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Centenary theme section: ITCH AND PRURITIC DISORDERS

SIGNIFICANCE
This paper reviews the basic mechanisms and pathways of 
itch signaling, emphasizing the progress to date as well as 
remaining challenges in translating current knowledge to 
the clinical treatment of chronic itch. Major questions that 
are addressed include: is itch signaled by a labeled-line 
pathway separate from that for pain; can alternative theo-
ries explain the ability to distinguish between itch and pain; 
are there specific markers of itch (such as gastrin releasing 
peptide and its receptor); are there histaminergic and non-
histaminergic itch-signaling pathways? We also address 
challenges in understanding touch-evoked itch (alloknesis) 
as a symptom of chronic itch.

Basic mechanisms and pathways of itch signaling are 
reviewed, with an emphasis on the progress to date 
as well as remaining challenges in translating current 
knowledge to the clinical treatment of chronic itch. Re-
cent studies reveal 3 subsets of pruriceptive sensory 
neurons highly expressing itch-related genes. Their 
fibers project into the spinal cord to activate neurons 
expressing gastrin releasing peptide (GRP) and its re-
ceptor (GRPR), which connect to neurons that express 
the substance P (NK-1) receptor and project to the 
parabrachial nucleus and thalamus. Spinal inhibitory 
interneurons release GABA, glycine and dynorphin to 
modulate segmental itch transmission. However, near-
ly all pruriceptive neurons also respond to algogens 
such as capsaicin. Alternative theories of itch-pain dis-
crimination, such as intensity or spatial contrast, are 
based on the observation that focal stimulation of no-
ciceptive nerve endings elicits itch while more wide-
spread stimulation elicits pain. These findings cloud 
the issue of a labeled line for itch- a long-debated but 
currently unresolved challenge. In higher primates 
there is a dichotomy of histaminergic and non-his-
taminergic itch-signaling pathways which is less de-
marcated in rodents, suggesting species differences. 
A cardinal symptom of chronic itch is alloknesis, i.e., 
mechanical or touch-evoked itch. Recent evidence in-
dicates that low-threshold mechanosensory afferents 
can access the spinal itch pathway, but are normally 
kept in check by inhibitory interneurons expressing 
neuropeptide Y (NPY). In chronic itch, NPY-mediated 
inhibition is reduced, allowing touch to excite itch-sig-
naling pathways. These recent advances provide novel 
targets for development of therapeutic strategies to 
relieve chronic itch.

Key words: itch; pain; labeled-line coding; gastrin releasing 
peptide; alloknesis.
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Like pain, acute itch provides a warning signal for the 
organism to scratch away insects or plant spicules 

from the skin surface or to dig out invasive parasites. 
However, chronic itch lasting > 6 weeks does not serve 
a useful function but instead imposes suffering, high so-

cioeconomic costs, and reduces the quality of life. It has 
been estimated that itchy skin conditions such as atopic 
dermatitis or psoriasis affect upwards of 10% or more of 
the general population with associated annual health care 
and economic costs in the billions of dollars (1–6). Most 
types of chronic itch are resistant to antihistamines, so 
there is a pressing need to develop novel drugs and other 
treatment strategies. This is one of the great challenges 
for translational itch research. Optimism is warranted 
based on recent research that has led to new effective 
treatments for chronic itch (7).

OVERVIEW OF ITCH PATHWAY

Huge strides have been made in the past decade in our 
understanding of how itch is transduced and transmitted 
from the periphery into the central nervous system. A 
schematic overview of itch processing is shown in Fig. 1. 
A wide variety of itch mediators interact with their cog-
nate receptors that are expressed in the free nerve endings 
of pruriceptive afferents in the skin. Fig. 1 provides a 
partial list. Histamine is the most well-known itch medi-
ator, acting at histamine H1 and H4 receptors linked to 
TRPV1, the heat- and capsaicin-sensitive ion channel 
(8, 9), which opens to depolarize the nerve ending and 
thereby activate voltage sensitive sodium channels (Nav 
1.7, 1.8) to initiate action potentials in the afferent fiber. 
Many non-histaminergic itch mediators act via TRPA1 
(10), and recent reports implicate TRPV4 in histamine, 
serotonin and chloroquine itch transduction (11–13). 
Single-cell RNA sequencing has been used recently to 
categorize 11 subpopulations of dorsal root ganglion 
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(DRG) cells, with 3 largely nonpeptidergic (NP) groups 
expressing genes associated with itch: NP1 (MrgprD), 
NP2 (MrgprA3), and NP3 (brain natriuretic peptide 
[BNP] and somatostatin) (14). MrgprD, MrgprA3, BNP 
and somatostatin have all been implicated in itch (15–18). 
In addition, neuroimmune interactions have been im-
plicated in chronic itch. Recent studies have implicated 
IL-31 (19, 20), IL-4 and IL-13 (21) in itch and itch sen-
sitization, leading to the development of biologics and 
antagonists that block activation of sensory neurons by 
cytokines (7). Clearly, improved understanding of the 
peripheral transduction of itch and immune function 
is already addressing the challenge of translating basic 
research into more effective treatments for chronic itch.

