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Abstract

There have been many exciting recent advances in our understanding of the molecular and cellular
basis of itch. These discoveries cover diverse aspects of itch sensation, from the identification of
new receptors to the characterization of spinal cord itch circuits. A common thread of these studies
is they demonstrate that itch sensory signals are segregated from input for other somatosensory
modalities, such as pain, touch, and thermosensation. This specificity is achieved by the
expression of dedicated receptors and transmitters in a select population of sensory neurons which
detect pruritogens. Further, recent studies show that itch specificity is maintained in a spinal cord
circuit by the utilization of specific neurotransmitters and cognate receptors to convey input along
a distinct cellular pathway.

Introduction

Itch is an unpleasant sensation produced by a disturbance of the skin that triggers a strong
innate urge to scratch. The act of scratching in turn results in the removal of the upper
epidermal layers of the skin which is thought to be a mechanism to dislodge potential
parasites. In many animals a variety of ethologically common stimuli elicit the same scratch
response suggesting that itch confers an evolutionary advantage. In the Western world
invasion of the skin by invertebrate organisms is rare, but itch caused by many
dermatological conditions and some systemic diseases can produce a type of itch which
becomes debilitating. This type of pathological (chronic) itch appears to serve no purpose
and can be particularly disturbing to patients, because of the paucity of effective treatments
and its adverse impact on quality of life. Therefore at a clinical level and from a biological
perspective, there has been a strong impetus to better understand the mechanisms by which
itch sensation is produced. This review will highlight the discoveries in the neuroscience of
itch-reception over the last 3 years.
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Reception and peripheral coding of itch

Where itch starts, depends on your stand-point. For dermatologists, there has been a long
standing recognition that the interaction of immune system and cells in the skin is critical for
itch in most of the diseases with a dermatological origin (Figure 1). For instance, the
detection of many parasites in the skin is performed by mast cells. Upon stimulation, mast
cells release the well-known pruritogen, histamine and several chemical substances such as
serotonin, serine proteases, and lipid mediators [1,2]. Other immune and skin cells also
release itch-inducing compounds [3-5]. For neuroscientist, reception occurs at the level of
peripheral sensory neurons. Most studies performed by neuroscientist concentrate on itch
produced by chemical activation of itch sensitive neurons, but another poorly characterized
itch stimulus is generated by a very specific types of mechanical stimulation [6]. This type
of itch is produced by very transient low threshold mechanical stimulus, for example the
stimulation produced by an insect landing on the skin. In addition, there is cross-talk
between the neuronal and immune systems that potentiates responses for both [7]. Finally,
for psychologists, some types of itch may be elicited by activation of central itch-circuits,
such as, itch provoked by visual cues [8,9].

Specific nerve cells, called pruriceptors, are responsible for sensing a plethora of itch stimuli
and express multiple types of receptor molecules. G protein-coupled receptors (GPCR) are a
well characterized class of itch sensors that detect various itch-inducing chemicals. Among
the GPCRs that have been reported to be expressed in sensory neurons are the H1 and H4
histamine, and the serotonin and PAR2 receptors [10-12]. In addition, the Mas related
GPCRs, MrgprA3 and MrgprC11 are activated by the xenobiotic agent chloroquine and the
endogenous compound Bam8-22 respectively [13]. Itch GPCRs trigger G-protein coupled
signaling cascades through phospholipase C and Gpy which ultimately mediate gating of
TRP-ion channels [14-16].

New receptors for itch

Recently several non-GPCR itch receptors have been identified which either directly or
indirectly lead to signaling cascades involving the phosphorylation of multiple intracellular
proteins. These cytokine receptors were first characterized in immune cells and have
recently been shown to have roles in pruriception [17]. The epithelial derived cytokine,
thymic stromal lipoprotein (TSLP), is sensed by its receptor, TSLPR and IL7Ra, expressed
in pruriceptors and was demonstrated to be an important pruritogen underlying certain types
of dermatological itch [3]. The IL31Ra is expressed in a small subset of sensory neurons and
is activated by the cytokine IL31 which is likely produced by keratinocytes and immune
cells [4,5]. In addition, the Toll like receptors (TLR) have been shown to contribute to itch-
sensation; however the expression of TLR receptors in pruriceptor neurons is still
controversial [18]. There are probably other receptors for some other physiologically
relevant itch-inducing agents which should be uncovered in the next few years as the full set
of genes which pruriceptors express is characterized. It is important to note that some itch-
inducing agents may not be completely specific pruritogens since they can also provoke
other sensations because their receptors are likely expressed by a variety of sensory neurons.
The sensation of itch can be distinguished from other sensations and it has been proposed
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that itch and pain can be differentiated from each other by the distinct coding properties of
itch and pain neurons and their differential innervation of the skin [19]. The compound
histamine is an example of an agent that is algesic and pruritic. Histamine can preferentially
provoke itch when injected into outer dermal layers of the skin, but produces pain when
injected into deeper layers. Recently the xenobiotic f-alanine has been suggested to activate
the Mrgprd-receptor and cause an itch-like sensation [20]. Previously, it was shown that
Mrgprd-expressing neurons are stimulated by the pain producing substance ATP and are
required for noxious mechanosensation and thermoreception [21-23]. Since -alanine can
also cause burning and skin irritation in humans, it is tempting to speculate that this
compound, like histamine, may trigger noxious responses rather than being a pure
pruritogen.

