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CXCL12/CXCR4 signaling induced itch and
pain sensation in a murine model of allergic
contact dermatitis

Wenliang Su1 , Jiawen Yu2, Qing Liu2, Lulu Ma2, and
Yuguang Huang2

Abstract

Allergic contact dermatitis is a skin inflammatory disease manifested with itch and pain symptom around the inflamed area.

Chemokines such as CXCL12 are involved in the pathophysiology of allergic contact dermatitis, but little has been known

about the effect of CXCL12/CXCR4 signaling for nociceptive sensation accompanying allergic contact dermatitis. Our study

showed that CXCL12 and CXCR4 were upregulated in trigeminal ganglion with the progression of allergic contact derma-

titis through western blotting and immunofluorescence. CXCL12 and CXCR4 were mainly upregulated in small-diameter

neurons, which were co-localized with nociceptive markers in trigeminal ganglion. CXCR4 and CXCL12 were also

expressed in trigeminal ganglion neurons retrograded from the skin lesion. Intradermal injection of CXCL12 enhanced

the itch- and pain-like behavior which could be relieved by AMD3100, a CXCR4 antagonist, without changes of mast cells.

Our findings suggested that blockade of CXCL12/CXCR4 signaling pathway might be beneficial to relieve itch and pain

sensation accompanying allergic contact dermatitis.
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Introduction

Allergic contact dermatitis (ACD) is a major cause of

occupational skin disease, and accounts for at least 20%

of the general population who are contact-allergic to

common environmental allergens.1 ACD, a type IV

delayed immunological reaction in response to contact-

ing with an allergen in sensitized individuals, manifests a

hypersensitivity reaction to antigens in contact with

skin.2 Currently, clinical manifestations of ACD are

itch, pain, burning, and stinging.3 Classically, most

research on itch mechanisms has focused on the canon-

ical immunoglobulin E (IgE)-mast cell-histamine axis.

However, therapies aiming at blocking histaminergic

itch pathway have been largely ineffective, suggesting

the existence of nonhistaminergic itch pathways.4,5

Over a long period, ACD has been regarded as an

IgE-mediated T-helper-1(Th1)-driven allergic reaction

with multiple cytokines and chemokines involved.5–7

Of these chemokines, CXCL12, also known as stromal

cell-derived factor-1a (SDF-1 a) or preB-cell growth-
stimulating factor (PBSF), functions as the ligand for
chemokine (C-X-C motif) receptor 4 (CXCR4).
CXCL12/CXCR4 signaling plays a role in many diverse
cellular functions, including embryogenesis, immune
surveillance, inflammation response, tissue homeostasis,
tumor growth and metastasis. CXCR4 acts with CD4
protein to facilitate the entry of human
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immunodeficiency virus (HIV) into cells, and mutations
in CXCL12 are associated with resistance to HIV-1
infection. In ACD inflammation, CXCL12 acts on rest-
ing regulatory CD4þ T cells in terms of calcium mobili-
zation and in vitro migration, it also attracts dendritic
cells and memory T cells to random and directed
motion.8–10 Despite the proinflammatory effects of
CXCL12 in the pathogenesis of ACD, a possible contri-
bution of CXCL12 to itch and pain accompanying ACD
has not been explored.

Itch and pain are usually caused by nociceptive pri-
mary afferent nerves and their cell bodies in the dorsal
root ganglia or trigeminal ganglia. The interaction
between immune and neuronal system has been consid-
ered as the major mechanism of pain and itch, that is,
the activation of immune procedure is based on neuronal
activity, and immune activation affects neuronal activity
in return. Multiple immune factors have been identified
to activate sensory neurons directly through correspond-
ing receptors expressed in sensory neurons. These
immune factors and chemokines, such as CCL2 and
CXCL10, arouse great attention as they may contribute
to itch associated with ACD.

Traditionally, CXCL12 and its receptor CXCR4 are
expressed in immune cells, but studies have confirmed
that CXCR4 is expressed in nervous tissue also, includ-
ing primary sensory neurons, and it contributes to the
development and maintenance of neuropathic pain.
Furthermore, CXCL12 can directly activate primary
sensory neurons through neuronal CXCR4. Despite
that CXCL12 is upregulated in affected human skin of
ACD, its function in sensory neurons under the condi-
tion of ACD and its effect to relatively nociceptive sen-
sations are still unknown.8,11–13 In this study, we
examined the pattern of CXCL12 and CXCR4 expres-
sion in trigeminal ganglion (TG) and skin under the con-
dition of ACD and explored the potential role of
CXCL12/CXCR4 axis between skin and TG in mediat-
ing allergic itch and pain.

