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In humans, pruritus (itch) is a common but poorly understood symptom in numerous skin and systemic
diseases. Endothelin 1 (ET-1) evokes histamine-independent pruritus in mammals through activation of its
cognate G protein-coupled receptor endothelin A receptor (ETAR). Here, we have identified neural endothe-
lin-converting enzyme 1 (ECE-1) as a key regulator of ET-1-induced pruritus and neural signaling of itch.
We show here that ETAR, ET-1, and ECE-1 are expressed and colocalize in murine dorsal root ganglia (DRG)
neurons and human skin nerves. In murine DRG neurons, ET-1 induced internalization of ETAR within
ECE-1-containing endosomes. ECE-1 inhibition slowed ETAR recycling yet prolonged ET-1-induced activa-
tion of ERK1/2, but not p38. In a murine itch model, ET-1-induced scratching behavior was substantially
augmented by pharmacological ECE-1 inhibition and abrogated by treatment with an ERK1/2 inhibitor. Using
iontophoresis, we demonstrated that ET-1 is a potent, partially histamine-independent pruritogen in humans.
Immunohistochemical evaluation of skin from prurigo nodularis patients confirmed an upregulation of the
ET-1/ETAR/ECE-1/ERK1/2 axis in patients with chronic itch. Together, our data identify the neural peptidase
ECE-1 as a negative regulator of itch on sensory nerves by directly regulating ET-1-induced pruritus in humans
and mice. Furthermore, these results implicate the ET-1/ECE-1/ERK1/2 pathway as a therapeutic target to

treat pruritus in humans.

Introduction

Pruritus (itch) is a common symptom of numerous dermatologic,
allergic, and autoimmune diseases and tumors, but its molecular
and cellular basis is still poorly understood (1). Itch is an unpleas-
ant sensation that elicits the desire to scratch and, as with chronic
pain, can be deleterious (1-5). Itch can be triggered by exogenous
(e.g., allergens, toxins, medication, illegal drugs, microbes) or
endogenous (e.g., amines, proteases, neuropeptides, cytokines,
prostanoids) stimuli (4) that transmit signals via C fibers to the
central nervous system (3, 6-13). While the existence of itch-
selective C fibers in the sensory nervous system appears to be gen-
erally acknowledged (6, 7), the neuronal regulatory circuits and
the signaling pathways of itch in both the peripheral and central
nervous systems, including potential endogenous antipruritic
mechanisms, are still mostly unknown (14-16).

Recently, it was discovered that the function of phospholipase
CP3 (PLCPB3), a component of a canonical signal transduction
cascade, is critical for serotonin- and histamine-induced scratch-
ing in mice (14, 17). They also reported that histamine requires
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functional transient receptor potential cation channel V1 (TRPV1)
to mediate itch transmission, whereas serotonin elicits itch inde-
pendently of TRPV1 (14). Another TRP family member, TRP
ankyrin A1 (TRPA1), is necessary for histamine-independent itch
that is induced by Mas-related GPCR-mediated (18) or endothelin
1-induced (ET-1-induced) itch (19). However, ET-1 does not
require histamine 1 receptor (H1R), TRPV1, or PLCB3 function
for itch induction (14, 19).

ET-11is a 21-amino acid peptide and is expressed by a variety of
cell types, including immune cells, endothelial cells, neurons, and
glial cells of the central and peripheral nervous systems (20-26).
ET-1 is a potent vasoconstrictor that can also evoke pain sensa-
tions in rodents and humans (14,22, 27-36). The biological effects
of ET-1 are mediated by two distinct GPCRs: endothelin A recep-
tor (ETAR) and endothelin B receptor (ETBR) (37). The prurito-
genic effect of ET-1 in rodents is mediated in large part by ETAR,
although expression of ETBR has been detected in satellite glial cells
and nonmyelinated Schwann cells of dorsal root ganglia (DRG)
(33, 38). When activated, ETAR internalizes and recycles back to
the plasma membrane, whereas ETBR internalizes but appar-
ently does not recycle (39). We previously reported that the zinc
metalloendopeptidase endothelin-converting enzyme 1 (ECE-1)
is present in acidified endosomes and degrades neuropeptides
to promote recycling and resensitization of GPCRs that induce
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Results

ETAR, ET-1, and ECE-1 colocalize in
murine dorsal root ganglion neurons and
skin. Recently, we have demonstrated
that ECE-1 is an important regulator
of neuropeptide-induced skin inflam-
mation (40). Because ECE-1 also regu-
lates ET-1 function (44), we tested the
hypothesis that ECE-1 contributes to
ET-1-mediated itch behavior in mice.
We first determined the expression of
ET-1, ETAR, and ECE-1 in skin, cuta-
neous nerve fibers, and DRG neurons.
RT-PCR confirmed the presence of
Ednl, Ednra, and Ecel mRNA in skin
and the peripheral nervous system
(Figure 1A). Protein expression of
ETAR and ECE-1 by DRG neurons and
skin was also confirmed by Western
blot analysis (Figure 1B). We found
that immunoreactive ET-1, ETAR, and
ECE-1 were mainly localized in a sub-
set of small- to medium-sized DRG
neurons, where 95.0 + 1.4% of ETAR-
positive neurons expressed ECE-1 (Fig-
ure 1C). Further, we classified these
neurons on the basis of size (Table 1).
Of the ETAR-expressing neurons,
69.2 + 2.0% were small-sized (diameter
<25 um) and 30.8 + 2.0% were medi-
um-sized (25-40 um). Of the ET-1-
positive DRG neurons, 82.0 + 2.8%
were small-sized DRG neurons and
18.0 £ 2.5% were medium-sized. For all
ECE-1-positive neurons, 70.1 + 3.6%
were small-sized, 28.7 + 3.4% were
medium-sized, and 1.2 + 0.2% were

ETAR, ET-1, and ECE-1 are expressed in adult mouse DRG neurons and skin. (A) Ednra, Edn1,
and Ece?’ mRNAs were detectable in mouse DRG neurons and skin. (B) Expression of ETAR
and ECE-1 protein was confirmed for mouse DRG neurons and skin by Western blot analysis.
(C) ETAR, ET-1, and ECE-1 were detected by IHC in small- to medium-sized DRG neurons and
colocalized to some extent with CGRP, IB4, and TRPV1 (arrows, see Table 1). Scale bars: 50 um.
(D) ETAR, ET-1, and ECE-1 colocalized with PGP9.5+ peripheral sensory nerves (arrows) of skin,
as examined by IHC using serial sections of regional skin obtained from mice suffering from chronic
pruritic dermatitis. Scale bars: 50 um. (E) ET-1 expression in epidermal layers of biopsies obtained
from WT mice (NMS, normal mouse skin) or mice with an AD-like phenotype visualized with IHC.

large-sized (diameter >40 um) (Table 1).
ETAR, ET-1, and ECE-1 colocalized
with the peptidergic marker calcitonin
gene-related peptide (CGRP) (ETAR,
37.5 + 0.7%; ET-1, 40.6 + 5.1%; ECE-1,
39.0 + 4.7%) and to a lesser extent with
the nonpeptidergic marker isolec-
tin B4 (IB4) (ETAR, 7.9 + 3.5%; ET-1,

Original magnification, x63.

neurogenic inflammation (40-42) and to terminate endosomal
neuropeptide signaling (40, 41, 43). Based on our previous studies
showing that ECE-1 regulates neuropeptide function, we hypoth-
esized that neural ECE-1 plays a fundamental role in regulating
ET-1-induced itch.

