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Abstract

Endothelin-1 (ET-1) has recently been identified to evoke pruritus/itching sensation in both humans and animals. It is most
likely that the signaling is through the specific G-protein-coupled ET, and ETg receptors, but the downstream signaling
mediators for ET-1 remain elusive. In the present study, we examined the potential involvement of several distinct signaling
molecules in ET-1-induced pruritus in a murine model. We applied an in vivo pruritus model in C57BL/6J mice by injecting
ET-1 intradermally into the scruff, and recording the number of scratching bouts within 30 min after injection. Then specific
antagonists/inhibitors for distinct signaling molecules, including cell-surface ET, and ETg receptors, histamine receptor
type 1 (H1 receptor), protein kinases A (PKA) and C (PKC), phospholipase C (PLC) or adenylyl cyclase (AC), were co-
injected with ET-1. The results showed that ET-1 induced a vigorous scratching response in mice in a dose-dependent
manner. This response was further enhanced by a specific antagonist for ETg receptor, BQ-788, reduced by a specific
antagonist for ET, receptor, BQ-123, and not affected by mepyramine, the specific inhibitor for H1 receptor. In addition,
the scratching response was significantly reduced by inhibitors for PKC and AC, but was significantly enhanced by PLC
inhibitor, while PKA inhibitors showed no effects in the ET-1-induced scratching response. Our data suggested that ET-1
may signal through the ET, receptor, AC and PKC pathway to induce pruritus sensation, while ETg receptor and PLC may
antagonize the pruritus evoked by ET-1. These results may provide a basis for the future development of antipruritic therapy.
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Introduction

Pruritus/itching is an unpleasant sensory experience associ-
ated with the desire to scratch." An ‘intensity theory” pro-
posed by Dr v Frey about 90 years ago suggests that both
itching and pain result from the activation of nociceptors,
but to a different extent, with a weak one leading to
itching and a stronger one to pain.” This theory holds true
considering the great overlap in the mediators, processing
mechanisms and therapeutic approaches for both sen-
sations." However, accumulative evidence also points to
their distinct differences.® First, they induce different behav-
ioral responses; pain elicits a withdrawal reflex while itching
leads to a scratch reflex. Second, they seem to antagonize
each other; pain induced by a scratch can inhibit itching,
and many analgesics can generate itching. Third, different
neuronal pathways are utilized to preferentially conduct
one sensation over the other.
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The nociceptors are suggested in itching development
and progression. In tissue damage subsequent to inflam-
mation, ischemia, infection, injury or tumor invasion,
various chemical mediators activate or sensitize nociceptor
terminals to elicit or exacerbate pain. Among these
mediators, endothelin-1 (ET-1) is generated by a variety of
cell types, including endothelial cells, vascular smooth
muscle cells, leukocytes, cardiomyocytes and mesangial
cells, and some tumor cell lines.*” Local administration of
ET-1 induces pain-related behavior in both humans and
animals.®~®

More recently, ET-1 has been demonstrated to elicit prur-
itus in mice”® and humans."*? ET-1-induced pruritus does
not rely on the presence of either phospholipase C 3
(PLCB3) or transient receptor potential vanilloid 1
(TRPV1), but requires TRPVl1-expressing nociceptors,
potentially through some alternative signal-transducing
mechanisms independent of TRPV1.'® Other studies
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suggested that pruritus induced by ET-1 could be due to
indirect actions of other endogenous mediators such as his-
tamine,”"” which was supported by the observation that
intradermal injection of ET-1 mainly induced mast cell
degranulation and mast cell-dependent inflammation.™
The signaling of ET-1 is mediated via two main membrane
G-protein-coupled receptor (GPCR) subtypes, ETo and ETg
receptors. The expression of ET4 receptor is largely confined
to the vascular endothelium, as well as neurons and mast
cells, while ETg receptor is mainly expressed by keratino-
cytes, smooth muscle cells and vascular endothelium.'~"*
So far, little is known about the molecular mechanisms
underlying the pruritogenic action of ET-1. By applying
selective antagonists/inhibitors of key signaling molecules
within intracellular signaling systems coupled to GPCRs
including histamine receptor type 1 (H1 receptor), ETa
and ETg receptors, we found that signals downstream of
H1 receptor were not involved in the process of pruritus
induced by ET-1; those through ET, receptor, adenylyl
cyclase (AC) and the protein kinase C (PKC) pathway
induced pruritus sensation, while those through ETy recep-
tor and PLC antagonized the pruritus evoked by ET-1. The
results may be helpful in further determining the molecular
mechanisms and the development of novel therapeutic
approaches targeting pruritus.

