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This study investigated the pruritogenic potency of cathepsin E, an aspartic protease, and its mechanisms in
mice. An intradermal injection of cathepsin E to the rostral back elicited scratching, an itch-associated
response, of the injection site. This action was inhibited by the aspartic protease inhibitor pepstatin A, the
endothelin ET, receptor antagonist BQ-123, and the opioid receptor antagonists naltrexone and naloxone,
but not by the H; histamine receptor antagonist terfenadine, the proteinase-activated receptor-2 antagonist
FSLLRY-NH,, or mast cell deficiency. Pepstatin A inhibited scratching induced by intradermal injection of the

Keywords:
CaJt/hepsin E mast-cell degranulator compound 48/80, but not by tryptase, a mast-cell mediator. An intradermal injection
Endothelin-1 of cathepsin E increased endothelin-1 levels in the skin at the injection site. Preproendothelin-1 mRNA was

Itch present in primary cultures of keratinocytes, and immunohistochemistry using an antibody recognizing
Keratinocyte endothelin-1 and big-endothelin-1 revealed immunoreactivity in the epidermis, especially in the prickle and
Mast cell granular cell layers, but not in the basal cell layer. These results suggest that cathepsin E is an endogenous itch
Scratching inducer, and that its action is mediated at least in part by the production of endothelin-1 in the epidermis.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Proteases have long been known to cause itching in humans;
endopeptidases rather than exopeptidases cause itching (Arthur and
Shelley, 1955), and mast cell-dependent and independent mechanisms
are involved (Davies et al,, 1979; Hagermark, 1973; Hagermark et al.,
1972). Four proteinase-activated receptor subtypes (PARs) have
recently been identified, including PAR;, PAR;, and PAR, receptors,
which are thrombin receptors, and PAR,, which is activated by a trypsin-
type serine protease rather than thrombin (Macfarlane et al., 2001).
Tryptase released from mast cells and PAR; receptors may be involved in
itching in humans with atopic dermatitis (Steinhoff et al., 2003) and
mice with atopy-like dermatitis (Tsujii et al., 2008, 2009). Since PAR,
receptors are present in primary afferents and epidermal keratinocytes
(Steinhoff et al., 2003; Tsujii et al., 2009), they may be important sites of
pruritogenic activity of serine proteases. Cutaneous mast cells also
contain chymase, a chymotrypsin-type serine protease (Metcalfe et al.,
1997), and an intradermal injection of chymase causes itch in humans,
probably by degranulating mast cells (Higermark et al., 1972). Chymase
is involved in the development of chronic dermatitis (Watanabe et al.,
2002), but it is not pruritogenic in mice (Ui et al., 2006).

Cathepsin E (EC 3.4.23.34), an aspartic protease of the pepsin
superfamily, is present in immune cells, such as lymphocytes and
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dendritic cells (for review see Zaidi and Kalbacher, 2008), epidermal
keratinocytes (Hara et al., 1993), and mast cells (Henningsson et al.,
2005). Cathepsin E plays a role in intracellular antigen processing in
antigen-presenting cells (for review see Zaidi and Kalbacher, 2008)
and in the processing of precursor peptides and proenzyme into
mature peptides and active protease, respectively, in cells including
mast cells (Henningsson et al., 2005; Kageyama et al., 1995). In
addition, mast-cell degranulation results in the release of cathepsin E
(Henningsson et al., 2005), which may process some precursor
peptides in the extracellular space. In this context, cathepsin E
converts big-endothelin-1 into mature peptide endothelin-1 (Lees et
al., 1990). The pruritogenic activity of endothelin-1 is higher than
those of other neuropeptides and histamine (Andoh et al., 1998,
2004; Maekawa et al., 2000; McQueen et al., 2007; Trentin et al.,
2006). Thus, we investigated whether cathepsin E is pruritogenic in
mice and, if so, which mechanism(s) are involved in its activity,
including pruritogenic peptide (especially endothelin-1) production,
histamine release, and PAR, receptor activation.