Our results indicate that endosomal ECE-1 modulates itch by
regulating ET-1 and extracellular signal-regulated kinase 1/2
(ERK1/2) signaling in mice and appears to be the first identified
endogenous negative regulator of itch signaling in sensory nerves.
In a translational setting, we also demonstrate a role of ET-1 in
human itch that may lead to specific treatments for this difficult
field of therapeutic medicine.
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42.1 + 1.1%; ECE-1, 26.1 + 5.3%) (Fig-

ure 1C and Table 1). Furthermore, 33%

of ETAR- and ET-1-positive neurons
also expressed TRPV1, which is generally expressed by sensory
nerves conveying itch as well as pain signals (14, 45, 46).

We examined the cutaneous expression of ET-1, ETAR, and
ECE-1 in mice with pruritic chronic dermatitis and observed
staining for ET-1, ETAR, and ECE-1 in keratinocytes, inflamma-
tory cells, and endothelial cells; no staining was discernible in
fibroblasts (data not shown) in any of the analyzed skin samples.
ET-1, ETAR, and ECE-1 also colocalized with the neuronal marker
protein gene product 9.5 (PGP9.5) in subepidermal cutaneous
nerve fibers (Figure 1D). Induction of an atopic-like phenotype
induced increased ET-1 staining in the epidermal layer compared
with that seen in normal murine skin (Figure 1E).
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Table 1

Morphometric analysis of ETAR-, ET-1—, and ECE-1—positive murine DRG neurons

Small-sized Medium-sized Large-sized CGRP+
(<25 um) (25-40 um)  (>40 wm)
ETAR* neurons  69.2 2.0 30820 -
ET-1* neurons  82.0+2.8 18.0+25 -
ECE-1+ neurons  70.1+3.6 28.7+34 12+02

Values are expressed as the mean + SEM (%); n = 3. —, no expression detected.

ET-1 induces strong Ca?* signals in neurons (47) and epithelial
cells (48). To investigate the functional expression of ET-1, ETAR,
and ECE-1 in sensory nerves, we examined the effects of ET-1
on the modulation of [Ca?']; in murine DRG neurons in vitro.
Stimulation with 100 nM ET-1 increased [Ca?]; in DRG neurons
(Supplemental Figure 1; supplemental material available online
with this article; doi:10.1172/JC167323DS1), which indicates that
ET-1 activates intracellular signaling cascades in murine DRG
neurons. Based on the expression pattern of ETAR and ETBR
in murine DRG neurons, ET-1 most likely exerts its actions on
small- to medium-sized sensory nerves by binding to ETAR. As
with the percentage of neurons that respond to other endoge-
nous pruritogens, such as bovine adrenal medulla 8-22 peptide
(BAMS-22) or thymic stromal lymphopoietin (49, 50), only a small
proportion of these small- to medium-sized DRG neurons (3.0%;
78/2589) exhibited a transient increase in [Ca?']; in response to
ET-1 application (Figure 2B). We found that 69.2% of 13 ET-1-
responsive DRG neurons responded to histamine, 24.0% of 25 cells
responded to chloroquine (CQ), 14.8% of 27 cells responded to
SLIGRL-NHj,, 85.5 of 29 cells responded to capsaicin, and 73.5%
of 49 cells responded to allyl isothiocyanate (AITC, mustard oil)
(Figure 2, C and D). To further examine the role of TRPV1 and
TRPALI for ET-1-evoked [Ca?'];, we additionally tested Trpal~-and
Trpvl”/~ DRG neurons. In 526 tested Trpr17~ DRG neurons, the
percentage of ET-1-responsive DRG neurons was comparable to
that in WT DRG neurons (Figure 2B). The percentage of ET-1-
responsive Trpal”~ DRG neurons tended to be reduced slightly,
but was not significant in 901 tested cells (Mann-Whitney U test,
P=0.595; Figure 2B). Our data suggest that ET-1 does not activate
a subset of TRPV1-positive sensory neurons, but may act partly
via TRPA1-positive sensory neurons. Our results also indicate that
ET-1, ETAR, and ECE-1 are expressed by small- to medium-sized
sensory nerves projecting into the skin and suggest that ET-1/
ETAR-induced itch may be modulated by endosomal ECE-1 in
peripheral sensory neurons in mice.

Inhibition of ECE-1 enbances ET-1—induced scratching bebavior in vivo.
ET-1 evokes itch sensation in BALB/c and male Swiss mice (27, 33).
Intradermal (i.d.) injection of ET-1 (100 pmol, and 10 pmol, respec-
tively) into the cheek also evoked a marked scratching response in
C57BL/6 WT mice (Figure 2, Aand E, and refs. 51, 52). Gomes et al.
(51) reported that ET-1 also acts as a nociceptive agonist, thus we
took advantage of the cheek model to distinguish between ET-1-
induced scratching and pain behavior (53). In our experimental set-
ting, ET-1 induced a concentration-dependent scratching response
(from 1 pmol to 1 nmol/site, Supplemental Figure 2). However, in
contrast to the published observation, we did not observe any wip-
ing movements in any treated mouse using those concentrations
(datanotshown). ET-1-induced itch was independent of a contribu-
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tion by a functional H1R (Figure 2F). Also Trpv1 /-,
Trpv4~/~, and Trpm8~/~ mice showed no differences
in ET-1-induced scratching responses (Figure 2A),
whereas Trpal”~ mice showed a marked reduc-
tion in ET-1-triggered itch when compared with
WT mice (Figure 2A). Therefore, we i.p. injected a
TRPA1 inhibitor (30 mg/kg, HC-030031) 30 min-
utes before ET-1 injection (100 pmol/site) into the
cheek and observed reduced scratching behavior
as compared with vehicle control (Supplemen-
tal Figure 3). Because ETAR, ET-1, and ECE-1 are
colocalized in neuronal cells that belong to the
C fiber class of neurons, we hypothesized that ECE-1 controls
ET-1-evoked itch. To examine this possibility, we pretreated mice
with SM-19712, a specific ECE-1 inhibitor, followed by i.d. injec-
tion of ET-1 (100 pmol) into the cheek, and measured scratching
behavior. We found a significant increase in scratching bouts when
ET-1 was applied after SM-19712 pretreatment (ECE-1 blockage).
In contrast, SM-19712 pretreatment alone did not change scratch-
ing behavior in mice in vivo (data not shown).

ET-1 induces internalization of ETAR in DRG neurons. To determine
whether ET-1 stimulates activation and trafficking of ETAR, we
examined the subcellular localization of immunoreactive ETAR
and ECE-1 in DRG neurons by confocal microscopy. In unstim-
ulated small-diameter DRG neurons, we found that ETAR was
prominently localized at the cell surface, whereas ECE-1 was
mainly localized in vesicles (Figure 3A).

We have previously shown in KNRK and HEK cells that ECE-1b
and ECE-1d isoforms are colocalized with early endosomal anti-
gen 1 (EEA-1) in endosomes (40). Previous studies with Chinese
hamster ovary (CHO) cells demonstrated that ET-1 colocalizes
with ETAR in internalized vesicular structures (39, 54). When
DRG neurons were stimulated with ET-1 (100 nM) for 10 min-
utes, ETAR redistributed to early endosomes containing ECE-1
(Figure 3A) and EEA-1 (Supplemental Figure 4). Using Image]
quantification, we demonstrated that immunofluorescence for
ETAR decreased on the cell membrane and increased in the cytosol
after ET-1 stimulation (Figure 3C). ETAR reappeared on the cell
membrane 60 minutes after ET-1 stimulation, whereas ECE-1 relo-
calized in ETAR-negative endosomes, indicating receptor recycling
(Figure 3A, Figure 3C for statistical analysis, and ref. 40).