Pruriceptive afferent fibers transmit signals into the 
spinal cord dorsal horn, where they release neuropeptides 

including BNP (17), possibly gastrin releasing peptide 
(GRP) (22, 23), substance P (23), neuromedin B (24), 
and somatostatin (25) as well as the neurotransmitter 
glutamate (see below). The spinal circuitry includes 
excitatory interneurons that express GRP and substance 
P (26, 27), as well as itch-inhibitory interneurons ex-
pressing GABA, glycine and dynorphin (28–31) (Fig. 
1). Projection neurons ultimately give rise to ascending 
itch-signaling pathways to the parabrachial nucleus and 
somatosensory thalamus. A high percentage of ascending 
projection neurons express the NK-1 receptor (32, 33). 
A majority of antidromically identified spinothalamic 
and spinoparabrachial projection neurons in rats respond 
to intradermal injection of pruritogens, with most also 
responding to the algogens capsaicin and mustard oil (34, 
35). Using a double-label strategy, we observed similar 

Fig. 1. Schematic of itch-signaling pathways. 5-HT: 5-hydroxytryptamine (serotonin); ACC: anterior cingulate cortex; BNP: brain natriuretic peptide; 
CGRP: calcitonin gene related peptide; Dyn: dynorphin; Glu: glutamate; Gly: glycine; GRP: gastrin releasing peptide; IL: interleukin; LTB4: leukotriene 
B4; Mrgpr: Mas-related G-protein coupled receptor; PAF: platelet activating factor; PAR: protease-activated receptor; SI: primary somatosensory cortex; 
SP: substance P; Sst: somatostatin; TLR: toll-like receptor; TLSP: thymic stromal lymphopoietin.
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proportions of retrogradely labeled spinothalamic and 
spinoparabrachial neurons that co-express the activity 
marker, c-fos, following intradermal injection of hista-
mine, chloroquine or capsaicin (36). Finally, the spinal 
itch-signaling circuitry is very likely under descending 
modulatory influences from the brainstem, although this 
has only begun to be experimentally addressed (37, 38). 

IS THERE A LABELED LINE FOR ITCH?

On the one hand, there is evidence that spinal transmis-
sion involving the neuropeptide GRP provides a specific 
pathway for itch transmission (discussed further below). 
On the other hand, based on neural recordings from pe-
ripheral and second- or higher-order neurons in the spinal 
cord and brain, it is evident that neurons that respond to 
pruritogens invariably also respond to algogens such as 
capsaicin, mustard oil, and other noxious stimuli. Thus, 
there appear to be few if any itch-specific neurons, im-
plying that itch must be distinguished from pain (and 
other dysesthetic sensory qualities) by some mechanism 
that can decode activity in non-selective neurons. A great 
challenge of basic itch research is to reconcile these se-
emingly disparate observations to understand how itch is 
conveyed to the brain and how it is discriminated from 
pain and other sensory qualities.

There is much evidence that activation of pruritogen-
sensitive primary afferent fibers elicits a sensation of 
itch via a specific “labeled line” pathway. An older study 
using electrical stimulation at discrete sites on the skin 
surface reported that the intensity of the evoked itch 
increased as a function of increasing stimulus frequency 
but never transitioned to pain (39). A seminal observation 
was that mechanically insensitive C-fibers recorded by 
microneurography responded to cutaneous application 
of histamine, such that the action potential firing pat-
tern closely paralleled the time course of concomitant 
itch sensation (40). More recent studies suggest that 

