprD* fibers have been identified as pruriceptive C-
afferents; however, they do not innervate hair follicles and should be excluded from
consideration as possible candidates. A recently identified TH* C—low threshold
mechanoreceptor that innervates hair follicles might be a good candidate (76). Further
microneurographic studies are required for characterization of the responsible neural
pathway.

NEUROPATHIC ITCH

Neuropathic itch arises from nerve damage at any point along the neural pathway (98).
Despite fundamental advances in understanding the mechanisms of itch in the normal
nervous system, virtually nothing is known about the cellular and molecular mechanisms of
neuropathic itch. Our limited knowledge about neuropathic itch is based only on clinical
experiences. Neuropathic itch has been associated with most of the major categories of
neurological disease, ranging from multiple sclerosis to brain tumors to stroke to vascular
malformations and radicular compression. However, only a small proportion of patients with
these neurological conditions develop chronic itch. Another puzzle is that particular
diseases, zoster, for instance, lead to neuropathic pain in some patients, neuropathic itch in
others, and both in yet others. It appears that neuropathic itch has a complicated pathological
origin, which involves a specific trigger, neuronal damage, and individual susceptibility (98,
99, 131).

PSYCHOGENIC ITCH

When researchers talk about the basic neural mechanism of itch, they talk about the
molecules and cells that are involved in transmitting an itch signal from the periphery to the
brain, but an itch is not a simple electrical signal flow: It is a multidimensional sensation that
involves discriminative sensory, cognitive, and emotional components. Therefore, the
perception of an itch sensation in the brain can be affected by many psychosocial factors
(154). Psychological factors such as anxiety, depression, and stress can aggravate pruritus
conditions (137). In fact, anxiety level and depression are always correlated with the severity
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of atopic dermatitis and psoriasis as well as with the itch intensity associated with the
diseases (37, 41). Not only can a person’s psychological status aggravate pruritus, but
pruritus and scratching can also exacerbate the person’s psychological status, which affects
illness cognition and coping mechanisms and, in turn, disease and treatment outcomes.
Some studies have suggested that the development or exacerbation of skin disorders is
associated with certain personality traits (10, 20). For example, patients with urticaria show
higher tendency toward compulsion, a higher level of general psychosomatic symptoms
(headache, insomnia, paranoid thoughts, and fears), and higher dissatisfaction with life (10).

Some psychogenic disorders such as obsessive-compulsive disorders and delusions of
parasitosis can cause pruritus and scratching behavior directly (137, 154). A psychogenic
origin of itching has been found in 2% of patients with chronic pruritus; these cases need to
be treated with psychotherapy and antidepressants. However, the perception of itch without
real stimuli can also happen to healthy people, for example, “contagious itch.” Daily life
experiences suggest that contagious itch occurs when we see other people itch and
empathetically scratch. Researchers have recently investigated this phenomenon
systematically in both monkey and human subjects (33, 49, 85, 104). They found that
exposure to visual cues of an itch can induce itching in healthy subjects and that this is a
normal social response experienced by most people (49, 85, 104). Patients with atopic
dermatitis reported a higher intensity of itch and more scratching when watching videos of
people scratching, consistent with sensitization of the itch sensation in atopic dermatitis
patients (104). These studies established a behavioral model in which an itch is a subjective
somatosensory perception even in the absence of sensory stimulation (33, 49, 85, 104). This
model might provide insights into the central neural mechanisms of psychogenic itch
disorders in the future.

INTERACTIONS BETWEEN PAIN AND ITCH

Although pain and itch are two distinct sensory modalities, they have many similarities. In
fact, much of our understanding about the itch sensation has arisen from the investigation of
pain. Both pain and itch are unpleasant sensations, evoking different behavioral responses.
Pain induces a withdrawal reflex, whereas itch evokes a scratching response, and both can
serve as protective mechanisms. Both pain and itch are elicited by more than one type of
stimulus, including mechanical and chemical stimuli (54). Furthermore, they share certain
molecular mechanisms and are transmitted by similar neuronal populations. Most of the
pruritogens tested, such as histamine, BAM8-22, and cowhage, generate both itch- and pain-
related sensations (stinging and pricking) in human skin, although itching is prevalent (107,
120). In some medical conditions, both symptoms can be evoked (131). Pain and itch
sensations employ similar mechanisms for periphery sensitization, such as nerve sprouting
and neurotrophin regulation, and share similar patterns of central sensitization: Light touch
is perceived as painful in chronic pain conditions and itchy in chronic itch conditions (54).

