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Abstract Increasing evidence suggests that cytokines and
chemokines play crucial roles in chronic itch. In the present
study, we evaluated the roles of tumor necrosis factor-alpha
(TNF-o) and its receptors TNF receptor subtype-1
(TNFR1) and TNFR2 in acute and chronic itch in mice.
Compared to wild-type (WT) mice, TNFR1-knockout
(TNFR1-KO) and TNFR1/R2 double-KO (DKO), but not
TNFR2-KO mice, exhibited reduced acute itch induced by
compound 48/80 and chloroquine (CQ). Application of the
TNF-synthesis inhibitor thalidomide and the TNF-a
antagonist etanercept dose-dependently suppressed acute
itch. Intradermal injection of TNF-o was not sufficient to
evoke scratching, but potentiated itch induced by com-
pound 48/80, but not CQ. In addition, compound 48/80
induced TNF-oo mRNA expression in the skin, while CQ
induced its expression in the dorsal root ganglia (DRG) and
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spinal cord. Furthermore, chronic itch induced by dry skin
was reduced by administration of thalidomide and etaner-
cept and in TNFR1/R2 DKO mice. Dry skin induced TNF-
o expression in the skin, DRG, and spinal cord and TNFR1
expression only in the spinal cord. Thus, our findings
suggest that TNF-o/TNFR1 signaling is required for the
full expression of acute and chronic itch via peripheral and
central mechanisms, and targeting TNFR1 may be benefi-
cial for chronic itch treatment.

Keywords Itch - Tumor necrosis factor - Tumor necrosis
factor receptor - Spinal cord - Central sensitization

Introduction

Itch (pruritus) is an unpleasant sensation that elicits the
desire or reflex to scratch [1, 2]. Acute itch protects against
potentially harmful irritations, while chronic itch can
greatly reduce the quality of life [3]. Chronic itch is often
associated with dermatological diseases [4, 5], as well as
hepatic [6, 7], metabolic [8], and renal diseases [9, 10].
Because of the great variety of pathophysiological condi-
tions underlying chronic itch, typical allergenic and anti-
inflammatory treatments are not always effective. For
example, antihistamines are prescribed for allergic itch, but
other chronic itch conditions are resistant to this treatment.
Thus, histamine-independent (non-histaminergic) mecha-
nisms are critically involved in the pathogenesis of chronic
itch. However, the molecular mechanisms underlying non-
histaminergic itch remain unclear.

Recent studies have shown that itch shares many neural
mediators and signaling pathways with pain [11-13].
Accordingly, many of the receptor systems known to
modulate pain have also been examined for their effects on
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itch [13, 14]. It is well documented that cytokines and
chemokines play key roles in driving neuroinflammation
and the development of chronic pain [15-19]. Emerging
evidence suggests that cytokines and chemokines also
serve as key itch mediators [20]. For example, cytokines
such as interleukin-31 (IL-31) [21, 22] and thymic stromal
lymphopoietin [5] contribute to atopic dermatitis-induced
itch via direct activation of primary sensory neurons in
dorsal root ganglia (DRG) through transient receptor
potential cation channel subfamily V member 1 (TRPV1)
and/or the TRP cation channel member Al (TRPA1). In
addition, up-regulation of C-X-C motif chemokine 10
mediates allergic itch via the activation of C-X-C motif
chemokine receptor 3 on a subset of DRG neurons in mice
[23]. Although other cytokines such as IL-2, IL-4, IL-6,
IL-8, and IL-13 have also been implicated in chronic itch
[20, 24], direct evidence is currently limited.

