Artemin causes hypersensitivity to warm sensation,
mimicking warmth-provoked pruritus in atopic dermatitis
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Background: Itch impairs the quality of life for many patients
with dermatoses, especially atopic dermatitis (AD), and is
frequently induced by a warm environment.

Objective: To determine the mechanism underlying itch
induction by warmth, we focused on artemin, a member of glial
cell line-derived neurotrophic factors (GDNFs).

Methods: A gene array assay revealed that artemin was
expressed in substance P-treated dermal fibroblasts. The
expression of artemin in healthy and AD-lesional skin was
evaluated with immunohistochemistry and in situ hybridization.
The impact of fibroblast-derived artemin on the proliferation
and morphology of neural cell was investigated in vitro. To
confirm the involvement of artemin in skin sensibility, wild-type
and GDNF family receptor a3 knockout mice were employed
for sensory examination.

Results: Artemin-expressing fibroblasts accumulated in skin
lesions of patients with AD. Artemin induced cell proliferation
of a neuroblastoma cell line in vitro, and intradermal injection
of artemin in mice resulted in peripheral nerve sprouting and
thermal hyperalgesia. Artemin-treated mice demonstrated
scratching behavior in a warm environment, but mice deficient
for GDNF family receptor a3, a potent artemin receptor, did
not show this behavior. Furthermore, the escaping response to
heat stimulus was attenuated in GDNF family receptor a3
knockout mice, suggesting that artemin may contribute to
sensitivity to heat.

Conclusion: These data suggest that dermal fibroblasts secrete
artemin in response to substance P, leading to abnormal
peripheral innvervation and thermal hyperalgesia. We
hypothesize that artemin lowers the threshold of temperature-
dependent itch sensation and might therefore be a novel
therapeutic target for treating pruritic skin disorders, including
AD. (J Allergy Clin Immunol 2012;130:671-82.)
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Itch is the major symptom of inflammatory skin diseases and
impairs the quality of life of patients.l'3 Because itch-induced
scratching behavior worsens skin conditions and leads to a vicious
itch-scratching cycle,>*” antipruritic treatment plays a central
role in these diseases.® An accurate understanding of the mecha-
nisms that cause itch in various skin disorders will contribute to
formulate therapies. Several factors are reported to exacerbate
itch clinically, and heat-/warmth-provoked itching, in particular,
occurs with high frequency.*’” Although excessive response to
warmth or light mechanical stimuli has been thought of as allok-
nesis caused by central/peripheral processing sensitization,*” the
relationship between heat sensation and itch is less well under-
stood. In previous reports, pruritogens such as histamine and sub-
stance P (SP) are described as mediators of alloknesis.®'° These
factors will contribute to cause alloknesis via affecting various
types of cells.'" However, specific factors that induce warmth-
evoked itch remain obscure. In the face of this concern, we
focused on the fact that cutaneous nerve fibers are ordinarily
localized in dermis and made a hypothesis that dermal
fibroblast-derived factors might affect cutaneous nerve fibers
and cause alloknesis to warm sensation. To investigate this hy-
pothesis, expression profiling was performed to identify genes in-
duced by histamine or SP treatment in fibroblasts. The results led
us to focus on de novo artemin gene transcription in fibroblasts af-
ter SP stimulation.

Artemin is a member of the glial cell line—derived neurotro-
phic factor (GDNF)-related family, which includes GDNF,
neurturin, and persephin.'>'> Members of this family are
thought to act through a multireceptor complex composed of
GDNF family receptor a (GFRa) and the receptor tyrosine ki-
nase product of the c-ret proto-oncogene.'®!” Four distinct
GFRas (GFRa1-4) have been described in the literature as pref-
erentially binding to GDNF family proteins.'® Artemin appears
to be the only member of the GDNF family that binds to and ac-
tivates the GFRa3-receptor tyrosine kinase product of the c-ret
proto-oncogene receptor complex'® and is expressed in smooth
muscle cells of the vessels during embryogenesis and has been
considered to be a guidance factor encouraging sympathetic ax-
onal projections.'® Although the expression of artemin was
found in a number of adult tissues, its function remains obscure,
especially in skin.'®

Here, we examine the involvement of endogenously expressed
artemin from dermal fibroblasts in skin innervation and skin
sensibility.
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Abbreviations used
AD: Atopic dermatitis
CMY/SP: Conditioned medium derived from SP-treated NHDF
GDNF: Glial cell line—derived neurotrophic factor
GFRa:: GDNF family receptor o
GFRa3 KO: GFRa3 knockout
NGF: Nerve growth factor
NHDF: Normal human dermal fibroblast
PDF: Primary dermal fibroblast
rARTN: Recombinant artemin
SP: Substance P
TRPV1: Transient receptor potential vanilloid 1