2. Materials and methods
2.1. Animals

Male ICR mice (5-8 weeks old) were used for all experiments except
one series in which mast cell-deficient WBB6F1 W/W" mice (8 weeks

old) and their normal WBB6F1+/+ littermates were used. All mice
were sourced from Japan SLC (Shizuoka, Japan). The mice were housed
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in a room under controlled temperature (2241 °C), humidity
(55%410%), and light (lights on from 07:00 to 19:00 h) conditions.
Food and water were freely available. Procedures performed during the
animal experiments were approved by the Committee for Animal
Experiments at the University of Toyama.

2.2. Materials

Cathepsin E (R&D systems, Inc., Minneapolis, MN, USA) was dis-
solved in physiological saline and injected intradermally to the
interscapular region or cheek in a volume of 50 or 10 p, respectively.
To inactivate cathepsin E, it was heated at 100 °C for 1 h. Endothelin-1
(Peptide Institutes, Inc., Osaka, Japan) and compound 48/80 (Sigma, St.
Louis, MO, USA) were dissolved in physiological saline, and human
tryptase (Wako Pure Chemical Ind., Osaka, Japan) was dissolved in
phosphate-buffered saline (pH 7.4); they were injected intradermally as
pruritogens. Naloxone hydrochloride and naltrexone hydrochloride
were dissolved in physiological saline and injected subcutaneously
15 min before cathepsin E injection. Pepstatin A (Sigma) and BQ-123
(cyclo[p-Trp-p-Asp-L-Pro-D-Val-1-Leu]) (Peptide Institute) were injected
together with pruritogens. Terfenadine was dissolved in 0.5% sodium
carboxymethyl cellulose (Wako Pure Chemical Ind.) and administered
orally 30 min before the cathepsin E and endothelin-1 injections.

2.3. Behavioral experiments

The day before the experiments, hair was removed from the
rostral part of the back or cheek using hair clippers. Before behavioral
observation, the animals were placed individually in an acrylic cage
comprising 4 cells (13x9x35 cm) for at least 1 h to allow them to
acclimate. Immediately after intradermal injection, the animals were
placed back into the same cells and their behavior was videotaped for
1 h; all personnel were kept out of the observation room during this
time. Play back of the video served for determination of hind-paw
scratching (Kuraishi et al.,, 1995). Forelimb wiping of the face was
used to evaluate pain-related response (Shimada and LaMotte, 2008).

2.4. Western blotting

Cathepsin E was injected into the rostral back of each mouse;
10 min later, the mice were euthanized by transcardiac perfusion of
phosphate-buffered saline (PBS) under pentobarbital anesthesia
(80 mg/kg, intraperitoneal). The skin of the injected region was
excised, proteins were extracted from the skin samples with a lysis
buffer (20 mM Tris HCl (pH 7.5), 137 mM NaCl, 1% NP-40, 10%
glycerol, 1 mM phenylmethyl sulfonyl fluoride, 10 pg/ml aprotinin,
1 pg/ml leupeptin), and 20 pg of protein was separated by electro-
phoresis using a 10% sodium dodecyl sulfate-polyacrylamide gel then
transferred to a polyvinylidene difluoride membrane. After blocking
with 5% skim milk solution for 1 h, the membrane was reacted with
rabbit anti-endothelin-1 antibody (Abbiotec) or mouse anti-B-actin
antibody (Sigma) overnight at 4 °C. It was subsequently incubated
with horseradish peroxidase-conjugated immunoglobulin G for 1 h at
room temperature, and then treated with chemiluminescence re-
agents (Amersham Bioscience, Piscataway, NJ, USA). Chemilumines-
cent signals were detected using an X-ray film and analyzed with NIH
Image software. The data was normalized to the level of B-actin.

2.5. Immunohistochemistry

The mice were transcardially perfused with PBS followed by 4%
paraformaldehyde. The skin of the rostral back was removed, post-
fixed for 4 h in the same fixative, and maintained for 1 week in PBS
containing 30% sucrose at 4 °C. Frozen tissue sections were cut at
20 pm thickness using a cryostat. The sections were washed with PBS
3 times then incubated with PBS containing 0.3% Triton X-100 for
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Fig. 1. Scratching responses to intradermal injections of cathepsin E into the rostral
back of mice. Hind-paw scratching of the injection site was counted for 60 min after
intradermal injection of cathepsin E and vehicle (VH). (A) Time-course of scratching
after VH and cathepsin E (1 ng/site) injections. (B) Dose-response curve for cathepsin
E. (C) Scratching after injection of cathepsin E (1 ng/site), heat-treated cathepsin E
(1 ng/site), and VH. Values represent the means 4 S.E.M. for 11 to 12 animals. *P<0.05
(Bonferroni's test).