Materials and methods

Animals and chemicals

Adult male C57BL/6 mice (2–3 months’ old, 20–30 g,
provided by HFK Bioscience Co., Ltd, Beijing, China)
were housed in a controlled environment (21� 4�C,
standard 12-h light/dark cycle, 4–5 mice per cage). All
mice had ad libitum access to food and water. All exper-
imental procedures were approved by the Animals
Ethics Committee of our institution.

AMD3100, the first U.S. Food and Drug
Administration (FDA)-approved CXCR4 antagonist
drug Plerixafor (Selleck, China), was dissolved in
saline. The purpose of AMD3100 treatment in this

study was to specifically block the biological activity of

CXCR4.
CXCL12 (R&D Systems, Minneapolis, MN, USA), a

ligand for CXCR4 that functioned as an activator of

CXCR4 was used.

Model of ACD

The murine model of ACD was constructed by applying

the contact sensitizer squaric acid dibutylester (SADBE;

Sigma, USA) referring to previous studies.7,14 The abdo-

men of mice was shaved without any skin lesion on day 1

under the brief anesthesia with isoflurane (2% in

oxygen). Later, “ACD” mice were sensitized with

25 mL of 1% SADBE in acetone solution superficially

applied to shaved abdomen for three consecutive days

(Days 2–4). On day 7, the right cheek of mice was shaved

without any skin lesion. Later on Days 8–10, the mice

were challenged for three consecutive days with 25 mL
1% SADBE to the shaved cheek. Control mice only

received acetone of equal volume on abdomen and

cheek in the same time period. For the sensitized

group represented the sensitization phase, mice were sen-

sitized with 1% SBADE of equal volume on abdomen

only, while ipsilateral cheek was treated with 25 mL of

acetone instead of SADBE challenge.

Behavioral testing

Before behavioral testing, mice were fully acclimated by

being placed in the test chamber 1 h quaque die (QD) for

three consecutive days. According to previous study, the

test chamber was surrounded by four mirrors to provide

a top view of all sides.7 Behavioral responses were

recorded by camera, and quantified at a slow-motion.

One single scratching bout was defined as the mice lifting

its hindpaw, scratching the concerned face for multiple

times within seconds, and putting the hindpaw to the

floor or to its mouth. One wiping bout was defined as

the mice lifting its forepaw, wiping the face area, and

returning to its original start position. Pain- and itch-

like behaviors were quantified by counting the number

of forepaw wiping and hindpaw scratching bouts during

the 30min observation period.
Next, 200 mL AMD3100 (5mg/kg) or saline of equal

volume alone (Veh1) were injected intraperitoneally

120 min before behavioral testing in corresponding

groups. And CXCL12 (2mg/10 mL in PBS; R&D

Systems) or PBS (Veh2, 10 mL) was injected intracutane-

ously into ipsilateral cheek before recording. All records

were performed after 24 h of second SABDE challenge.

Chemicals were previously prepared and then coded by a

laboratory administrator and not the experimenter. The

operator and observer were blind to the code.
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Histology and immunohistochemistry

Under deep anesthesia with isoflurane, ACD mice were

perfused through the left ventricle with sterile 0.1M

phosphate-buffered saline (PBS). An outlet as large as

possible in right atrium was incised by iris scissors to

remove blood and then flowed by pre-cooled 4% para-

formaldehyde. Inducing any air bubbles were avoided

during the period of perfusion. After perfusion, ipsilater-

al skin was dissected, post-fixed overnight in buffered

10% formalin at room temperature, transferred to

sequential 70%, 80%, 90%, and 100%methanol, embed-

ded in paraffin and sectioned (3 mm). Slices were

immersed into hematoxylin solution for 5min, and

rinsed with PBS for 10min, followed by 70% and 90%

alcohol for 10min for dehydrating, respectively. Slices

were dyed in eosin staining solution for 2 to 3min.