METHODS

Cell culture

A cultured normal human dermal fibroblast (NHDF) and SH-SYS5Y, a
neuroblastoma cell line, were purchased from Health Science Research
Resources Bank (Osaka, Japan). Primary dermal fibroblasts (PDFs) were
isolated from human adult skin samples. NHDF, PDFs, and HaCaT cells were
cultured in Dulbecco modified Eagle medium (Gibco-BRL, Gaithersburg,
Md) containing 10% fetal bovine serum (BioWhittaker, Inc, Walkersville,
Md) and streptomycin at 37°C in a 5% CO, atmosphere. Murine embryonic
fibroblastswere isolated and cultured as previously described.”® SH-SY5Y
was cultured in a 1:1 mixture of Essential Eagle’s medium and Ham’s F12 me-
dium (both from Gibco-BRL) containing 10% fetal bovine serum. Normal hu-
man epidermal keratinocytes purchased from DS Pharma Biomedical (Osaka,
Japan) were cultured in human keratinocyte serum-free medium (DS Pharma
Biomedical).

Mice

Ten-week-old female mice were used in all experiments. C57BL/6 mice
were purchased from Japan Clea (Osaka, Japan). GFRa3 knockout (GFRa3
KO) mice were described previously?' and were a kind gift from Developmen-
tal Genetics Group, Graduate School of Frontier Biosciences, Osaka Univer-
sity. Mice were maintained in our pathogen-free animal facility. All animal
care was in accordance with the institutional guidelines of Osaka University.

Slide culture of neuroblastoma cell line

SH-SYS5Y cells were seeded in Lab-Tek chamber slides (NALGENE
Labware, Rochester, NY). After 1 day in culture, cells were cultured with 50
ng/mL recombinant artemin (rARTN; R&D Systems, Minneapolis, Minn) or
conditioned medium derived from 1 X 107 or 1 X 107 '2 mol/L SP-treated
NHDF after 12 hours of incubation. Three days after the addition of these fac-
tors, cells were photographed with a BZ-8000 microscope (Keyence, Osaka,
Japan).

Cell proliferation assay

The proliferation rate was determined by using the cell proliferation ELISA
BrdU assay kit (Cell Proliferation ELISA, BrdU, Roche, Mannheim, Germany).
SH-SY5Ycells were cultured in the rARTN and SP-treated NHDF-derived
conditioned medium with or without antiartemin antibody (R&D Systems),
anti-GDNF antibody (Abcam, Cambridge, United Kingdom; ab10835), and
anti-nerve growth factor (NGF)-f antibody (Chemicon, Temecula, Calif;
AB1528) in a 96-well microplate at 37°C for 24 hours. Subsequently, BrdU
incorporation was measured according to the manufacturer’s instruction.

Histologic analysis
Samples of human and murine skin were cut on a cryostat to 20-pm thick
sections.
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For human healthy control skin and atopic dermatitis (AD), nummular
eczema, prurigo nodularis, and psoriasis skin lesion biopsies, the antibodies
used were goat antiartemin (sc-9331, Santa Cruz Biotechnology, Santa Cruz,
Calif), rabbit antiartemin, goat anti-GFRa3 (both from R&D Systems),
PGP-9.5 (Chemicon; AB1761), and vimentin (Dako, Carpentaria, Calif).
Secondary antibodies were conjugated to Alexa Fluor 488 or 594 (Invitrogen,
Carlsbad, Calif). For SP staining, 4-pm paraffin sections were incubated with
primary antibodies (Abcam) and stained with the streptavidin-biotin ampli-
fication EnVision system (Dako).

For murine samples, the hindpaws of C57BL6 mice or GFRa3KO mice
were intradermally injected once with 20 wL of 1 X 10~* mol/L SP and 0.2
wg/20 pL recombinant mouse artemin (1085-AR/CF, R&D Systems). The
dose setting of artemin injection was based on a previous report.”> One day
after administration, skin biopsy was performed at the injection site. The
sections were incubated with primary antibody for SP (Abcam) and
PGP9.5 (Chemicon) and visualized with fluorescein isothiocyanate or
Alexa Fluor 594. Images were captured with a BZ-8000 microscope
(Keyence).