activation of specific primary afferents elicits itch, even 
though the afferents respond to algogenic as well as 
pruritogenic stimuli. For example, MrgprA3 is a Mas-
related G-protein-coupled receptor expressed in sensory 
nerve endings that respond to the itchy antimalarial 
drug chloroquine (15). When TRPV1 (the capsaicin 
and heat-sensitive receptor) is genetically engineered 
into sensory neurons expressing MrgprA3 in otherwise 
TRPV1-null mice, capsaicin activation of these neurons 
elicits itch (scratching) rather than the pain behavior 
that is normally elicited by capsaicin (41). Moreover, 
MrgprA3-expressing sensory nerves responded not only 
to chloroquine but also capsaicin and other chemicals, 
indicating that they are not itch-specific (41). Optogenetic 
activation of MrgprA3-expressing peripheral afferents 
also elicited itch-related scratching behavior (27). These 
findings indicate that activation of MrgprA3-expressing 
nerve endings elicits itch, regardless of whether they are 
activated by pruritic, algogenic or artificial stimuli. This 
implies that although the MrgprA3-expressing afferents 
are not exclusively activated by itchy stimuli, they ac-
cess circuits at higher levels of the nervous system that 
selectively signal itch but not pain.

This concept is also reflected in a “population coding” 
theory, which is similar to the selectivity theory (Fig. 2A). 
Using calcium imaging of DRG sensory neurons, we 
found that most if not all neurons that responded to 
itch mediators additionally responded to capsaicin and 
mustard oil (42, 43). The same was true for superficial 
dorsal horn neurons (44). Similarly, high percentages 
of neurons in the ventral posterior medial and posterior 
triangular thalamic nuclei responded to pruritogens as 
well as capsaicin (45). We postulated that pruritogen- and 
algogen-sensitive DRG and spinal dorsal horn neurons 
signal itch, whereby these non-selective spinal neurons 
access itch-specific central mechanisms (Fig. 2A). In 
contrast, pruritogen-insensitive but algogen-sensitive 
neurons signal pain. Note that this idea still embodies 

Fig. 2. Itch theories. A: selectivity (similar to population coding). B: intensity theory. See text for explanation. +: excitatory synapse; –: inhibitory synapse.
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separate, central labeled line mechanisms for itch and 
pain. Pain-evoking stimuli would activate both popula-
tions of neurons, implying that itch and pain are elicited 
simultaneously. In this case, pain sensation dominates 
due to the ability of nociceptive spinal input to activate 
itch-inhibitory interneurons (Fig. 2A) (46), consistent 
with the selectivity theory of itch. Itch perception may 
also be masked by stronger pain. 

IS GASTRIN RELEASING PEPTIDE AN ITCH-
SPECIFIC MARKER?

A role for GRP in itch was first demonstrated by a sig-
nificant reduction in pruritogen-evoked scratching, but 
not pain behavior, in transgenic mice lacking the GRP 
receptor (GRPR) (22). Neurotoxic destruction of GRPR-
expressing spinal neurons also significantly attenuated 
pruritogen-evoked scratching but not pain behavior (47). 
These findings were recently corroborated by the report 
that chemogenetic activation of GRP-expressing dorsal 
horn neurons elicited behavioral signs of itch but not 
pain (48). These data strongly support GRP and GRPR 
expressed in spinal neurons as itch-specific markers. 

However, another recent study reported that selective 
activation of GRP-expressing spinal neurons elicited 
behavioral signs of both itch and pain (27). The authors 
genetically engineered TRPV1 into GRP-expressing 
spinal neurons in otherwise TRPV1-null mice. Intrathecal 
administration of capsaicin dose-dependently elicited 
behavioral signs of itch (scratching) as well as pain 
(licking). At higher doses of capsaicin (1–20 µg), pain 
(but not itch) responses decreased and were rescued by 
administration of the µ-opioid antagonist naloxone. The 
authors suggested that high-dose capsaicin triggered an 
opioid mechanism that reduced pain but not itch, and that 
a common population of GRP-expressing spinal neurons 
signals both itch and pain. This is consistent with the 
intensity theory of itch (Fig. 2B), which postulates that 
itch is signaled by a lower firing rate and pain by a higher 
firing rate in a common population of spinal neurons. In-
deed, capsaicin elicited much higher firing rates in GRP-
expressing spinal neurons compared to those elicited by 
the pruritogens SLIGRL, chloroquine or histamine (27). 
In general, capsaicin and mustard oil elicited consistently 
higher firing rates compared to pruritogens in spinal 
dorsal horn neurons, including spinothalamic projection 
neurons (49). Thus, there is conflicting evidence as to 
whether GRP- and GRPR-expressing spinal neurons are 
itch-specific or signal both itch and pain, a challenge to 
theories of itch-pain discrimination that requires future 
studies to resolve.