We also confirmed that internalized ET-1 colocalized with ECE-1
(Supplemental Figure 5) and EEA-1 (Supplemental Figure 8).
Immunofluorescence for ET-1 increased after ET-1 stimulation but
disappeared over time, whereas ECE-1 immunofluorescence was
constant over a 120-minute time course (Supplemental Figure 9).
Therefore, stimulation of ETAR on DRG neurons by ET-1 induces
colocalization of the ligand/receptor complex in early endosomes,
which are also ECE-1 positive. Our results indicate that ETAR recy-
cles back to the cell membrane, while ET-1 is possibly degraded.

We determined the role of ECE-1 in ETAR recycling. Pretreat-
ment of cultured primary DRG neurons with the ECE-1 inhibitor
SM-19712 (10 uM) did not influence ET-1-evoked internalization
and colocalization of ETAR with ECE-1, but prolonged colocaliza-
tion of ETAR with ECE-1 in endosomes and prevented recycling of
the receptor back to the cell surface even after 60 minutes (Figure 3,
B and C). Previous studies in KNRK and HEK model cell lines have
shown that ECE-1 degrades neuropeptides in acidified early endo-
somes and allows the receptor, freed from agonist and B-arrestins,
to recycle back to the plasma membrane (40, 42). Here, we show for
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Figure 2

ET-1-induced scratching behavior in mice is dependent on TRPA1 and ECE-1, but not H1R, activation. (A) Scratching elicited by ET-1
(100 pmol/10 ul injected into the cheek) was eliminated in Trpa7-deficient mice but not in Trpv1-, Trov4-, or Trom8-deficient mice. Total number of
scratching bouts per 30 minutes (n = 4-10 mice/group). (B) ET-1-induced calcium mobilization. Percentage of ET-1-responsive neurons that also
responded to other compounds (Mann-Whitney U test, n = 409-1,525 cells/group). For quantification, 15—-68 dishes per group were used, and
approximately 40 cells per dish were counted. (C) Characterization of ET-1-responsive DRG neurons. Percentage of ET-1-responsive neurons
in different KO mice (Mann-Whitney U test, P < 0.05; n = 526—1,057 cells/group) compared with either the histamine (HIS), capsaicin (CAP),
or mustard oil (AITC) group. Error bars indicate the SEM. (D) Venn diagrams showing percentages of DRG neurons. (E) ECE-1 modulated itch
behavior responses to ET-1. Total number of scratching bouts over the 30-minute observation period showed substantial enhancement in behav-
ioral response to i.d. administered ET-1 (cheek; n = 5, 10 pmol/site) when mice were pretreated with ECE-1 inhibitor SM-19712 thirty minutes
prior to agonist administration (n = 7; 25 mg/kg,). At this concentration, no pain behavior was observed. (F) ET-1—elicited scratching behavior
was independent of functional H1R. Diphenhydramine hydrochloride (antihistamine [AH]; 3 mg/kg in H.O) was intragastrically administered
30 minutes prior to i.d. ET-1 injection (100 pmol/100 ul; nape of the neck; n = 4-5). *P < 0.05; **P < 0.01; ***P < 0.001).

the first time, to the best of our knowledge, that ECE-1 has a simi-
lar role in DRG neurons, which naturally express ET-1 and ETAR.

Internalized ET-1 is degraded by endosomal ECE-1. It is well known
that extracellular localized ECE-1 hydrolyzes big endothelin 1
at a neutral pH and thereby generates bioactive ET-1 (44). How-
ever, endosomal ECE-1 isoforms can degrade neuropeptides in an
acidic milieu with an optimum pH of 5.6 to 5.8 (44). Our results
show that ECE-1 colocalized with ET-1 and ETAR in endosomes
of DRG neurons (Figure 3 and Supplemental Figures 4, 5, and 8).
2686
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These data support the hypothesis that ECE-1 degrades ET-1 in
acidified endosomes of DRG neurons to regulate ETAR recycling
and endosomal signaling.

To test this hypothesis, we examined ECE-1-mediated degrada-
tion of ET-1 at an acidic endosomal pH using an in vitro approach;
ET-1 was incubated with recombinant human ECE-1 (thECE-1)
at endosomal (pH 5.5) and extracellular (pH 7.4) acidities for
90 minutes. We analyzed the degradation products by HPLC
and matrix-assisted laser desorption/ionization time-of-flight
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Figure 3

ECE-1 is important for the recycling of ETAR in DRG neurons. DRG neurons were cultured with ET-1 in the presence or absence of ECE-1
inhibitor. (A) Membrane-bound ETAR (arrows) internalized and colocalized with ECE-1 (arrowheads) in cytosolic vesicles of DRG neurons
within 10 minutes after ET-1 stimulation. Recovery of the receptor on the plasma membrane was observed 60 minutes after ET-1 application
(arrow). Scale bar: 30 um. (B) ECE-1 inhibitor SM-19712 did not affect initial internalization of ETAR (arrows, arrowheads), but prevented recy-
cling of ETAR to the plasma membrane. Scale bar: 30 um. (C) Time dependence of ETAR translocation in DRG neurons in response to ET-1
(100 nM). In unstimulated cells, ETAR was mainly located at the plasma membrane. ET-1 stimulation for 10 minutes induced translocation of
ETAR from the plasma membrane to the cytosol. Immunofluorescence for ETAR reappeared at the plasma membrane 60 minutes after stimu-
lation (black bars). Costimulation with the ECE-1 inhibitor SM-19712 (10 uM) inhibited relocation of ETAR immunofluorescence to the plasma
membrane (n = 10 cells/group, error bars indicate + SEM, Student’s t test, **P < 0.01; ***P < 0.001). Subcellular distribution was analyzed from
captured images using ImageJ software. (D) ECE-1 degraded ET-1 at endosomal pH 5.5, but not at pH 7.4. Degradation of ET-1 by rhECE-1
at pH 5.5 and pH 7.4 was assessed by HPLC. (E) ET-1 was hydrolyzed by ECE-1 at Asp'8-lle'°.
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Figure 4

ECE-1 inhibition prolongs ET-1-induced phosphorylation of ERK1/2 in
DRG neurons. DRG cells were pretreated with SM-19712 (10 uM) or
vehicle for 60 minutes and stimulated with ET-1 (100 nM). The cellular
lysates were subjected to Western blot analysis for ERK1/2 and p38.
ET-1 caused ERK activation in DRG neurons, reaching a maximum
after 5 minutes, and ERK activation was sustained by pretreatment
with SM-19712. ET-1 did not activate p38 in DRG neurons. Data are
representative of three independent experiments.

mass spectrometry (MALDI-TOF). HPLC showed that intact
ET-1 control peptide that was not incubated with ECE-1
was eluted at 28 minutes. After incubation with rhECE-1 at
pH 5.5, two degradation products that eluted at 24 and 26 min-
utes were identified by HPLC. During incubation for 90 minutes,
intact ET-1 decreased to 48% of the initial value, and the two
degradation products increased (Figure 3D and Supplemental
Figure 6). Mass spectrometric analysis indicated that ET-1 was
hydrolyzed by ECE-1 between amino acid residues Asp!8-Ile!?
(Figure 3E). ET-1 degradation was pH dependent, since there
was minimal degradation at pH 7.4 (99% intact ET-1 after a
90-minute incubation with rhECE-1). Together, these results
indicate that internalized ET-1 could be degraded by endosomal
ECE-1 at an acidic pH in DRG neurons in vivo.