Materials and methods
Chemicals and reagents

Synthetic ET-1, BQ-123 (cyclo[p-Trp-p-Asp-Pro-p-Val-Leu])
and BQ-788 (N-cys-2,6-dimethylpiperidinocarbonyl-L-y-
methylleucyl-p-1-methoxycarboyl-p-norleucine), the latter
two being selective antagonists for ET, and ETg receptors,
respectively, were purchased from American Peptides
(Sunnyvale, CA, USA). 5Q22536 (9-(tetrahydro-2-furanyl)-
9H-purin-6-amine, inhibitor for adenylyl cyclases),
Bisindolylmaleimide I (BIM; a PKC inhibitor), U73122 (1-[6-
[[(17b)-3-methoxyestra-1,3,5(10)-trien-17-ylJamino]hexyl]-1H-

pyrrole-2,5-dione, a PLC inhibitor), H89 (N-[2-[[3-(4-bromo-
phenyl)-2-propenyl]amino]ethyl]-5-isoq uinolinesulfonamide
dihydrochloride, a protein kinase A [PKA] inhibitor) and
mepyramine (a specific receptor for H1 receptor) were pur-
chased from Sigma Chemical Co (Saint Louis, MO, USA).
All chemicals were dissolved in phosphate-buffered saline
(pH 7.4) for stock solutions, except for BIM and U73122,
which were dissolved in dimethyl sulfoxide (DMSO), and
the final DMSO concentration in working solution was <2%.

Animals

Male C57BL/6] mice, weighing 20-22 g, were obtained
from the Center for Laboratory Animals, Sun Yat-sen
University (Guangzhou, China). The animals were housed
at a room temperature of 22 +1°C on a 12/12-h light/
dark cycle, with access to food and water ad libitum. The
animal use and care protocols were approved by the
Committee on Ethical Use of Animals of Guangdong
General Hospital (Guangzhou, China), following the
National Institutes of Health animal use and care
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guidelines. All efforts were made to minimize animal suffer-
ing and to reduce the number of animals used.

Pruritus model and behavioral analysis

The pruritus model was established as previously described
with minor modifications.” Briefly, one day after shaving
the rostral part of the back of the neck, mice were placed
into a small plastic chamber (22 x 12 x 20 cm®) 30 min
before the experiment. For drug administration, mice were
briefly removed from the chamber, and 100 uL of each
test drug was intradermally injected with a 30-gauge
needle. Then the mice were returned to the chamber, and
the hind limb scratching directed towards the shaved area
at the back of the neck was observed and recorded for
30 min. One scratch was defined as a lift of the hind limb
towards the injection site and then a reposition of the limb
back to the floor, regardless of the scratching strokes that
took place between the two movements. Mepyramine
(40 mg/kg body weight) was intraperitoneally injected
30 min before intradermal injection of ET-1. To reduce the
injection times, other antagonists or inhibitors were
co-injected with ET-1. The specific doses of BQ-123,
BQ-788, mepyramine, H89 and U73122 used in this study
were selected based on previous studies.”' =

Statistical analysis

All data are presented as mean + SEM. Data were statisti-
cally evaluated by analysis of variance followed by
Bonferroni’s test or, when only two means were to be com-
pared, unpaired Student’s t-test, and a P value of <0.05 was
considered statistically significant.

