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A central role for spinal dorsal horn neurons that
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Abstract
We investigated roles for spinal neurons expressing the neurokinin-1 receptor (NK1R) and/or gastrin-releasing peptide receptor
(GRPR) in amousemodel of ovalbumin (OVA)-induced chronic atopic dermatitis. Mice receiving repeated topical application of OVA
exhibited atopic-like skin lesions and behavioral signs of chronic itch including spontaneous scratching, touch-evoked scratching
(alloknesis), and enhancement of chloroquine-evoked scratching (hyperknesis). Substance P-saporin (SP-SAP) and bombesin-
saporin (BB-SAP) were intrathecally injected into OVA-sensitized mice to neurotoxically ablate NK1R- or GRPR-expressing spinal
neurons, respectively. SP-SAPdiminished the expression of NK1R in the superficial spinal dorsal horn and significantly attenuated all
behavioral signs of chronic itch. BB-SAP reduced the spinal dorsal horn expression of GRPR and significantly attenuated
hyperknesis, with no effect on spontaneous scratching or alloknesis. To investigate whether NK1R-expressing spinal neurons
project in ascending somatosensory pathways, we performed a double-label study. The retrograde tracer, Fluorogold (FG), was
injected into either the somatosensory thalamus or lateral parabrachial nucleus. In the upper cervical (C1-2) spinal cord, most
neurons retrogradely labeled with FG were located in the dorsomedial aspect of the superficial dorsal horn. Of FG-labeled spinal
neurons, 89% to 94%were double labeled for NK1R. These results indicate that NK1R-expressing spinal neurons play a major role
in the expression of symptoms of chronic itch and give rise to ascending somatosensory projections. Gastrin-releasing peptide
receptor–expressing spinal neurons contribute to hyperknesis but not to alloknesis or ongoing itch. NK1R-expressing spinal
neurons represent a potential target to treat chronic itch.
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1. Introduction

Chronic itch is thought to result from increased sensitivity of itch-
signaling pathways, resulting in symptoms of spontaneously
occurring itch, itch in response to nonitchy light touch (“allokne-
sis”), and increased itch to a normally itchy stimulus such as an
insect bite (“hyperknesis”). Under conditions of chronic itch such
as atopic dermatitis (AD), it is hypothesized that peripheral and/or
central itch-signaling neurons become sensitized to provide
a stronger itch signal to the central nervous system. However, the
cellular and molecular mechanisms that underlie this process are
currently unknown.

Recent studies have revealed cellular and molecular mech-
anisms underlying acute itch.1,12,20 A variety of chemicals can
elicit itch through histamine-dependent and histamine-
independent pathways.1 Histaminergic and nonhistaminergic

itch require TRPV1 and TRPA1, respectively.18,33 In the spinal
cord, glutamate and neuropeptides including substance P, gastrin-
releasing peptide, neuromedin B, and natriuretic polypeptide B
(Nppb) are involved in the transmission of itch signals.6,8,21,27,36

Neurons expressing the substance P neurokinin-1 receptor
(NK1R) represent the majority of ascending somatosensory
projection neurons from the spinal and medullary dorsal horn
and are implicated in acute itch.14,29 Gastrin-releasing
peptide receptor (GRPR)-expressing spinal neurons are
required for both histaminergic and nonhistaminergic itch.7,28

In this study, we developed behavioral tools to assess itch
sensitization in an animal model of AD. Using this model,
we investigated roles for NK1R- and/or GRPR-expressing
spinal neurons in chronic itch.

