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Abstract

Female NC/Jic mice were sensitized and challenged repeatedly at 48 h intervals for 10 and 30 days by painting 1% 2,4,6-trinitrochlorobenzene
(TNCB) on both ears. Mice challenged with TNCB for 30 days developed an inflammatory dermatitis with high immunoglobulin E (IgE) titer.
Histological analysis with acidic Toluidine Blue staining revealed that dermal mast cells markedly differentiated and intensely degranulated,
consistent with a dramatic increase in scratching behavior. A significant increase in total scratching events could be observed in mice treated with
TNCB for a short period of 10 days. Extending the term of TNCB application to 30 days, the IgE titer and number of mast cells elevated
significantly, and thus various drugs were evaluated pharmacologically by using the mice treated with TNCB for 30 days. Terfenadine and
cyproheptadine attenuated the chronic scratching behavior. Tacrolimus and dexamethasone were less effective and cromolyn showed no effect. In
addition, terfenadine and tacrolimus suppressed the degranulation of mast cells. The present chronic scratching model could be suitable to evaluate
drugs effective for suppression of mast cell differentiation and degranulation by irritation, and may represent a promising tool to develop new
drugs for inflammatory pruritus associated with, for example, atopic dermatitis.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Atopic dermatitis is one of the most refractory diseases
today. The itching sensation causes patients to scratch, and the
scratching behavior aggravates the skin condition in the patients
(Wahlgren, 1999). This cycle has been called an “itch–scratch”
vicious circle, and is an important target for treatment of atopic
dermatitis.

Although it has been known that histamine induces an acute
itching sensation in humans (Magerl et al., 1990; Handwerker
et al., 1991; Baron et al., 2001), the mechanism underlying
chronic itching is still unclear. It has often been reported that
antihistamines are ineffective in relieving pruritus in atopic
dermatitis (Klein and Clark, 1999), while immunoregulatory
drugs such as tacrolimus ointment and cyclosporin A relieve the
chronic itchy sensation (Harper et al., 2000; Reitamo et al.,
2000; Alomar et al., 2004), suggesting that multiple factors in
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addition to histamine may be involved in chronic pruritus. For
example, neurotrophins may be considered as important factors
in the chronic itching sensation. Plasma levels of the nerve
growth factor in atopic dermatitis patients were increased in
comparison with non-atopic controls (Toyoda et al., 2002).
Consequently, upregulated nervous factor leads to extension of
the cutaneous nerve fibers in atopic lesion skin to epidermis
(Tobin et al., 1992; Sugiura et al., 1997; Urashima and Mihara,
1998), neurotrophins may be considered as important factors
evoked by innocuous stimulation (Simone et al., 1991) and
mechanical or chemical stimuli inducing pain (Ikoma et al.,
2004).

However, mediators inducing chronic scratching behavior
have not been fully characterized and remedies for persistent
itch have not been developed. Establishing an appropriate
animal model is a prerequisite to clarify the mechanism leading
to chronic pruritus and to develop drugs for controlling itching
in chronic inflammatory diseases.

Previously, we established a dermatitis model by repeatedly
applying 2,4,6-trinitrochlorobenzene (TNCB) to BALB/c mice
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for up to 90 days (Yamashita et al., 2005). Histological ob-
servation revealed that eosinophilic infiltration, acanthosis,
hyperkeratosis, and dermal papilla were observed in the whole
ear. In addition, continuous scratching behavior was shown in the
TNCB-treated mice. We also suggested that differentiation and
degranulation of mast cells play an important role in inducing
chronic scratching behavior in the model by using Tcell-deficient
BALB/c-nu/numice andmast cell-deficientWBB6F1-W/Wv and
Sl/Sld mice.

In the present study, we attempted to shorten the period
necessary for inducing steady scratching behavior by using NC/
Jic mice instead of BALB/c mice, because NC mice have been
considered a good animal model for atopic dermatitis (Vester-
gaard et al., 1999). Furthermore, we tried to characterize the
present model pharmacologically by drugs used clinically for
treatment of atopic dermatitis: terfenadine, cyproheptadine,
tacrolimus, dexamethasone, and cromolyn, and confirmed that
one of the most important factors inducing chronic pruritus was
degranulation of mast cells.