After dehydrated by pure alcohol and penetrated by

xylene, the slices were dropped with gum and sealed

with a cover glass. Sections were stained with hematox-

ylin and eosin (H&E) and examined microscopically by

two pathologists. Images were acquired using fluores-

cence microscopy imaging system (Ti-S, Olympus

FluoView software, Olympus, Japan). For immunohisto-

chemistry staining, unstained serial sections were trans-

ferred into xylene I (5min) and xylene II (10min) for

deparaffinage, and sequential 100%, 95%, 95%, and

80% ethanol for rehydrating (5 s, respectively). Sections

were treated with microwave heat-induced antigen

retrieval (121�C, 15min) to reveal the activity of endog-

enous biotin and were transferred into 5% hydrogen per-

oxide to block endogenous peroxidase. After blocking

the non-specific binding of the antibody with 5%

normal horse serum, sections were incubated with prima-

ry antibody (Rabbit anti-CXCL12, 1:400, Abcam, USA)

at 4�C overnight and then rinsed with PBS. Then sections

were incubated with proper secondary antibodies (Goat

Anti-Rabbit IgG H&L, 1：1000, Abcam). Images were

acquired in the same manner as above.

Retrograde labeling of cutaneous neurons

Dil Stain (1,10-Dioctadecyl-3,3,30,30-Tetramethylindocar

bocyanine Perchlorate (‘DiI’; DiIC18(3)), Invitrogen,

USA) is a lipophilic membrane dye which is weakly fluo-

rescent until incorporated into membranes presenting

red fluorescence when entering the cell membrane. It

can diffuse laterally and gradually stain the cell mem-

brane of the entire cell. Before the first challenge with

either the acetone- or SADBE-treated skin, Dil (1.7mg/

ml in 1% DMSO) was injected intracutaneously into

ipsilateral cheek for at least 3 sites (10 mL per site)

under the brief anesthesia with isoflurane (2% in

oxygen).

Western blotting

Under deep anesthesia with isoflurane, right TGs were

collected from mice transcardially perfused with sterile

PBS to remove blood and homogenized in T-PER Tissue
Protein Extraction Reagent (Thermo Fisher Scientific,

USA) with protein phosphatase inhibitors (Solarbio,

China) and protease inhibitors (Thermo Fisher

Scientific, USA) at 1:100. Denaturation of proteins on
heating was separated by 12% SDS-PAGE (sodium

dodecyl sulfate-polyacrylamide gel electrophoresis) elec-

trophoresis and transferred to polyvinylidene fluoride

membranes (Millipore, France). Before incubation
at 4�C for 6–8 h with primary antibodies (Rabbit

Anti-CXCR4 antibody,1:1000, Abcam, USA; Rabbit

Anti-CXCL12 antibody, 1:1000, Abcam, USA;

Rabbit Anti-b-Tubulin, 1:1000, Proteintech, China),
the membranes were blocked with 5% (w/v) bovine

serum albumin (Solarbio, China) for 1 h at room tem-

perature. Then, the membranes were cut according to

the distribution of the target protein, washed three
times and incubated with a corresponding secondary

antibody (Goat Anti-Rabbit IgG H&L, 1：1000,

Abcam) for 1 h at room temperature. The bands were

visualized with western blot detection system (Tanon,
China) by High-sig ECL Western Blotting Substrate

(Tanon, China) and analyzed with ImageJ Software.

Immunofluorescence

Ipsilateral TGs were collected from mice transcardially

perfused with sterile 0.1M PBS, followed by pre-cooled
4% paraformaldehyde (Sigma) in 0.1M PBS. Primary

tissues of interest, TGs and skin were dissected, post-

fixed in 4% paraformaldehyde at 4�C for 2 h, and then

dehydrated with 20% sucrose solution for 24 h then 30%
sucrose for 24 h at 4�C. Tissues were sectioned in a freez-

ing microtome (Leica 2000, Germany) at 12mm thick-

ness after embedded in OCT. Slices were permeabilized

with 0.3% Triton X-100 for 15min (TGs) or 1 h (skin)
and blocked in 5% horse sera for 1 h at room tempera-

ture, followed by overnight incubation at 4�C with pri-

mary antibodies (Rabbit Anti-CXCR4 antibody, 1:400,

Abcam; Rabbit Anti-CXCL12, 1:400, Abcam; Goat
Anti-CGRP antibody, 1:2000, Abcam; Chicken Anti-

