The American Journal of Pathology, Vol. 189, No. 9, September 2019

The American Journal of

PATHOLOGY

ER

ot

LSEVI

ajp.amjpathol.org

GROWTH FACTORS, CYTOKINES, AND CELL CYCLE MOLECULES

‘ W) Check for updates

Involvement of a-Melanocyte—Stimulating
Hormone—Thromboxane A, System on Itching
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May 16, 2019. a-Melanocyte—stimulating hormone (a-MSH) is an endogenous peptide hormone involved in cutaneous

pigmentation in atopic dermatitis (AD) with severe itching. a-MSH elicits itch-related responses in mice.
We, therefore, investigated whether o-MSH was involved in itching in AD. In the skin of AD patients and
mice with atopy-like dermatitis, a-MSH and the prohormone convertase 2, which is the key processing
enzyme for the production of a-MSH, were distributed mainly in keratinocytes. In the skin of mice with
dermatitis, melanocortin receptors (MC1IR and MC5R) were expressed at the mRNA level and were
distributed in the dermis. In the dorsal root ganglion of mice with dermatitis, mRNAs encoding MC1R,
MC3R, and MC5R were also expressed. MC1R antagonist agouti-signaling protein inhibited spontaneous
scratching in mice with dermatitis. In healthy mice, intradermal a-MSH elicited itch-associated responses,
which were inhibited by thromboxane (TX) A, receptor antagonist ONO-3708. In mouse keratinocytes, o-
MSH increased the production of TXA,, which was inhibited by adenylyl cyclase inhibitor SQ-22536 and
Ca®" chelator EGTA. In mouse keratinocytes treated with siRNA for MCIR and/or MC5R, o-MSH—induced
TXA, production was decreased. o-MSH increased intracellular Ca®" jon concentration in dorsal root
ganglion neurons and keratinocytes. These results suggest that o-MSH is involved in itching during AD
and may elicit itching through the direct action of primary afferents and TXA, production by keratino-
cytes. (Am J Pathol 2019, 189: 1775—1785; https://doi.org/10.1016/j.ajpath.2019.05.017)
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Atopic dermatitis (AD) is a chronic inflammatory skin dis-
ease that causes severe itching.' Scratching induced by
itching further exacerbates dermatitis and itching.” There-
fore, the control of itching in AD is important. Histamine is
a well-known itch mediator, and histamine H; receptor
antagonists are used as the first-line treatment for itching.
However, the treatment is not effective for AD-associated
itching,” suggesting that histamine is unlikely to be pruri-
togenic in AD. Therefore, the precise mechanisms and
mediators of itching in AD remain unclear.
a-Melanocyte—stimulating hormone (a-MSH) is a neuro-
peptide generated by cleaving a precursor protein proopio-
melanocortin with prohormone convertases 1 and 2 (PC2).*
Melanocortin receptors (MCRs) have five subtypes [MCIR,
MC3R, MC4R, and MC5R for a-MSH and MC2R for ad-
renocorticotropic hormone (ACTH)].'/1~5 Activation of these

receptors increases the production of cAMP’ and intracellular
Ca”" ion concentrations.” It has been reported that MC1R
and MC5R are mainly expressed in the skin,” and o-MSH is
known to be involved in cutaneous pigmentation,”® including
that by AD.” An intradermal injection of o-MSH elicits itch-
related behaviors in naive mice [Institute of Cancer Research
(Philadelphia, PA) strain], and the histamine released from
epidermal keratinocytes is partly involved in scratching.'’
However, it is unclear whether o.-MSH is involved in AD-
associated itching. Therefore, this study investigated the
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involvement of a-MSH and underlying mechanisms in AD-
associated itching.

Materials and Methods

Animals

Male Nishiki-nezumi Cinnamon/Nagoya (NC/Nga) mice (14
to 21 weeks old) were used in this study. NC mice were bred in
a specific pathogen-free environment at the Division of Ani-
mal Resource and Development of the Life Science Research
Center, University of Toyama (Toyama, Japan). The mice
were housed in a room under controlled temperature (21°C to
23°C), humidity (45% to 65%), and light (lights on from 8:00
AM to 8:00 pm). Food and water were freely available. These
mice were kept healthy and without dermatitis. Some mice
were transferred to a conventional environment at 4 to 5
weeks of age and cohoused with mite-infected mice experi-
encing chronic dermatitis for 2 weeks.'! A few months later,
these mice showed severe dermatitis. Animal experiment
procedures were approved by the Committee for Animal
Experiments at the University of Toyama and were conducted
in accordance with the Guidelines for the Proper Conduct of
Animal Experiments (Science Council of Japan, 2006).

Subjects

A skin biopsy was performed for patients with AD (27 to 42
years old) enrolled at Toyama University Hospital. Healthy
control skin used for this experiment was obtained from an
age- and sex-matched healthy volunteer. This study was
approved by the Medical Ethics Committee of the Univer-
sity of Toyama (approval number 27-66).