2. Materials and methods

2.1. Ovalbumin sensitization and behavioral tests

Experiments were performed using adult male C57BL/6 mice
(19-27 g) under a protocol approved by the UCDavis Animal Care
and Use Committee. The procedure to sensitize mice with OVA
was similar to that used previously with minor modification.26,34

Mice were given an intraperitoneal injection of OVA (100 mg;
Sigma-Aldrich, St Louis, MO), alum (1 mg; Sigma-Aldrich), and
pertussis toxin (300 mg Life Technologies, Grand Island, NY) on
the first day (Fig.1A). Five days later, they received a sub-
cutaneous injection of 50 mg of OVA or saline alone. Then, local
sensitization was performed once a day from day 14 to day 39
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after the first systemic sensitization. The local sensitization was
conducted as follows. Fur on the rostral back was shaved with
electric clippers. Then, gauze (13 1 cm) soaked with 0.1% OVA
(100 mL) or saline (100 mL) was applied to the shaved skin area.
The treated skin area was covered with a patch (Tegaderm; 3M
Health Care, St Paul, MN). The next day, the patch was removed
and an identical piece of soaked gauze followed by Tegaderm
patch was reapplied to the same skin area. This procedure was
repeated daily up to day 39. Starting at day 14, mice were
videotaped for 1 hour twice a week after the removal of the patch
to count scratching behavior. The videotape was played back,
and the number of scratch bouts was counted by 2 independent
observers blinded as to the treatment. After videotaping,
alloknesis testing was conducted. Alloknesis was assessed as
follows3: the mouse received 5 separate innocuous mechanical
stimuli delivered using a von Frey filament (bending force:
0.7m·N) on the border of the gauze treatment area at 5 randomly
selected sites. The presence or absence of a positive response, ie,
an immediate hind limb scratch bout directed to the site of
mechanical stimulation, was noted for each stimulus before the
next one was given. The alloknesis score was the total number of
positive responses elicited by the 5 stimuli, ie, 0, 1, 2, 3, 4, or 5. The
patch was left continuously on the rostral part of the back of the
mouse, except during themeasurement of scratching behavior. To
assess hyperknesis, a 10 mL intradermal (i.d.) injection of saline
was injected within the treatment area 1 week after the ablation.
Oneweek later, mice received an i.d. injection of either chloroquine
(30 mg, Sigma-Aldrich) or histamine (35 mg, Sigma-Aldrich) within
the treatment area (Fig. 1A).

2.2. Saporin injection

To neurotoxically ablate NK1R- or GRPR-expressing spinal
neurons, OVA-treated mice received an intrathecal injection of
either blank saporin (SAP, 400 ng/5 mL, Advanced Targeting
Systems, San Diego, CA), substance P-SAP (SP-SAP,
100 ng/5 mL, Advanced Targeting Systems), or bombesin-
SAP (BB-SAP, 400 ng/5 mL, Advanced Targeting Systems)
under isoflurane anesthesia on treatment day 25. The same
concentration of BB-SAP was used as in previous studies.17,25,28

The SP-SAP or BB-SAP was administered intrathecally through
lumbar puncture.

2.3. Immunohistochemistry

After completing behavioral testing, the animal was anesthe-
tized with sodium pentobarbital and perfused transcardially
with phosphate-buffered saline followed by 4% paraformalde-
hyde perfusion. The upper cervical spinal cord was harvested
and postfixed in 4% paraformaldehyde followed by 30%
sucrose. Thirty-micrometer sections of the cervical spinal cord
were immunostained with either anti-rabbit GRPR antibody
(1:500; LS-A831, Medical & Biological Laboratories Interna-
tional, Woburn, MA)16,36 or anti-rabbit NK1R antibody (1:500;
AB5060, Millipore, Billerica, MA) using Tyramide Signal
Amplification kits (Life Technologies). Briefly, they were in-
cubated with 0.2% Triton X-100 for 10 minutes at room
temperature, followed by incubation with peroxidase quench-
ing buffer (PBS 1 3% H2O2) for either 30 minutes for GRPR
antibody or 15 minutes for NK1R at room temperature. Then,
they were incubated with 1% blocking reagent for 60 minutes
at room temperature, followed by incubation with the primary
antibody in 1% blocking reagent overnight at 4˚C. The next day,
sections were incubated with the horseradish peroxidase–
conjugated secondary antibody solution for 45 minutes at
room temperature, followed by incubation with the tyramide
working solution for 7minutes at room temperature. Coverslips
were mounted with ProLong Gold Antifade Mountant
(Life Technologies). Images were captured using a fluores-
cence microscope (Nikon Eclipse Ti; Technical Instruments,
San Francisco, CA).