Behavioral analysis

Response to infrared heat stimulus was measured with the tail flick test
(Tail-flick unit; Ugo Basile, Comerio VA, Italy) and Hargreaves test (37370-
Planter Test instrument, Ugo Basile). Mechanosensation was evaluated by
Planter Test instrument (Ugo Basile). The effect of artemin and SP on thermal
hyperalgesia was evaluated by using the Hargreaves test.>> Animals were ac-
climated to the apparatus for 30 minutes before testing. The apparatus was set
at a laser intensity of 60 (temperature after 10, 20, and 30 seconds was 42.0°C,
47.5°C, and 51.0°C, respectively), and testing was performed by using re-
peated measures (3-5 measures per foot) of the glabrous hindpaw skin. Three
response times were averaged for each animal.

In experiments examining mouse behavior at warm temperatures, 0.2 pg/
20 pL artemin or vehicle was given intradermally in interscapular on a
Monday through Thursday schedule for a total of 4 injections over 2 weeks.
One day after the final administration, mice were placed in constant warm
temperature and a humid place (38°C and 60%, respectively). Mice were
videotaped for 15 minutes following installation, and the time spent scratching
or wiping was measured as described previously.>* The transient receptor po-
tential vanilloid 1 (TRPV1) antagonist, capsazepine (10 mg/kg), was admin-
istered intraperitoneally with a volume of 1 mL/kg before 5 minutes of
investigation as described previously.*

RT-PCR

Total RNA was extracted with an RNeasy Mini kit (QIAGEN Gmbh,
Hilden, Germany), according to the protocol provided by the manufacturer.
First-strand cDNA was synthesized with an RT-PCR kit (Stratagene, La Jolla,
Calif) by using oligo dT primers. The primers used for RT-PCR are presented
in Table I. The ARTN primer set used for RT-PCR was purchased from Super-
Array (Frederick, Md).

Real-time PCR

The levels of artemin, GDNF, and NGF mRNAs were analyzed by using
Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, Calif)
according to the manufacturer’s protocols. Glyceraldehyde-3-phosphate was
used to normalize mRNA levels. Sequence-specific primers are shown in
Table I. The artemin primer set was purchased from SuperArray (Frederick,
Md). Real-time PCR was performed on an ABI Prism 7000 sequence detector
(Applied Biosystems).

Western blot analysis

NHDFs were washed with PBS twice, and approximately 5 X 10° cells
were solubilized at 4°C in a lysis buffer. The protein extracts were analyzed
with an antiartemin antibody (Santa Cruz). An antiactin antibody (Chemicon)
was used as a control. For detection of Ser696-phosphorylated c-Ret,
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TABLE I. Primer sequences for PCR
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Gene Accession no. Sequences
For RT-PCR
NGF NM_002506.2 Sense 5'-GAC AGT GTC AGC GTG TGG GTT-3'
Antisense 5'-CCC AAC ACC ATC ACC TCC TT-3'
GDNF NM_000514.3 Sense 5'-TTC GCG CTG AGC AGT GAC-3’
Antisense 5'-TAC ATC CAC ACC TTT TAG CGG-3’
Neurturin NM_004558.3 Sense 5'-CCT CAG TGC TCT GCA GCT C-3’
Antisense 5'-TCG TGC ACC GTG TGG TAG-3’
GFRal NM_005264.4 Sense 5'-ACC AGC GTG TCC AAT GAT GT-3'
Antisense 5'-AGG CAG TCA GCG TAG TTT TC-3’
GFRa2 NM_001495.4 Sense 5'-GCT GGC ATG ATT GGG TTT GA-3'
Antisense 5'-TTG GAG TTG TTG GCC TTC AG-3’
GFRa3 NM_001496.3 Sense 5'-GTG TGA AAT GCT GGA AGG GT-3'
Antisense 5'-TCA GGA GCA GAA TCA AGG GA-3’
GFRa4 NM_022139.3 Sense 5'-CTC TCC ATA CTT CCT GTC CT-3'
Antisense 5'-CTA CAA AAG TGA CCC TCT CC-3’
GAPDH NM_002046.3 Sense 5'-ACC ACA GTC CAT GCC ATC AC-3’
Antisense 5'-TCC ACC ACC CTG TTG CTG TA-3’
For real-time PCR
NGF NM_002506.2 Sense 5'-CAG TTT TAC CAA GGG AGC AGC TT-3'
Antisense 5'-CAA CAT GGA CAT TAC GCT ATG CA-3’
GDNF NM_000514.3 Sense 5'-TTC GCG CTG AGC AGT GAC T-3'
Antisense 5'-GCC ATT TGT TTA TCT GGT GAC CTT-3’

GAPDH, Glyceraldehyde-3-phosphate.

anti-phospho(Ser696) c-Ret antibody (Upstate, Charlottesville, Va) and anti-
Ret antibody (Abcam) were used as primary antibodies.