Materials

a-MSH was synthesized (J.-B.L.) using standard solid-phase
techniques with N-a-9-fluorenylmethoxycarbonyl chemistry
on an automated PSSM-8 peptide synthesizer (Shimadzu
Corp., Kyoto, Japan). The free amino group of the peptide was
acetylated with acetic acid anhydride/dichloromethane.
Cleavage of the peptide from the resin was achieved by treat-
ment with a mixture of trifluoroacetic acid/1,2-ethanedithiol/
triisopropylsilane/water (94/2.5/1/2.5, by volume) at room
temperature for 2 hours. After removal of the resin by filtration
and washing twice with trifluoroacetic acid, the combined
filtrate was added dropwise to diethyl ether at 0°C and centri-
fuged at 1500 x g for 10 minutes. The obtained crude synthetic
peptide was purified by semipreparative reverse-phase high-
performance liquid chromatography using Cosmosil 5C18
ARII (20 x 300 mm; Nacakai Tesque, Inc., Kyoto, Japan) in a
linear gradient system of 0.1 mol/L HCI with acetonitrile at a
flow rate of 7 mL/minute. The homogeneity was confirmed by
high-performance liquid chromatography equipped with a
Cosmosil 5C18 ARII (4.6 x 150 mm) and matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
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(Autoflex T1; Bruker Daltonics Inc., Billerica, MA)
(Supplemental Figure S1). The materials used for
synthesizing o-MSH are described as follows: N-o-9-
fluorenylmethoxycarbonyl—protected amino acids, N-o-9-
fluorenylmethoxycarbonyl—NH-SAL resin, 1H-benzotriazol-
1-yloxy-tri(pyrrolidino)phosphonium  hexafluorophosphate,
1-hydroxy-1H-benzotriazole hydrate, and piperidine were
purchased from Watanabe Chemical Industries, Ltd.
(Hiroshima, Japan). Peptide synthesis grade N, N-
dimethylformamide and N-methylmorpholine were purchased
from Nacalai Tesque, Inc. (Kyoto, Japan) and Sigma-Aldrich
(St. Louis, MO), respectively.

Histamine was purchased from Wako Pure Chemical
Industries Ltd. (Osaka, Japan). o-MSH and histamine were
dissolved in physiological saline. These agents were injec-
ted intradermally in the rostral back skin in a volume of 50
pL. Mouse recombinant agouti-signaling protein (CUSA-
BIO TECHNOLOGY LLC, College Park, MD) was dis-
solved in phosphate-buffered saline (PBS). Recombinant
agouti-signaling protein (2.5 png) was injected intraperito-
neally in a volume of 50 pL once per day for 6 days. ONO-
3708 (7-[2a, 4a-(dimethylmethano)-63-(2-cyclohexyl-2B-
hydoxyacetamino)-1a-cyclohexyl]-5[Z]-heptanoic  acid;
Ono Pharmaceutical, Osaka, Japan) was dissolved in tap
water and administered orally in a volume of 0.1 mL/10 g
body weight 1 hour before a-MSH injection. SQ-22536
(Tocris Bioscience, Bristol, UK) and EGTA (Dojindo
Laboratories, Kumamoto, Japan) were dissolved in CnT-
Prime Basal medium (CELLnTEC Advanced Cell Systems
AG, Bern, Switzerland) containing 0.1% dimethyl sulf-
oxide. These agents were treated 30 minutes before the
application of a-MSH.

siRNA Treatment in Primary Cultures of Mouse
Keratinocytes

Primary cultures of mouse keratinocytes'” were performed in
CnT-Prime medium (CELLnTEC Advanced Cell Systems
AG) in a glass-bottom culture dish or 24-well culture plates.

As a part of the experiment, keratinocytes were treated
with siRNA.'” siRNAs (control, MCIR, and MC5R; Santa
Cruz Biotechnology Inc., Dallas, TX) were transfected in
keratinocytes using Lipofectamine RNAi MAX reagent
(Life Technologies, Carlsbad, CA). These transfections
were performed according to the manufacturer’s protocol
(Life Technologies).

Immunostaining

Human skin samples were fixed in 10% neutral-buffered
formalin and then embedded in paraffin. The paraffin sections
were prepared using a microtome. After deparaffinization,
these sections were treated at 120°C for 60 minutes using
PASCAL (Dako, Carpinteria, CA). Next, the sections were
treated with methanol containing 0.3% hydrogen peroxide/
methanol for 10 minutes and washed with PBS. After
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treatment with Protein Block (Dako) to block Ig binding, the
sections were incubated with rabbit anti—a-MSH (Bioss
Antibodies Inc., Woburn, MA: bs-1848R) or goat—anti-PC2
(Santa Cruz Biotechnology Inc.: sc-22891) at 4°C overnight,
followed by biotin-conjugated anti-goat or anti-rabbit IgG
antibody (Dako) and then horseradish peroxidase—conjugated
avidin (Dako). The sections were subsequently treated with
3,3'-diaminobenzidine tetrahydrochloride (Dako) and coun-
terstained with hematoxylin. After staining, the slides were
dehydrated in graded ethanol and cleared in xylene. Prepa-
rations were mounted with Canada balsam and observed using
a light microscope (BX-61; Olympus, Tokyo, Japan) with a
charge-coupled device camera (DP70; Olympus).