ECE-1 inhibitor prolongs ET-1-induced phosphorylation of ERK1/2 in
DRG neurons in vitro. Our results clearly demonstrate that ECE-1
promotes ETAR recycling, and thus resensitization, in DRG neu-
rons in vitro and that inhibition of ECE-1 intensifies ET-1-evoked
scratching behavior in mice in vivo. These observations indicate
a fundamental contribution of ligand (ET-1) dissociation and
degradation by ECE-1 in the pathophysiology of itch. Because
neuropeptide degradation in endosomes is a key mechanism
in regulating B-arrestin-mediated MAPK signaling (41, 43), we
hypothesized that ET-1 mediates activation of ERK1/2 in DRG
neurons and that ECE-1 modulates the status of ET-1-triggered
ERK1/2 phosphorylation. To test this hypothesis, we pretreated
DRG neurons with SM-19712 (10 uM) or vehicle for 60 minutes
and subsequently stimulated cultured DRG neurons with ET-1
(100 nM). Cellular lysates were analyzed by Western blotting to
detect the phosphorylation status of ERK1/2 and p38. ET-1 rap-
idly activated ERK1/2, which peaked at 5 minutes, and ERK1/2
phosphorylation subsequently declined and was not observable
120 minutes after agonist application (Figure 4). No phosphory-
lation of the pain modulator p38 (55, 56) was induced by ET-1.
2688
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These data confirm a recent publication by Cevikbas et al. show-
ing that the pruritogenic cytokine IL-31 induces phosphoryla-
tion of ERK1/2, but not p38 (57). In contrast, the time course of
ET-1-induced ERK1/2 activation in DRG neurons pretreated with
the ECE-1 inhibitor SM-19712 resembled that of vehicle-treated
probes (Figure 4). As in DRG neurons challenged with ET-1 alone,
those cotreated with ET-1 and SM-19712 demonstrated a rapid
activation of ERK1/2 (within 5 minutes after agonist application).
However, in marked contrast to neurons treated with ET-1 alone,
we found that ECE-1 inhibition evoked a remarkably sustained
ET-1-stimulated ERK1/2 activation that remained elevated over
the monitored time course of 120 minutes (Figure 4).

Inhibition of ERK1/2 abolishes ET-1-induced pruritus in mice in vivo.
Our in vitro data strongly indicate a potential role of ERK1/2 sig-
naling in ET-1-induced pruritus in vivo. Consequently, we used a
pharmacological approach in a mouse model of itch to determine
the importance of ERK1/2 activation for ET-1-triggered pruritus
in vivo. An ERK1/2 inhibitor (ERK inhibitor, 30 mg/kg; Calbio-
chem) was administered i.p. 30 minutes prior to ET-1 application
either in the nape of neck (Figure 5A) or the cheek (Figure 5B)
of WT mice. This pretreatment abolished ET-1-evoked scratching
behavior in both mouse models (Figure 5, A and B). Importantly,
mice cotreated with ET-1 plus ERK inhibitor or with ERK inhibi-
tor alone showed no signs of sedation, pain, or inactivity. Admin-
istration of a MEK1/ERK1/2 inhibitor (PD0325901, 10 mg/kg)
recapitulated the effect of ERK1/2 inhibitor treatment (Figure 5B).
To study a more fundamental and central role of ERK1/2 in con-
veying itch signals, we investigated a panel of multiple prurito-
gens in their dependency on the MEK/ERK pathway. With the
exception of histamine-induced (100 ug/10 ul) itcch, MEK/ERK
inhibition suppressed the effects of all tested pruritogens (Fig-
ure 5B). Thus, in addition to ET-1, MEK1 or ERK1/2 inhibition
significantly reduced or abolished the pruritogenic actions of CQ
(200 ug/10 ul) and IL-31 (5 nmol/10 ul).

ETAR inhibition alleviates pruritic responses in chronic pruritic mouse
models. To test whether ET-1/ETAR might be integral to the patho-
physiology of pruritic diseases, we inhibited ETAR signaling in WT
mice and in a chronic, oxazolone-driven pruritic mouse model
(58). Local injection of BQ-123 (1 nmol/site) 30 minutes prior to
ET-1 injection into the cheek (100 pmol) was sufficient to inhibit
scratching behavior (Supplemental Figure 3). Chronic treatment
with oxazolone for several days induced a chronic pruritic skin
disorder characterized by eczema and intolerable itch. Chronifica-
tion of the mouse model was established starting from day 12 and
identified by chronic and stable scratching behavior. Concurrent
local injection into oxazolone-applied skin with the ETAR inhibi-
tor BQ-123 (10 nmol or 25 nmol/100 wl) significantly reduced the
scratching behavior in chronic pruritic dermatitis (Figure 5C). We
conclude that the ET-1/ETAR/ECE-1 pathway plays an important
role in controlling chronic itch in mice.

ET-1 is upregulated in human chronic pruritic diseases. In order to
develop beneficial new therapies in humans, it is critical to trans-
late findings in rodents into the human system. Although ET-1 is
a potent pruritogen in mice that acts at a picomolar range (27),
the mechanism and impact of ET-1-induced pruritus in humans
are poorly understood. To test whether ET-1 also accounts for
itch symptoms involved in human skin diseases, we compared
the immunoreactivity of ETAR and ET-1 in skin biopsies from
patients with atopic dermatitis (AD) (n = 4) and prurigo nodu-
laris (PN) (n = 4), a disease characterized by chronic, intractable
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Figure 5

ERK1/2 plays a central role in ET-1—induced itch in vivo. (A) ET-1
(10 pmol/site) was injected i.d. into the nape of neck 30 minutes after
i.p. injection of an ERK1/2 inhibitor (30 mg/kg) and/or ECE-1 inhibitor
SM-19712 (25 mg/kg) (n = 9 mice/group). (B) Scratching elicited by
ET-1, IL-31, and CQ was eliminated or significantly decreased in ERK
inhibitor-treated (30 mg/kg BW, targets ERK1/2) or PD0325901-treated
(10 mg/kg BW, targets ERK1/2 phosphorylation) mice. Total number of
scratching bouts over a 30-minute period in response to i.d. injection
into the cheek of mice (n = 4) of a pruritic compound panel was mon-
itored. Compound concentrations: 100 pmol/10 ul ET-1, 100 ug/10 ul
histamine, 5 nmol/10 ul IL-31, and 200 ug/10 ul CQ. (C) Amelioration
of itch by ETAR blockage in mice with an AD-like phenotype. Cohorts
of WT mice were treated with multiple injections of oxazolone (OXA)
into the nape of neck to induce chronic pruritus. Oxazolone challenge
induced a robust and persistent scratching behavior in mice (baseline
was evaluated on days 12—18). On day 18, mice were i.d. injected into
the nape of the neck with BQ-123 (10 nmol/100 ul or 25 nmol/100 wl).
Within 30 minutes after BQ-123 injection, the total number of scratching
bouts over a 30-minute period was determined. *P < 0.05; **P < 0.01;
***P < 0.001. One-way ANOVA with Dunnett’s post-hoc test.

pruritus, with immunoreactivity in healthy skin controls (n = 7).
In PN (Figure 6B), immunoreactivity of ET-1 was significantly
increased in all layers of the epidermis, but ETAR was not ele-
vated, while no or very weak staining for ETAR and ET-1 was
observed in healthy skin controls (Figure 6B). In AD, the amount
of total ET-1 in the epidermis might be enhanced due to acantho-
sis, although we did not observe increased immunoreactivity on
the level of a single keratinocyte (Figure 6C). Likewise, we found
that ETAR immunostaining was not enhanced on keratinocytes
or sensory nerves in human AD skin (not shown). We also con-
firmed ETAR, ET-1, and ECE-1 expression for peripheral nerves
in skin biopsies taken from PN patients (Figure 6A).