2.4. Fluorogold injection

To retrogradely label spinoparabrachial and spinothalamic pro-
jection neurons, Fluorogold (FG) (Fluorochrome, LLC, Denver,
CO) was injected into the lateral parabrachial nucleus or
thalamus, respectively. Mice were anesthetized with sodium
pentobarbital (65 mg/kg i.p.). The head was fixed in a stereotaxic
frame, the calvarium was exposed by midline scalp incision, and
a craniotomy made for introduction of a microinjection cannula
into the thalamus (AP: 1.8, ML: 1.0, DV: 23.6 and AP: 1.8, ML:
1.6, DV: 3.6) or parabrachial nucleus (AP: 5.0, ML: 1.27, DV: 3.75
and AP: 5.2, ML: 1.27, DV: 3.75). The craniotomy consisted of
a small burr hole (,2 mm diameter) made through the skull using
an electric drill over the intended injection site as determined
using stereotaxic coordinates. At each site, 80 nL of FG was
injected. After injection of tracer, the cannula was removed, and
the incision was closed with Vetbond (tissue adhesive, 3M). Mice
were given an analgesic (Buprenorphine, 0.05 mg/kg sub-
cutaneously; Cardinal Health, Dublin OH) at the conclusion of
surgery, and again twice daily, for 1 day after surgery. Animals
receiving the tracer injection were then used 1 week later for
immunohistochemistry.

Figure 1. A typical example of an ovalbumin (OVA)-treated mouse. (A),
Timeline of treatments. (B), Photograph taken on day 0 before the beginning of
OVA treatment. (C), OVA treatment day 25.
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2.5. Data analysis

Between-group comparisons were made by 1-way or 2-way
analysis of variance followed by the Bonferroni posttest. In all
cases, P , 0.05 was considered significant.

3. Results

Ovalbumin treatment induced erythema and excoriation.
Figure 1 shows macroscopic views of the skin before and 25
days after OVA treatment. Naivemice exhibited little spontaneous
scratching (Fig. 2A). By day 21, counts of spontaneous scratch
bouts had increased significantly to a plateau in OVA-treated
mice (Fig. 2A). The low level of spontaneous scratching in saline-
treated control mice increased only slightly over the same period
(Fig. 2A). Naive mice exhibited an alloknesis score of 0 (Fig. 2B).
The alloknesis score started to increase by day 18 and was
significantly higher by day 25 in OVA-sensitized mice. There was
no significant change in the mean alloknesis score over time in
saline-treated mice (Fig. 2B). The number of scratch bouts
evoked by acute i.d. injection of chloroquine was significantly
greater in OVA-sensitized vs control mice (Fig. 3). In contrast,
there was no significant difference in the number of histamine-
evoked scratch bouts between OVA-sensitized and control mice.

Selective sensitization of the histamine-independent pathway has
been observed in other studies.2,24 OVA-sensitized mice seem to
be a useful model to investigate the neural mechanisms of itch
and itch sensitization in AD.

To investigate the role of NK1R- and GRPR-expressing spinal
neurons in itch and its sensitization, mice were treated with either
SP-SAP or BB-SAP on day 25 of OVA treatment, at a time when
the number of spontaneous scratch bouts and the alloknesis
score had both reached a plateau. Figure 4 shows an image of
the dorsal horn of the upper cervical spinal cord. BB-SAP or SP-
SAP treatment resulted in significant reductions in expression of
NK1R- or GRPR-immunoreactive spinal neurons, respectively
(Fig. 4). SP-SAP treatment resulted in a significant reduction in
ongoing (spontaneous) scratching (Fig. 5). In contrast, BB-SAP
treatment did not significantly affect the number of spontaneous
scratch bouts. SP-SAP treatment resulted in a significant re-
duction in the alloknesis score, whereas BB-SAP did not affect
the alloknesis score (Fig. 6). Both BB-SAP and SP-SAP
treatments significantly reduced chloroquine-evoked scratching
behavior, compared with OVA-sensitized mice receiving blank