2. Materials and methods

2.1. Animals

NC/Jic mice obtained from Clea Japan, Inc. (Tokyo, Japan)
were home-reared and housed in standard plastic cages. Female
NC/Jic mice of 6- to 9- weeks old were used for experiments.
The mice were kept under controlled temperature (23±2 °C),
humidity (50±10%), and light (lights on from 06:00 to 18:00),
but not in a specific pathogen-free environment, with food (CE-
2, Clea Japan, Inc.) and water available ad libitum. Experimen-
tal procedures were approved by the Animal Care Committee of
the Graduate School of Pharmaceutical Sciences, Nagoya City
University, in accordance with the guidelines of the Japanese
Council on Animal Care.

2.2. Reagents

2,4,6-Trinitrochlorobenzene and dexamethasone were
obtained from Nacalai Tesque, Inc. (Kyoto, Japan). Terfena-
dine, cyproheptadine hydrochloride, and cromolyn sodium salt
were purchased from Sigma-Aldrich, Inc. (St. Louis, MO,
USA). Tacrolimus hydrate was kindly provided by Fujisawa
Pharmaceutical (Osaka, Japan). TNCB was dissolved in
acetone/olive oil (4:1) as 1% (w/v) solution and used for the
sensitization and elicitation. Terfenadine, cyproheptadine hy-
drochloride, tacrolimus hydrate, and dexamethasone were
suspended in phosphate-buffered saline (PBS, pH 7.4) contain-
ing 5% polyoxyethylene sorbitan monooleate (Nacalai Tesque),
and cromolyn sodium salt was dissolved in PBS.

2.3. Application of TNCB

Female NC/Jic mice were initially sensitized by painting 1%
TNCB (20 μl) on the face of both ears. Six days later, they
started to be challenged by painting 20 μl of 1% TNCB solution
repeatedly, every 48 h, for 10 and 30 days. In the vehicle-treated
group, acetone/olive oil (4:1) was applied instead of TNCB. The
thickness of the right ear was measured with a dial thickness
gauge (G-1A, Ozaki MFG. Co., Ltd, Tokyo, Japan) prior to each
topical application of TNCB. We applied TNCB on both ears
because it facilitated the measurement of scratching behavior
although histological evaluation was conducted on only the
right ear.

2.4. Evaluation of scratching behavior

Scratching behavior was measured using the MicroAct sys-
tem (Neuroscience, Tokyo, Japan) where this behavior could be
detected automatically, and analyzed objectively (Inagaki et al.,
2002, 2003). Briefly, a ring-typemagnet (1.0mm inner diameter,
2.5 mm outer diameter, 2.0 mm height, 130–145 mT/cm2) was
attached to both ankles with steel wire (No. 34, TOHO, Co. Ltd,
Hiroshima, Japan). Ten to 15 h after magnet placement, each
mouse was placed in a plastic chamber (11 cm in diameter and
18 cm in height) surrounded by a round coil, and the current
induced in the coil by movement of the magnets was amplified
and recorded. Characteristic signals were identified as scratching
behavior using the parameters: threshold, 0.12 V; event gap,
0.02 s; minimum duration, 0.40 s; maximum frequency, 18.0 Hz;
minimum frequency, 5.0 Hz. The measurement of scratching
behavior was started 48 h after the final application of TNCB,
since non-specific stimuli induce unfavorable scratching
episodes immediately after applying the solvent and the number
of scratching events within 48 h post-application in the vehicle-
treated group was equal to that in the TNCB-treated group
(Yamashita et al., 2005). The mice were put in the system device
and kept for 2 h for acclimation. Then the scratching behavior
was recorded continuously for 12 h.