Neurofilament antibody, 1:1000, Abcam; Guinea pig

Anti-VR1, 1:400, Abcam). Slides were incubated with

proper secondary antibodies (Alexa Fluor 488-conjugat-
ed donkey anti-rabbit, 1:400; Alexa Fluor 594-conjugat-

ed donkey anti-guinea pig, 1:400, Jackson

ImmunoResearch; Alexa Fluor 594-conjugated IB4,

1:200, Invitrogen; Alexa Fluor 594-conjugated donkey
anti-goat, 1:400, Jackson ImmunoResearch; Alexa

Fluor 594-conjugated donkey anti-chicken, 1:400,

Abcam). After three rinses in the dark, all of the sections
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were cover-slipped with Mounting Medium with DAPI

(ZSJB-Bio, China). Mast cell staining was different from

normal immunostaining, which were incubated with

FITC avidin for 15min at room temperature, then

cover-slipped with Mounting Medium with DAPI

imaged after drying. Images were acquired with laser

confocal microscopic imaging system (FV1000 and

Olympus FluoView software, Olympus, Japan).

According to the previous study, after taking into

account the approximately 10% decrease in size because

of the fixation procedure, TG neurons were classified as

small- (cross-sectional area, CSA< 442 mm2), medium-

(CSA 443–865 mm2), and large-sized (CSA> 865 mm2).15

Only neurons with nucleus profile in the cross-section

were counted and data from TGs were pooled through-

out the study.

Statistical analyses

All data are presented as the mean and its standard error

(mean� SEM). Differences between two groups were

analyzed using Student’s t-test. Differences among mul-

tiple groups were analyzed using one-way analysis of

variance (ANOVA) followed by the Bonferroni post

hoc test. A statistically significant difference was defined

as a two-sided P value <0.05. IBM SPSS Statistics 21.0

for Windows (Armonk, NY, USA) was used for statis-

tical analysis.

Results

ACD-induced spontaneous pain and itch behavior

H&E staining showed typical pathology of ACD in
ACD group used in our study: thickening of the epider-
mis, aggregation of immune cells, spinous cells prolifer-
ation, and obvious edema. However, no difference was
detected in skin from mice which were only sensitized
but not challenged (Figure 1(a) to (c)). The cheek
model of ACD was used to investigate the behavioral
effects evoked by SBADE challenge. During the elicita-
tion phase, the forepaw wipings and hindpaw scratch-
ings increased significantly compared with Control
group and Sensitized group without challenging (n¼ 7,
P <0.05, Figure 1(d) and (e)).

ACD upregulated neuronal CXCR4 in nociceptive
sensors

Compared with the Control group treated with acetone
and Sensitized group without challenging, the protein
expression of CXCL12 and CXCR4 increased signifi-
cantly in TG of ACD mice (n¼ 3, P< 0.05, Figure 2(a)
and (b)). Immunofluorescent staining revealed that
CXCR4þ neurons were less distributed in TG neurons
of control group while under the condition of ACD,
the percentage of small-diameter and middle-diameter
neurons increased (n¼ 3, P <0.05, Figure 3(a) to (c)).
In addition, CXCR4 immunopositive TG neurons were
abundantly co-expressed with calcitonin gene-related

Figure 1. Effects of ACD on the pathologic and behavioral response. (a)–(c) Representative skin biopsies for control, sensitized, and ACD
mice, respectively. The change of skin in sensitization phase was not obvious. ACD skin showed prominent proliferation of cells in the
stratum spinosum. And dermis was infiltrated by immune cells conforming with the swollen and thickened appearance. Scale bar: 200 mm.
(d) and (e). During the period of sensitization (Sensitized group), pain-like behavioral responses (forepaw wiping) and itch-like behavioral
responses (hindpaw scratching) were not increased. By contrast, forepaw wiping and hindpaw scratching increased significantly in the
period of elicitation (ACD group). n ¼ 7 for each group. Statistical analysis by one-way ANOVA, *P< 0.05, Sensitized versus Control
group, and ACD versus Control group.
ACD: allergic contact dermatitis; NS: not significant.
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peptide (CGRP) and IB4, markers for peptidergic and

nonpeptidergic sensors, at percentage of 44.63% and

34.55% in the ACD group. However, CXCR4þ was

also co-localized with NF200, a marker for myelinated

neuron, at a percentage of 14.88% in the ACD group

(Figure 3(d) to (g)). We also analyzed the percentages

of CXCR4 in neurons with markers including NF200,

CGRP, and IB4 to compare the expression pattern of

CXCR4 between Control and ACD. Our results indicated

that the subpopulation of neurons with the three markers

all increased the expression of CXCR4 (Figure S1).