Figure 2. Time-dependent changes in scratch bouts and the alloknesis score in ovalbumin (OVA)-sensitized mice. (A), Spontaneous scratching wasmeasured on
pretreatment day 0 and onOVA treatment days 14, 18, 21, 25, 28, 32, 35, and 39. Black dots (d) andwhite squares (N) show, respectively, OVA (OVA-treated) and
control (saline-treated) groups. Error bars are SEM. *P, 0.05, significantly different fromday 0 (2-way analysis of variance [ANOVA] followed by the Bonferroni test,
F(9,100)5 3.584). (B), As in (A) for the alloknesis score. Error bars are SEM. *P, 0.05, significantly different from day 0 (2-way ANOVA followed by the Bonferroni
test, F(9,220) 5 6.417).

Figure 3. Stimulus-selective hyperknesis in ovalbumin (OVA)-sensitized
mice. Either histamine or chloroquine was intradermally injected into the
nape of the neck. After the injection, scratch bouts were counted over
a 30-minute period. White, gray, and black columns show, respectively,
naive, saline-treated, and OVA-treated groups. Error bars are SEM. *P ,
0.05, significant difference from naive (1-way analysis of variance followed by
the Bonferroni test, F5 0.882 for the histamine-treated group and F5 4.337
for the chloroquine-treated group, n 5 6).

Figure 4. A typical example of gastrin-releasing peptide receptor (GRPR) and
neurokinin-1 receptor (NK1R) expression in the upper cervical spinal cord of
saporin-treated mice. (A), GRPR expression in the spinal cord of mouse
treatedwith blank saporin. (B), ReducedGRPR expression in the spinal cord of
mouse treatedwith bombesin-saporin. (C), NK1R expression in the spinal cord
of mouse treated with blank saporin. (D), Reduced NK1R expression in the
spinal cord of mouse treated with substance P-saporin.
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SAP (Fig. 7). Blank SAP did not result in any changes in
spontaneous or touch- or chloroquine-evoked scratching com-
pared with OVA-sensitized mice not receiving SAP.

Previous studies suggest that GRPR-expressing spinal
neurons are interneurons.32,35 We hypothesized that GRPR-
expressing spinal neurons may be upstream of itch signaling
mediated through NK1R-expressing spinal neurons. To in-
vestigate the extent to which NK1R-expressing spinal neurons
project in ascending sensory pathways or do not project and
are presumptive interneurons, we injected the retrograde
tracer FG into the thalamus or lateral parabrachial nucleus.
Spinothalamic projection neurons were largely located con-
tralateral to the thalamic injection, whereas spinoparabrachial
projection neurons were distributed bilaterally and predomi-
nantly in the superficial dorsal horn of the upper cervical
(C1-C2) segments examined. Examples of retrogradely la-
beled neurons are shown in Figure 8. The average numbers of
spinoparabrachial tract neurons or spinothalamic tract neu-
rons per section were 5.1 6 0.4 (SEM, n 5 5) or 3.1 6 0.3
(SEM, n 5 5), respectively. Importantly, 89% (87/98) of
spinoparabrachial tract neurons retrogradely labeled by FG
were double labeled for NK1R. Similarly, 94% (58/62) of
spinothalamic tract neurons retrogradely labeled by FG were
double labeled for NK1R.

4. Discussion

Ovalbumin-sensitized mice seem to represent a useful model to
examine the neuronal mechanisms underlying itch and its
sensitization in AD for the following reasons: (1) OVA-sensitized
mice exhibited an increase in ongoing (spontaneous) scratching
over an 18-day period, suggesting that chronic itch occurs in
this model, (2) OVA-sensitized mice exhibited alloknesis and
hyperknesis, which are signs of itch sensitization and are
observed in patients with AD. Additionally, alloknesis developed
at a delay after the increase in spontaneous scratching. This
supports the idea that alloknesis occurs as a result of itch
sensitization, (3) Skin symptoms observed macroscopically,
although not severe, were characterized by erythema and
excoriation.