Pain and itch sensations also interact with each other. An itch is defined as an unpleasant
sensation that elicits the desire or reflex to scratch. Scratching, in turn, generates a mild pain
that inhibits the itch sensation. Davidson et al. (27) observed that the scratching of the
cutaneous receptive field inhibits the neuronal activity of histamine-sensitive STT neurons
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in nonhuman primates. This inhibition is likely the result of spinal inhibition of the itch
circuit instead of direct inhibition of the periphery fibers because noxious stimuli can reduce
itching even when they are applied centimeters away from the itchy site (152). A study from
Greenberg’s group (111) provided insights into the neural mechanism of spinal inhibition of
itch. They found that mice lacking Bhlhb5 exhibit increased scratching in response to
pruritic agents and develop self-inflicted skin lesions, but these mice exhibit normal acute
nociception in response to mechanical and thermal stimuli. Bhlhb5 is a neural-specific basic
helix-loop-helix (bHLH) transcription factor that is transiently expressed in excitatory and
inhibitory neurons in the dorsal spinal cord. Deletion of Bhlhb5 in mice results in the loss of
a group of Bhlhb5* inhibitory interneurons and the disinhibition of the itch neural pathway,
which in turn leads to excessive scratching behavior.

Not only does disinhibition of itch circuitry induce itching, but recent studies show that
inhibition of the pain circuitry can also induce itching. Ma’s group (84) and Kullander’s
group (71) published parallel papers describing the phenotype of mice lacking Vglut2, the
transporter of glutamate, the critical neural transmitter for mediating pain sensation.
Deletion of Vglut2 in primary nociceptors significantly inhibits pain behavior but enhances
itch behavior. In addition, with the deletion of VVglut2 in nociceptors, a capsaicin injection
no longer induces nocifensive behavior (wiping on the cheek) but instead induces itch
behavior (scratching) (84). This result suggests that loss of synaptic release of glutamate
from primary nociceptors inhibits the perception of pain but leads to disinhibition of the itch
neural pathway. This idea was further supported by a recent study from Woolf’s group
(110). They first injected mice with capsaicin together with QX-314, which can enter
primary nociceptors through the opened TRP channel pore to selectively block sodium
currents and therefore block neuronal activity of TRPV1* nociceptors. Application of allyl
isothiocyanate (AITC) afterward on the same skin area induced scratching behavior. When
mice were instead pretreated with allyl isothiocyanate together with QX-314 to block
TRPAL™" nociceptors, subsequent capsaicin treatment also induced scratching behavior. The
explanation is that a subset of TRPV1*/TRPAL1" sensory neurons normally mask itch via
spinal inhibitory interneurons. However, when they are inhibited by QX-314, the spinal
inhibition of itch is relieved, and subsequent application of capsaicin/AITC can induce itch.

To incorporate new findings about the spinal inhibition of itching with labeled-line theory
(Figure 1a), population theory (or selectivity theory) was proposed (Figure 1b) (105). The
theory suggests that itch-sensing neurons may constitute a subset of the nociceptor
population. When this subgroup is selectively activated, the itch sensation is generated
regardless of the stimuli. However, when a larger population of neurons, including both
pain- and itch-sensing neurons, is activated, the itch sensation is occluded by the spinal
inhibition from pain-sensing neurons, and only the pain sensation is perceived. In cases in
which the pain stimulus is not strong enough to mask the itch, mixed pain and itch
sensations may be produced. This model not only highlights the existence of a specific itch
neural pathway but can also explain the similarity as well as the antagonistic relationship
between pain and itching.

Annu Rev Biophys. Author manuscript; available in PMC 2014 November 06.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Han and Dong Page 17

MODULATION OF THE ITCH NEURAL PATHWAY

Peripheral Sensitization

Modulation of the itch neural pathway can occur during pathological conditions, leading to
spontaneous itching or hypersensitivity to the itch sensation. For example, human
psychophysical studies have shown that pruritogens elicit stronger itching in the lesional
skin of patients with atopic dermatitis or psoriasis than in the skin of healthy people (50, 53,
102, 144). Itch sensitization can occur peripherally and centrally. Peripheral sensitization of
the itch neural pathway can be attributed to the increased excitability of the primary itch-
sensing neurons. Hyperinnervation is one way to increase the excitability or decrease the
threshold of primary sensory neurons. The sprouting of epidermal nerve fibers (i.e.,
hyperinnervation) has been reported in patients with atopic dermatitis and in experimental
animal models (66, 138). The increased expression levels of various molecules in itch-
sensing receptors also contribute to peripheral sensitization. MrgprA3 and TLR3 expression
levels are significantly increased in sensory neurons from mice suffering from dry skin (81,
150), and the PAR2 expression level has been found to be upregulated in patients with
atopic dermatitis (129). Researchers in Carstens’ group (2) have shown direct evidence of
hypersensitization of primary sensory neurons in animal models. They reported that DRG
neurons from dry-skin mice exhibited significantly stronger responses to a PAR2 agonist
and 5-HT than did DRG neurons from WT mice (2).