Results

ET-1 evokes scratching response
in a dose-dependent manner

The dose-dependent itching-inducing effects of ET-1 were
first examined. As shown in Figure 1, ET-1 increased the
number of scratches in a dose-dependent manner, with a
significant increase starting from 1 pmol ET-1 (P < 0.05).
At 1000 pmol, ET-1 evoked an average of 360 bouts of
scratches within 30 min. At 100 pmol, ET-1 induced a mod-
erate increase in the scratching behavior (an average of 187
bouts for 30 min), within the linear range of ET-1 effects.
Therefore, the dose of 100 pmol was selected for subsequent
experiments.

ETa-mediated signaling enhances, ETg-mediated
signaling reduces, while H1-mediated signaling
does not affect the pruritogenic effect of ET-1

The selective antagonists for ET and ETy receptors, BQ-123
and BQ-788, as well as inhibitors of the various intracellular
signaling elements, when administered individually, did
not cause scratching behavior of the mice (data not
shown). BQ-123 at 100 nmol significantly reduced the
number of scratches (from an average of 185 to 8 bouts),
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Figure 1 Pruritus induced by ET-1. ET-1 at indicated doses was injected

intradermally into the scruff of mice. The bouts of scratches within 30 min
after the injection were recorded. Values are presented as mean + SEM (n =
10 in each group). *P < 0.05, as compared with the control (phosphate-
buffered saline-treated) group (ET-1 = 0). ET-1, endothelin-1

while BQ-788 at 30 nmol increased the number of scratches
from an average of 185-337 bouts (all P < 0.05, Figure 2a).
These results indicate that ET, receptor is involved in
ET-1-induced pruritus, but the ETg receptor can modulate
these pruritogenic effects. Besides, H1 receptor antagonist
mepyramine (150 £+ 23.6) did not statistically alter the
scratching behavior of mice from that seen in vehicle-treated
mice (165.1 + 28.8) (P > 0.05, Figure 2b).

AC and PKC mediate but PLC antagonizes the
ET-1-induced pruritus while PKA has no effect

When stimulated by ET-1, there is an increase in calcium
influx and mobilization of intracellular calcium, which is
associated with the activation of multiple signaling path-
ways, such as AC/PKA signaling and PLC/PKC signaling.”
Therefore, we evaluated the role of PKC and PKA in the
pruritus induced by ET-1. Inhibiting PKC activity by BIM
reduced the scratching response at the doses of 2 ug and
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10 ug (P < 0.05), with a stronger reduction achieved follow-
ing a higher dose of BIM. On the other hand, the specific
PKA inhibitor, H89, did not affect the scratching response
(P> 0.05, Figure 3a). U73122, the specific PLC inhibitor,
enhanced the scratching response by increasing the
number of scratches from 173 to 320 bouts (P < 0.05,
Figure 3b). As shown in Figure 3c, SQ22536, a selective
inhibitor of AC, inhibited the scratching response in a dose-
dependent manner. It reduced the average number of
scratches from 178 to 154 bouts at 30 nmol and to 69
bouts at 300 nmol (all P < 0.05).