30 min. They were treated with 1% fetal bovine serum in PBS for 1 h
and then with rabbit anti-endothelin-1 antibody (Abbiotec) or
antibody treated with endothelin-1 (Peptide Institutes) and mouse
anti-human keratin 14 monoclonal antibody for 24 h at 4 °C. After
washing with PBS, the sections were incubated with Alexa Flour 488-
conjugated anti-rabbit IgG antibody (Molecular Probes, Grand Island,
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Fig. 2. Scratching and wiping responses to intradermal injections of cathepsin E into
the cheek. Hind-paw scratching (shaded bars) and forelimb wiping (clear bars) of the
injection site were counted for 30 min after the intradermal injection of cathepsin E
(0.2 and 1 ng/site) and vehicle (VH) into the cheek. Values represent the means +
S.E.M. for eight animals. *P<0.05 when compared with VH (Dunnett's test).
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Fig. 3. Effects of opioid antagonists on scratching induced by cathepsin E injection into
the rostral back. Mice were given an intradermal injection of cathepsin E (1 ng/site)
and hind-paw scratching was counted for 60 min. Naltrexone hydrochloride (NTL,
1 mg/kg), naloxone hydrochloride (NLX, 1 mg/kg), and vehicle (VH) were injected
subcutaneously 15 min before cathepsin E injection. A dotted line shows the number of
scratching bouts after saline injection into the rostral back. Values represent the means +
S.E.M. for eight animals. *P<0.05 when compared with VH (Dunnett's test).
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Fig. 4. Effects of pepstatin A, BQ-123, and FSLLRY-NH2 on scratching induced by
cathepsin E. Mice were given an intradermal injection of cathepsin E (1 ng/site) and
hind-paw scratching was counted for 60 min. Pepstatin A (A), BQ-123 (B), and FSLLRY-
NH2 (C) were injected together with cathepsin E. Dotted lines show the number of
scratching bouts after saline injection into the rostral back. CNT: control. Values
represent the means + S.E.M. for eight animals. *P<0.05 compared with the control
(Dunnett's test).

NY, USA) and Alexa Flour 594-conjugated anti-mouse IgG antibody
(Molecular Probes) for 2 h. Fluorescence signals were observed with a
confocal microscope (Bio-Rad, Hercules, CA, USA).

2.6. Reverse transcription and polymerase chain reaction

Primary cultures of mouse keratinocytes were prepared as described
previously (Andoh et al, 2009). Total RNA was extracted from
keratinocytes using TRIzol® reagent (Invitrogen Co., Carlsbad, CA,
USA), and treated with DNase I (Takara Bio Inc., Otsuy, Japan). Total RNA
(1 pg) was then reverse transcribed into cDNA using oligo(dT);¢ primer.
PCR was performed as described previously (Andoh et al,, 2004). The
sequences of the primers used were as follows: preproendothelin-1
(sense), 5'-AACCTGGTCTGTGCTTTTTAGC-3’; preproendothelin-1 (anti-
sense), 5'-TGGCCTGCCCAGACATATAT-3’; glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (sense), 5’-TTACTCCTTGGAGGCCACGT-3’;
GAPDH (antisense), 5'-CCAAGGTCATCCATGACAAC-3'. Reaction prod-
ucts were separated on a 2% agarose gel and stained with ethidium
bromide.

2.7. Data processing

Data are presented as means4+standard error of the mean
(S.E.M.). Statistical significance was analyzed with Bonferroni's,
Dunnett's, or Student's t-tests; P<0.05 was considered significant.