ET-1 induces partially histamine-independent pruritus in humans. To
correlate the increased distribution of ET-1 and ETAR in pru-
rigo with ET-1-induced effects in humans, we applied ET-1 to
human forearm skin by iontophoresis. Corresponding to the
results observed in mice (52), our data show that ET-1 elicited an
itch response in human subjects that was partially independent
of HIR function (Figure 6C). Preapplication of an H1R antago-
nist markedly, but not completely, diminished the ET-1-induced
effects in human skin for the first 5 minutes after agonist appli-
cation, but alleviated itch in the following monitored time inter-
val (Figure 6C). Of note, while ET-1 induced long-lasting itch in
human subjects treated with an anti-H1R antagonist, histamine
failed to produce itch in this setting. The ET-1-induced local
erythema was comparable to the histamine-induced erythema
after iontophoresis, but no significant axon-reflex flare or wheal
was observed for ET-1 (data not shown), both of which are usu-
ally observed after histamine application. This indicates that
ET-1-induced pruritus in humans has a different but not com-
pletely independent mechanism from that of histamine. Thus,
the combination of an ETAR antagonist with an H1R blocker
may be the most efficient means of treating ET-1-induced itch
in humans.

Because ET-1 has been linked to pain perception, we also asked
the human subjects for non-itch responses after ET-1 applica-
tion. Of note, almost all human subjects described a stinging
sensation during the first 2-3 minutes after ET-1 stimulation,
but a pain-related sensation was described as lasting for only
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a few seconds after ET-1 application (Supplemental Figure 7).
This result emphasizes the importance of translational studies
to fully elucidate the importance of a mediator or receptor as a
therapeutic target to treat itch or pain.

Together, our human in vivo and ex vivo findings indicate that
ET-1 is increased in chronic prurigo skin diseases, is released by
C fibers, keratinocytes, and endothelial cells in prurigo, and acti-
vates ETAR on unmyelinated nerve fibers. Thus, ET-1 may play an
important role in human pruritus pathophysiology.
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Figure 6

Increase of ET-1 and ETAR in pruritic human skin and independence of ET-1—evoked itch from H1R function in humans. (A) Localization of ET-1,
ETAR, and ECE-1 in peripheral nerves of skin from patients with PN. Immunoreactivity was examined with IHC using serial sections. Positive staining
for ETAR and ET-1 and (arrows) was detected for PGP9.5+ cutaneous sensory nerve fibers. Scale bars: 50 um. (B) Staining for ET-1 was significantly
enhanced in the epidermis of PN-affected skin compared with that of healthy skin (NHS) and AD. Samples from AD patients did not show enhanced
ET-1 staining in keratinocytes, but due to acanthosis, the total harbored ET-1 may be increased when compared with healthy skin. Keratinocytes
stained positively for ET-1, but fibroblasts stained negatively for ET-1. (C) Time course of itch intensity (0: no itch, 10: worst imaginable itch) for a
10-minute period after termination of a 60-second iontophoresis with histamine (white circles) and ET-1 (black circles) on the forearm skin of healthy
human subjects (n = 6) who were orally administered a 60-mg fexofenadine tablet (antihistamine H1R blocker) 3 hours before. ET-1 induced itch
partly but not completely independently of histamine release in humans, because the antihistamine H1R blocker did not significantly block itch from
0—4 minutes, but ameliorated itch perception of volunteers from 4 minutes until the end of monitoring. Agonist-only treatment controls are shown for
ET-1 (black squares) and histamine (white squares), respectively. *P < 0.05; **P < 0.01; ***P < 0.001; error bars indicate the SEM.
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Discussion
The cellular mechanisms that regulate histamine-independent pru-
ritus and itch-associated cell signaling in neurons are still poorly
understood. Here, we describe for what we believe to be the first
time that an intracellular neural peptidase, ECE-1, regulates ET-1-
induced pruritus and intracellular cell signaling in DRG neurons.
This is based on the following evidence: ET-1, ETAR, and ECE-1 are
expressed on mouse DRG neurons at the RNA and protein levels
and can be colocalized on small- to medium-diameter neurons, pre-
dominantly of the peptidergic (CGRP-positive) type. ET-1, ETAR,
and ECE-1 are colocalized in the endosomes of murine DRG neu-
rons after ETAR stimulation, suggesting that ECE-1 is important
for hydrolyzing ET-1 and recycling the internalized ET-1/ETAR
complex. Although we observed a colocalization of ECE-1 with
the ET-1/ETAR complex in early endosomes, we hypothesized that
ECE-1 hydrolyzes ET-1 in acidified endosomes (lysosomes). Our
results show that ECE-1 cleaved ET-1 at a pH of 5.5, but not pH
7.4, indicating that ECE-1 cleaves ET-1 in lysosomes. ET-1 induced
Ca?* mobilization and ERK1/2 phosphorylation in DRG neurons.
Application of ET-1 to murine skin resulted in marked scratching
behavior in vivo, and ECE-1 inhibition markedly enhanced ET-1-
induced scratching behavior in vivo. The itch response that was
induced by ET-1 and augmented by ECE-1 in mice in vivo was asso-
ciated with a sustained ERK1/2 induction in DRG neurons, but not
p38. ERK1/2 inhibition abrogated ET-1-induced scratching behav-
ior in vivo. Finally, in humans, ET-1 induced a pruritic response
independently of HIR, and its expression was upregulated in the
pruritic skin of patients with chronic prurigo, suggesting a role
of this pathway in human chronic pruritic disease. Based on our
translational data, we show that ECE-1 is an important regulator
of ET-1-induced pruritus in mice and humans and is the first neg-
ative regulator of itch to be described on a molecular level.
Regulatory peptides released by neurons and skin cells are impor-
tant mediators involved in inflammation, pain, and pruritus (59).
Upon stimulation, mast cells, endothelial cells, and sensory nerves
can release ET-1 (22-25). ET-1 has been described as a pain media-
tor (60), butis also a potent itch inducer in murine and human skin
(14,27, 28,33). ET-1 is involved in mast cell-dependent inflamma-
tion by release of mediators such as histamine and leukotriene C4
(61-64). However, histamine released from mast cells appears to
be partly, but not mainly, engaged in ET-1-induced pruritus (52),
indicating a direct role of neuronally expressed ETAR in pruritus.
Our study shows that ET-1-induced activation of ETAR leads
to internalization of ETAR in DRG neurons and colocalization
with ECE-1 in a subgroup of neurons that predominantly stain
for CGRP/TRPV1 and, to a lesser extent, IB4. Our morphometric
analysis demonstrates that ET-1, ETAR, and ECE-1 were coex-
pressed by a large proportion of small- to medium-sized DRG
neurons that were also CGRP positive. Thus, ET-1 and ECE-1
may regulate the function of peptidergic neurons during pruri-
tus, although a contribution by nonpeptidergic neurons (IB4)
cannot be excluded. Intriguingly, the induction of ET-1-induced
pruritus was not linked to a functional TRPV1 (Figure 2A and
ref. 14) but rather to an operating TRPA1 channel (Figure 2A),
indicating a selective itch pathway for ET-1 similar to that
of MrgpA3 (18), for example, but not that of TRPV1, like his-
tamine or serotonin (14, 65). However, our observation of an
ET-1-induced pruritic response that was stronger in WT than
in Trpal~~ mice contradicts earlier results of Liang et al. (19), in
which TRP inhibitors were used.
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Recently, we showed that ECE-1 plays a crucial role in regulating
neuropeptide receptor internalization, recycling, and cell signaling
(40-43). Since ECE-1 colocalizes with ET-1 and ETAR, we hypothe-
sized that ECE-1 regulates ET-1 function in DRG neurons. There-
fore, we performed HPLC and mass spectrometric studies to deter-
mine whether ECE-1 can cleave ET-1. Indeed, ECE-1 cleaved ET-1
at the Asp!8-Ile!? residues, resulting in two peptide fragments at
an acidic pH of 5.5. Thus, like SP, CGRP, or somatostatin, ECE-1
internalized with the ET-1/ETAR complex into early endosomes,
cleaved ET-1, and may thereby regulate the function of ET-1 in
murine DRG neurons during an itch response (27, 33). Recently,
it has been shown that ECE-1 participates in the modulation of
neurogenic inflammation in mice in vivo (66). However, we believe
that the results of the current study demonstrate for the first time
that ECE-1is also directly involved in ET-1-mediated pruritus and
neuronal cell signaling in vivo. The fact that an ECE-1 inhibitor
augments ET-1-induced scratching behavior in mice in vivo sug-
gests that ECE-1 regulates ET-1-induced pruritus and probably
intracellular cell signaling in DRG neurons during pruritus.