Tumor necrosis factor alpha (TNF-a) is one of the
best known pro-inflammatory cytokines and is produced
by mast cells, macrophages, fibroblasts, endothelial
cells, Schwann cells, microglia, and astrocytes [25, 26].
It is known to act on two distinct receptors, TNF receptor
1 (TNFR1) and TNFR2 [27]. It has been documented that
TNF-o plays a key role in the pathogenesis of chronic
pain, including that due to inflammation [28, 29], neu-
ropathy [26, 30], and cancer [31, 32]. Peripheral
administration of TNF-o can excite or sensitize primary
afferent fibers to mechanical and heat stimulation in
mice, possibly due to the up-regulation of TRPV1
[33, 34] and/or p38-dependent modulation of tetrodo-
toxin-resistant Na™ channels in primary afferent neurons
[35, 36]. Local application of the TNF-o antagonist
etanercept has also been shown to partially block
mechanical hyperalgesia in a cancer pain model
[31, 32, 37]. Our previous work demonstrated that TNF-
o evokes a significant increase in the frequency of
spontaneous excitatory postsynaptic currents in spinal
lamina II neurons through the activation of both TNFR1
and TNFR2 [28]. TNF-a also increases N-methyl-D-
aspartate (NMDA) currents in spinal lamina II neurons
by acting on TNFR1 [28]. We also demonstrated that
TNFR1 and TNFR2 play distinct roles in regulating
different phases of inflammatory pain in mice [28]. In a
soft-tissue cancer model, TNFR2-knockout (KO) mice
display delayed onset of thermal hyperalgesia [32]. In
bone-cancer pain, both TNFR1 and TNFR2 are required
for the development of mechanical hyperalgesia in mice
[31]. Together, these data suggest that TNF-a plays a
central role in regulating synaptic plasticity in the spinal
cord and chronic pain via TNFR1 and/or TNFR2.
However, the roles of TNF-a in the regulation of itch
sensation are unclear. The present study was designed to
test the hypothesis that peripheral and spinal TNF-o/
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TNFR signaling play important roles in the processing of
acute and chronic itch in mice.

Materials and Methods
Animals

Male CD1 mice (8-10 weeks) were purchased from the
Shanghai SLAC Laboratory Animal Co. (Shanghai,
China). C57BL/6 wild-type mice and mice deficient in
TNFR1 (TNFR1-KO), TNFR2 (TNFR2-KO), or TNFR1
and 2 (TNFR1/R2 DKO) were obtained from the Jackson
Laboratory (Bar Harbor, ME). All animals were main-
tained under a 12 h light/dark cycle with food and water
available ad Ilibitum at standard room temperature
(22 £ 2 °C) and humidity (60%—-80%). All animal proce-
dures were performed according to the guidelines of the
International Association for the Study of Pain and were
approved by the Ethics Committee for the Use of Experi-
mental Animals in Soochow University. Experiments were
performed in a blinded manner between 09:00 and 16:00 in
a sound-attenuated room.

Mouse Model of Acute Itch

As previously reported, mice were shaved at the nape of
the neck (15 x 10 mm?) one day before intradermal (i.d.)
injection. Mice were placed in small plastic chambers
(10 x 10 x 12.5 cm’ ) on an elevated metal mesh floor and
allowed 30 min for habituation before behavioral testing.
Compound 48/80 (100 pg; Sigma-Aldich, St. Louis, MO)
or chloroquine (CQ; 200 pg; Sigma) was injected i.d. in the
nape at a volume of 50 puL under brief anesthesia with
isoflurane. Immediately after the injection, mice were
returned to their chambers and recorded for 30 min (Sony
HDR-CX610, Shanghai, China). The video was re-played
offline and scratching behavior was quantified in a blinded
manner. As we postulated that multiple injections of
thalidomide would have a cumulative inhibitory effect on
TNF synthesis, thalidomide (50 mg/kg, i.p.; Sigma) was
injected twice (16 h and 30 min before compound 48/80
and chloroquine injection). Intrathecal (i.t.) injection of
etanercept (Enbrel®; 0.1, 1, and 10 pg; Pfizer, New York,
NY) or i.d. injection of etanercept (1 and 10 pg) was
performed 20 min before injection of compound 48/80 and
CQ. Thalidomide was dissolved in 10% dimethylsulfoxide
and etanercept in sterile saline.

Mouse Model of Chronic Itch Induced by Dry Skin

As previously described, the nape was shaved with
electric clippers and depilatory paste 3 days prior to
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treatment. Dry skin was induced under isoflurane anes-
thesia by treatment with a 1:1 mixture of acetone and
diethyl ether for 15 s followed by clean water for 10 s
(AEW), twice a day (10:00 and 17:00) for 5 days.
Control animals were treated with water only. The drug-
treatment group also received thalidomide (50 mg/kg;
i.p.) or etanercept (10 pg; i.t., 10 png; i.d., or 1 mg/kg;
i.p.) on day 6 before testing scratching behavior. Spon-
taneous scratching behavior was video-recorded for 1 h
and quantified in a blinded manner.