Many endogenous mediators have been shown to sensitize primary sensory neurons (13).
Among them, nerve growth factor (NGF) has been proposed to play an important role in itch
conditions. In the skin, NGF can be secreted from keratinocytes and mast cells (40).
Expression of NGF and its receptor TrkA is upregulated in atopic dermatitis and psoriasis
(31, 40), and an increased serum level of NGF is correlated with the severity of the pruritus
in atopic dermatitis (139). As a neurotrophic factor, NGF can increase the sensitivity of itch-
sensing neurons by promoting nerve sprouting (22), elongation, and survival (51). Rukwied
et al. (113) reported that cowhage-induced itch sensation was significantly enhanced when
the skin of human subjects was pretreated with NGF. Consistent with this result, in an
animal model of contact dermatitis, treatment with anti-NGF antibodies significantly
inhibited epidermal hyperinnervation as well as the development of disease symptoms,
including skin lesions and scratching behavior (135). These results suggest that NGF is
required for the pathogenesis of atopic dermatitis and that NGF inhibition is a promising
therapeutic approach for treating pruritic diseases.

Central Sensitization

Similar to peripheral sensitization, central sensitization can be achieved by regulating the
expression level of itch-sensing molecules in the CNS. For example, both GRP and GRPR
expression levels are significantly increased in nonhuman primates suffering from idiopathic
chronic itch (96). Also, itch-sensing neurons in the CNS have hyperexcitability, which leads
to enhanced processing of pruriceptive stimuli. This phenomenon has been demonstrated by
recent study from Carstens’ group (5). They showed that lumbar superficial dorsal horn
neurons exhibited enhanced responses to intradermal injection of the SLIGRL peptide in a
mouse hind paw dry-skin itch model (5).
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Central sensitization of the pain neural pathway has been extensively studied, and numerous
mechanisms have been implicated, such as the alteration in glutamatergic
neurotransmission, the loss of tonic inhibitory control, and glial-neuronal interactions (13).
Given the striking similarities between pain and itch sensations, similar mechanisms of
sensitization might be employed. For example, TLR3 is required for central sensitization of
the pain sensation, possibly because of its essential role in synaptic transmission and long-
term potentiation in the spinal cord (81). Because mice lacking TLR3 also exhibit
dramatically decreased spontaneous scratching behavior after dry-skin treatment compared
to WT mice, it is possible that TLR3 is also required for the central sensitization of the itch
neural pathway (81). Central sensitization of the itch neural pathway can also occur with the
disinhibition of Bhlhb5* inhibitory interneurons in the dorsal horn, as observed in Bhlhb5
and Vglut2 knockout mice (71, 84, 111).

Innocuous mechanical stimuli, such as light touch, also frequently elicit the itch sensation
when applied around pruritogen injection site on human skin (48, 122). This phenomenon
was termed alloknesis. Alloknesis is a typical example of sensitization of the itch neural
pathway, and it might involve both peripheral and central sensitization mechanisms (122).
Recently, Carstens’ group (6) developed an animal model of alloknesis. They showed that
the innocuous mechanical stimuli (light touch by von Frey filaments) applied to the skin
near pruritogen injection sites or the lesional dry-skin region can induce scratching behavior
in mice. Consistent with the previous human psychophysical finding that a p-opioid
antagonist attenuated alloknesis in humans (48), they also showed that a p-opioid antagonist
inhibited touch-evoked scratching in the mice, suggesting that this is a reliable animal model
of alloknesis.

It should be noted that, in pathological conditions, the distinction between the pain and itch
neural pathways becomes blurred. In the lesional skin of atopic dermatitis patients, normally
painful electrical, chemical, mechanical, and thermal stimulation is perceived as itching (50,
52). Consistent with these data, repetitive scratching, the most common behavioral response
that inhibits itch, enhances itch in these patients (56). Another example is histamine
iontophoresis, which induces burning pain rather than itch in patients with neuropathic pain
(12, 16). These results suggest that, although pain and itch are transmitted by distinct neural
pathways under normal circumstances, certain pathological conditions might change the
neural processing that discriminates between pain and itch sensations. Both peripheral and
central mechanisms might be involved.

