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GRPR/PI3K"y: Partners in Central Transmission of Itch
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The gastrin-releasing peptide (GRP) and its receptor (GRPR) are important components of itch transmission. Upstream, but not down-
stream, aspects of GRPR signaling have been investigated extensively. We hypothesize that GRPR signals in part through the PI3Ky/Akt
pathway. We used pharmacological, electrophysiological, and behavioral approaches to further evaluate GRPR downstream signaling
pathways. Our data show that GRP directly activates small-size capsaicin-sensitive DRG neurons, an effect that translates into transient
calcium flux and membrane depolarization (~20 mV). GRPR activation also induces Akt phosphorylation, a proxy for PI3K+y activity, in
ex vivo naive mouse spinal cords and in GRPR transiently expressing HEK293 cells. The intrathecal injection of GRP led to intense
scratching, an effect largely reduced by either GRPR antagonists or PI3K+y inhibitor. Scratching behavior was also induced by the
intrathecal injection of an Akt activator. In a dry skin model of itch, we show that GRPR blockade or PI3K+y inhibition reversed
the scratching behavior. Altogether, these findings are highly suggestive that GRPR is expressed by the central terminals of DRG nocice-

ptive afferents, which transmit itch via the PI3K-y/Akt pathway.
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ignificance Statement

Itch is the most common symptom of the skin and is related to noncutaneous diseases. It severely impairs patients’ quality of life
when it becomes chronic and there is no specific or effective available therapy, mainly because itch pathophysiology is not
completely elucidated. Our findings indicate that the enzyme PI3K'y is a key central mediator of itch transmission. Therefore, we
suggest PI3Ky as an attractive target for the development of new anti-pruritic drugs. With this study, we take a step forward in our
understanding of the mechanisms underlying the central transmission of itch sensation.
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Introduction

Itch is defined as an unpleasant sensation and emotional experience
that leads to the desire or reflex to scratch (Ikoma et al., 2006). Itis a
recurring symptom and is a feature of both skin and systemic disor-
ders, including chronic kidney and liver diseases, viral infections,
diabetes, neurologic conditions, and certain cancers (Weisshaar and
Dalgard, 2009; Davidson and Giesler, 2010). Chronic itch is a major
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burden that significantly affects the quality of life of patients to an
extent comparable to that of chronic pain (Kini et al., 2011). Al-
though itch and pain share nerve fibers and mechanistic and molec-
ular overlap, their respective sensation differs (Ross, 2011). Like
pain, itch remains poorly controlled and largely unresponsive to
currently available pharmacotherapies (LaMotte et al., 2014). A bet-
ter understanding of the pathophysiology of itch and its mechanisms
of transmission is essential for the development of new therapies for
this old problem.

Gastrin-releasing peptide (GRP) is a 27 aa neuropeptide
widely distributed in the CNS and peripheral tissues (Majumdar
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and Weber, 2011). The effects of GRP are known to be mediated
by the GRP receptor (GRPR), a G,q-protein-coupled receptor
that classically signals via phospholipase C (PLC), leading to cal-
cium mobilization and activation of the protein kinase C (Jensen
etal., 2008). GRPR activation is implicated in several physiolog-
ical responses, including smooth muscle contraction, hormone
secretion, circadian rhythm regulation, satiety control, memory
modulation, and cell growth (Gonzalez et al., 2008). This recep-
tor is also involved in pathological states including pulmonary
diseases, inflammatory conditions, and tumor growth (Jensen et
al., 2008; Czepielewski et al., 2012). Sun and Chen (2007) re-
ported that intrathecal injection of GRP induces robust and tran-
sient scratching behavior in mice, an effect absent in GRPR
knock-out mice. The authors also showed that, when pruritogens
were injected intradermally, GRPR mutant mice scratched signif-
icantly less compared with wild-type animals. Pain sensitivity was
not compromised in GRPR mutant mice, suggesting that GRPR
was an itch-specific signaling molecule in the spinal cord. GRPR
continues to be the focus of numerous itch-related studies, most
of which focus on upstream mechanisms and mediators, whereas
the intracellular events and downstream signaling pathways have
largely been overlooked, a topic that we address here.

PI3K7y belongs to a group of highly conserved lipid kinases
that participate in the intracellular signaling cascade by phos-
phorylating the 3'-hydroxyl ring of phosphatidylinositol and
phosphoinositides, generating the second messenger PIP5, an es-
sential step for the serine/threonine kinase Akt activation (Engel-
man et al., 2006). PI3K+y has been shown to be deregulated in
many disease models, including arthritis, systemic lupus ery-
thematosus, psoriasis, multiple sclerosis, Alzheimer’s disease,
atherosclerosis, and allergy (Wymann et al., 2003; Barber et al.,
2005; Camps et al., 2005; Fougerat et al., 2008; Passos et al., 2010;
Rodrigues et al., 2010; Roller et al., 2012). We have previously
reported that PI3Ky inhibition reduces trypsin-induced scratch-
ing behavior in mice, indicating that this enzyme is involved in
itch transmission (Pereira et al., 2011). Because PI3KYy is acti-
vated downstream of GPCRs and is related to itch, we hypothe-
sized that, in the context of pruritus, PI3K-y would be activated
after GRPR stimulation.