Alloknesis Assay

Alloknesis after acute itch and under chronic itch con-
ditions was evaluated as in a previous report [43].
Briefly, 30 min after injection of compound 48/80, a von
Frey filament (0.7 mN) was applied to the affected skin.
The number of scratch bouts directed to the site after
mechanical stimulation was counted. The alloknesis
(touch-evoked itch) score was determined by calculating
the total number of scratches elicited by ten mechanical
stimuli. In the dry-skin model, the von Frey filament was
applied at the border of the treatment area after AEW
treatment for 5 days to elicit scratching and the allok-
nesis score was calculated.

Real-Time Quantitative RT-PCR Analysis

We collected the treated skin, C3—C4 DRGs, and C3—C4 spinal
cord 30 min after compound 48/80 or CQ injection, or after 1, 3,
or 5 days of AEW treatment. Total RNA was extracted using
TRIzol reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s guidelines. One microgram of total RNA was
reverse-transcribed for each sample using a RevertAid First
Strand cDNA Synthesis Kit according to the manufacturer’s
protocol (Thermo Fisher Scientific, Waltham, MA). Real-time
PCR analyses were performed using the SYBR Green master
mix (Roche, Basle, Switzerland) and an Opticon real-time PCR
detection system (ABI 7500, Life Technologies, Thermo Fisher
Scientific, Darmstadt, Germany). Specific fragments were
amplified with the following primers: TNFa: 5'- GTTCTCTTC
AAGGGACAAGGCTG-3'; 5'-TCCTGGTATGAGATAGC
AAATCGG-3'; TNFR1: 5-TGAGTGCGTCCCTTGCAG
CC-3'; 5-AACC AGGGGCAACAGCACCG-3'; TNFR2: 5'-
GTCATGGCGGAGGCCCAAGG-3'; 5-GCGCTGGCTTG
GGAAGAGCA-3’; CX3CRI: 5-CCAGAGCCGTCAGAC
TCATC-3'; 5-CTGTCTCCGTCACACTGAGG-3'; GAPDH:
5-GAAGGTCGGTGTGAACGGAT-3'; 5-AATCTCCACT
TTGCCACTGC-3'. The targeted gene expression level was
normalized to GAPDH.

Western Blotting

After AEW treatment for 5 days, on day 6, mice were ter-
minally anesthetized with isoflurane and transcardially per-
fused with PBS and the treated skin, C3—C4 DRGs, and C3—
C4 spinal cord were rapidly removed and homogenized in
lysis buffer containing a cocktail of phosphatase inhibitors
and protease inhibitors for total protein extraction assays as
in our previous report [43]. The protein concentrations were
measured with the Pierce BCA Protein Assay (Thermo), and
equal amounts of protein (25 pg) were loaded onto each lane
and separated in 10% SDS-PAGE. After transfer, the blots
were blocked with 5% non-fat milk in Tris-buffered saline at
room temperature for 1 h and PVDF membranes were
incubated overnight at 4 °C with primary polyclonal anti-
TNF-o (rabbit, 1:1000; Abcam, Cambridge, MA). For
loading control, the blots were probed with a-tubulin anti-
body (mouse, 1:1000; Vazyme, Nanjing, China). The blots
were washed and incubated with horseradish peroxidase-
conjugated goat anti-rabbit or goat anti-mouse IgG sec-
ondary antibody (1:2000; Vazyme). Protein bands were
visualized using an enhanced chemiluminescence detection
kit (Pierce) and the band densities were analyzed using the
Molecular Imager ChemiDoc XRS + System (Bio-Rad).
Data from 4-5 mice were used for statistical analysis.

Statistical Analysis

All data are expressed as mean = SEM. Statistical analy-
ses were carried out using Graphpad Prism version 6.02
(Graphpad software, La Jolla, CA). Unpaired Student’s z-
test was used for two-group comparison. One-way
ANOVA with the Bonferroni post-hoc test was used for
multiple comparisons. Two-way repeated-measured
ANOVA was also used to analyze data with multiple time
points. P < 0.05 was considered statistically significant.