CLOSING REMARKS

During the past several years, we have experienced rapid progress in and expansion of itch
research. The identification of novel pruritogens, receptors, and itch-sensing neurons greatly
expanded our understanding of the itch neural pathway. However, the study of the
mechanisms and circuits of itch sensation is still in its infancy, and many key questions
remain to be answered. The most important task in the field is to treat chronic itch
conditions, especially those associated with systemic disorders. The next frontier in our
investigation of itch mechanism should discover the essential endogenous itch mediators and
receptors in chronic itch conditions to look for the trigger of chronic itch signaling. In
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addition, itch-sensing nerve fibers in the skin can be activated by molecules secreted by
neighboring cell types. For example, mast cells secrete histamine and serotonin to initiate
itch signaling. Whether and how itch-sensing nerve fibers communicate with other cell types
in the skin (e.g., keratinocytes and epithelial cells) to induce itch sensation requires further
investigation. Moreover, new research must further elucidate how the itch neural pathway is
regulated and modulated under pathological conditions. Although itch is a distinct
somatosensation from pain, the similarities between these sensations (e.g., the fact that they
are mediated by similar neuronal cell types, neural circuits, and molecules) suggest that they
might employ similar mechanisms. Therefore, the valuable knowledge on pain mechanisms
such as peripheral and central sensitization will help to facilitate our understanding of itch
mechanisms. Finally, all the expectations mentioned above require better animal models that
mimic chronic itch conditions in patients. We wish to witness exciting research
breakthroughs in the itch field, both in deciphering the mechanisms and in translating the
discoveries into treatments with clinical impact.
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Glossary
Pruritogens substances that induce an itching sensation
Algogens substances that induce a pain sensation
STT spinothalamic tract
GRPR gastrin-releasing peptide receptor
Mrgprs mas-related G protein—coupled receptors
TLRs toll-like receptors
TRP transient receptor potential cation channel
PAR protease-activated receptor
NK1 neurokinin 1
Nppb neuropeptide natriuretic polypeptide b
Npra natriuretic peptide receptor A
TGRS (also called GPBAR1) G protein—coupled bile acid receptor 1
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Figure 1.

Schematic drawing of the neuronal interactions between dorsal root ganglia (DRG) neurons
and spinal neurons in the itch and pain pathways. The neural pathways for pain (red) and for
itch (blue) are shown. The bold lines indicate the activated pathways. (a) When pruriceptive
DRG neurons are selectively activated by either pruriceptive or nociceptive (e.g., capsaicin)
stimuli, the itch sensation is produced (labeled-line theory) (44). (b) When nociceptive
stimuli activate both pruriceptive and nociceptive DRG neurons, the itch sensation is
suppressed by the inhibitory spinal interneurons, and only the pain sensation is produced
(population theory) (71, 84, 101). For the purposes of this illustration, the sensory fibers of
all DRG neurons are bundled into one single line to represent the peripheral and central
terminals. Each different population of spinal neurons is represented by a single neuron.
Minus signs indicate the inhibitory synapse between the interneuron and the pruriceptive
spinal neuron. Figure modified with permission from Reference 105.
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Table 1

Pruritogens and receptorsin the periphery

Pruritogen Sour ce(s) Receptor(s) in DRG
Histamine Mast cells H1R, H4R
BAMS8-22 Proteolytic cleavage of proenkephalin MrgprC11

CQ Antimalaria medicine MrgprA3
SLIGRL-NH, Synthetic peptide or proteolytic cleavage of PAR2 | MrgprC11, PAR2
f-alanine Muscle-building supplement MrgprD

Mucunain Cowhage PAR2, PAR4
Cathepsin S Immune cells and epithelial cells PAR2, PAR4
Tryptase Mast cells PAR2, PAR4

5-HT Mast cells 5-HT1, 5-HT2

ET-1 Endothelial cells ETa

Substance P Primary sensory neurons NK1

1L-31 Mainly Th2 lymphocytes IL-31RA, OSMR
Imiquimod Synthetic immunostimulant TLRY7 (controversial)
Polyinosinic:polycytidylic acid | Synthetic immunostimulant TLR3

Bile acid Cholestasis TGR5
Lysophosphatidic acid Cholestasis Unknown

Abbreviations: BAM8-22, bovine adrenal medulla 8-22 peptide; CQ, chloroquine; DRG, dorsal root ganglion; ET-1, endothelin-1; 1L-31,

interleukin-31; 5-HT, serotonin.
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