Pruriceptor specificity

Recently, attempts have been made to define the specificity of pruriceptive neurons using
molecular genetic and pharmacological strategies. Previously electrophysiological
measurements had suggested that pruriceptors are a restricted population of sensory neurons,
but indicated that these cells may not be selectively tuned for detection of itch stimuli. In
contrast, recent molecular and pharmacological approaches suggest that there is, instead,
considerable coding specificity. By manipulating the cells that express the MrgprA3
receptor, it has been shown that these neurons are required for detection of most itch stimuli
and that their activation is sufficient to induce itch, but not pain-behavior [24]. This result
restricts the neurons that are required and sufficient for itch and shows they are highly
specific. However, because itch for many chemical substances was only partially lost when
MrgprA3-neurons are ablated, it is still not clear that all itch receptors are expressed in this
subset of cells. Similarly, targeted loading of the voltage gated sodium channels blocking
agent QX-314 into histamine, and chloroquine/PAR2 responsive neurons, silenced itch, but
not pain and did not change responses to mechanical stimuli [25]. Therefore,
electrophysiological attempts to define the specificity of neurons do not agree with recent
studies which paired molecular genetic ablation and pharmacological silencing with
behavioral assays of itch. Future work should further help resolve these differences and
establish definitively the coding properties of pruriceptive neurons.

Signal transmission and neural circuits for itch

The activation of peripheral sensory neurons is necessary for the feeling of itch, but it is not
all that is required to produce the sensation of itch. Itch is in fact a neural correlate generated
in the brain. Several recent studies have started to reveal some of the key early stages in the
processing of itch information in the spinal cord. In particular, notable advances have been
made in identifying several of the cellular and molecular substrates involved in the
transmission and inhibition of itch.

Spinal cord itch-circuit

It is generally believed that glutamate is a primary neurotransmitter of itch. Post-synaptic
input from itch sensory afferents can be blocked by inotropic glutamate ion-channel
antagonists and all sensory neurons types have the appropriate cellular machinery to
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generate synaptic stores of glutamate supporting glutamate as a transmitter used by
pruriceptors [26-28]. Since, elimination of glutamate from pruriceptors does not abolish itch
[27,28], pruriceptors must contain other transmitter(s). It was initially hypothesized that the
neuropeptide, gastrin releasing peptide (GRP), was a co-transmitter employed by
pruriceptors based on immunological detection of GRP in pruriceptors [29,30]. However,
recent results cast doubt on GRP-staining in pruriceptive neurons [31-35]. In particular, it is
hard to reconcile the almost complete lack of RNA for GRP in pruriceptors with this peptide
contributing significantly to itch transmission by DRG-neurons [36]. Whereas GRP
expression is extremely low or absent in sensory neurons, a recent report revealed that
another peptide, Natriuretic peptide b (Nppb), is highly expressed in these cells [32].
Further, Nppb (also called BNP) was shown to be co-expressed with itch-receptors and
signaling components which mediate itch-sensation. Importantly, Nppb was demonstrated to
be required for itch responses in mice. Corroborating Nppb as a transmitter of itch signals,
ablating spinal cord neurons that express the Nppb-receptor, Nprl (Figure 2) attenuates itch
behavior. Additionally, intrathecal injection (into the spinal cord) of Nppb elicits scratching.
While evidence for GRP being the primary transmitter for itch has been waning, there is
strong evidence that GRP itself has an important contribution in transmission of itch-signals
downstream of Nppb. Concordant with this concept, GRP-receptor deficient mice, GRP-
antagonists, and mice in which neurons that express the GRP-receptor are ablated display
greatly reduced responses to administration of histamine and Nppb, but blocking Nppb-
evoked scratching does not alter GRP-induced itch-behavior [32]. Also consistent with this
linear model of itch transmission, GRP is co-expressed with Nprl in the spinal cord neurons
(Figure 2). This model provides the most parsimonious explanation of the available data,
and fits well with other more recent data which shows that elimination of spinal GRP-
expressing interneurons abolishes itch-behavior [37,38]. How these neuropeptide
transmitters exert their effects in the spinal cord is still an open question. An attractive
concept, taken from other areas of the nervous system, is that these neuropeptide
transmitters, which exert their effects on metabotropic receptors, may serve as modulators of
the tone within the spinal cord rather than acting like the more traditional small molecule
neurotransmitters glutamate, glycine and GABA. At this stage, the molecular and cellular
steps beyond the neurons expressing GRPR are still poorly understood. Various data suggest
that TacR1-expressing spinothalamic projection neurons in lamina | of the dorsal horn of the
spinal cord transmit signals to the parabrachial nucleus and thalamus (Figure 2) [39,40].
Electrophysiological data suggest that restricted lamina | projection neurons respond to itch
stimuli, but these cells are also excited by painful stimuli [41,42]. Therefore, it is unclear
how itch and pain signals are distinguished as sensory information moves into the brain.
Exact details of the neurons within the brain activated by itch are also obscure.