3. Results
3.1. Scratching behavior induced by cathepsin E

An intradermal injection of cathepsin E (1 ng/site) into the rostral
back elicited hind-paw scratching at the injection site; the effect
peaked in the first 10-min post-injection and almost subsided after
20 min (Fig. 1A). Cathepsin E at intradermal doses of 1-100 ng/site
significantly increased scratching and a dose of 0.1 ng/site had no
effect; the dose-response curve was bell-shaped with a peak effect at
1 ng/site (Fig. 1B). The scratch-inducing action of cathepsin E (1 ng/site)
was almost abolished by its heat treatment (Fig. 1C).

To determine whether cathepsin E induces itching alone or itching
together with pain, cathepsin E was injected intradermally into the
cheek. Cathepsin E (0.2 and 1 ng/site) produced a dose-dependent
increase in hind-paw scratching (itch-related response), but not
forelimb wiping (pain-related response) (Fig. 2).

3.2. Effects of opioid antagonists on cathepsin E-induced scratching

Pretreatment with the opioid receptor antagonists naloxone
hydrochloride (1 mg/kg) and naltrexone hydrochloride (1 mg/kg)
significantly inhibited hind-paw scratching induced by cathepsin E
(1 ng/site) (Fig. 3).

3.3. Effects of various agents on cathepsin E-induced scratching

When injected together with cathepsin E (1 ng/site), the aspartic
protease inhibitor pepstatin A (2 and 20 nmol/site) significantly
inhibited cathepsin E-induced scratching (P<0.05 each dose, Fig. 4A).
Simultaneous administration of the ET, endothelin receptor antago-
nist BQ-123 (1-100 ng/site) significantly inhibited cathepsin E (1 ng/
site)-induced scratching (P<0.05 each dose, Fig. 4B). BQ-123 (100 ng/
site) also significantly (Bonferroni's test) inhibited scratching induced
by an intradermal injection of endothelin-1; the number of scratching
bouts (per hour) was 26 43, 142 420, and 30+ 4 (n=_8 each) after
injection of the vehicle, endothelin-1 (30 pmol), and endothelin-1
(30 pmol) + BQ-123, respectively. The proteinase-activated receptor-
2 (PAR;) antagonist FSLLRY-NH, (12.5 and 125 nmol/site) did not
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Fig. 5. Effects of terfenadine and mast cell deficiency on scratching induced by
cathepsin E. Mice were given an intradermal injection of cathepsin E (1 ng/site) and
hind-paw scratching was counted for 60 min. (A) Terfenadine and vehicle (VH) were
administered orally to ICR mice 30 min before the injection. A dotted line shows the
number of scratching bouts after saline injection into the rostral back. (B) MC(—) and
MC(+) show the data obtained from mast cell-deficient and wild-type mice,
respectively. Values represent the means 4+ S.E.M. for eight animals. *P<0.05 compared
with VH (Bonferroni's test).

significantly inhibit cathepsin E-induced scratching, although there
was a tendency toward a decrease (Fig. 4C).

3.4. Effect of H; histamine receptor antagonist and mast cell deficiency on
scratching induced by cathepsin E and endothelin-1

The H; histamine receptor antagonist terfenadine (30 mg/kg) did
not suppress scratching induced by an intradermal injection of
cathepsin E (1 ng/site) (Fig. 5A). In both mast cell-deficient WBB6F1
W/W" mice and their normal WBB6F1+/+ littermates, an intrader-
mal injection of cathepsin E (1 ng/site) significantly increased
scratching compared with the vehicle; mast-cell deficiency did not
inhibit cathepsin E-induced scratching (Fig. 5B). Scratching induced
by endothelin-1 (30 pmol/site) was not inhibited by pretreatment
with terfenadine (30 mg/kg); the number of scratching bouts (per
hour) was 150421 and 160429 (n=8 each) in the groups
administered vehicle and terfenadine, respectively.

3.5. Effects of pepstatin A on compound 48/80- and tryptase-induced
scratching

Simultaneous injections of pepstatin A (2 and 20 nmol/site)
partially but significantly inhibited scratching induced by an intra-
dermal injection of compound 48/80 (10 pg/site) (Fig. 6A). Pepstatin
A at the same doses did not inhibit scratching induced by an
intradermal injection of tryptase (0.1 ng/site) (Fig. 6B).