The intracellular cell signaling cascades during pruritus are
not well understood (8, 67). Therefore, we examined the itch-
associated intracellular signaling pathways induced by ET-1 in
DRG. We found that ET-1 induced phosphorylation of ERK1/2,
but not p38. Inhibition of ECE-1 markedly prolonged ET-1-
induced ERK1/2 activation in DRG neurons, suggesting an anti-
pruritic role of ECE-1 in cell signaling during ET-1-mediated
pruritus. This is of importance, since endogenous antipruritic
regulatory mechanisms are very poorly understood.

Very recently, Imamachi and coworkers described the existence
of at least three distinct molecular pathways that contribute to
the transduction of itch responses to different pruritogens (14).
They report that histamine requires the presence of both PLCB3
signaling and a functional TRPV1 channel to mediate itch infor-
mation, whereas serotonin elicits itch through PLCB3, but does
not require TRPV1 actions. They also showed that ET-1-induced
itch was independent of PLCB3 function and does not require
TRPV1. We demonstrate that ET-1-induced pruritus induces Ca?*
mobilization not only in WT but also in Trpr17~ DRG neurons.
Of note, ET-1-induced Ca?* mobilization was slightly reduced
in Trpal7~ DRG neurons. In general, ET-1-induced scratching
was not statistically different in WT mice compared with that in
Trpv1~/~, Trpv4~/~, or Trpm8~/~ mice. This resultis in agreement with
our observation that TRPA1 inhibition in WT and Trpal~~ mice
resulted in a reduced scratching behavior after ET-1 injection. A
potential link of the ET-1 itch pathway to other functional TRPV
channels such as TRPV3 is currently under investigation.

Our findings further support the concept that peptidases such
as ECE-1 contribute to the regulation of neuropeptide-mediated
effects in skin diseases and pruritus (68, 69). Our results show that
inhibition of ECE-1 leads to a sustained activation of ERK1/2.
Because of its capacity to stabilize the receptor-ligand complex
in relation to cell signaling, ECE-1 simultaneously contributes
to receptor-mediated cell signaling as well as receptor recycling
(40-43, 70). The impact of these two ECE-1-mediated mecha-
nisms on human disease states is currently under investigation.

ECE-1 also regulates neurogenic inflammation and may thereby
contribute to inflammatory skin diseases such as atopic derma-
titis. A role of ECE-1 in the mechanism of itch, a symptom asso-
ciated with many inflammatory skin diseases, has been estab-
lished with this study. The observation that ET-1 is dramatically
Volume 124~ Number 6

June 2014 2691



research article

enhanced in keratinocytes of prurigo, but not in those of acute
AD, is very interesting and will have to be further investigated in
the future by comparing different acute and chronic pruritic dis-
eases as well as peripheral versus central itch. In PN a disease with
chronic, often compulsive, scratching behavior, patients appear to
be engaged in ET-1-induced itch that is resistant to antihistamine
therapy. Given that the ETAR inhibitor showed beneficial effect in
mice in vivo and that it was found to be mainly but not completely
independent of histamine release from mast cells in human sub-
jects, it will be critical to further study the impact of ETAR recep-
tor blockers on the treatment of recalcitrant itch. Furthermore,
whether ECE-1 or ERK1/2 signaling directly modulates pruritus
transmission in humans and/or mice at the central nervous system
level remains to be determined.

Our knowledge of whether the data from rodent studies on the
molecular mechanisms of pruritus can be translated into human
disease pathophysiology is very poor. Here, we provide the first
evidence to our knowledge that ET-1, partially independently of
histamine, induces long-lasting itch and only brief pain sensation
in humans. Moreover, ET-1 is upregulated in patients with chronic
itch (PN), suggesting a role for this neural peptide and its receptor
ETAR in human antihistamine-unresponsive pruritic disease, and
inaugurates the peptidase ECE-1 as a regulator of ET-1-induced
signaling. Of note, this study provides the first description to our
knowledge of an endogenous negative regulator of itch transmis-
sion in mice and humans and may lead to new strategies to treat
pruritus and various pruritic diseases.

Methods

Reagents. ET-1 and SLIGRL-NH2 were purchased from Bachem. CQ
and histamine were obtained from Sigma-Aldrich. Recombinant IL-31
was a gift from S. Dillon (ZymoGenetics, Bristol-Meyers Squibb). Cap-
saicin and AITC were obtained from Sigma-Aldrich. The ECE-1 inhibi-
tor SM-19712 (4-chloro-N-[(4cyano-3-methyl-1-phenil-1-hpyrazol-5-yl)
amino]carbonyl] benzene sulfonamide, sodium salt) was obtained from
Sigma-Aldrich. rhECE-1 was purchased from R&D Systems. ERK1/2 inhib-
itor (ERK inhibitor, 328006) and MEK1/ERK1/2 inhibitor (PD0325901)
were obtained from Calbiochem and Sigma-Aldrich, respectively. TRPA1
inhibitor (HC-030031) was obtained from Tocris. HIR inhibitor (diphen-
hydramine hydrochloride) and ETAR inhibitor (BQ-123) were obtained
from Sigma-Aldrich.

Antibodies. Anti-ECE-1 and anti-EEA1 antibodies were purchased from
Santa Cruz Biotechnology, Inc. Anti-ET-1 and anti-CGRP antibodies
were purchased from Bachem. Anti-ETAR, anti-ETBR, anti-PGP9.5 rab-
bit polyclonal antibody, and anti-B-actin antibody were obtained from
Abcam. Biotinylated IB4 was purchased from Vector Laboratories. FITC-
conjugated anti-goat or rabbit IgG and Dylight 488-conjugated anti-bio-
tin or anti-guinea pig IgG were obtained from Jackson ImmunoResearch.
Alexa Fluor 568-conjugated anti-rabbit or goat IgG was purchased from
Invitrogen. Anti-pERK1/2, anti-ERK1/2, anti-pp38, and anti-p38 were
obtained from Cell Signaling Technology. Peroxidase-labeled anti-rabbit
or anti-goat secondary antibodies were purchased from GE Healthcare.

Mice. Adult C57bl/6 mice (Harlan Laboratories) were maintained
under specific pathogen-free conditions with free access to food and
water. Trpvl~/~, Trpv4~-, and Trpal~~ mice were gifts from David Julius
(Department of Physiology, UCSF). Trpm8~/~ mice were obtained from
The Jackson Laboratory.

Isolation of DRG neurons and dorsal skin. Mice were deeply anesthetized by
i.p. injection of a mixture of 0.2% xylazine, 1% ketamine, and 0.9% NaCl
(Ceva Sante Animale) and then perfused transcardially with Ca?*-free and
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Mg?*-free PBS. When samples were dedicated to immunohistochemical
(IHC) or immunofluorescence analysis, transcardial perfusion was per-
formed using PBS containing 4% PFA.