Mouse skin samples were fixed in 4% paraformaldehyde
and immersed in 30% sucrose solution for 2 days. The tissue
was embedded in Tissue-Tekl O.C.T. Compound (Sakura
Fineteck Co, Ltd, Tokyo, Japan), and frozen samples were
divided into sections (10 pm thick) with a cryostat (Leica,
Wetzlar, Germany). The sections were washed with PBS
and then treated with 1.5% fetal bovine albumin (Sigma-
Aldrich), followed by 0.3% Triton X-100 in PBS. The
sections were treated with rabbit anti—a-MSH (Bioss An-
tibodies Inc.: bs-1848R), goat anti-PC2 (Santa Cruz
Biotechnology Inc.: sc-22891), goat anti-MC1R (Santa Cruz
Biotechnology Inc.: sc-19485), or goat-MC5R (Santa Cruz
Biotechnology Inc.: sc-7644) antibody at 4°C overnight.
After washing with PBS, the preparations were incubated
with Alexa Fluor 488—conjugated anti-rabbit or anti-goat
IgG (Life Technologies) for 1 hour at room temperature.
Fluorescence signals were observed using a fluorescence
microscope (BX-61/DP70; Olympus).

Primary cultures of keratinocytes were fixed in 4%
paraformaldehyde and treated with 0.3% Triton X-100 in
PBS. The cells were treated with 1.5% fetal bovine albumin
(Sigma-Aldrich) and then incubated with rabbit-
antithromboxane synthase (160715; Cayman Chemical,
Ann Arbor, MI), goat anti-MCIR (sc-19485; Santa Cruz
Biotechnology Inc.), or goat-MCS5R (sc-7644; Santa Cruz
Biotechnology Inc.) antibody at 4°C overnight. After
washing with PBS, the preparations were incubated with
Alexa Fluor 488—conjugated anti-rabbit or anti-goat IgG
(Life Technologies) for 1 hour at room temperature. Fluo-
rescence signals were observed using a fluorescence mi-
croscope (BX-61/DP70; Olympus).

For a portion of the immunostaining for MCIR and
MCS5R, the antibodies preabsorbed with the antigenic pep-
tides (Santa Cruz Biotechnology Inc.) were used as a
negative control. The antibodies preabsorbed with the an-
tigen peptides were prepared following the manufacturer’s
protocol (Santa Cruz Biotechnology Inc.). The relevant re-
sults are shown in Supplemental Figure S2.

RT-PCR

The isolated rostral back skin and dorsal root ganglion (DRG)
were immediately placed in RNAlater stabilization solution
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(Thermo Fisher Scientific, Waltham, MA) and stored at
—80°C after overnight incubation at 4°C. RNA samples were
extracted using the TRIzol reagent (Invitrogen Co., Carlsbad,
CA). The total RNA was treated with DNase I (Takara Bio
Inc., Otsu, Japan) in 50 pL of reaction buffer. After purifi-
cation, total RNA (1 ng) was added to the PrimerScript RT
Master Mix (Takara Bio Inc.) and reverse transcribed at 37°C
for 1 hour. A portion (1 pL) of the cDNA was mixed with
SYBR Premix Ex Taq I (Takara Bio Inc.) containing 10
pmol/L of sense and antisense primer pairs. The primer se-
quences used for RT-PCR are shown in Table 1. The cycling
conditions were 30 seconds at 95°C and then 36 cycles (for
skin) or 40 cycles (for DRG) of 5 seconds at 94°C, 10 seconds
at 58°C, and 30 seconds at 72°C. After PCR, the amplified
products were analyzed by 2% agarose gel electrophoresis.

Real-Time PCR

The extraction of total RNA and the preparation of cDNA
were performed following the method mentioned in
RT-PCR. Quantitative PCR using a portion (2.5 pL) of the
¢DNA and specific primers was performed using the
Mx3000PTM real-time PCR system (Agilent Technologies,
Inc., Santa Clara, CA). The cycling conditions were 30
seconds at 95°C and then 40 cycles of 5 seconds at 94°C, 10
seconds at 58°C, and 30 seconds at 72°C. The primer
sequences for MCIR to MC5R and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) used for real-time
PCR are shown in Table 1. The mRNA expression of
GAPDH and MCR was analyzed using Mx Pro QPCR
software version 4.10 (Agilent Technologies, Inc.). The
relative amount of MCR mRNA was first normalized to the
level of GAPDH mRNA in each sample and then to the
average of expression levels in healthy mice.