Results

TNFR1, but not TNFR2, is Required for Both
Histaminergic and Non-histaminergic Itch in Mice

First, we used the TNFR1-KO, TNFR2-KO, and TNFR1/
R2-DKO mice to explore the potential role of TNF-a/
TNEFR signaling in acute itch, which is traditionally divided
into histaminergic and non-histaminergic itch in humans
and rodents [1, 38]. Consistent with previous reports
[39, 40], i.d. injection of compound 48/80, which induces
mast cell degranulation and histamine release [41, 42],
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Fig. 1 TNFRI, but not TNFR2, —a— WT
is required for both —e— TNFR1 KO
histaminergic and non- TNFR2 KO

histaminergic itch in mice.
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induced histaminergic itch (Fig. 1). The compound 48/80-
induced scratching was significantly reduced in TNFR1-
KO and TNFR1/R2 DKO mice (P < 0.05; Figure 1A, B),
but not in TNFR2-KO mice. CQ is an anti-malarial drug
that induces non-histaminergic itch via activation of Mas-
related G protein-coupled receptor A3 (MrgprA3) and
TRPAI in primary sensory neurons in mice [38, 49].
Similarly, CQ-induced scratching was also lower in
TNFR1-KO and TNFR1/R2 DKO mice (P < 0.05;
Fig. 1C, D), but not in TNFR2-KO mice. Thus, these
results suggested that TNFRI1 is required for both his-
taminergic and non-histaminergic itch in mice.

Thalidomide and Etanercept Inhibit
both Histaminergic and Non-histaminergic Itch

in Mice

We subsequently investigated whether inhibition of
TNF-a synthesis and anti-TNF-a treatment reduce acute
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itch in mice. Systemic administration of thalidomide
dose-dependently suppressed the compound 48/80-in-
duced histaminergic itch (P < 0.05; Fig. 2A, B). Simi-
larly,i.t. (1 and 10 pg) and i.d. (10 pg) administration of
etanercept both significantly attenuated the compound
48/80-induced itch (both P < 0.05; Fig. 2C-F). Mean-
while, systemic administration of thalidomide dose-de-
pendently suppressed the CQ-induced non-histamin-
ergic itch (P < 0.05; Fig. 3A, B). And i.t. injection of
etanercept (10 pg) attenuated CQ-induced itch
(P < 0.05; Fig. 3C, D). In contrast, i.d. administration of
etanercept (1 and 10 pg) had little effect on CQ-induced
non-histaminergic itch (P > 0.05; Fig. 3E, F). Together,
these results suggested that inhibition of TNF-o syn-
thesis and treatment with a TNF-o antagonist reduce
both histaminergic and non-histaminergic itch in mice in
a dose-dependent manner, although the effect of etan-
ercept on CQ-induced non-histaminergic itch was
limited.
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Fig. 2 Inhibitory effects of

thalidomide and etanercept on

acute histaminergic itch in mice.
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Peripheral and Central TNF-a Play Distinct Roles
in Acute Histaminergic and Non-Histaminergic Itch
in Mice

The i.d. injection of TNF-a was not sufficient to evoke
scratching (P > 0.05; Fig. 4A). However, i.d. injection
of TNF-a potentiated the compound 48/80-induced
scratching (P < 0.05; Fig. 4B), but had no effect on CQ-
induced acute itch (P > 0.05; Fig. 4B). We further

0~ 48/80

examined the expression changes of TNF-o after appli-
cation of compound 48/80 or CQ using g-PCR. The
results showed that compound 48/80 up-regulated TNF-o
expression in the skin (P < 0.05; Fig. 4C), but not in the
DRG and spinal cord. In contrast, CQ up-regulated TNF-
o expression in the DRG and spinal cord (P < 0.05;
Fig. 4D), but not in the skin. Thus, TNF-a in the skin is
mainly involved in compound 48/80-induced acute itch,
while TNF-a in the DRG and spinal cord is involved in
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Fig. 3 Inhibitory effects of
thalidomide or etanercept on
acute non-histaminergic itch in
mice. A-B Time course (A) and
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both compound 48/80- and CQ-induced acute itch in
mice.