3.6. Effect of cathepsin E on the level of endothelin-1 in the skin
An intradermal injection of cathepsin E (1 ng/site) significantly

increased the level of endothelin-1 in the skin at the injection site
compared with saline injection (Fig. 7).
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Fig. 6. Effects of pepstatin A on scratching induced by compound 48/80 and tryptase.
Mice were given an intradermal injection of compound 48/80 (A, 10 pg/site) or
tryptase (B, 0.1 ng/site) and hind-paw scratching was counted for 60 min. Pepstatin A
was injected together with pruritogens. Values represent the means + S.E.M. for eight
animals. *P<0.05 compared with the control (Dunnett's test).
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Fig. 7. Cathepsin E increased the intracutaneous level of endothelin-1. Cathepsin E
(1 ng/site) or vehicle (VH) was injected intradermally into the rostral back, the skin of
which was isolated 10 min later for western blot determination of endothelin-1;
representative western blot data (two samples each group) are shown in the upper
panel. The level of endothelin-1 was normalized to that of 3-actin. Values represent the
means £ S.E.M. for eight animals. *P<0.05 (Student's t-test).
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3.7. Distribution of endothelin-1 in the skin and expression of
preproendothelin-1 mRNA in primary cultures of mouse keratinocytes

Endothelin-1-like immunoreactivity was present in the epidermis;
staining for keratin 14, a marker of epidermal basal cells (Aden et al.,
2008), made clear the localization of endothelin-1 in the prickle and
granular cell layers (Fig. 8A, B). Reverse transcriptase and polymerase
chain reaction showed the expression of preproendothelin-1 mRNA in
primary cultures of mouse keratinocytes (Fig. 8B).

4. Discussion

Cathepsin E elicited hind-paw scratching after intradermal injection
into the rostral back and cheek of mice, suggesting that cathepsin E is
pruritogenic. Cathepsin E-induced scratching was inhibited by the
opioid receptor antagonists naltrexone and naloxone. In view of the
findings that opioid antagonists inhibit itching and/or scratching in
patients with pruritic diseases, such as cholestasis, chronic urticaria, and
atopic dermatitis in humans (Bergasa et al., 1995; Monroe, 1989) as
well as in many mouse itch models (Andoh et al., 1998, 2004, 2009;
Miyamoto et al., 2002; Ohtsuka et al., 2001; Yamaguchi et al., 1999,
2001), these results support the idea that cathepsin E-induced
scratching is an itch-related response. An intradermal injection of
cathepsin E into the cheek elicited hind-paw scratching but not
forelimb wiping, suggesting that intradermal cathepsin E selectively
induces itch and does not cause pain. Itching and scratching have been
shown to be induced by serine proteases (e.g., tryptase, trypsin,
chymase, and kallikrein) and cysteine proteases (e.g., muconain and
cathepsin S) in humans and/or rodents (Costa et al., 2008; Higermark,
1974; Hagermark et al., 1972; Reddy et al., 2008, 2010; Ui et al., 2006).
This is the first report of the pruritogenic action of an aspartic protease.

Itching/scratching induced by chymase and trypsin may be
mediated at least in part by histamine and/or other mediators
released from mast cells in humans and mice (Costa et al., 2008;
Héagermark et al., 1972). In contrast, cathepsin E-induced scratching
was not inhibited by the H; histamine receptor antagonist ter-
fenadine at an oral dose of 30 mg/kg, which significantly suppresses
scratching induced by histamine and passive cutaneous anaphylaxis
in mice (Inagaki et al., 1999; Ohtsuka et al., 2001). In addition,
cathepsin E-elicited scratching was similar between WBB6F1 W/W"
(mast cell-deficient) and WBB6F1+/+ (normal control) mice. These
results suggest that mast cell mediators, including histamine, do not
play an important role in cathepsin E-induced scratching.
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Heat treatment of cathepsin E and simultaneous administration of
the aspartic protease inhibitor pepstatin A (Chain et al., 2005) almost
abolished cathepsin E-induced scratching, suggesting that enzyme
activity is responsible for its pruritogenic activity. The enzyme
activity of cathepsin E is invariable over a low pH range (3.0-4.5)
and diminishes above pH 5, but a significant level of cathepsin E
activity is observed even at pH 7.0 in the presence of adenosine 5'-
triphosphate (Thomas et al., 1989). Since the pH values of the
cathepsin E solution administered and the murine dermis were 6.25
and 6.90+0.02 (n=6), respectively (our preliminary experiments),
cathepsin E might function as aspartic protease in the presence of
intra- and extracellular adenosine 5’-triphosphate.