Besides GRP, neuromedin B (24), brain natriuretic 
peptide (BNP) (17), glutamate (50) and substance P (51) 
have also been implicated in the spinal transmission of 
itch. We found that individual intrathecal delivery of 
receptor antagonists of GRP (RC-3095), substance P 

(L-733060) or the AMPA glutamate receptor (CNQX), 
partially reduced scratching behavior and spinal neuronal 
responses to chloroquine, while a combination of all 3 
antagonists completely inhibited these responses (52). 
This is supported by another study reporting that of 
dorsal horn neurons responsive to intradermal histamine 
or chloroquine, some responded to intrathecal delivery 
of BNP or GRP, but less commonly to both (53). These 
findings suggest that there may be parallel spinal path-
ways for itch, each utilizing these neurotransmitters/
neuropeptides to different extents. CNQX almost com-
pletely abolished scratching and neuronal responses to 
histamine, implicating glutamate as the primary spinal 
neurotransmitter in histaminergic itch (52). These studies 
provide points of intervention in the spinal cord to block 
the transmission of itch signals.

SPATIAL CONTRAST THEORY OF ITCH

A further complication to our understanding of itch 
mechanisms is the finding that a dominant sensation of 
itch, together with sub-dominant nociceptive sensations 
(burning, stinging, pricking), were elicited by insertion 
of either a single histamine-loaded, or capsaicin-loaded, 
or native cowhage spicule into the skin (54). This implies 
that highly localized activation of a minimal number of 
nociceptive nerve endings in the skin by either pruritoge-
nic or algogenic chemicals is sufficient to elicit a domi-
nant sensation of itch. This supports the “spatial contrast” 
theory of itch, which holds that limited activation of 
nociceptive nerve endings is itchy, while activation of 
a greater number of nerve endings over a broader area 
(e.g., by intradermal injection of capsaicin) is painful, 
possibly due to disruption of a specific pattern for itch 
via the activation of many nociceptors. This concept was 
suggested as a possible mechanism of neuropathic itch 
following nerve injury that results in degeneration of 
most but not all C-fibers, such that activation of the few 
spared fibers elicits a sensation of itch (55). The challenge 
remains to explain how either itch or pain results from 
localized patterns of activation of nociceptive C-fibers.

HISTAMINERGIC VS. NON-HISTAMINERGIC 
ITCH: SPECIES DIFFERENCES?

It is a dogma that there are two types of itch, histamin-
ergic and non-histaminergic. In humans, histaminergic 
itch is mediated by the histamine-sensitive, mechanically 
insensitive C-fiber afferents mentioned above (40, 56). 
In contrast, non-histaminergic itch can be elicited by 
spicules of cowhage, which contain proteases (57, 58). 
Cowhage excites mechanically sensitive polymodal 
nociceptors (56, 59). The duality of histamine- and 
cowhage-sensitivity applies to non-human primates as 
well, since intradermal injections of histamine or place-
ment of cowhage spicules activated largely separate po-
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pulations of spinothalamic tract neurons (60). However, 
in rodents there appears to be greater overlap in primary 
and secondary sensory neurons responsive to histamine 
and non-histaminergic itch mediators. Using calcium 
imaging of mouse DRG and trigeminal ganglion (TG) 
cells, it was variously reported that 100% (15), 50% 
(61) or 17–23% (62) of chloroquine-responsive cells 
also responded to histamine. Using in vivo recording 
from identified MrgprA3-expressing DRG cells in mice, 
78% (7/9) responded to both histamine and chloroquine 
(41). Recordings from mouse spinal dorsal horn neurons 
revealed that 47–71% of chloroquine-responsive neurons 
also responded to histamine (63). In rat somatosensory 
thalamus, all 7 chloroquine-responsive neurons that were 
additionally tested with histamine responded, although 
it is noted that a large number of histamine-responsive 
thalamic neurons did not respond to chloroquine (45). 
These data imply that histaminergic and non-histamin-
ergic pathways may be more segregated in humans and 
non-human primates compared to rodents. A challenge 
for the field is to understand the limitations of rodent 
models for translation to human itch.