TNF-o/TNFR Signaling is Required for Dry Skin-
Induced Chronic Itch and Alloknesis in Mice

To further investigate the role of TNF-o/TNFR in chronic
itch, we subsequently determined the effects of thalidomide
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or etanercept on dry skin-induced chronic itch [43]. We
found that AEW-treated mice developed spontaneous
scratching behavior (Fig. 5A) and alloknesis (Fig. 5B). L.t.
injection of TNF-a was not able to evoke scratching in
control and AEW-treated mice (Fig. 5C), suggesting that
TNF-a in the spinal cord is not sufficient to induce itch.
Systemic injection of thalidomide (50 mg/kg; i.p.) sup-
pressed the AEW-induced chronic itch (P < 0.05;
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A M Saline
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Fig. 4 Peripheral and central TNF-a play distinct roles in compound
48/80- and CQ-induced acute itch in mice. A Ld. injection of TNF-a
(0.2-20 ng) was not able to elicit scratching (P > 0.05; one-way
ANOVA followed by Bonferroni post hoc test; n = 6-8 mice per
group). B I.d. injection of TNF-a (20 ng) enhanced compound 48/80-
but not CQ-induced scratching (*P < 0.05 vs saline control group;
Student’s ¢ test; n = 6-8 mice per group). C Quantitative real-time

Fig. 5D). Lp. (I mg/kg) or i.t. (10 pg) injection of etan-
ercept suppressed AEW-induced chronic itch (P < 0.05;
Fig. SE, F), but i.d. injection of etanercept (10 pg) did not
have this effect (P > 0.05; Fig. 5G). The AEW-induced
chronic itch was also lower in TNFR1/R2 DKO mice
(P < 0.05; Fig. 5H). In addition, thalidomide (50 mg/kg;
i.p.) and etanercept (10 pg; i.t.) both suppressed the AEW-
induced alloknesis (P < 0.05; Fig. 51, J). Finally, the
compound 48/80-induced alloknesis was suppressed by i.t.
injection of etanercept (10 pg; P < 0.05; Fig. 5K). Thus,
the results indicated that TNF-o/TNFR signaling is
required for the full development of dry skin-induced
chronic itch and alloknesis in mice.

Effects of AEW-Induced Dry Skin on the Expression
of TNF-a and TNFRs in the Skin, DRG, and Spinal
Cord in Mice

To further explore the possible regulation of TNF-o/TNFR
signaling under chronic itch conditions, we determined the
expression changes of TNF-o, TNFR1, and TNFR2 in the
skin, DRG, and spinal cord after AEW treatment in mice

B
400
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Number of scratches
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D W Saline
TNF-« HCQ

3.0 -

25|

2.0

1.5 4
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1.0 4
0.5 1

Skin DRG Spinal Cord

PCR (g-PCR) analysis showed compound 48/80-induced up-regula-
tion of TNF-o expression in the skin, but not in the DRG or spinal
cord. D Q-PCR analysis showed CQ-induced up-regulation of TNF-a
expression in the DRG and spinal cord, but not in the skin. Data are

presented as mean = SEM (*P < 0.05, **P < 0.01 vs saline control
group; Student’s ¢ test; n = 3—4 mice per group).

using Western blotting and q-PCR analysis. Western blotting
data showed dry skin-induced up-regulation of TNF-a
expression in the skin, DRG, and spinal cord (P < 0.05;
Fig. 6A, B). Q-PCR analysis also confirmed the increased
mRNA expression of TNF-a expression in the skin, DRG,
and spinal cord (P < 0.05; Fig. 6C). We further examined
the time-course of TNF-a expression in the spinal cord after
AEW treatment and found that its expression started to
increase after 1 day of AEW treatment and persisted for at
least 5 days (Fig. 6D). We also investigated whether AEW
treatment induced the activation of microglia, a major source
of TNF-a in the central nervous system. The results showed
that CX3C chemokine receptor 1 (CX3CR1), a molecular
marker of microglia in the central nervous system, was
transiently up-regulated after 1 day of AEW treatment
(P < 0.05; Fig. 6E). Finally, we found that the expression of
TNFR1 was up-regulated in the spinal cord, but not in the
skin and DRG, following AEW treatment (Fig. 6F). In
contrast, the expression of TNFR2 in the skin, DRG, or spinal
cord was not affected by AEW treatment (Fig. 6F). Thus, up-
regulation of TNF-o/TNFR1 signaling may contribute to the
development of chronic itch.
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Fig. 5 TNF-o contributes to dry skin-induced chronic itch and
alloknesis in mice. A-B Time courses of spontaneous scratching
(A) and alloknesis (B) induced by AEW treatment for 5 days. C Lt.
injection of TNF-o was not sufficient to evoke scratching in control
(Ctrl) and AEW-treated mice. D Systemic administration of thalido-
mide (50 mg/kg; i.p.) suppressed spontaneous itch induced by AEW
treatment. E-F Lp. injection of etanercept (E; 1 mg/kg) and i.t.
injection of etanercept (F; 10 pg) suppressed spontaneous itch
induced by AEW treatment. G I.d. injection of etanercept (10 pg)