2.5. Drug administration

The drugs were injected intraperitoneally 4 h after the start of
recording with the MicroAct system, and measurement of the
scratching behavior was continued for a further 8 h. The doses
of the drugs were as follows: terfenadine (30 and 100 mg/kg),
cyproheptadine hydrochloride (10 and 30 mg/kg), tacrolimus
hydrate (1 and 10 mg/kg), dexamethasone (1 and 3 mg/kg), and
cromolyn sodium salt (100 and 300 mg/kg). For the control
groups, PBS or PBS containing 5% polyoxyethylene sorbitan
monooleate was injected instead of the drugs.

2.6. Histological observation

After recording the scratching behavior, we sacrificed themice
by lethal inhalation of ether vapor. Right ears of the mice were
excised and fixed with 10% phosphate-buffered formalin (pH
7.2), and embedded in paraffin. Sections (3μm)were stained with
acidic Toluidine Blue (pH 4.1), and the number of mast cells per
square millimeter of dermis in four sights chosen at random was
counted. The phenotype of the mast cells was classified into
degranulated (N10% of the cytoplasmic granules exhibiting
fusion or discharge) or normal, and the ratio of degranulated cells
was calculated (Wershil et al., 1988; Yano et al., 1989).



Fig. 2. Number of mast cells per square meter of dermis (A) and ratio of
degranulated mast cells (B) in the ear of NC/Jic mice treated with TNCB (filled
column) and vehicle (open column) repeatedly for 10 days and 30 days at 48 h
intervals. Mast cells were histologically evaluated by acidic Toluidine Blue
staining. They were classified as degranulated when more than 10% of the
cytoplasmic granules exhibited fusion or discharge. Each column represents the
mean±S.E.M. of six mice. Significant differences were determined by the two-
tailed multiple t-test with Bonferroni correction following ANOVA (three
comparisons in four groups: ⁎Pb0.05, ⁎⁎Pb0.01; NS, not significant).
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2.7. Determination of total immunoglobulin E (IgE) titer in
serum

Blood was collected from the scarified mice and serum was
stored at −20 °C until used. The concentration of total IgE in the
serum was measured by a sandwich enzyme-linked immuno-
sorbent assay (ELISA) as previously described (Yamashita
et al., 2005).

2.8. Statistics

All results are given as means±S.E.M. Statistical analyses
were conducted by two-tailed multiple t-test with Bonferroni
correction following ANOVA, or two-tailed Student's or
Aspin–Welch's t-test following F-test. These statistics were
analyzed using the software Java Applets and Servlets for
Biostatistics (programmed by H. Ono, http://chiryo.phar.
nagoya-cu.ac.jp/javastat/JavaStat-e.htm), and synergistic inter-
actions between factors Treatment×Time were calculated by
two-factor factorial ANOVA using Microsoft Excel.

3. Results

3.1. Shortening the term necessary to induce chronic scratch-
ing behavior

TNCB was applied to NC/Jic mice epicutaneously every
2 days for 10 and 30 days. Average ear thickness of NC/Jic mice
Fig. 1. Scratching behavior (A) and total IgE (B) in NC/Jic mice treated with
TNCB (filled column) and vehicle (open column) repeatedly for 10 days and
30 days at 48 h intervals. Scratching behavior was recorded and analyzed with
the MicroAct system for 12 h starting 48 h after the final challenge. Total serum
IgE titer was assayed by ELISA. Each column represents the mean±S.E.M of
six mice. The significance of differences was determined by the two-tailed
multiple t-test with Bonferroni correction following ANOVA (three comparisons
in four groups: ⁎⁎Pb0.01; NS, not significant).
before application of TNCB or mice was 229.9±1.7 μm. Ear
thickness increased dramatically up to 10 days after the first
application (1406±56 μm in the TNCB-treated mice compared
with 226.2±2.7 μm in the vehicle-treated ones) and reached a
plateau. On day 30 it was 1359±33 μm in the TNCB-treated
mice compared with 235.6±2.0 μm in the vehicle-treated ones.
Repeated application of TNCB for 10 days induced a significant
increase in scratching events when measured in the 12-h period
following application. The scratching incidences were further
increased slightly when the TNCB application was repeated for
30 days (Fig. 1A). Total serum IgE titer was significantly
increased in mice treated with TNCB for 30 days (Fig. 1B). As
shown in Fig. 2A, the number of mast cells in the ear tissues was
significantly increased depending on the repeated application of
TNCB. The ratio of degranulated mast cells to total mast cells in
dermis was increased by applying TNCB repeatedly for 10 days
and 30 days (Fig. 2B).