Macroarray gene assay

Murine embryonic fibroblasts were prepared and cultured by using a
previously described method.?" At the subconfluent stage, cells were incu-
bated with or without 1 X 10~° mol/L SP or histamine (Sigma, St Louis,
Mo) for 6 hours and total RNAs were isolated with an RNeasy kit (QIAGEN
GmbH). The Panorama Mouse Cytokine Gene Array (Sigma) assay was per-
formed according to the manufacturer’s instructions. Gene expression signals
were quantitated with a BAS5000 (Fujifilm, Tokyo, Japan).

In situ hybridization

Tissue sections were prepared and hybridized as described previously.?®
DIG-labeled riboprobes for artemin (human artemin transcript variant 2, ac-
cession: NM_057091, sequence position: 1452-1873) were prepared by using
DIG RNA Labeling Mix (Roche, Indianapolis, Ind). A negative control ribop-
robe was purchased from Genostaff Co, Ltd (Tokyo, Japan). The sections were
counterstained with Kernechtrot stain solution (Mutoh, Tokyo, Japan), dehy-
drated, and then mounted with Malinol (Mutoh).

Statistic analysis
Statistical significance was examined by unpaired ¢ test or Bonferroni’s
multiple comparison test. Graph bars in the figures present mean = SD.

Study approval

Human tissue samples were obtained with written informed consent, and
the studies were approved by the institutional review board of Osaka
University Hospital.

RESULTS

Artemin is induced in SP-treated dermal fibroblasts
The results in macroarray gene assays prompted us to focus on

artemin, which is expressed in SP-treated fibroblasts, but not in

mock- or histamine-treated murine embryonic fibroblasts (Fig 1,
A). We then examined the expression of histamine and other
members of the GDNF family in human dermal fibroblasts and
keratinocytes by RT-PCR (Fig 1, B). Artemin expression was de-
tected in normal human epidermal keratinocytes and spontane-
ously immortalized keratinocyte, HaCaT cells, but not in
untreated PDFs or commercially available NHDF. GDNF expres-
sion was relatively high in NHDF and lower in PDFs and normal
human epidermal keratinocytes. Neurturin mRNA was not de-
tected in these cell types. To verify whether SP treatment influ-
ences the expression of artemin, GDNF, and NGF in NHDFs,
mRNAs were examined by quantitative real-time PCR after treat-
ment with various concentrations of SP (Fig 1, C). We found that
the expression of artemin mRNA increased in an SP dose-
dependent fashion. In contrast, the expression level of GDNF
was not affected by SP treatment. The expression of NGF
mRNA was upregulated, with peak expression at 1 X 10712
mol/L SP (Fig 1, C). Western blotting analysis revealed that arte-
min protein could be detected 12 hours after SP treatment and be-
came undetectable again after 24 hours (Fig 1, D).

Artemin accumulates in the dermis of AD skin
lesions

To assess artemin expression levels in itchy skin diseases, skin
sections derived from healthy controls and patients with AD were
immunohistochemically stained to detect artemin (Fig 2, A). The
epidermis and the dermis of AD skin lesions showed an intense
staining pattern for artemin, whereas the pattern was weak in
healthy control skin. Accumulation of artemin was also observed
in nummular eczema lesional skin, and in prurigo nodularis and
psoriasis, but with less intense staining (see Fig E1 in this article’s
Online Repository at www.jacionline.org). To determine the
source of artemin, costaining with vimentin (Fig 2, B) and CD34
(Fig 2, C) was performed. Dermal fibroblasts (vimentin™),
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FIG 1. SP-treated fibroblasts express artemin. A, Result of macrogene array. Control: vehicle-treated. B, RT-

PCR analysis of GDNF family, and NGF expression P

DFs, NHDFs, and NHEKSs. The data shown are represen-

tative of 2 independent experiments. C, Real-time PCR results in NHDF treated with various concentrations

of SP for 6 hours. ¥*P < .05. D, Sequential expression
treatment with 1 X 10~® mol/L SP. ARTN, Artemin;
human epidermal keratinocytes.