Behavioral Experiments

When a-MSH or histamine was injected intradermally, the
animal’s hair over the rostral part of the back was clipped on
the day before the behavioral experiments. When sponta-
neous scratching was evaluated, the mouse hair was not
removed. Mice were kept individually in an acrylic cage
composed of four cells (13 x 9 x 35 cm) for >1 hour to
allow acclimation. Immediately after intradermal injection,
mice were placed back in the same cells and their behaviors
were video recorded for 1 hour. During some of the ex-
periments, after the acclimation periods, the spontaneous
scratching behaviors were video recorded for 1 hour. During
the recording of their behaviors using a digital video camera
(HDC-TM25; Panasonic Co., Osaka, Japan), personnel were
not present in the observation room. Playback of the video
was used to determine hind paw scratching as an index of
itching. Scratching of any region of the body by the hind
paw was recorded for mice with dermatitis. For o-MSH— or
histamine-injected mice, scratching of the injected site with
the hind paw was recorded. A series of several scratching
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Table 1  Sequences of Primers for PCR

MCR name Forward primer Reverse primer

MC1R 5'-GCCCACATGTTCACGAGAGC-3’ 5'-AGTTACCCTTTCTCCTGGCCC-3'
MC2R 5'-GCCAGCAGGAAAAAATGAAGC-3’ 5'-TGTTAGGGTGATGATGGTGCG-3'
MC3R 5'-TGCCTGTCTTCTGTTTCTCCG-3’ 5'-ACCGAAGGGCATAGAAGATGG-3'
MC4R 5'-GGCAGATATGCTGGTGAGCG-3’ 5'-TGGTCAAGGTAATCGCCCC-3’
MC5R 5'-CTCGGATGCAAGACCAGAGC-3’ 5'-AGCAAACTGCACATCGAGGC-3’
GAPDH 5'-CCAAGGTCATCCATGACAAC-3’ 5'-TTACTCCTTGGAGGCCATGT-3’

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MCR, melanocortin receptor.

movements, lasting approximately 1 second each, were
considered a single bout of scratching.'” All behavioral
experiments were performed in a blinded manner (T.A.).

Enzyme-Linked Immunosorbent Assay for TXB,

Primary cultures of mouse keratinocytes treated with or
without siRNA were washed with Opti-MEM (Life Tech-
nologies). The medium was collected 10 minutes after o-
MSH application, and the concentration of thromboxane
(TX) B, was measured using an enzyme-linked immuno-
sorbent assay kit for TXB, (Cayman Chemical, Ann Arbor,
MI). After collecting all media, keratinocytes were washed
with PBS and treated with 1% Triton X-100 to solubilize the
cell proteins. The concentration of proteins was measured
using a Bio-Rad protein assay (Bio-Rad Laboratories, Inc.,
Hercules, CA). The concentration of TXB, in keratinocytes
was normalized to the protein amount. The treatment
methods involving siRNA, SQ-22536, and EGTA were
described previously.'’

Measurements of Intracellular Ca>" Concentrations

Primary cultures of murine keratinocytes and DRG neu-
rons'? were washed with Opti-MEM (Life Technologies)
and incubated with fluo-3/AM (10 pmol/L; Dojindo Labo-
ratories) in Opti-MEM containing poloxamer (0.05%; Cal-
biochem, Darmstadt, Germany) at 37°C for 30 minutes in a
5% CO, incubator. Cells were washed with buffer (115
mmol/L NaCl, 5 mmol/L KCI, 2.5 mmol/L. CaCl,, 0.4
mmol/L. KH,PO4, 0.4 mmol/L. Na,HPO,, 20 mmol/L
HEPES, and 10 mmol/L glucose, pH 7.4) for calcium im-
aging. The intracellular Ca** concentration was measured
fluorometrically at an excitation of 488 nm and an emission
between 515 and —545 nm using a laser-scanning micro-
scope system (MiCAMO2; Brainvision Inc., Tokyo, Japan).

Statistical Analysis

Data are presented as means == SEM. The statistical signifi-
cance of differences in means among groups was analyzed
using the #-test; one-way analysis of variance, followed by a
post-hoc Holm-Sidak test; or two-way repeated-measures
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analysis of variance, followed by a post-hoc Holm-Sidék test.
P < 0.05 was considered significant.

Results

Expression and Distribution of «-MSH and PC2 in the
Skin of AD Patients and Mice with Atopy-Like
Dermatitis

a-MSH was expressed in the skin of both AD patients and
healthy subjects (Figure 1A), and expression mainly
occurred in epidermal keratinocytes (Figure 1A). In addi-
tion, the expression level was higher in AD patients than in
healthy subjects (Figure 1A). PC2 was expressed in
epidermal keratinocytes of AD patients (Figure 1A); how-
ever, it was barely expressed in the skin of healthy subjects
(Figure 1A). These expression levels were significantly
higher in AD patients than in the healthy subjects
(Supplemental Figure S3, A and B).

In the skin of mice with dermatitis and healthy mice, o-
MSH and PC2 were expressed in epidermal keratinocytes
(Figure 1B), with higher expression in mice with dermatitis
than in healthy mice (Supplemental Figure S3, C and D).

Expression of Melanocortin Receptors in the Skin and
Dorsal Root Ganglia of Mice with Atopy-Like Dermatitis

The skin of both healthy mice and those with dermatitis
expressed mainly MCIR, MC2R, and MC5R mRNAs
(Figure 2A). MC3R and MC4R mRNA was expressed at low
levels in the skin of healthy mice (Figure 2A). However,
mRNA of MC4R was expressed at low levels, and MC3R
was barely expressed in the skin of mice with dermatitis
(Figure 2A). In the DRG of both healthy mice and those
with dermatitis, all subtypes of MCR mRNA were expressed
(Figure 2A).