Discussion

ET-1 is secreted by multiple cell types and through GPCRs,
ET4 and ETg receptors, regulates vascular homeostasis and
contributes to vessel pathologies, such as type II diabetes,?®
coronary artery disease’” and pulmonary arterial hyperten-
sion.”® Besides vascular regulation, ET-1 also evokes pruri-
tus sensation when injected intradermally in humans,™"'2
and induces nociceptive responses in rodents.”*’ Several
studies have looked into the contributions of ET, and ETg
receptors in ET-l-induced pruritus.”'’ Using a similar
mouse itching model, McQueen et al.? and Trentin et al.'°
demonstrated that ET-1 induces scratching responses in a
dose-dependent manner. However, the effective dose
range varies among different species. For instance, in male
Swiss mice, ET-1 generated a maximal response at
10 pmol, with higher doses showing a diminished
response.’” In female BALB/c mice, the peak scratch
response appeared at approximately 4 pmol.’ In male
C57BL/6] mice used for this study, ET-1-induced scratching
responses in a near-linear fashion within the range of 1-
1000 pmol, indicating the significance of genetic back-
grounds in determining pruritogenic sensitivity to ET-1.
The co-administration of selective antagonists for ET, or
ETp receptor with ET-1 exhibited opposite effects on
ET-1-induced pruritus, with blocking ETA receptor
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Figure 2 Effects of specific inhibitors for ETs, ETg and H1 receptor on the scratching response after ET-1 injection. (a) 100 pmol ET-1 alone or together with
100 nmol BQ-123 (ET, antagonist) or 30 nmol BQ-788 (ETg antagonist) were injected intradermally into the scruff of mice. The bouts of scratches within
30 min after the ET-1 injection were recorded. (b) 100 pmol ET-1 were injected intradermally into the scruff of mice following intraperitoneal injection with mepyr-
amine (40 mg/kg) or vehicle (ET-1 alone). The bouts of scratches within 30 min after the ET-1 injection were recorded. Values are presented as mean + SEM (N =
7 in each group). *P < 0.05, as compared with the group treated with ET-1 only. ET-1, endothelin-1
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Figure 3 Effects of selective inhibitors for protein kinase C (PKC), protein kinase A (PKA), phospholipase C (PLC) and adenyl cyclase (AC) on the scratching
responses after endothelin-1 (ET-1) injection. 100 pmol ET-1 only or together with BIM (PKC inhibitor, a) at indicated doses, or 50 ug H89 (PKA inhibitor, A) or
100 pmol U73122 (PLC inhibitor, b) or SQ22536 (AC inhibitor, c) at indicated doses were injected intradermally into the scruff of mice. The bouts of scratches
within 30 min after the injection were recorded. Values are presented as mean + SEM (n = 7 in each group). *P < 0.05, as compared with the group treated

with ET-1 only

dramatically reducing the scratching response and blocking
ETg receptor significantly enhancing it. These results
suggest that, similar to the actions of ET-1 on vascular regu-
lation, the activations of ET, and ETg receptors also contra-
dict each other in mediating pruritus, with the former being
pruritogenic and the latter antagonizing it.

ET-1 has been demonstrated as a potent pro-inflammatory
agent. Since many inflammatory mediators, such as hista-
mine, bradykinin, serotonin and prostaglandins, are also
known to evoke itch sensation, it was suggested that in
addition to directly acting on nerve endings, ET-1 may
induce pruritus through indirect actions via release of
endogenous mediators such as histamine from mast cells,
which was supported by the observation that skin inflam-
mation following intradermal injection of ET-1 depends on
mast cells.”'* To test whether histamine-related inflammation
may contribute to ET-1-induced pruritus, we co-injected
specific inhibitor for H1 receptor and observed no significant
behavioral change, suggesting that ET-1 may directly act on
pruriceptive nerve endings to induce itching response.

So far, little is known regarding downstream signaling
from ET, and ETg receptors to the intracellular signaling
pathways to transduce the pruritogenic response of ET-1.
We found that AC and PKC were among the molecules to
stimulate the itching sensation by ET-1, that PLC antago-
nized the pruritus evoked by ET-1, and that PKA had no
effects on the pruritogenic activity of ET-1.

Intracellular cAMP increases upon activation of AC; the
major effects of cCAMP in mammalian cells were mediated