Discussion

Itch is a major somatic sensation along with touch, pain,
and temperature sensations [1, 44]. Acute itch serves as a
self-protective mechanism [45], while chronic itch repre-
sents a clinical problem, commonly accompanying skin,
systemic, and metabolic disorders. Although antihistamines
are often used to treat allergic itch [46], they are often
ineffective for most kinds of chronic itch, suggesting his-
tamine-independent mechanisms are involved. Histamine,
mainly released from mast cells [47] and keratinocytes
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did not suppress spontaneous itch induced by AEW treatment.
H Spontaneous itch induced by AEW treatment was significantly
lower in TNFR1/R2 DKO mice. I Lp. injection of thalidomide
(50 mg/kg) suppressed AEW treatment-induced alloknesis. J Lt.
injection of etanercept (10 pg) suppressed AEW treatment-induced
alloknesis. K Lt. injection of etanercept (10 pg) suppressed com-
pound 48/80-induced alloknesis. Data are presented as mean = SEM

(*P < 0.05, ***P < 0.001 vs corresponding group, Student’s ¢ test;
n = 6-8 mice per group).

[48], binds H1 and H4 receptors to activate phospholipase
C beta 3 and TRPVI on free nerve terminals in skin to
elicit histaminergic itch. In contrast, multiple mechanisms
underlie non-histaminergic itch. Many efforts have been
made to reveal the molecular and cellular bases of this type
of itch. MrgprA3 and MrgprCl11 coupling with TRPA1
have been demonstrated to mediate non-histaminergic itch
induced by CQ and the endogenous neuropeptide BAMS8-
22, respectively [38, 49, 50]. Our recent studies revealed
that the activation of Toll-like receptors (TLRs), such as
TLR7 and TLR3, induces non-histaminergic itch, possibly
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Fig. 6 Dry skin induces up-regulation of TNF-o/TNFR1 signaling in
mice. A-B Western blots (A) and analysis (B) showing that AEW
induced up-regulation of TNF-o at the protein level in the skin, DRG,
and spinal cord. C Q-PCR analysis confirmed the AEW-induced up-
regulation of TNF-a expression at the mRNA level in the skin, DRG,
and spinal cord. D-E Time course of the up-regulation of TNF-a
mRNA (D) and CX3CR1 mRNA (E) in the spinal cord induced by

via direct coupling to TRPA1 in primary sensory neurons
in mice [44]. In addition, oxidative stress induces non-
histaminergic itch through direct activation of TRPA1, and
antioxidants strongly attenuate acute and chronic itch in
mice [40, 51]. Recent studies have also provided new
insights into the ionic mechanisms of acute itch, such as
TRPV4 regulation of histamine- and serotonin-induced itch
[52, 53], Ca,3.2 regulation of H,S-induced itch [54], and
acid-sensing ion channel 3 regulation of CQ-induced itch
[55]. Increasing evidence supports a critical role of
cytokines and chemokines in the pathogenesis of chronic
itch [20]. Unfortunately, there is no report on the role of
TNF-o., one of the best known pro-inflammatory cytokines,
in acute and chronic itch.

In the present study, we aimed to investigate the role of
TNF-o/TNFR1 signaling in acute and chronic itch. For
acute itch, we used the mouse histaminergic itch model
induced by compound 48/80 [56], and the non-histamin-
ergic itch model induced by CQ [49]. We first demon-
strated that TNFR1, but not TNFR2, is required for acute
histaminergic and non-histaminergic itch using KO mice.

AEW treatment. F Q-PCR analysis showing that the mRNA
expression of TNFR1, but not TNFR2, was up-regulated in the spinal
cord, but not in the skin and DRG. We collected all tissues for
Western blotting or g-PCR after AEW treatment for 5 days

(*P < 0.05, **P <0.01, **P <0.001 vs corresponding control
group; Student’s ¢ test; n = 3—4 mice per group).