The expression of MCR5 mRNA was significantly higher
in the skin of mice with dermatitis than in healthy mice
(Figure 2B). Expression of MCIR mRNA in the skin of
mice with dermatitis tended to be higher than that in the
healthy mice (Figure 2B). Expression of MC3R mRNA in
the DRG of mice with dermatitis was significantly higher
than that in healthy mice (Figure 2B). Expression of MCIR
mRNA in the DRG of mice with dermatitis tended to be
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Figure 1  Distribution of a-melanocyte—stimulating hormone (a.-MSH)
and prohormone convertase 2 (PC2) in the skin of an atopic dermatitis (AD)
patient and a mouse with atopy-like dermatitis. «-MSH and PC2 immuno-
reactivities of the skin of an AD patient or healthy control (paraffin sec-
tions; A) and an AD-like mouse with dermatitis or a healthy mouse (frozen
sections; B). The data on immunoreactive intensities of «-MSH and PC2 in
epidermis of AD patients, AD-like mice, and healthy controls are shown in
Supplemental Figure S3. n = 3 (A); n = 4 (B). Scale bars = 100 pum.

higher than that in healthy mice (Figure 2B). However, the
expressions of MC4R and MC5R mRNA in the DRG of
mice with dermatitis were significantly lower than those in
healthy mice (Figure 2B).

In the skin of both healthy mice and those with dermatitis,
MCIR and MC5R were mainly expressed in epidermal ker-
atinocytes (Figure 2C), with higher expression in mice with
dermatitis than in the healthy mice (Supplemental Figure S3,
E and F). In the skin of mice with dermatitis, MCIR and
MCS5R were also expressed in the dermal cells (Figure 2C).

Effects of MC1R Antagonist Agouti-Signaling Protein

In mice with dermatitis treated repetitively with vehicle,
spontaneous scratching increased gradually (Figure 3). How-
ever, repetitive administration of MC1R antagonist recombi-
nant agouti-signaling protein'“'> significantly inhibited the
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increase in spontaneous scratching in mice with dermatitis
compared with vehicle treatment in these mice (Figure 3).

Scratching Induced by «-MSH in Healthy Mice and
Effects of TXA, Receptor (TP Receptor) Antagonist on
Behavior

An intradermal injection of a-MSH (100 nmol/site) elicited
hind paw scratching in healthy mice, compared with
vehicle-treated mice; the effect peaked during the first 10
minutes and almost subsided by 40 minutes (Figure 4A).
The intradermal injection of o-MSH at a dose of 1 to 100
nmol/site induced scratching in a dose-dependent manner. It
was found that a-MSH (100 nmol/site) elicited significant
scratching compared with vehicle treatment (Figure 4B). In
addition, this dose (100 nmol/site) of a-MSH did not induce
any abnormal behavior except scratching. On visual exam-
ination of the injected skin, no signs of inflammation, flare,
and hair removal at a couple of hours or days after the in-
jection were observed. Interestingly, in this strain of mice,
histamine (1 to 100 nmol/site) did not induce scratching
(Figure 4B).

In mice with dermatitis, it has been reported that TXA,
released from epidermal keratinocytes can induce scratch-
ing.' Because a-MSH and its receptors (MCIR and
MC5R) were expressed in epidermal keratinocytes, the
inhibitory effect of TP receptor antagonist ONO-3708 was
demonstrated for a-MSH—induced scratching. ONO-3708
(100 mg/kg) significantly suppressed o-MSH—induced
scratching compared with vehicle for ONO-3708
(Figure 4C). ONO-3708 did not affect 5-hydroxy
tryptamine—induced scratching in mice (Supplemental
Figure S4), suggesting that the inhibitory effect of ONO-
3708 on o-MSH—induced scratching is not a sedative
effect.

Production of TXA, Induced by a-MSH in Primary
Cultures of Mouse Keratinocytes

The primary cultures of mouse keratinocytes showed
immunoreactivity for TX synthase, MCIR, and MC5R
(Figure 5A).

An in vivo study showed that intradermal a-MSH (100
nmol/50 pL. = 2000 pmol/L) elicited scratching
(Figure 4B). However, intradermal «-MSH (10 nmol/50
pL = 200 pmol/L) induced slight, but not significant,
scratching  compared with  vehicle-injected  mice
(Figure 4B). Because a-MSH acted directly on cells in an
in vitro study, 200 pmol/L of o-MSH was used as the final
concentration in this study. a-MSH significantly induced the
production of TXA,, as determined by an increase in TXB,
concentration, in mouse keratinocytes treated with control
siRNA compared with those treated with control siRNA
without a-MSH (Figure 5B). Treatment with MC1R siRNA
or MC5R siRNA in mouse keratinocytes tended to inhibit
a-MSH—induced TXA, production (Figure 5B and
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Figure 2  Expression levels of melanocortin receptors (MCRs) in the
skin and dorsal root ganglia (DRG). A: Typical examples of the PCR
expression analysis of MCRs (MC1R to MC5R) in the skin and DRG of
healthy mice and those with dermatitis. RT™ and RT™ indicate the results
of PCR on samples that underwent reverse transcription or not, respec-
tively. B: Expression levels of MCR mRNA in the skin and DRG of mice with
dermatitis and healthy mice. C: Distribution of MCIR- and MC5R immu-
noreactivities in the skin of mice with dermatitis and healthy mice. The
data on the fluorescent intensity of epidermis in AD-like dermatitis or
healthy mice are shown in Supplemental Figure S3. Data are expressed as
means £ SEM. n = 4 to 5 animals (B); n = 4 (C). *P < 0.05 compared