The PAR, receptors are responsible for itching/scratching induced
by trypsin-type serine proteases such as trypsin and tryptase (Costa
et al., 2008; Ui et al., 2006). The PAR; and PAR, receptors may be
involved in itching induced by cysteine proteases such as mucunain
and cathepsin S (Reddy et al., 2008, 2010). In contrast, the PAR,
antagonist FSLLRY did not attenuate scratching induced by cathepsin
E. Thus, the PAR; receptors may not play a key role in cathepsin E-
induced scratching.

Pepstatin A significantly but partly inhibited scratching induced by
compound 48/80, which degranulates mast cells with them intact (Ellis
et al, 1970), at doses that inhibited cathepsin E-induced, but not
tryptase-induced, scratching. These results suggest that aspartic
protease, probably cathepsin E, is involved at least in part in mast cell-
dependent itching. Thus, mast cells release multiple itch mediators,
such as histamine, tryptase, and cathepsin E.

Scratching induced by intradermal cathepsin E was found to be
inhibited by the endothelin ET, receptor antagonist BQ-123. An
intradermal injection of endothelin-1 alone in mouse elicits scratching,
which is suppressed by BQ-123 (McQueen et al., 2007; Trentin et al.,
2006, present experiments). Thus, it is suggested that endothelin ET,
receptor, and probably endothelin-1 generated from big-endothelin-1
by cathepsin E, are involved in cathepsin E-induced scratching. The
result that terfenadine (30 mg/kg) did not affect scratching induced
cathepsin E and endothelin-1 is consistent with the above idea.
Cathepsin E processes big-endothelin-1 to generate endothelin-1 (Lees
et al,, 1990) and an intradermal injection of cathepsin E increased the
intracutaneous level of endothelin-1. Endothelin-1 was present in the
prickle and granular cell layers of the epidermis and preproendothelin-1
mRNA in primary cultures of epidermal keratinocytes. Therefore, a
possible origin of big-endothelin-1 is epidermal keratinocytes. There-
fore, it is possible that cathepsin E in the epidermis is involved in itching.
Since cathepsin E is present in the prickle and granular cell layers of
epidermis (Hara et al, 1993), in addition to mast-cell cathepsin E,
keratinocyte cathepsin E may also be involved in itching. An intradermal
injection of the content of edema after immediate allergy causes
scratching in naive mice (Nakano et al., 2008), another possible source
of big-endothelin-1 is blood plasma. However, plasma concentrations of
big-endothelin-1 and endothelin-1 are less than 1 fmol/ml in rodents
(Lovric-Bencic et al., 2004), which are far less than pruritogenic doses of
endothelin-1 (0.01-10 nmol/ml) in mice (McQueen et al., 2007; Trentin
et al., 2006; present experiments). Therefore, blood plasma may not be
an important source of pruritogenic endothelin-1 and big-endothelin-1.

Endothelin-1 has high binding affinity for the endothelin ET, and
ETg receptor subtypes (Masaki, 2004), and the ET, receptor subtype
may play a key role in endothelin-1-induced scratching in mice
(McQueen et al., 2007; Trentin et al., 2006; present experiment). The
adenylyl cyclase-protein kinase C pathway has been shown to be
involved in ET4 receptor-mediated endothelin-1-induced scratching
(Liang et al., 2010). ETa, but not ETp, receptors are expressed in
primary sensory neurons (Pomonis et al., 2001), and endothelin-1
activity may be mediated by the potentiation of co-expressed
transient receptor potential vanilloid 1 (Plant et al., 2007). The role
of the ETg receptor in endothelin-1-associated scratching is contro-
versial (McQueen et al., 2007; Trentin et al., 2006).
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In summary, intradermal cathepsin E has pruritogenic activity,
whichis at least partly mediated by the production of endothelin-1. This
is the first report of a pruritogenic effect of an aspartic protease with the
involvement of generation of a pruritic peptide as part of its effect.
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