Here, we show that chloroquine-evoked scratching was
significantly enhanced in OVA-sensitized mice, whereas
histamine-evoked scratchingwas not significantly affected. There
was a strong trend toward enhancement of histamine-evoked
scratching, similar to that observed previously in mice treated to
produce dry skin pruritus.2 Although we cannot completely
exclude the possibility of sensitization of the histamine-
dependent pathway based on the current data, selective
sensitization of a histamine-independent pathway has been
reported in previous studies.2,13 In humans, nerve growth factor
induced sensitization of cowhage-evoked but not histamine-
evoked itch.24 This sensitization correlated with mechanical but
not heat hyperalgesia. In a mouse model of chronic dry skin itch,
we previously found that scratching evoked by either serotonin or
the PAR2/MrgprC11 (protease-activated receptor 2/Mas-related
G-protein-coupled receptor C11) agonist SLIGRL was en-
hanced, whereas histamine-evoked scratching was not en-
hanced.2 Responses of cultured dorsal root ganglion (DRG)
neurons to either serotonin or the PAR2/MrgprC11 agonist were
enhanced,2 whereas their responses to histamine were not
significantly affected, suggesting that peripheral sensitization of
the histamine-independent pathways plays a major role in
hyperknesis and enhanced itch signals that are presumably
conveyed to GRPR-expressing spinal neurons.

Using OVA-sensitized mice, we investigated whether spinal
neurons that express molecular receptors of the neuropeptides

Figure 5. Substance P-saporin reduced ongoing (spontaneous) scratching in
ovalbumin (OVA)-sensitized mice. Saporin was intrathecally injected on the
day 25 in OVA-sensitized mice. White, black, and gray columns show,
respectively, SAP (blank saporin–treated), BB-SAP (bombesin-saporin-
treated), and SP-SAP (substance P-saporin–treated) groups. Error bars are
SEM. *P , 0.05, significant difference from SAP (1-way analysis of variance
followed by the Bonferroni test, F 5 3.438, n 5 6).

Figure 6. Substance P-saporin reduced the alloknesis score in ovalbumin
(OVA)-sensitized mice. Saporin was intrathecally injected on day 25 in OVA-
sensitized mice. White, black, and gray columns show, respectively, SAP
(blank saporin–treated), BB-SAP (bombesin-saporin–treated), and SP-SAP
(substance P-saporin–treated) groups. Error bars are SEM. *P , 0.05,
significantly different from SAP. Two-way analysis of variance followed by the
Bonferroni test, F(2,30) 5 8.010, n 5 6.

Figure 7. Bombesin-saporin and substance P-saporin reduced chloroquine-
evoked scratching in ovalbumin (OVA)-sensitized mice. Saporin was in-
trathecally injected on day 25 in OVA-sensitized mice. Chloroquine was
intradermally injected in ovalbumin-treated skin. Striped, white, black, and
gray columns show, respectively, no treatment, SAP (blank saporin–treated),
BB-SAP (bombesin-saporin–treated), and SP-SAP (substance P-saporin–
treated) groups. The Bar graph plots the mean number of scratch bouts
recorded over a 30-minute period after i.d. injection of chloroquine with
vehicle-associated scratching subtracted. Error bars are SEM. *P , 0.05,
significantly different from the no treatment group. One-way analysis of
variance followed by the Bonferroni test (F 5 9.848, n 5 6).
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gastrin-releasing peptide and substance P are involved in itch
sensitization in this mouse model of AD. Here, we show that
SP-SAP ablated NK1R-expressing neurons in the spinal dorsal
horn and significantly attenuated behavioral signs of ongoing
itch, alloknesis, and hyperknesis, suggesting that NK1R-
expressing spinal neurons have a major role in itch sensitiza-
tion in AD. We previously found that NK1R-expressing spinal
neurons are involved in conveying acute itch signaling as
well.14 Intracisternal injection of SP-SAP ablated NK1R-
expressing spinal neurons in the superficial medullary dorsal
horn and significantly reduced scratching evoked by intrader-
mal injection of serotonin in rats.14 NK1R-expressing spinal
neurons in the superficial dorsal horn of the rat cervical spinal
cord are known to give rise to ascending projections.29 This
study confirms that a large percentage of ascending projection
neurons express NK1R in the mouse cervical spinal
cord. NK1R-expressing spinal neurons plausibly relay itch
information to the brain under conditions of both acute and
chronic itch.