ACD upregulated CXCL12 in TG and inflamed skin

Immunofluorescence showed that ACD upregulated
CXCL12 in small-diameter neurons compared with
Control group in TG from 33.90% to 67.62%.
However, there was no difference in distribution of
middle-diameter and large-diameter neurons compared
to Control group (Figure 4(a) to (c)). CXCL12 co-
expressed with CGRP (39.86%) and IB4 (28.87%).
However, CXCL12 was also detected in NF200þ neu-
rons at a proportion of 25.37% (Figure 4(d) to (g)).

Figure 2. Effects of ACD on the expression of CXCR4 and its ligand CXCL12 in TG. (a) For the protein expression level of CXCL12 and
CXCR4 in TG, the representative protein bands of CXCL12 and CXCR4 protein from Control, Sensitized, and ACD mice with first and
second challenge respectively. n¼ 4 mice/group B. There was no significant difference between control and sensitized group. Both
CXCL12 and CXCR4 were significantly upregulated in ACD mice. n¼ 4 mice, one-way ANOVA, *P< 0.05, Sensitized versus Control
group, and Challenged versus Control group.

Figure 3. Upregulation of CXCR4 expression in TG neurons of ACD mice. (a) CXCR4þ detected by immunofluorescence staining
existed in neurons of control mice (n¼ 3). (b) CXCR4þ was upregulated in ACD neurons (n¼ 3). (c) CXCR4þ expression was signif-
icantly increased in small-diameter neurons (n¼ 3). (d)–(f) Co-expression of CXCR4þ with NF200, IB4 and CGRP in TG neurons of ACD
mice. (n¼ 3). (g) Percentages of CXCR4þ TG neurons that expressed NF200, IB4 and CGRP in ACD mice. Immunopositive neurons were
indicated by arrows (n¼ 3). Scale bar: 50lm. Statistical analysis by Student’s t-test (*P< 0.05), ACD versus control (c and g).
ACD: allergic contact dermatitis; CGRP: calcitonin gene-related peptide.
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Immunohistochemistry showed elevated expression of
CXCL12 in affected skin, mainly in hair follicles, com-
pared with control mice (Figure S2). In short, under the
condition of ACD, CXCL12 was upregulated in noci-
ceptive sensors in TG and the inflamed skin.

CXCR4þ and CXCL12þ neurons innervated the
affected skin

Dil was used to detect the expression of CXCR4 and
CXCL12 in sensory neurons that innervated the affected
skin. We found co-expression of CXCR4 with Dil
(17/48) and CXCL12 with Dil (42/76) mainly in V2
zone of TG sections (Figure 5). The CXCR4þ nerve
fiber was also detected in affected skin which was certi-
fied by co-localization between CXCR4 and PGP 9.5, a
general neuronal marker (Figure 6).

CXCL12/CXCR4 signaling mediated nociceptive
behavior in ACD mice

The spontaneous reaction, wiping and scratching,
toward the challenged site by SBADE was decreased
by application of AMD3100 in advance (n¼ 7,
P< 0.05, Figure 7(a) and (b)). To further investigate
whether CXCL12/CXCR4 signaling induced itch and
pain sensation in ACD, artificially upregulating the
expression of skin CXCL12 (intradermal injection

1 mg/10 mL) induced more forepaw wiping and hindpaw

scratching in comparison with the equal volume vehicle

(PBS). In contrast, artificially blocking the CXCR4

(intraperitoneal pre-injection of AMD3100, 5 mg/kg),

the number of forepaw wiping and hindpaw scratching

reduced (n¼ 7, P< 0.05, Figure 7(c) and (d)).
Indeed, SABDE challenging elicited significant mast

cells degranulation and aggregation in the challenged

site of skin. Importantly, we found that AMD3100

reduced nociceptive behavior in ACD mice without

inhibiting mast cells degranulation and aggregation

(n¼ 4, P> 0.05, Figure 8). These findings partly

showed that the effect of AMD3100 to nociceptive reac-

tion, especially the itch behavior, was not due to defects

in mast cell activation because mast cell degranulation

and aggregation were comparable between the group

“ACD” and “ACDþAMD3100.”