but not endothelial cells (CD34"), in AD skin lesions costained
for artemin. Although the number of dermal fibroblasts differed be-
tween healthy and diseased skin, the weak staining intensity of ar-
temin in prurigo nodularis (also known as dermatitis with increased

levels of artemin were examined by Western blot after
GAPDH, glyceraldehyde-3-phosphate; NHEKs, normal

number of ﬁbroblast”) indicates that the accumulation of
artemin in the dermis of lesional skin is not simply a consequence
of the altered number of dermal fibroblasts (see Figs E1 and E2 in
this article’s Online Repository at www.jacionline.org). In situ
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FIG 2. Accumulation of artemin in dermal fibroblasts from AD skin lesions. A, Healthy skin and an AD skin
lesion (with disease duration of about 1 month) were stained for artemin. Dashed white lines represent the
epidermal-dermal junction. AD skin lesion was costained for vimentin and artemin (B) or CD34 and artemin
(C). Hoechst: Hoechst 33342. Dashed lines represent the vascular wall (Fig 2, C). D, In situ hybridization for
artemin. Positive signal appeared with blue (indicated by arrows). The disease duration was 4 days for AD1
and about 1 month for AD2. The same skin sections were immunostained for SP. E, Lesional skin with dis-
ease duration of about 1 month was immunolabeled with PGP-9.5 and GFRa3. Arrows indicate costained
nerve fibers.
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hybridization also revealed reproducible expression of artemin
mRNA expression in the dermal fibroblasts of AD skin lesions
but not in healthy skin (Fig 2, D). Increased numbers of
SP-positive peripheral nerve fibers were also observed in the
AD skin lesions (Fig 2, D, bottom).

Next, we were interested in determining whether artemin
modulates the peripheral projection patterns of neurons. As
expected, artemin-labeled, highly fluorescent dermal areas in
AD skin lesions showed massive sprouting of PGP-9.5—positive
peripheral neurons (see Fig E3 in this article’s Online Repository
at www.jacionline.org). Colabeling with anti-GFRa3 antibody
proved that the sprouting nerve fibers in AD skin lesions were
GFRoa3-positive (Fig 2, E).

Artemin derived from SP-treated NHDFs induces
strong differentiation and proliferation response in
neuroblastoma cells

To compare the ability of the fibroblast-derived neurotrophic
factors to influence a differentiation response in peripheral neu-
rons, SH-SY5Y was cultured in conditioned medium derived from
NHDF cultured with or without SP (Fig 3). The expression levels
of GFRal, GFRa2, and GFRa3 in SH-SYSY cells suggest that
this cell line responds to both GDNF and artemin (Fig 3, A). There
was no significant difference in the morphology or proliferation of
cells cultured with conditioned medium derived from mock-
treated NHDF compared with those derived from fresh medium
culture (Fig 3, B and C). An increase in the size of SH-SY5Y
was observed with the conditioned medium derived from SP-
treated NHDF (CM/SP) as well as rARTN treatment, but not in
SH-SYS5Y alone treated with SP (Fig 3, B). A BrdU incorporation
assay revealed that CM/SP augmented the proliferation of SH-
SY5Y (Fig 3, C). The role of artemin in CM/SP-induced SH-
SYS5Y proliferation was verified in experiments with an artemin
neutralization antibody. Artemin neutralization inhibited the
rARTN-induced proliferation of SH-SYSY cells, whereas an iso-
type matched control antibody did not (see Fig E4 in this article’s
Online Repository at www.jacionline.org). As expected, artemin
neutralization attenuated the CM/SP-induced proliferation of
SH-SYS5Y, whereas GDNF and NGF neutralization did not (Fig
3, ). Artemin neutralization also inhibited the phosphorylation
of the receptor tyrosine kinase product of the c-ret proto-
oncogene in SH-SYSY cells cultured with rARTN or CM/SP
(Fig 3, D).

Intradermal administration of artemin promotes
peripheral nerve fiber sprouting and intraepidermal
neurite outgrowth

The finding of high GFRa3 expression on sprouted peripheral
nerve fibers led us to examine the possibility that artemin
contributes to the peripheral nerve fiber sprouting. Wild-type
mice were intradermally injected with artemin or SP 2 times per
week for 2 weeks, and SP- or artemin-injected sites showed an
increased number of peripheral nerve fibers, whereas nontreated
(control) or vehicle-injected sites did not (Fig 4, A). Interestingly,
artemin injection sites also displayed intraepidermal neurite out-
growth. As expected, the SP- or artemin-mediated nerve sprout-
ing response was decreased in GFRa3KO mice (Fig 4, B), as
was intraepidermal neurite outgrowth in artemin-injected sites
(Fig 4, B).
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Artemin is involved in thermal hyperalgesia