MC1R

Supplemental Figure S5). a-MSH—induced TXA, produc-
tion was significantly inhibited in mouse keratinocytes
treated with both MCIR siRNA and MCS5R siRNA,
compared with mouse keratinocytes treated with control
siRNA (Figure 5B and Supplemental Figure S5). Adenylyl
cyclase inhibitor SQ-22536 (100 pmol/L) and calcium
chelator EGTA (1 mmol/L) also significantly inhibited o-
MSH—induced TXA, production (Figure 5B).

o-MSH—Induced Increase in Intracellular Ca®" Ion
Concentrations in Primary Cultures of Mouse DRG
Neurons and Mouse Keratinocytes

a-MSH (200 pmol/L) markedly induced the concentration
of intracellular Ca®" ions in primary cultures of mouse DRG
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with healthy mice (t-test). Scale bar = 100 pm (C).

neurons (Figure 6A) and mouse keratinocytes (Figure 6B).
The effects peaked at approximately 3 minutes after
administration of a-MSH. Compared with vehicle treatment,
a-MSH (200 pumol/L) significantly increased the concen-
tration of intracellular Ca®" ions in both DRG neurons and
keratinocytes (Figure 6).

Discussion

In the skin of humans with AD and mice with dermatitis,
a-MSH and PC2, which are related to the production of
a-MSH, were mainly expressed in the epidermis. The
immunoreactive intensities of a-MSH and PC2 were also
higher than those of healthy controls. It is suggested that not
only the increase in number of keratinocytes but also the
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Figure 3  Effect of recombinant agouti-signaling protein (rAsip) on

spontaneous scratching in mice with dermatitis. rAsip (2.5 pg; closed
circle) or vehicle (open circle) was injected intraperitoneally in a volume of
50 pL once a day for 6 days. The behavioral observation was recorded
before rAsip injection. Data are expressed as means & SEM. n = 7 to 8
animals. *P < 0.05 compared with vehicle (Holm-Sidak multiple
comparisons).

amount of their protein level in epidermis were increased in
AD patients and mice with dermatitis. PC2 is an important
enzyme for the production of a-MSH." The cutaneous levels
of PC2 were higher in AD patients and mice with dermatitis
than in healthy controls. PC2 is activated by an increase in
cAMP and Ca*" levels.'” cAMP and Ca*" in keratinocytes
are increased by some itch-related factors (such as prosta-
glandin E, and IL-31),"®'"” which are produced in the skin
during atopic dermatitis.”>*! In addition, a-MSH increases
the production of cAMP’ and intracellular Ca®" through
MCRs,° suggesting that a-MSH itself also enhances their
production through the activation of PC2. Taken together, in
AD, it is suggested that PC2 is activated. In the present
study, an intradermal injection of «-MSH elicited scratching
in healthy mice. Furthermore, spontaneous scratching in
mice with dermatitis was inhibited with an MCR antagonist.
Therefore, these findings suggest that a-MSH is involved in
AD-associated itching.

Our recent study showed that o-MSH induces scratching
through histamine from keratinocytes, but not from mast
cells, in Institute of Cancer Research mice.'” In NC/Nga
mice, histamine did not induce scratching, as shown in this
study and in another report.”” Spontaneous scratching in
mice with dermatitis was also not inhibited by an antihis-
tamine.'' In addition, H, receptor antagonist terfenadine and
H, receptor antagonist JNJ7777120 did not inhibit
a-MSH—induced scratching in NC/Nga mice (Supplemental
Figure S6). Therefore, it is suggested that the role of his-
tamine in o-MSH—induced and spontaneous scratching in
mice of this strain (NC/Nga) is small. Therefore, mediators
other than histamine may be involved in o-MSH—mediated
scratching in both healthy mice and those with dermatitis.

TXA, is an itch mediator.'” Furthermore, TXA, produced
from epidermal keratinocytes is involved in spontaneous
scratching in mice with dermatitis.'® In this study,
a-MSH—induced scratching was inhibited by a TP receptor
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Figure 4  Scratching after intradermal injection of o-melanocyte—

stimulating hormone (a-MSH) in healthy mice and the effects of TP receptor
antagonist ONO-3708 on scratching. A: Time course of scratching after vehicle
(VH; top panel) and a-MSH (100 nmol/site; bottom panel) injection. B: Dose-
response curves for the scratching-induced effects of -MSH and histamine.
Healthy mice were administered an intradermal injection of a-MSH (closed
circle), histamine (closed triangle), or VH (open circle and triangle). C: Sup-
pressive effects of ONO-3708 on a-MSH—induced scratching. ONO-3708 (100
mg/kg) or VH1 was administered orally 1 hour before o-MSH (100 nmol/site) or
VH2 injection. Data are expressed as means + SEM (A—C). n = 8 animals
(A—C). *P < 0.05 compared with VH (Holm-Sidak multiple comparisons).