GRPR-expressing spinal neurons play a critical role in the
transmission of itch signals.28 BB-SAP–treated mice did
not show an increase in spontaneous scratching after
repeated treatment with diphenylcyclopropenone, whereas
blank saporin–treated mice exhibited an increase in spontaneous
scratching,28 suggesting that GRPR-expressing spinal neurons
participate in the development of itch sensitization. In contrast, in
this study, BB-SAP treatment in OVA-sensitized mice resulted in
a reduction in chloroquine-evoked hyperknesis but not in
spontaneous scratching or alloknesis. This suggests that GRPR-
expressing spinal neurons are not essential for the maintenance of
itch sensitization and that different neuronal pathways underlie
ongoing itch, alloknesis, and hyperknesis. The latter is supported
by our recent study showing that the k-opioid receptor agonist,

nalfurafine, inhibited spontaneous scratching, but not alloknesis, in
chronic dry skin-associated itch in mice.4

Both SP-SAP and BB-SAP treatment resulted in a significant
reduction in hyperknesis. Hyperknesis observed in the OVA-
treated animals might be explained by peripheral sensitization of
primary afferent pruriceptors. We previously reported that
sensory DRG neurons innervating a region of chronic dry skin
treatment exhibited enhanced responses to serotonin and
SLIGRL but not histamine,2 consistent with peripheral sensitiza-
tion of pruriceptors signaling nonhistaminergic itch. In OVA-
treated mice, activation of sensitized pruriceptors by chloroquine
would elicit enhanced responses in both NK1R- and GRPR-
expressing spinal neurons, either in parallel or serially, to result in
hyperknesis.

Here, we show that animals treated with SP-SAP, but not BB-
SAP, exhibited significant reductions in alloknesis and ongoing
scratching behavior. A speculative explanation for this is
a selective central sensitization of spinal neurons expressing
NK1R, but not neurons expressing GRPR (Fig. 9). NK1R-
expressing spinal neurons receive polysynaptic input from
mechanoreceptor afferents (Fig. 9A).31 Central sensitization
would result in enhanced responsiveness of the NK1R-
expressing neurons to low-threshold mechanical stimulation,
similar to the enhancedmechanical sensitivity observed in lumbar
spinal neurons after their activation by intradermal histamine.5

The heightenedmechanically evoked response of these neurons,
most of which project in spinothalamic or spinoparabrachial
pathways, presumably signals alloknesis. Alternatively, disinhibi-
tion of polysynaptic mechanical inputs can contribute to
alloknesis. Polysynaptic mechanical inputs are constitutively
inhibited by GABAergic and glycinergic inhibitory interneurons
(Fig. 9B).11,31 Central sensitization of NK1R-expressing spinal
neurons could also account for ongoing (spontaneous)

Figure 8.Double labeling of spinoparabrachial projection neurons with NK1R. (A), Fluorescencemicroscope image of the superficial dorsal horn of C2 spinal cord
section showing neurons retrogradely labeled with Fluorogold (FG) (blue). Inset shows the injection site of FG. (B), Fluorescence microscope image showing
NK1R-immunopositive neurons (green) in the superficial dorsal horn (same section as in A). (C), Merged image of (A) and (B). Inset shows high magnification of
neuron to which the yellow arrow points. White arrows in (A-C) point to neurons exhibiting double labeling (teal in C). LC, locus coeruleus; LPB, lateral parabrachial
nucleus; MPB, med. parabrachial n.; SCP, superior cerebellar peduncle; Vc, trigeminal subnucleus caudalis.