Discussion

Our study provided ample evidence that ACD upregu-

lated CXCL12/CXCR4 signaling in small and

middle-diameter nociceptive sensory neurons in TG.

CXCL12 evoked itch and pain by activating neuronal

CXCR4, and AMD3100 alleviated ACD-associated

itch and pain sensation by blocking CXCR4.

Figure 4. Upregulation of the expression of CXCL12 in the TG of ACD mice. (a) Immunofluorescence staining showed that CXCL12þ

existed in TG neurons of control group (n¼ 3). (b) The distribution of CXCL12þ was more abundant in ACD mice (n¼ 3). (c) Classified by
the diameter of the neuron, neurons are divided into small-, middle-, and large-diameter neurons. CXCL12þ expression was significantly
increased in small-diameter neurons (n¼ 3). (d)–(f) Co-expression of CXCL12þ with NF200, IB4, and CGRP in TG neurons of ACD mice.
(n¼ 3). (g) Percentages of CXCL12þ TG neurons that expressed NF200, IB4 and CGRP in ACD mice (n¼ 3). Immunopositive neurons were
indicated by arrows. Scale bar: 50lm. Statistical analysis by Student’s t-test (*P< 0.05), ACD versus Control group (c and g).
ACD: allergic contact dermatitis; CGRP: calcitonin gene-related peptide.
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Figure 5. The involvement of CXCL12 and CXCR4 co-localized with Dil. (a) and (b) Images of Dil-labeled neurons in the TG after a
subcutaneous injection of Dil into the right cheek, with the CXCR4þ and CXCL12þ detected by immunolabeling with Dil. Arrow
indicated CXCR4þ ((a), green) and CXCL12þ ((b), green) was all co-localized with Dil (red), presenting an orange color. Scale bar: 50mm.

Figure 6. The involvement of CXCL12 and CXCR4 in affected skin. (a)–(d) The involvement of CXCR4 in nerve fiber in affected skin in
ACD. Arrow indicated CXCR4þ(green) or nerve fiber (red). Scale bar: 50mm. (e) High magnification of CXCR4þ focusing on the affected
skin. Scale bar: 25 mm.

Su et al. 7



Regulation of CXCL12 and CXCR4 has been
increasingly paid attention to by researchers for its
important role in immune system and in the pathophys-
iology of neuroinflammation, especially since FDA’s
approval of the first CXCR4 antagonist Plerixafor.16,17

In the context of neuropathic pain induced by diabetes
or chronic compression of dorsal root ganglion,
CXCL12/CXCR4 pathway affects nociceptive sensation
at the levels of dorsal root ganglion and spinal dorsal
horn.18–20 CXCL12 can directly activate or participate in
the activation of sensory neurons in the spinal dorsal
horn.20 In our present study, upregulated CXCL12 in
inflamed skin might be released by resident skin cells
and monocytes. Sensory neurons in TG with upregu-
lated CXCL12 expression might release CXCL12 to
affected skin as well (Figure 3). CXCR4 was also

detected in nerve fiber in affected skin, which made it
possible for the interaction between CXCL12 and
CXCR4 in the area of ACD (Figure 6).