Primary DRG culture. Harvested DRG neurons were incubated with
Hank’s balanced salt solution (BSS) containing 1.3 mg/ml papain
(Sigma-Aldrich) and 0.65 mg/ml L-cysteine (Sigma-Aldrich) for 10 minutes
at 37°C and then incubated with Hank’s BSS containing 3 mg/ml colla-
genase (Sigma-Aldrich) for 10 minutes at 37°C. Digests were washed with
complete medium consisting of DMEM with Earle’s BSS medium supple-
mented with 10% (v/v) horse serum (Sigma-Aldrich), 2 mM L-glutamine,
100 U/ml penicillin, 100 ug/ml streptomycin (all from PAA Laboratories),
1x GIBCO MEM Vitamin Solution (Invitrogen), and 1x N1 medium sup-
plement (Sigma-Aldrich). The cell strain suspension was filtered through
a 100-um cell strainer and cultured in dishes with or without poly-D-lysine
(Sigma-Aldrich) and laminin-coated glass coverslips (Sigma-Aldrich) con-
taining complete media overnight. Cells were preincubated with vehicle
or SM-19712 (10 uM) 2 hours before agonist stimulation. Inhibitor incu-
bation was performed throughout the experiments. Cells were stimulated
with vehicle or ET-1 (100 nM). For calcium imaging, upper- to mid-cervical
mouse DRGs were enzymatically digested and processed.

RT-PCR. Total RNA was extracted from homogenized samples of DRG
neurons or skin using TRIzol reagent (Invitrogen) according to the man-
ufacturer’s instructions. To avoid DNA contamination, total RNA was
treated with 10 U of RQ1 RNase-Free DNase (Promega). A quantity of
1 ug of whole RNA was reverse transcribed with the RevertAid First
Strand cDNA Synthesis Kit (Fermentas). Subsequent RT-PCRs were car-
ried out using GoTaq DNA polymerase from Promega. The primers for
mouse ET-1 (235 bp), ECE-1(54 bp), ETAR (129 bp), ETBR (240 bp), and
[-actin (147 bp) were used as previously reported (71). The primer sequences
were as follows: ET-1 (mouse, NM_010104.3) forward: 5'-GGAAAC-
TACGAAGGTTGGAGGC-3', reverse: 5'-CTGTAGAAGCCACACAGAT-
GGTCT-3'; ECE-1 (mouse, NM_199307.2) forward: 5'-GTGGCATTGGT-
GTCGTAGTG-3', reverse: 5'-CTTGATCATCGAAAGCGTGA-3'; ETAR
(mouse, NM_010332.2) forward: 5'-GCTGGTTCCCTCTTCACT-
TAAGC-3', reverse: 5'-TCATGGTTGCCAGGTTAATGC-3'; and B-actin
(mouse, NM_007392.3) forward: 5'-"-TTGCTGACAGGATGCAGAAG-3',
reverse: 5'"-TGATCCACATCTGCTGGAAG-3".

PCR conditions involved an annealing temperature of 60°C for 35 cycles.
PCR products were separated with a 2% (w/v) agarose gel.

SDS-PAGE and Western blotting. Lysates of homogenized samples of DRG
neurons, skin, or whole-cell lysates were homogenized in protein lysis buf-
fer containing a protease inhibitor mixture (Roche Applied Science) and
sonicated; cell debris was removed by centrifugation (14,000 g at 4°C for
10 minutes). Samples were boiled in sample buffer (50 mM Tris-HCL, pH
6.8;2% [w/v] SDS; 0.1% w/v bromophenol blue; 10% [v/v] glycerol; and 2.5%
[v/v] 2-mercaptoethanol) for S minutes, separated by SDS-PAGE (7% or
10% acrylamide), and blotted onto a nitrocellulose membrane (Amersham
Biosciences). Membrane blocking was performed with milk powder
(5% w/v; Sigma-Aldrich) in Tris-buffered saline with 0.05% (v/v) Tween 20
(Sigma-Aldrich) for 1 hour. Primary antibodies were applied overnight at
4°C. After five washes with PBS-Tween 20, the membrane was incubated
with a secondary antibody for 2 hours at room temperature. Immunore-
active polypeptides were visualized using the ECL Plus Western Blotting
Detection Kit (GE Healthcare).

Immunofluorescence of tissues. Tissue samples (10-um sections of DRG neu-
rons) were postfixed in a 4% PFA solution for 2 hours at 4°C, transferred
to a 30% sucrose solution, embedded in Neg-50 (Thermo Fisher Scientific)
for 24 hours at 4°C, and stored at -80°C until use. Sections were washed
in PBS and incubated with 2% (w/v) BSA, 5% (v/v) horse serum, and 0.3%
(v/v) Triton X-100 in PBS for 1 hour. Sections were incubated with primary
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antibodies overnight at 4°C, then washed with PBS and incubated with
secondary antibodies at room temperature for 2 hours (72).

Confocal microscopy. Confocal images were acquired using a Zeiss LSM-
510 META confocal microscope (Zeiss). Tissue staining images were taken
with a x40, x20, or x10 magnification objective in the inverted configura-
tion. Confocal images for primary cultured DRG cells were obtained with a
x63 magnification objective in the inverted configuration. For all confocal
images, a regular-phase transmission image was obtained. In DRGs, the
subcellular distribution of ETAR, ECE-1, and ET-1 were analyzed from
captured images using Image J software (NIH) as described previously
(73, 74). To analyze the subcellular distribution of ETAR, plasma mem-
brane fluorescence was calculated by subtracting cytoplasmic pixel counts
from total cell pixel counts. To analyze the fluorescence intensity of ET-1
and ECE-1 over time, total cell pixel counts were calculated.

IHC. Six-micrometer paraffin sections were deparaffinized, rehydrated,
and heated in a steamer (MultiGourmet Plus FS20; Braun) for 25 min-
utes in Target Retrieval Solution (Dako). Sections were allowed to cool
down in Target Retrieval Solution for 20 minutes. Endogenous peroxi-
dase activity was quenched with 100 mM NaN3 0.1% (w/v) H,O, in PBS
for 20 minutes at room temperature. After washing with PBS, sections
were blocked with 2% (w/v) BSA, 5% (w/v) horse serum, and 0.3% (v/v)
Triton-X 100 (USB Corporation) for 1 hour at room temperature. Sec-
tions were incubated with primary antibodies overnight at 4°C in a
humid chamber. After being rinsed with PBS, sections were incubated
with secondary antibodies for 1 hour at room temperature (EnVision+
System HRP-labeled polymer, anti-rabbit, anti-goat, or anti-sheep; Dako).
Immunoreactivity was detected using the Liquid DAB+ Substrate Chro-
mogen System (Dako). Nuclei were counterstained with Hematoxylin
QS (Vector Laboratories) and mounted with Aquamount (BDH). Stained
sections were examined using the Axiophot microscope (Zeiss) equipped
with a DP70 CCD camera (Olympus). Morphometric analysis of images
was performed using DP-Soft 3.2 software (Olympus).

Scratching behavior. Mice were placed individually in a glass cage
(13 x 13 x 20 cm) for at least 30 minutes before behavioral studies.
ET-1 (1 pmol-1 nmol/site in 0.9% NaCl) or vehicle was administered
i.d. into the nape of the neck or cheek of the mouse. Scratching and
wiping behavior was videotaped for 30 minutes with personnel kept out
of the observation room and was analyzed in a double-blinded fashion.
Analysis of the video footage to determine the number of scratching
bouts included only scratching with the hind paw toward the injected
site and wiping of the right cheek with the front paw. A series of scratch-
ing movements within 1 second was counted as 1 bout of scratching.
SM-19712 (25 mg/kg BW in 0.9% NaCl), ERK1/2 inhibitor (30 mg/kg
BW in 0.9% NaCl, 10% DMSO), HC-030031 (30 mg/kg BW in 0.9%
NacCl), PD0325901 (in 0.9% NaCl, 10% DMSO), or vehicle was injected
i.p. 30 minutes before ET-1 injection. The HIR inhibitor diphenhy-
dramine hydrochloride (3 mg/kg in H,O) was applied orally 30 minutes
before ET-1 injection. BQ-123 (1-25 nmol in 0.9% NaCl) was injected i.d.
30 minutes before ET-1 injection.