intracellularly by PKA. We have proven that PKA had no
effects on the pruritogenic activity of ET-1. Our study also
showed that the effects of blocking PKC or AC on
ET-1-induced pruritus were similar to that exerted by block-
ing the ETx receptor. The cAMP-to-PKC signaling might be
involved in the process. Other studies suggest an association
between cAMP and PKC signaling. Cunha et al.** demon-
strated that the ET-1-induced mechanical hypernociception
in rat hindpaw is through ETg/cAMP/PKC, but not PKA
pathway. Another study on the mechanical hyperalgesia
induced by ET-1 revealed that this effect is mediated via
ETg receptor coupled with PKC, as well as PLC, but not
PKA.®! In addition, Hucho et al.*> demonstrated that, for
inflammatory pain, the cAMP-to-PKC signaling is mediated
through the cAMP-activated guanine exchange factor Epac,
which signals downstream to PLC and PLD, both of which
are necessary for translocation and activation of PKC.
However, the PKC signaling did not seem to descend
from the PLC pathway in our study, since blocking PLC
by U73122 produced an opposite effect from blocking
PKC. Our results reveal a new pathway for the
cAMP-to-PKC signaling that is PLC-independent, which
could be due to the distinct isoforms of PKC that were acti-
vated or the cell-type specificity where the activation occurs
(Figure 4).

ET-1 induced pain, itching and thermal hyperalgesia in
an ET, receptor-dependent manner. We found that both
ET-1-induced pain-like behavior and thermal hyperalgesia
are reduced in TRPV1 gene knockout mice.”>** While



Experimental Biology and Medicine Volume 235

U73122
cAMP

Mechanical
Itch hyperalgesia

Figure 4 Schematic representations of the differential involvement of AC/
cAMP /PKC pathways in ET-1-mediated pruritus and mechanical hyperalgesia
in a cell-dependent manner, with cells represented as circles. In neurons or
nerve endings, ET-1 could signal through ET5a/AC/cAMP/PKC pathway to
induce pruritus. In non-neuronal cells, such as keratinocytes, ET-1 signals
through the ETg receptor to release chemicals such as beta-endorphine or
inflammatory mediators. Some of the chemicals inhibit ET-1-induced pruritus
through unknown mechanisms. The release of these antipruritic chemicals
could be inhibited by PLC inhibitor, U73122, which presents pro-pruritic func-
tion. Some chemicals may act on neurons and induce mechanical hyperalge-
sia via AC/cAMP//PLC/PKC signaling pathway. ET-1, endothelin-1; PKC,
protein kinase C; PKA, protein kinase A; PLC, phospholipase C; AC, adenyl
cyclase

thermal hyperalgesia could be inhibited by a PKC inhibitor,*
ET-1-induced pain-like behavior could not be inhibited by
a PKC inhibitor.?** For ET-1-induced pruritus, however,
TRPV1 itself is not required, but the TRPVI1-expressing
neurons are essential, implying the involvement of other sig-
naling molecules within the TRPV1-expressing neurons.”
Pain induced by ET-1 is not related to TRPV1 in rat; recently
we found that ET-1-induced pain in mice is TRPA1-depen-
dent,?' and the pain was inhibited by U73122.

The data from the current study imply that, for the prur-
itogenic activity of ET-1, AC and PKC may act downstream
from the ET, receptor, while PLC may act from the ETg
receptor. However, several questions arose from this
study. First, the search for signaling mediators of ET-1 is
definitely not complete from the current work. Although
our study revealed, for the first time, a partial list of the
functionally important molecules, there may be more mol-
ecules involved in ET-1-induced pruritus. Second, since
the study was carried out on living mice, it is difficult to
conclude the functions of specific signaling molecules in
different cell types, and how they contribute to the overall
functional readout. Based on these data, more detailed in
vitro studies should be carried out in the future. Third, it
is not clear how those signaling pathways are regulated,
whether directly by ET-1 through the ET,, ETg, or other
receptors, or indirectly through other pruritogenic factors.
As suggested by several studies, there might be a crosstalk
between ET-1 and other nociceptors.>>”

In summary, we investigated the potential involvement of
several signaling molecules in ET-1-induced pruritus in
mice. ETx receptor, AC and PKC were found to promote
the itching sensation, and ETp receptor and PLC antago-
nized it, while signaling via the H1 receptor presented no
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effect. Given that ET-1 can be secreted by multiple cell
types in response to a variety of stress stimuli, such as
inflammation and tissue injury, this study may provide a
basis for searching novel antipruritic targets for various
clinical situations.
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