To explore whether artemin affects the cutaneous sensitivity to
environmental stimuli, the intensity of perception was evaluated
in GFRa3KO mice. The intensity of mechanosensation in
GFRa3KO mice was comparable to that in wild-type mice
(Fig 5, A). Next, thermal hyperalgesia was assessed by using
Hargreaves test and a tail-flick test (Fig 5, B and C). In both exper-
iments, the withdrawal latency time was prolonged at tempera-
tures greater than 40°C, indicating that GFRa3KO mice have
thermal hypoalgesia. To investigate the effect of artemin on ther-
mal hyperalgesia, artemin-treated wild-type mice were examined
for heat susceptibility by using Hargreaves test. As expected, a
single administration of artemin induced thermal hyperalgesia
(Fig 5, D).

SP has long been thought to elicit thermal hyperalgesia.”® We
also found that SP treatment shortened hindpaw withdrawal la-
tency time after 12 hours (Fig 5, E). To confirm the involvement
of artemin in SP-induced thermal hyperalgesia, artemin-
neutralizing antibody was administered (Fig 5, F). Further pro-
longation of withdrawal latency time in artemin-neutralized,
SP-treated mice was comparable to that in mice treated with SP
alone, demonstrating a key role for artemin in SP-induced thermal
hyperalgesia.

Administration of artemin to mice induced
abnormal behavior in a warm environment

If artemin regulates thermal susceptibility, artemin-injected
mice might display altered behavior when exposed to a warm
environment. To verify this, mice received subcutaneous injection
of artemin or vehicle into the interscapular region and were placed
at an environmental temperature of 38°C, and their behavior was
recorded with video imaging for 15 minutes. Surprisingly,
artemin-injected mice showed wiping of the cheek (not the
injection site) with forefoot starting about 3 minutes after being
placed in a warm environment (see Video El in this article’s On-
line Repository at www.jacionline.org). This abnormal behavior
with stops at short intervals persisted to the end of the video re-
cording and was confirmed by 2 repeated experiments (n = 3
for each experiment) (Fig 6, A). Vehicle-injected mice did not
show any abnormal behavior in the 38°C environment. Both vehi-
cle- or artemin-injected mice did not show behavioral differences
at room temperature (data not shown). To confirm the involve-
ment of GFRa3-mediated signaling in artemin-induced abnormal
behavior, artemin-injected GFRa3KO mice were examined in the
same behavioral assay. We found that artemin-injected
GFRa3KO mice behaved like the vehicle-injected GFRa3KO
mice and vehicle-injected wild-type mice (Fig 6, B) and did
not display abnormal behavior. Capsazepine, a selective
TRPV 1-inhibitor, did not affect the artemin-induced abnormal
behavior (Fig 6, C).

DISCUSSION

Artemin derived from SP-treated dermal fibroblasts was accu-
mulated in AD-lesional skin and found to induce cutaneous nerve
sprouting and cause rubbing behavior mimicking scratching
warmth-evoked itch in mice.

In our study, artemin was strongly expressed on the dermis of
skin biopsy slices from patients with AD. The homogenous
staining pattern of artemin in the dermis is assumed to reflect the
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Abbreviations

DMEM

ARTN

recombinant artemin

CM

conditioned medium
without SP

CM/SP-6 or
CM/SP-12

conditioned medium
derived from 1x10%or
1x10"'2M SP-treated
NHDF

ARTNab

artemin neutralizing
antibody

(magnification, *400)

o

ARTNab10 10 pg/ml of artemin
neutralizing antibody

GDNFab5..2, 5.2, or 2.6 pg/ml of
2.6 GDNF neutralizing
antibody

NGFab1/25, NGF neutralizing
1/50 antibody diluted by
1/25 or 1/50

absorbance (A 54-A¢s)

SP-6,-12 -6 or -12 logM of
substance P
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FIG 3. SH-SY5Y cells were cultured in conditioned medium derived from SP-treated NHDFs. A, RT-PCR
analysis of the expression of GFRa family. B, Morphology of SH-SY5Y cells. Neurite outgrowth and neuro-
nal morphology are indicated by arrows. C, The impact of artemin neutralization antibody on BrdU incor-
poration assay (n = 4). *P < .05, **P < .01. D, The impact of artemin neutralization antibody on the
phosphorylation of RET in SH-SY5Y cells. DMEM, Dulbecco modified Eagle medium; GAPDH, glyceralde-
hyde-3-phosphate; NHEK, normal human epidermal keratinocyte; Phospho-RET, phosphorylated RET;
RET, the receptor tyrosine kinase product of the c-ret proto-oncogene.
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FIG 4. The effect of artemin on skin innervation. A, Hindpaws of wild-type mice were intradermally injected
with vehicle, artemin, or SP, and cutaneous peripheral nerve fibers were stained with PGP9.5 (green) and SP
(red). Control indicates nontreated. B, The results in GFRa3KO mice. Scale bar: 100 pm.