Inhibition of itch

Importantly, scratch responses are limited; too much scratching elicits pain which, in turn
inhibits itch. In this way, itch and pain are closely tied to each other with a unidirectional
feed-forward inhibitory path from pain to itch which functionally prevents skin trauma. A
clue to how this inhibition might happen came from genetically eliminating the glutamate
transporter, VGlut2, from subsets of sensory neurons [27,28]. The genetically manipulated
mice used in these studies exhibit spontaneous itch and display hyper-reactivity to pruritic
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compounds, and have greatly reduced responses to algesic stimuli. It has been suggested this
result was caused by the release of a tonic inhibition from pain-sensing neurons which
normally silence itch. Building on this model of itch inhibition, mice lacking Bhlhb5
inhibitory spinal cord neurons exhibit the same phenotype as animals in which VGIut2 is
lost from nociceptors, suggesting Bhlhb5-cells might be part of the cellular substrate where
tonic input originates [43] (Figure 2). This arm of the itch pathway has recently been
advanced by showing that Bhlhb5-neurons can be directly activated by the itch-counter
stimuli capsaicin, mustard, and menthol and that Bhlhb5-cells contain the itch relieving
neuropeptide dynorphin [44]. In addition, Bhlhb5-neurons can be hyperpolarized by the
neuropeptide somatostatin [44]. However, it is not clear what the exact role of somatostatin
is in this case, since somatostatin can be found in multiple types of spinal cord interneurons
and has been suggested to have many potential roles in the spinal cord and DRG [45].
Lastly, paradoxically the ablation of dynorphin inhibitory interneuron did not alter itch
behavioral responses suggesting that the inhibitory pathway may be redundant or, that this
pathway is more complex than our current view [46].

Summary and future directions

The past few years have seen some notable discoveries in many different areas of the
neuroscience of itch which have revealed some of the critical steps in detection as well as
downstream steps in neuronal transmission. In the area of signal transmission, recent
molecular data suggest a remarkably specific and simple model of how itch is encoded.
Having said this, there is still much apparent complexity in the spinal cord and in the brain
that remains to be understood. Among the most controversial questions in the field is
whether itch, along its neuro-axis, uses dedicated lines or some sort of patterning method to
code this unique sensation. Given the great interest, recent exciting new discoveries, and the
advent of novel methodologies [46—48], the prospects is good that in the next few years
more important advances will be made in our understanding of itch.
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Figure 1.
Model depicting the cellular and molecular components responsible for the peripheral

detection of itch stimuli.

The skin is a complex micro-environment containing multiple cell-types that collaborate to
detect and either directly or indirectly stimulate pruciceptive neurons. Skin and immune
cells as well as agents released from invading organisms activate sensors in the itch-
responsive nerve fibers in the skin. Through different signaling cascades G protein-coupled
receptors (GPCR) and cytokine receptors cause the cells in which they are expressed to be
depolarized.

Curr Opin Neurobiol. Author manuscript; available in PMC 2016 October 01.




1duosnuepy soyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuep Joyiny

Hoon

Skin

Page 11

Thalamus &
parabrachial nucleus

Itch recep

Figure 2.
Schematic of the itch spinal cord circuit.

The initial stages of the itch-circuit in the spinal cord are characterized by the expression of
neuropeptides and the post-synaptic expression of their cognate receptors. Initially Nppb is
released from primary puriceptive neurons (black arrow) and activates Nprl-expressing
spinal cord neurons. In turn, Nprl-neurons release GRP which activates tertiary GRPR-
expressing cells. The GRPR-neurons then directly or indirectly, (broken white arrow)
activate projection neurons which send projections to higher brain centers. Inhibitory
Bhlhb5-interneurons (green) express Sst2a receptors and can be hyperpolarized by
somatostatin. The Bhlhb5-cells are thought to release the kappa-opioid dynorphin in
response to activation by primary afferent DRG stimulation. Dynorphin causes inhibition of
the excitatory (red) itch pathway.
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