Total serum IgE titers and the number of mast cells were
significantly increased in the mice treated with TNCB for 30 days
compared with those treated for 10 days. Furthermore, a
significant interaction between treatment and time was detected
by two-factor factorial ANOVA regarding the total serum IgE
level (Fig. 1B,Pb0.05) and the number of themast cells (Fig. 2B,
Pb0.05). Therefore, we decided to evaluate the effects of drugs
on the scratching behavior in the model established by applying
TNCB for 30 days. The increase in the scratching incidences
continued until at least 2 weeks after final application of TNCB.

3.2. Pharmacological analysis of chronic scratching behavior

The effects of various drugs on chronic scratching behavior
induced by TNCB were examined in NC/Jic mice. There was no
difference of stationary scratching behavior before injection of
the drugs among all of the experimental groups. Terfenadine, a
non-sedative antihistamine, inhibited scratching behavior when
injected at a dose of 100 mg/kg. Terfenadine (100 mg/kg) led to
intense suppression of scratching behavior between 2 and 4 h
after injection and the suppression was gradually decreased
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thereafter (Fig. 3A). Cyproheptadine, an antagonist for both
histamine- and serotonin-receptors, also inhibited the scratching
behavior dose-dependently (Fig. 3B). In the mice injected with
cyproheptadine, not only scratching behavior but also voluntary
exercise was suppressed. Tacrolimus (10 mg/kg), an immuno-
regulation drug, reduced the number of scratching events be-
tween 2 and 4 h after intraperitoneal administration.
Dexamethasone, a steroid drug, also inhibited the scratching
behavior between 4 and 6 h after injection at a dose of 1 mg/kg
(Fig. 3C and D). In contrast, cromolyn, a stabilizer of mast cells,
had no effect on scratching behavior (Fig. 3E).

The effects of the drugs on the ratios of degranulatedmast cells
to total mast cells in the ear dermis were examined by Toluidine
Blue staining (Fig. 4). Because the suppressive effects of the drugs
on scratching behavior are most striking between 2 and 4 h post-
drug administration, the ratio of mast cell degranulation was
Fig. 3. Effects of various drugs on the chronic scratching behavior in NC/Jic mice indu
behavior commenced 4 h prior to drug injection and ended 8 h post-drug administrati
Each column represents the mean±S.E.M. of 5 to 7 mice. Statistical analysis was c
ANOVA (two comparisons in three groups: ⁎Pb0.05, ⁎⁎Pb0.01 vs. the control gro
estimated at a time point 2 h after drug treatment. The assay was
also carried out 8 h after drug injection. The ratiowas significantly
reduced 2 h after the injection of terfenadine (100 mg/kg) and
tacrolimus (10 mg/kg), comparable to the decrease in scratching
behavior between 2 and 4 h, and was restored to the control level
thereafter. The time-course change in mast cell degranulation was
quite consistent with that in the scratching behavior as seen in
Fig. 3A and C. Cyproheptadine (30 mg/kg) slightly but
insignificantly suppressed the ratio of degranulated mast cells
while neither dexamethasone (1 mg/kg) nor cromolyn (300 mg/
kg) inhibited degranulation of mast cells (data not shown).

4. Discussion

Here, we have shown that repeated application of TNCB to
ears of NC/Jic mouse for a short period of 10 days induced
ced by multiple application of TNCB for 30 days. Measurement of the scratching
on and the number of scratching events was counted in a fraction of a 2-h period.
arried out by the two-tailed multiple t-test with Bonferroni correction following
up at the corresponding time point).