THE CHALLENGE OF CHRONIC ITCH AND 
ALLOKNESIS 

Cardinal symptoms of chronic itch are ongoing (“spon-
taneous”) itch, alloknesis (mechanical or touch-evoked 
itch), and hyperknesis (increased itch to a normally itchy 
or punctate mechanical stimulus). In healthy normal 
mice, lightly touching the skin does not elicit any be-
havioral signs of itch. However, following intradermal 
injection of histamine and other pruritogens, light touch 
elicits immediate scratch bouts – a model of alloknesis 
(64). Chemogenetic silencing of spinal neuropeptide 
Y (NPY) – expressing neurons led to increased touch-
evoked scratching (65), and intrathecal delivery of NPY-1 
receptor agonists reduced touch-evoked scratching (66), 

implying that the NPY-expressing neurons normally 
inhibit itch elicited by low-threshold mechanoreceptors. 
Scratching elicited by intradermal chloroquine, but not 
mechanical stimulation, was attenuated by antagonizing 
or ablating GRPR-expressing neurons, implying that me-
chanical itch is independent of, or converges downstream 
of GRP-GRPR signaling in the spinal itch circuit (Fig. 
3). A reduction in the number of cutaneous Merkel cells 
and reduced expression of the mechanotransduction 
channel piezo2, as occurred in aged mice or under dry 
skin conditions, was associated with increased alloknesis, 
while chemogenetic activation of Merkel cells prevented 
alloknesis in dry skin (67). This suggests that Merkel 
cells connected to slowly adapting type I (SAI) afferents 
excite NPY-expressing interneurons to inhibit spinal itch 
transmission. It was very recently reported that activa-
tion of neurons expressing the NPY-1 receptor promotes 
mechanical itch (68). Mechanical itch was not affected 
following ablation of spinal neurons expressing the NK-1 
receptor, implying that mechanical itch is transmitted via 
a pathway independent of that for chemical itch (Fig. 
3). NPY-mediated inhibition can be overcome by me-
chanoreceptor activation of NPY-1 receptor-expressing 
neurons to drive the mechanical itch-signaling pathway 
under conditions in which Merkel cell-SAI input is re-
duced (Fig. 3). 

A number of animal models have been developed to 
mimic various types of chronic itch and alloknesis, in-
cluding atopic dermatitis, psoriasis and others (69, 70). 
Repeated topical application of ovalbumin induced an 
atopic dermatitis-like condition in mice, characterized by 
skin hyperplasia and lesions, increased IgG and Th2 cyto-
kines, and importantly, increased spontaneous scratching 
behavior, alloknesis and hyperknesis (32). Alloknesis, but 
not hyperknesis or spontaneous scratching, was nearly 
abolished in OVA-treated mice that received intrathecal 
injection of substance P-saporin but not bombesin-
saporin. This implies that the effect of low-threshold 

Fig. 3. Schematic of mechanical itch (alloknesis). See 
text for explanation. GRP: gastrin releasing peptide; GRPR: 
gastrin releasing peptide receptor; NK-1R: neurokinin-1 receptor; 
NPY: neuropeptide Y; NPY-1R: neuropeptide Y-1 receptor; +: 
excitatory synapse; –: inhibitory synapse.
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mechanoreceptor input to inhibit itch signaling neurons 
occurred downstream of GRPR-expressing neurons but 
requires NK-1 receptor-expressing neurons, supporting 
the idea that mechanoreceptive input converges onto 
the chemical itch-signaling pathway (Fig. 3; dashed line 
connecting NPY-1R to NK-1R). Consistent with this, 
intrathecal NPY agonists suppressed both chemically- 
and mechanically-evoked itch behavior (66).

Given that alloknesis is quite bothersome to patients 
suffering from many types of chronic itch, a challenge 
to the field is to better understand how low-threshold 
mechanosensory input interacts with spinal itch-signaling 
pathways and potential anti-alloknesis interventions 
targeting spinal NPY1 receptors.

CONCLUSIONS

The preceding text has identified a number of challenges 
arising from basic itch research to explain how itch can be 
discriminated from pain, and to translate our increasing 
knowledge of itch signaling into clinical treatment. Given 
the remarkable progress of the past decade and the current 
strong interest in itch research, several novel approaches 
to the treatment of chronic itch are already being used and 
more can be expected in the near future. Nevertheless, it 
has been debated for more than 100 years whether itch 
and pain are signaled by separate labeled-line pathways 
or by a common population of non-specific neurons. 
This debate continues unresolved up to the present, with 
arguments favoring both concepts. 
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