heparin sulfate binding affinity of artemin.? The pathogenic in-
fluence of SP on dermal fibroblasts in many types of dermatoses,
including scar tissue generated during wound healing,30
stress-induced skin inflammatory responses,’' and dermal fibros-
ing diseases, has been discussed.?” There remains considerable
debate, however, regarding the pathological involvement of der-
mal fibroblasts in forms of allergic dermatitis such as AD. Our
findings support a novel role for dermal fibroblasts in which

they may contribute to the neurobiological effects of SP in the
pathogenesis of itchy allergic dermatitis.

In addition to SP-treated dermal fibroblasts, nontreated kerati-
nocytes expressed artemin mRNA in vitro as well. However, arte-
min protein in nontreated keratinocytes was not detected in vitro
(data not shown). It is not known how artemin protein expression
is regulated, and this finding suggests that artemin gene expression
in keratinocytes might be controlled at the posttranscriptional level.
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FIG 5. Dysesthesia in GFRa3KO mice. A, Mechanosensation of wild-type (n = 5) and GFRa3KO (n = 5) mice.
Force and latency indicated the actual force and latency time at the time of paw withdrawal reflex, respectively.
Response to infrared heat stimulus (latency and thermal intensity to paw withdrawal) was measured with (B)
Hargreaves test and (C) tail-flick test. Gray and black bars show results for wild-type (n = 5) and GFRa3KO mice
(n = b5), respectively. D, The effect of exogenously administered artemin on Hargreaves test (n = 5). E, The ef-
fect of exogenously administered SP on Hargreaves test results was evaluated over time (n = 5, *P<.05[0.5vs
4 hours]). F, The effect of artemin-neutralization antibody on SP-induced thermal hyperalgesia. *P < .05,
**P< .01, ***P<.001.
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FIG 6. Artemin-injected mice showed abnormal behavior in warm conditions. A, Artemin-injected wild-type
mice were videotaped, and the time spent wiping their cheek was measured. Representative of 2independent
studies (n = 3 in each experiment). B, Artemin-injected GFRa3KO mice were videotaped, and the time spent
wiping their cheek was measured. Representative of 2 independent studies (n = 3in each experiment). C, The
impact of capsazepine (CPZ) on artemin-induced abnormal behavior was measured (n = 3). ***P < .001.

NGF, which is known to have an important effect on cells of
both the nervous and immune systerns,33’34 is expressed at higher
levels in chronic inflammatory disorders including AD.>3¢ Al
though the sources of NGF are mainly keratinocytes, mast cells,
and skin cells, dermal fibroblasts also produce low levels of
NGEF under basal conditions, and NGF itself or TGF-f3 can en-
hance its production.”’ It has been reported that NGF and artemin
play distinct and essential roles in the development of sympathic
axons toward their final confi gurations.18 Sympathetic neuron de-
velopment requires signaling by chemoattractant artemin for mi-
gration and initial axon outgrowth. Once the nerve fibers reach
their proper target, their survival and maintenance depend on
target-derived NGF instead of artemin.'® These findings suggest
that coordinated expression of artemin and NGF is probably

important in the sprouting and abnormal elongation of cutaneous
nerve fibers, which is frequently observed in itchy allergic derma-
titis. In this study, the expression of NGF and artemin mRNAs was
differently regulated by the concentration of SP, indicating that
the tissue concentration of SP might determine whether NGF or
artemin plays a dominant role in disorganized skin innervation.