antagonist. Therefore, it is suggested that TXA, plays an
important role in «-MSH—mediated scratching in mice with
dermatitis. TX synthase and a-MSH receptors (MCIR and
MC5R) were colocalized in epidermal keratinocytes and
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a-MSH—induced TXA, production through MCIR and
MCS5R on the basis of the results of siRNA inhibition.
Therefore, it is suggested that keratinocytes are the main
TXA,-producing cells in the skin, and that both MC1R and
MCS5R play an important role in the production of TXA,.
However, a-MSH—induced TXA, production was not
suppressed, despite the complete suppression of MCIR and
MC5R mRNA expression by siRNA (Supplemental
Figure S5). Because primary cultures of keratinocytes also
expressed MC3R and MC4R mRNA, these receptors may be
involved in the actions of a-MSH. However, in the skin of
mice with dermatitis, MC1R and MC5R for «-MSH are
mainly expressed and the binding affinity to these receptors
for a-MSH is high.* Therefore, it has been suggested that
these receptors are important for TXA, production by o-
MSH under pathologic conditions. However, the mecha-
nisms of o-MSH—induced TXA, production are not
completely understood. Prostaglandin H,, which is pro-
duced through the oxidation of arachidonic acid catalyzed
by cyclooxygenase, is a substrate of TX synthase for the
production of TXA,. An increase in intracellular Ca*" ions
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Figure 5  o-Melanocyte—stimulating hormone
(2-MSH)—induced thromboxane (TX) A, production
in primary cultures of mouse keratinocytes. A:
Immunoreactivity of TX synthase (TXSyn) and mel-
anocortin receptors (MC1R and MC5R) in mouse
keratinocytes. B: a-MSH—induced TXA, production
in mouse keratinocytes. a-MSH (200 umol/L) was
applied to mouse keratinocytes treated with siRNA
for MC1R, MC5R, or nonspecific control (CNT) siRNA.
SQ-22536 (100 pmol/L), EGTA (1 mmol/L), and
vehicle (VH; 0.1% dimethyl sulfoxide) were
administered 30 minutes before o-MSH (200 umol/
L) application. The culture medium was collected 10
minutes after a-MSH treatment. Because TXA, al-
ters spontaneously to form inactive TXB,, the TXB,
content in the assay medium was measured by an
enzyme-linked immunosorbent assay. The TXB,
content was normalized to the protein extracted
from keratinocytes. Data are expressed as
means &+ SEM. n = 6 to 12 wells (B). *P < 0.05
(Holm-Sidak  multiple  comparisons).  Scale
bar = 100 um (A).

a-MSH

activates phospholipase A, and accelerates the production of
arachidonic acid.”® In this study using primary cultures of
keratinocytes, o.-MSH increased intracellular concentration
of Ca®™ ions, and o-MSH—induced TXA, production was
inhibited by the Ca®" ion chelator EGTA. Therefore, our
findings suggest that increased intracellular levels of Ca®"
ions are involved in a-MSH—induced TXA, production
through MCIR and MCS5R. The activation of MCIR and
MC5R also increases the production of cAMP.” a-
MSH—induced TXA, was also inhibited by adenylyl
cyclase inhibitors, which reduces the production of cAMP.
However, the mechanisms of cAMP-dependent TXA, pro-
duction remain unclear. Therefore, underlying mechanisms
will be demonstrated in a future study.

a-MSH elicits scratching through the production of
TXA,, which, in turn, activates TP receptors.24 TP receptors
are expressed in primary afferent neurons, and the activation
of TP receptors increases the concentration of intracellular
Ca”" ions.'”'® Therefore, TXA, produced from a-MSH—
stimulated keratinocytes directly acts on primary afferent
neurons and elicits scratching.

ajp.amjpathol.org m The American Journal of Pathology
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The DRG is an accumulation of cell bodies of primary
afferent neurons. a-MSH increased the concentration of
intracellular Ca>" ions in primary cultures of DRG neu-
rons. It is possible that a-MSH also acts directly on pri-
mary afferents and elicits scratching. All subtypes of MCR
mRNA were expressed in the DRG of mice with derma-
titis. Expressions of MCIR and MC3R mRNA, but not
MC4R and MC5R mRNA, in the DRG of mice with
dermatitis were higher than those in healthy mice, sug-
gesting that MC1R and MC3R expressed in primary af-
ferents may be involved in a-MSH—mediated scratching in
mice with dermatitis. However, in addition to the DRG in