Fig. 4. Effects of terfenadine and tacrolimus on the ratio of degranulated mast
cells in NC/Jic mice. The mice were treated with TNCB for 30 days. The right
ear was collected from the mice 2 h and 8 h after drug injection and
histologically evaluated by acidic Toluidine Blue staining. The number of mast
cells per square millimeter of dermis was counted under a light microscope and
the mast cells in which more than 10% of the cytoplasmic granules exhibited
fusion or discharge were classified as degranulated. Each column represents the
mean±S.E.M. of six mice. ⁎Pb0.05 vs. control group by Student's t-test.
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marked ear eczema and upregulation of serum IgE concentra-
tion in parallel with an increase in scratching episodes. The
chronic itchy pruritus with the elevated serum IgE level
resembled human atopic dermatitis.

Although the serum IgE level was only slightly but in-
significantly increased in the mice treated with TNCB for 10 days
compared with that in vehicle treated mice (P=0.056, TNCB
treated group for 10 days vs. vehicle treated one by Welch' s t-
test), the number of scratching episodes in the TNCB-treatedmice
was significantly higher than that in the control mice. This may
indicate that slight increase in IgE level is enough to induce
degranulation of mast cells and scratching behavior.

In an earlier study, we established a chronic itching model
with persistent scratching by applying TNCB repeatedly for
90 days to BALB/c mice to understand the molecular basis of
pruritus in inflamed skin (Yamashita et al., 2005). Furthermore,
we indicated that proliferation and degranulation of dermal mast
cells play an important role in the scratching behavior using T
cell- and mast cell-deficient mice and suggested that the model
may be useful in understanding the molecular process
controlling the development of itching in chronic inflammatory
skin disease including atopic dermatitis. However, a major
disadvantage of this model is that it takes 3 months to establish a
persistent and stable scratching behavior accompanied by skin
inflammation, which especially discourages the use of the
model to screen drugs for treatment of inflammatory pruritus.

In the present investigation, we succeeded in detecting a
significant increase in scratching episodes together with marked
ear swelling and elevated serum IgE titers in 30 days by using
NC mice instead of BALB/c mice. NC mice were first es-
tablished from Japanese fancy mice as an inbred line. Atopic
dermatitis-like skin lesions were reported to appear spontane-
ously in NC/Nga mice, derived from the original NC mice,
when they were raised in non-sterile environments (Matsuda
et al., 1997), and NC/Nga and NC/Jic mice, other strains of NC
mice, have been used as animal models for elucidating the
pathogenesis and developing new remedies for atopic derma-
titis. It has currently been recognized that the symptoms do not
always spontaneously develop even in non-sterile circum-
stances and that application of haptens or mite antigens is
necessary to evoke the eczema stably (Sasakawa et al., 2001;
Matsuoka et al., 2003; Gao et al., 2004). Consistent with these
reports, TNCB treatment facilitated the incidence of severe
inflammation and scratching behavior even after 10 days while
such symptoms did not appear in vehicle-treated mice.

Terfenadine, a histamine H1 receptor antagonist significantly
inhibited scratching behavior. Since terfenadine suppressed the
degranulation of mast cells, it may inhibit the scratching events
by stabilizing the membrane of mast cells (Okayama et al., 1994;
García et al., 1997) rather than blocking histamine H1 receptors.

The inhibition of scratching behavior by cyproheptadine
may indicate that serotonin induced the itching sensation in the
present model. However, the number of scratching episodes was
reduced in the cyproheptadine-treated mice more than that in the
vehicle-treated group and lethargic appearance was observed in
the mice administered with cyproheptadine at a dose of 30 mg/
kg. Thus, it is likely that suppression of scratching behavior by
cyproheptadine is due to its sedative effect.