Immunofluorescence revealed that not only CXCL12
but also CXCR4 were found in all size neurons
(Figures 3 and 4). CXCL12 can be upregulated in
small-diameter neurons and the expression of CXCR4

was increased in small- and middle-diameter neurons
under the context of TG innervating ACD skin
(Figures 3(c) and 4(c)), which was consistent with the
expression of CXCR4 in the context of inflammatory
and neuropathic pain.20,21 Double-labeling immunofluo-
rescence was used to determine the nociceptive character

of CXCL12þ and CXCR4þ neurons (Figures 3(d) to (g)
and 4(d) to (g)). Both CXCL12 and CXCR4 showed co-
expression with CGRP, a marker of peptidergic sensory

Figure 7. CXCL12/CXCR4 signaling mediated nociceptive behaviors in ACD mice. (a) The AMD3100 did not attenuate the pain-like
behavior in control and sensitized mice; however, it did reduce the pain-like behavior in ACDmice (after second challenge). (b) The AMD3100
did not attenuate the itch-like behavior in control and sensitized mice, but it did reduce the itch-like behavior in ACD mice (after second
challenge). (c) CXCL12 or vehicle (PBS) was injected intracutaneously into ipsilateral cheek after 24 h of second challenge. The CXCL12 did
not increase the pain-like behavior in control mice; however, it did increase pain-like behavior in ACD mice (after second challenge) which was
relieved by pre-injection of AMD3100. (d) CXCL12 or vehicle (PBS) was injected intracutaneously into ipsilateral cheek after 24 h of second
challenge. The CXCL12 did not increase the itch-like behavior in control mice, but it did increase itch-like behavior in ACDmice (after second
challenge) which was relieved by pre-injection of AMD3100. n¼ 7 for each group. Statistical analysis by Student’s t-test (*P< 0.05).
ACD: allergic contact dermatitis; NS: not significant.
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neuron, and IB4. CGRP has been regarded as an itch-
related neuropeptide in allergic conjunctivitis and a
pain-related neuropeptide in dry eyes.22,23 Our study
suggested that CGRP may be a vital neuropeptide in
TG in multiple conditions that evoke itch or pain sensa-
tion. CXCL12 was also detected in F4/80 immunopos-
itive cells in DRG under neuropathy of CCD and
STAT3 immunopositve neurons in DRG under chemo-
therapeutic neuropathology.20,24 Therefore, the expres-
sion pattern of CXCL12 may be different in different
types of pathology. As CXCL12 was also expressed in
TG, it might challenge CXCR4 through autocrine or
paracrine manners. However, The CXCL12 expressed
by TG may also be transported to brainstem and
affect the activity of microglia and astrocyte.

Previous study has detected abundant expression of
CXCL12 in skin lesion, but did not demonstrate whether
this chemokine could induce itch or pain accompanying
ACD.25–27 In the present study, intradermal injection of
CXCL12 into the site of affected skin significantly eli-
cited site-directed wiping and scratching behaviors
which represented drastic itch and pain sensation.
Interestingly, CXCL12-induced nociceptive behaviors
were almost obliterated by AMD3100, a specific
CXCR4 antagonist. The itch- and pain-like behaviors
were also alleviated by AMD3100 without changes of
degranulation and aggregation of mast cells in the
skin. Our results remaindered that the observed

behavioral changes, especially the itch behavior, were

not due to defects in mast cell activation and aggregation

because the number of mast cells and percentage of

degranulated mast cells were comparable between the

group “ACD” and “ACDþAMD3100.”
Previous studies have shown that multiple chemo-

kines could directly activate sensory neurons such as

CCL2þ, CCL10þ, and CXCL12þ neurons.6,7,28 These

chemokines may work together to contribute to itch

and pain symptoms accompanying contact hypersensi-

tivity in mice and humans by directly exciting primary

sensory neurons through their neuronal receptors and/or

indirectly activating immune cells to induce the release of

inflammatory mediators that target primary sensory

neurons.
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Figure 8. AMD3100 reduced nociceptive behavior in ACD mice not by inhibiting mast cell degranulation in skin. (a)–(c) Representative
images of mast cells (stained with FITC-avidin, green) in the right cheek skin of control group (a), ACD group (b), and ACDþAMD3100
group (c). Framed part showed the different formation of mast cells. Scale bar: 100mm. (d) The proportion of activated mast cells closely
associated with mast cells. There was no difference between ACD and ACDþAMD3100 group. ACD versus ACDþAMD3100, n¼ 4.
Student’s t-test. (e) The proportion of mast cells in unit area. ACD and ACDþAMD3100 were not statistically different. Statistical analysis
by Student’s t-test. ACD versus ACDþAMD3100, n¼ 4, ACD versus ACDþAMD3100, n¼ 4.
ACD: allergic contact dermatitis; ns: not significant.
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