MCR

TXSyn
‘ Primary afferent
TP —
TXA, —>

Keratinocyte Itch signal
Figure 7  Schematic of the possible mechanisms of o-melanocyte—
stimulating hormone («-MSH)—mediated itching in atopic dermatitis.
Keratinocytes express prohormone convertase 2 (PC2) related to the pro-
cessing of proopiomelanocortin (POMC) and produce o-MSH. a-MSH binds
to melanocortin receptors (MCRs; mainly MC1R and MC5R) in keratinocytes,
which express thromboxane synthase (TXSyn) and produce TXA,. TXA, acts
on TP receptors in primary afferents to produce itch signals. «-MSH also
binds directly to MCRs (MC1R and MC3R) on primary afferents to produce
itch signals.
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Figure 6 o-Melanocyte—stimulating hor-
mone (a-MSH) acts on dorsal root ganglion
(DRG) neurons and keratinocytes to increase

intracellular Ca®" jons. Typical examples of the
time courses of vehicle (VH)—induced or a-MSH
—induced changes in the concentrations of

intracellular Ca®" ions (fluorescence) in DRG
neurons (A) and keratinocytes (B). Maximal
change in VH- or a-MSH—induced increase in
intracellular Ca®" ions in DRG neurons and ker-
* atinocytes. Primary cultures of mouse DRG neu-
rons and keratinocytes were preloaded with fluo-
3. a-MSH was added to the culture medium at a
final concentration of 200 umol/L. Data are
expressed as means + SEM. n = 32 (A, VH
= group); n = 49 (A, a-MSH group); n = 43 (B,

VH o-MSH

VH group); n = 102 (B, «-MSH group).
*P < 0.05 (t-test).

VH a-MSH

mice with atopy-like dermatitis, all subtypes of MCR
mRNA were expressed in the primary cultures of DRG
neurons, which were obtained from healthy mice
(Supplemental Figure S7). Therefore, when using healthy
mice, a-MSH may elicit scratching through all subtypes of
melanocortin receptors expressed in primary afferents.
Recently, it has been reported that two types of primary
afferents are related to the transmission of itching, such as
histaminergic (eg, expressions of histamine H; and H,
receptors) and nonhistaminergic (eg, expressions of Mas-
related G-protein—coupled receptor A3 and proteinase-
activating receptor 2) neurons.”” However, in this study,
the expression of melanocortin receptor subtypes in these
itch-related primary afferents was not observed. Therefore,
the distribution of MCRs in these primary afferents should
be determined in a future study.

Immunoreactivities of MCIR and MC5R were detected
not only in the epidermis but also in the dermis of mice with
dermatitis. Mast cells, T cells, and macrophages are
increased in the dermis of mice with dermatitis.”®”** It has
been reported that MC1R and MC5R are expressed in these
immune cells: (MCIR) T cells,zg macrophages,29 mast
cells,’ and (MC5R) T cells.” MCIR and/or MC5R
expressed in these immune cells may contribute to
a-MSH—mediated itching. A future study will demonstrate
the role of MCR-expressing cells in AD-related itching.

TXA, from keratinocytes is involved in spontaneous
scratching in mice with dermatitis.'® This study demon-
strated, for the first time, that «-MSH, an endogenous factor,
was involved in TXA, production in keratinocytes of mice
with dermatitis. However, the degree of inhibition of itch-
related responses was different between a-MSH—induced
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scratching in healthy mice and spontaneous scratching in
mice with dermatitis. The antipruritic effect of ONO-3708
against a-MSH—induced scratching in healthy mice was
more effective than that against spontaneous scratching in
mice with dermatitis. Therefore, these findings suggest that
not only a-MSH but also other endogenous factors in the
skin are involved in TXA, production related to sponta-
neous scratching in mice with dermatitis.

In mice with dermatitis (NC/Nga), not only o-MSH but
also proopiomelanocortin-derived ACTH, known as o-MSH
precursor-peptide, are increased in plasma, compared with
healthy mice.” It was reported that ACTH acts mainly through
MC2R.*” In this study, MC2R mRNA was expressed in the
skin and DRG of mice with dermatitis. In addition, primary
cultures of keratinocytes and DRG neurons also expressed
MC2R mRNA (Supplemental Figure S7). Therefore, ACTH
may induce itching through keratinocytes and/or through
direct action on primary afferents. However, it is not clear
whether ACTH itself elicits itching. This point of view will be
investigated in our future studies.

The endogenous factors related to the production of
ACTH and o-MSH remain unclear in mice with dermatitis.
As a possible endogenous factor, nitric oxide is known.’”
Nitric oxide is also involved in spontaneous scratching in
mice with dermatitis (NC mice).”® Therefore, nitric oxide
may be involved in ACTH- and/or o-MSH—mediated
scratching in mice with dermatitis.

In summary, this study demonstrated that a-MSH, pro-
duced from keratinocytes, was involved in spontaneous
scratching in a mouse model of dermatitis, although the
mechanisms of production and activation of PC2 related to
the production of o-MSH remain unclear. It is unclear
whether the results of in vitro experiments using cells
directly lead to the mechanisms of itching. However,
because a-MSH acts on keratinocytes and DRG neurons, it
is suggested that the scratching may be elicited through the
direct activation of primary afferents and the production of
TXA, via the autocrine/paracrine system in keratinocytes
(Figure 7). Considering the distribution of «-MSH and the
inhibitory action of TP antagonist on a-MSH—induced
scratching, we suggest that the action of a-MSH on ker-
atinocytes may be more important than that on primary
afferents. These findings further suggest that o-MSH
production—related enzymes and receptors may be target
molecules for the development of new antipruritic drugs.

Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/.ajpath.2019.05.017.
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