In addition, tacrolimus inhibited the scratching behavior as
well as the degranulation of mast cells. It was shown to inhibit
mast cell degranulation in vitro (De Paulis et al., 1991; Sengoku
et al., 2000) and early phase reaction in the mast cell-dependent
biphasic cutaneous response in vivo (Katayama et al., 1996;
Geba et al., 2001). The present results confirmed pharmaco-
logically that tacrolimus inhibits the scratching behavior by
suppressing mast cell degranulation in vivo. In fact, Alomar
et al. (2004) reported that tacrolimus ointment was effective for
chronic itch in atopic dermatitis patients.

Dexamethasone suppressed the scratching behavior from 4 to
6 h after injection at a dose of 1 mg/kg but not at 0.1 mg/kg and
10mg/kg. Becausemast cell degranulation was not suppressed by
dexamethasone, and the dose-response relationship for scratch-
inducing effects of serotonin or opioid peptides in mice was
reported to be bell-shaped (Tohda et al., 1997; Yamaguchi et al.,
1998, 1999), dexamethasone may inhibit mediators leading to
chronic pruritus, which needs further investigation.

Although cromolyn was a stabilizer of mast cells, it could not
suppress degranulation and scratching behavior. This result is
consistent with a report describing that cromolyn failed to
prevent acute scratching action induced by compound 48/80
(Sugimoto et al., 1998). It may be that cromolyn is too weak to
suppress mast cell degranulation and the itching sensation in-
duced by intense stimulation.

Histamine was reported to be a major mediator released from
human mast cells to provoke the itching sensation (Handwerker
et al., 1991) while serotonin induced the sensation slightly
(Hägermark, 1992), although the itching sensation could not
be suppressed by antihistamine in atopic dermatitis patients
(Rukwied et al., 2000). In contrast, in most murine strains,
scratching behavior was not induced by histamine (Inagaki et al.,
2001) but was evoked by mast cell-derived serotonin (Yama-
guchi et al., 1999; Maekawa et al., 2000). Furthermore, tryptase
has been recognized to be the most abundant mediator present
in mast cell granules, activating the proteinase-activated receptor-
2 (PAR-2). PAR-2 is present in various tissues including the
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primary sensory neurons (Steinhoff et al., 2000) and is involved
in nociception (Kawabata et al., 2001). Steinhoff et al. (2003)
reported that in atopic dermatitis patients, an intradermal
injection of a tethered ligand for PAR-2 provoked enhanced
itch in eczema. A PAR-2 antagonist inhibited acute scratching
behavior induced by compound 48/80 in mice (Ui et al., 2006).
Thus, tryptase is a factor derived from mast cells, inducing the
itching sensation in both human and mouse and may play an
important role as a mediator in our chronic model. Although mast
cell-derived mediators leading to the itching sensation have to be
identified in the future, the present results clearly indicate that
degranulation of mast cells play a pivotal role in the incidence of
scratching behavior and it will be an important target of drug
development for curing chronic itch.

The result that not only degranulation but also number of
mast cells were markedly increased by repeated application of
TNCB suggests that differentiation of mast cells is another
target for remedy of chronic itch. Stem cell factor (SCF),
interleukin-3 (IL-3) and interleukin-4 (IL-4) are cytokines
playing an essential role in differentiation of murine mast cells
(Tsuji et al., 1990, 1995; Takagi et al., 1992). Preliminary
measurement revealed no significant difference in SCF level
either in serum or in ear tissues between TNCB-treated and
vehicle-treated mice (data not shown). It is likely that neither
IL-3 nor IL-4 are involved in mast cell differentiation in the
present model because mast cells were differentiated in the T
cell-deficient BALB/c-nu/nu mice as previously reported
(Yamashita et al., 2005). Identification of the factors involved
in the differentiation of mast cells in the present model is an
interesting problem to be solved in the future.

In conclusion, we established the atopic dermatitis-like
chronic pruritus model by epicutaneously applying TNCB to
NC/Jic mice. The chronic scratching behavior was inhibited by
suppressing the degranulation of mast cells using terfenadine
and tacrolimus. The present atopic dermatitis-like model is a
promising tool for development of new drugs specific for
inflammatory pruritus.
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