The TNF-synthesis inhibitor thalidomide and the TNF-a
antagonist etanercept dose-dependently suppressed acute
itch. In addition, compound 48/80 induced TNF-oo mRNA
expression in the skin, while CQ induced its expression in
the DRG and spinal cord. Thalidomide and etanercept also
attenuated dry skin-induced chronic itch and alloknesis.
Dry skin induced the up-regulation of TNF-a expression in
the skin, DRG, and spinal cord and TNFRI1 only in the
spinal cord. Thus, our findings suggested that TNF-o/
TNFRI1 signaling is required for the full expression of
acute and chronic itch, possibly via distinct peripheral and
central mechanisms.

TNF-a is produced by different cell types in the skin,
such as mast cells, macrophages, and fibroblasts [25, 26].
As TNFRI1 is expressed by DRG neurons [57], we
hypothesized that TNF released by peripheral immune cells
or skin-resident cells sensitizes primary afferent nerve
fibers to exogenous or endogenous pruritogens. We found
that i.t. application of the TNF-o antagonist etanercept
attenuated compound 48/80- and CQ-induced acute itch. In
contrast, i.d. injection of etanercept only suppressed the
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compound 48/80- but not CQ-induced acute itch. Accord-
ingly, TNF-o potentiated compound 48/80- but not CQ-
induced acute itch, although i.d. injection of TNF-a was
not sufficient to induce scratching. Thus, these data suggest
that TNF-a in the skin is predominantly involved in com-
pound 48/80-induced itch, while TNF-a in the spinal cord
contributes to both compound 48/80- and CQ-induced
acute itch in mice. Furthermore, q-PCR analysis showed
that compound 48/80 induced up-regulation of TNF-a in
the skin, while CQ-induced up-regulation of TNF-a in the
DRG and spinal cord. We postulated that the acute inhi-
bitory effects of thalidomide and etanercept on acute itch
may be attributed to their inhibition of the synthesis or
release of TNF, and the up-regulation of TNF mRNA may
be involved in alloknesis, which developed later.

What is the role of TNF-o/TNFR signaling in chronic
itch? We found that thalidomide or etanercept significantly
attenuated dry skin-induced chronic itch and alloknesis in
mice. In addition, these phenomena were lower in TNFR1/
R2 DKO mice. Finally, we demonstrated that TNF-o was
up-regulated in the skin, DRG, and spinal cord and TNFR1
was up-regulated in the spinal cord under dry skin-induced
chronic itch conditions. Recent studies have emphasized
that microglia play an important role in the development of
chronic itch in mice. For example, previous work showed
that the acute scratching induced by pruritogens is
accompanied by activation of microglial cells in the spinal
cord [58]. Microglia are also activated in the spinal cord
under chronic itch condition, such as atopic dermatitis
[59, 60]. Given that microglia are considered to be the main
source of TNF-a in the central nervous system [61], we
further showed that CX3CR1 (a microglial marker) was
transiently up-regulated in the spinal cord of dry-skin mice,
suggesting that microglia are transiently activated in these
mice. It has been clearly demonstrated that glutamate and
natriuretic precursor peptide B (NppB) released from pri-
mary pruriceptive neurons activate secondary spinal cord
natriuretic peptide receptor A (NPRA)-positive neurons,
which use gastrin-releasing peptide (GRP) to activate GRP
receptor (GRPR)-expressing excitatory interneurons in the
superficial laminae of the dorsal horn to transmit itch sig-
nals [42, 62, 63]. Our previous study showed that TNF-o
increases the NMDA currents in spinal lamina IT neurons,
and this increase is abolished in TNFR1-KO mice, but
retained in TNFR2-KO mice [28]. This result provided an
important clue that the facilitating effects of TNF-a on
glutamate neurotransmission may participate in the central
sensitization for chronic itch. However, the effects of TNF-
o on NppB/NPRA or GRP/GRPR signaling in the spinal
cord remain unclear. Together, the results suggest that
TNF-a, possibly derived from microglia, contributes to the
development of chronic itch, perhaps by the activation of
TNFRI1 in the spinal cord.

@ Springer

In summary, we have demonstrated a critical role of
TNF-o/TNFR1 signaling in acute and chronic itch by dis-
tinct peripheral and central mechanisms. Given that the
TNF antagonist etanercept is already available for treating
inflammation-related diseases, such as arthritis, anti-TNF-o
therapy may be a new option for the treatment of devas-
tating chronic itch.
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