Figure 9. Schematic diagram. (A), Baseline conditions. (B), Ovalbumin-sensitized condition. See text for further explanation.
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scratching behavior, which was significantly reduced after SP-
SAP treatment. Here, we show that neurotoxic ablation of GRPR-
expressing neurons did not result in reduced alloknesis or
ongoing scratching behavior. This implies that GRPR-
expressing neurons are presynaptic to (ie, upstream of) NK1R-
expressing neurons in the spinal itch-signaling pathway. It also
implies that GRPR-expressing spinal neurons did not become
sensitized, although they were required for the expression of
hyperknesis, which we speculate to be mediated by peripheral
sensitization of pruriceptors (see preceding paragraph). Input
from sensitized pruriceptors is a logical trigger for the de-
velopment of central itch sensitization, characterized by ongoing
(spontaneous) scratching and alloknesis. Thus, it is unclear why
NK1R- but not GRPR-expressing spinal neurons were required
for the full expression of itch sensitization (ie, spontaneous
scratching and alloknesis). Speculatively, NK1R-expressing neurons
developed a greater degree of central sensitization than GRPR-
expressing neurons, achieving a sufficient level of activity to generate
ongoing (spontaneous) scratching behavior. Ablation of GRPR-
expressing neurons might disrupt inhibitory (eg, Bhlhb5 inter-
neurons23) and/or excitatory (eg, testicular orphan nuclear
receptor 4 [TR4]32) interneuronal networks, resulting in facilita-
tion and/or disinhibition that would contribute to the sensitiza-
tion of postsynaptic NK1R-expressing neurons (Fig. 9B). Re-
establishment of GABAergic interneurons by transplantation of
precursors of cortical inhibitory interneurons rescued itch-
related phenotypes of Bhlhb5 knockout mice,13 presumably
because of restoration of spinal inhibition.

We observed retrogradely labeled neurons to be located
predominantly in the superficial dorsal horn at upper cervical
(C1-2) and caudal medullary levels after FG injections in the lateral
parabrachial nucleus or ventral posteromedial thalamus, con-
firming recent studies in mice,15 and rats.9,10 Using a double-
label strategy, we observed that 89% of spinoparabrachial and
94% of spinothalamic projections neurons coexpressed NK1R.
The high incidence of NK1R expression in spinoparabrachial and
spinothalamic tract projection neurons is consistent with previous
studies using rats.30 Using antidromic stimulation to functionally
characterize ascending projection neurons in rats, 27% of
trigeminothalamic22 and 62%of trigeminoparabrachial19 neurons
responded to intradermal injection of the itchmediator, serotonin,
and additional itch (chloroquine, histamine) and pain mediators
(capsaicin, mustard oil). We conclude that a substantial fraction of
ascending spinothalamic and spinoparabrachial projection neu-
rons that express the NK1R function to convey itch information to
higher centers in the brain.

Few GRPR-expressing spinal neurons coexpress NK1R in
the dorsal horn,35 implying that GRPR-expressing spinal
neurons are interneurons. This is consistent with a previous
study using TR4 knockout mice.32 In these mice, a dramatic
loss of GRPR-expressing spinal neurons was observed,
whereas projection neurons were preserved. Presumably,
NK1R-expressing spinal neurons are downstream of GRPR-
expressing spinal neurons.

This study reveals a major role for NK1R-expressing spinal
neurons in chronic itch. GRPR-expressing spinal neurons are
important for the development, but not the maintenance, of itch
sensitization. Desensitization of NK1R-expressing spinal neurons
might be a useful approach to treat chronic itch, as an alternative
to blocking peripheral molecular targets.
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