Dermal fibroblasts also expressed both GDNF and GFRal,
suggesting that autocrine secretion of neutrophic factors may
regulate the homeostasis of skin including tissue remodeling and
innervation. However, the neutralization of GDNF did not affect
the proliferative activity of SH-SY5Y cells cultured with condi-
tioned medium derived from SP-treated fibroblasts. At present,
we have no data that address this conflicting finding regarding the
function of GDNF.
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Recently, Davis and coworkers™® reported a phenotype of ther-
mal hyperalgesia in transgenic mice that overexpress artemin in
skin keratinocytes (K14-artemin Tg mice) and proposed that the
phenotype is probably due to the upregulation of TRPV1 on cuta-
neous peripheral nerve fiber. As the complaint of intractable heat-
provoked itch is frequently observed in patients with AD,* it may
be that both artemin and TRPV1 are involved in this type of itch.
Our findings confirm that artemin-treated mice show curious be-
havior similar to heat-provoked scratching. As the inhibition of
TRPV1 with capsazepine administration did not affect the
artemin-induced abnormal behavior, this phenotype is probably
independent of TRPV1. Meanwhile, it was an unexpected out-
come that artemin-injected mice rubbed their cheek in a warm en-
vironment but not the injection site. At present, we cannot explain
the mechanism with concrete data, and take it as given that arte-
min might induce alloknesis throughout the whole body. Another
interesting phenotype of K14-artemin Tg mice is the elongation
of peripheral nerve fibers into the epidermis, which suggests a
possible role for artemin in axon guidance.*® In this study, we ob-
tained data supporting this role for artemin, by confirming an ef-
fect of artemin on the elongation of the peripheral nerve fibers. We
conclude that artemin has a considerable impact on both thermal
susceptibility and innervation of skin.

As noted above, both prurigo nodularis accompanied by itch
and psoriasis unaccompanied by itch displayed less intense
staining for artemin than AD. Reduced intraepidermal nerve
fiber density has been thought to be an indicator of subclinical
cutaneous neuropathy,®® which consistent with the reduced ex-
pression of artemin, an inducer of intraepidermal neurite out-
growth, was low in prurigo nodularis. Thus, the different results
with the different types of lesions associated with itch indicate
that altered artemin expression does not underlie itch in all skin
disorders. Exploring the role of artemin in nummular eczema is
a subject of future investigation. Our findings indicate that arte-
min may contribute to a novel mechanism for warmth-induced
itch and that further investigation will yield a better understanding
of the pathogenic involvement of SP in AD.

We thank Professor H. Hamada, Professor H. Shiratori, and Dr J. Nishino,
Developmental Genetics Group, Graduate School of Frontier Biosciences, for
providing GFRa3KO mice; Ms Ryoko Sugiyama and Ms Maiko Sugiura for
secretarial work; and Mr Kenju Nishida, Mrs Yoshiko Nobuyoshi, Ms Sayaka
Matsumura, and Mr Fu Han for research assistance.

Key messages

o Although warmth-evoked itch is a problem to be solved in
AD, the underlying mechanism remains obscure.

e Artemin was induced by SP from dermal fibroblasts and
accumulated in the dermis of AD-lesional skin.

e Artemin causes skin nerve fiber sprouting and thermohy-
peresthesia and developed warmth-evoked scratching
behavior.
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atopic dermatitis
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prurigo nodularis

psoriasis
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FIG E1. Immunohistochemical staining for artemin (green) was performed with healthy skin and 2 AD skin
lesions (disease duration of case 1 and case 2 was about 1 week and 3 months, respectively), nummular ec-
zema skin lesions (disease duration of case 1 and case 2 was about 1 month and 2 months, respectively),
prurigo nodularis skin lesions (disease duration of case 1 and case 2 was about 1 year and about 6 months,
respectively), and psoriasis skin lesions (disease duration of case 1 and case 2 was about 1 week and about
1 month, respectively). Blue: Hoechst 33342. Dashed white lines represent the epidermal-dermal junction.
Scale bar: 100 pm.
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FIG E2. To compare the number of dermal fibroblasts, healthy skin and 2 AD skin lesions (AD1 and AD2),
which were identical to the sample in ISH analysis (Fig 2, D), were costained for vimentin. Results of hema-
toxylin and eosin (HE) staining and ISH for artemin (purple indicates a positive signal) are shown alongside
vimentin-stained images (green: vimentin, blue: Hoechst 33342). Dashed white lines in the vimentin-stained
images represent the epidermal-dermal junction. ISH, In situ hybridization.
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ARTN PGP-9.5 merge

FIG E3. Skin innervation in AD lesional skin was examined by immunolabeling for PGP-9.5 and artemin.
PGP-9.5-positive peripheral nerve fibers (red) showed massive sprouting in the area with artemin accumu-
lation (green) (magnification X400).
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FIG E4. Artemin neutralization inhibited the rARTN-induced proliferation of SH-SY5Y cells, whereas
an isotype matched control antibody did not. ARTN, Artemin; AARTNAb, artemin neutralizing antibody.
*P < .05.
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