Chronic contact dermatitis. Mice were sensitized by topical treatment
with 5% oxazolone (10 ul), which was applied to the left ear. After 7 days,
oxazolone-sensitized mice were topically treated with 0.2% oxazolone
(60 ul) on the flank every other day for a total of 2 weeks. Skin biopsies
of mice were obtained on the last day of oxazolone treatment.

Chronic pruritus model. WT mice were treated one time with 10% oxazolone
in acetone/olive oil (4:1 v/v) on the shaved nape of the neck (100 ul). After
a resting period of 7 days, mice were treated with 1% oxazolone in acetone/
olive oil (4:1 v/v) on the nape of the neck (100 ul) every other day for an
additional 10 days. Baseline scratching behavior was evaluated for 30 min-
utes on days 0, 12, 14, 16, and 18.
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Immunofluorescence of cultured cells. Cultured and stimulated DRG cells
were fixed in 4% PFA and 100 mM PBS (pH 7.4), washed and incubated in
PBS containing 1% FCS and 0.1% saponin for 30 minutes, and incubated
with primary antibodies overnight at 4°C. Cells were washed, incubated
with secondary antibodies for 2 hours at room temperature, then washed
and mounted.

Peptide degradation by ECE-1. ET-1 (250 uM) was incubated with rhECE-1
(100 nM) in 50 mM Mes/KOH (pH 5.5) or 50 mM Tris-HCI (pH 7.4) for 0 to
90 minutes at 37°C. Reactions were stopped by adding trifluoroacetic acid
(TFA). Samples were run on a reverse-phase HPLC and analyzed using an
ABI 4700 MALDI TOF/TOF mass spectrometer. The predicted masses of
the peptides were calculated using the MS-Product feature of the Protein
Prospector program (http://prospector.ucsf.edu/prospector/mshome.htm).

Measurement of single-cell [Ca?*];. DRG cells were seeded on glass cover-
slips (Bellco Coverslips, 18 mm; Electron Microscopy Sciences) coated
with poly-D-lysine and laminin overnight. Two hours before experiments,
neurons were washed and kept in a medium containing 1% horse serum.
Coverslips were washed with HEPES buffer and subsequently incubated
with complete medium containing 2.5 uM Fluo-3 AM (Invitrogen) for
30 minutes at 37°C. Medium was removed, and extracellular contamina-
tion with Fluo-3 AM was eliminated by rinsing with HEPES buffer. Glass
coverslips were transferred to a perfusion chamber, and the cells were
perfused with medium for 10 minutes to allow complete de-esterification
of cytosolic dye. ET-1 at a concentration of 100 nM was then adminis-
tered. Fluorescence signals were measured with a confocal laser scanning
microscope (Zeiss LSM710) using an excitation wavelength of 488 nm.
Emission signals between 505 nm and 530 were recorded. Two-dimen-
sional images were recorded every 0.78 seconds. Relative [Ca2"]; levels are
shown as pseudo-ratios (F/Fy).

Calcium imaging. Upper- to mid-cervical DRGs removed from mice
were enzymatically digested as mentioned above. Cells were plated on
poly-D-lysine-coated glass coverslips and cultured for 16 to 24 hours.
Cells were incubated in Ringer’s solution (pH 7.4; 140 mM NaCl, 4 mM
KCl, 2 mM CaCl2, 1 mM MgClI2, 10 mM HEPES, and 4.54 mM NaOH)
with 10 uM of Fura-2 AM and 0.05% of Pluronic F-127 (Invitrogen).
Coverslips were mounted on a custom-made aluminum perfusion block
and viewed through an inverted fluorescence microscope (Nikon Eclipse
TS100). Fluorescence was excited by UV light at alternating wavelengths
of 340 nm and 380 nm, and the emitted light was collected via a Cool-
Snap camera attached to a Lambda LS lamp and a Lambda optical filter
changer (Sutter Instrument Company). Ratiometric measurements were
made every 3 seconds using Simple PCI software (Compix, Inc.). Approx-
imately 40 cells were observed per dish and subjected to the identical
stimulus sequence. Solutions were delivered by a solenoid-controlled
8-channel perfusion system (ValveLink; AutoMate Scientific) at a flow
rate of 6 ml/minute. ET-1 (1 uM) and histamine (100 uM), SLIGRL-NH2
(100 uM), or CQ (300 uM) were delivered, usually in this order. After
applications of pruritogens, 1 uM capsaicin or 100 uM allyl isothiocy-
anate (AITC) and 144 mM potassium were applied in this order. The
stimulus duration was 30 seconds (10 seconds for capsaicin and AITC).
Ratios were normalized to the prestimulus baseline. Cells were judged to
be responsive if the ratio value increased by more than 10% of the resting
level following chemical application.

Tontophoresis in human subjects. Six healthy adult human subjects
(4 women and 2 men, mean age 30.2 years) participated in the experi-
ment after giving informed consent. Three hours after a 60-mg tablet of
fexofenadine, a commercially available antihistamine H1R blocker, was
administered orally to the subjects, histamine dehydrochloride (10 mg/ml
in distilled water; Sigma-Aldrich) and ET-1 (10 ug/ml in distilled water;
Sigma-Aldrich) were iontophoretically applied to the volar side of the left
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forearm, as has been described previously (75). Histamine or ET-1 was
applied in random order at 10-minute intervals, and both the subjects
and the examiner were blinded to the treatment type. For iontophoresis
of each substance, a constant current of 0.2 mA was applied to the skin for
60 seconds through the iontophoresis system, and round-shaped counter
electrodes of 5-mm and 15-mm diameter, respectively, were placed
S cm apart. The subjects were asked to describe the itch intensity on a 0
(no itch) to 10 (worst itch imaginable) scale every 10 seconds for 10 min-
utes after the termination of iontophoresis.

Statistics. Data are presented as the mean + SEM. Analyses were performed
using GraphPad Prism 4.0 software (GraphPad Software). Between-group
comparisons were performed by a 2-tailed Student’s ¢ test. Multiple com-
parisons within groups were performed by repeated-measures 1-way
ANOVA, followed by a Bonferroni’s post-hoc test or Dunnett’s post-hoc
test unless otherwise indicated. Statistical significance was set at P < 0.05.

Study approval and human subjects. Written and verbal informed consent
was obtained from participants prior to enrollment in the study, in accor-
dance with Declaration of Helsinki principles. Approval of the human
studies was granted by the ethics committee of the University of Miin-
ster. Patients received no topical medications 2 weeks before undergoing
the biopsy procedures. The skin samples included 4 lesional ADs (from
2 males and 2 females, 20-60 years of age, mean age 30.8 years), 4 PNs
(from 2 males and 2 females, 25-82 years of age, mean age 47.4 years), and
7 normal skin samples obtained from postoperative samples (from 4 males
and 3 females, 20-86 years of age, mean age 45.6 years). Iontophoresis is a
noninvasive in vivo method used in humans. The study was performed in
volunteers (2 males and 4 females, 25-40 years of age, mean age 30.2 years).
Results were analyzed in a blinded fashion to guarantee the independence
of the results. None of the participants had skin lesions or a history of AD
including allergic rhinitis or asthma.

Study approval for mouse experiments. All animal experiments were
approved by the IACUC of UCSF and were conducted in accordance with
NIH guidelines for the care and use of laboratory animals and with those
of the Office for Environment, Nature and Municipal Affairs of North

Rhine-Westphalia (Landesamt fiir Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen, Germany).
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