Here, we used a combination of electrophysiological, pharma-
cological, behavioral, and molecular studies to demonstrate that
central GRPR is a mediator of acute and chronic itch, signaling
through the PI3Ky/Akt pathway, and that PI3K+y can be targeted
pharmacologically to relieve GRPR-mediated itch.

Materials and Methods

Animals. Male Swiss and CD-1 mice were purchased from the Central
Animal House of the Federal University of Pelotas and Charles River
Laboratories, respectively. Mice were 25-30 g, 4—8 per group, according
to the experimental protocol. They were housed under standard environ-
mental conditions of temperature (22 = 2°C), light (12 h light-dark
cycle), and humidity (50-70%), with food and water provided ad libi-
tum. Procedures performed followed the ethical guidelines for investiga-
tions of experimental pain in conscious animals (Zimmermann, 1983)
and were approved by the Institutional Animal Ethics Committee for the
Pontifical Catholic University of Rio Grande do Sul and by the Institu-
tional Animal Care and Use Committee for the Massachusetts General
Hospital (13/00338 and 2012N000037, respectively). Mice were habitu-
ated to the laboratory for at least 1 h before experiments.

DRG culture and calcium imaging. Cervical to lumbar dorsal root
ganglia (DRG) from mice were dissected and maintained in DMEM
(Invitrogen) containing 200 mm L-glutamine (Fisher Scientific), 10%
heat-inactivated FBS (Invitrogen), and 5000 U/ml penicillin and 5000
pg/ml streptomycin (Fisher Scientific). Enzymatic digestion was per-
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formed with 1 mg of collagenase in 1 ml of dispase (Roche) at 37°C for 70
min. The collagenase/dispase solution was removed and DRG were
washed and resuspended in DMEM containing 125 U DNase (Sigma-
Aldrich) within which the ganglia were mechanically triturated using
fire-polished glass pipettes. Cells were centrifuged over a 10% BSA solu-
tion (Sigma-Aldrich) gradient, pelleted, and resuspended in neurobasal
medium (Invitrogen) supplemented with B27 (Invitrogen), nerve
growth factor (Invitrogen), glial cell-derived neurotrophic factor
(Sigma-Aldrich), and arabinocytidine (Sigma-Aldrich). Cells were
plated onto glass-bottom 35 mm dishes coated with 10 ug/ml laminin
(Sigma-Aldrich) and cultured for 24 h.

For calcium imaging experiments, neurons were loaded for 30 min
with 10 um Fura-2 AM (Invitrogen) in neurobasal medium, washed with
standard extracellular solution containing the following (in mm): 145
NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 glucose, and 10 HEPES, pH 7.5, and
imaged at room temperature. Cells were evaluated using a Nikon Eclipse
Ti inverted microscope equipped with an Exi Aqua CCD camera
(QImaging). Ca** flux fluorescence was measured as an absorbance
ratio at 340 and 380 nm (F340/380) (Lambda DG4; Sutter Instruments).
The 340/380 ratiometric images were analyzed using Nikon Elements AR
software. Serotonin (5-HT, 3-300 um), chloroquine (CQ, 0.1-100 um),
SLIGRL-NH, (SLIGRL, 0.1-100 um), gastrin-releasing peptide (GRP,
0.001-1 um) were all from Sigma-Aldrich. GRPR antagonists (RC-3095
and PD176252, 1 um) were from Adooq Bioscience and Tocris Biosci-
ence, respectively. The solutions were delivered directly onto neurons at
a flow rate at 2 ml/min for 20 s using perfusion barrels followed by buffer
washout and further application. After applications of ligands, 1 um
capsaicin (Tocris Bioscience) and/or 40 mm KCI (Sigma-Aldrich) were
applied at the end of each experiment. The criteria to determine a positive
response to each compound was a raise in fluorescence (F340/F380) of 20
percent above baseline (average fluorescence recorded during the first
60 s of each dish).

Current-clamp recordings. At 48/72 h after plating, only small cells
(<25 um) that responded to GRP in calcium imaging experiment were
recorded in whole-cell mode. A multiclamp 700B amplifier, digidata
1440a digitizer and Clampex software (Molecular Devices) were used for
recordings. Data were sampled at 10 kHz. Pipettes were pulled from
thick-walled borosilicate glass capillaries on a Sutter Instruments P-97
and had a resistance < 3 M{) when filled with the pipette solution.
Capacity transients were canceled and series resistance was compensated
at ~80%. After obtaining whole-cell configuration, cells were held at
—60 mV for 3 min to allow equilibrium and only cells that had stable and
low-access (generally 5 M{), always <10 M(}) resistance throughout the
whole protocol were analyzed. Membrane potential was corrected for
liquid junction potential (—15 mV). Pipette solution contained the fol-
lowing (in mm): 135 K gluconate, 10 KCl, 1 MgCl,, 5 EGTA, and 10
HEPES, 300 mOsm and pH 7.3. Standard external solution was obtained
from Boston BioProducts and contained the following (in mm): 145
NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 1 glucose, and 10 HEPES, pH 7.4.

Pain assessment. Mouse thermal latency threshold was assessed using
the Hargreaves’ test (Plantar Test Apparatus; Ugo Basile) 10 min after an
acute capsaicin (100 um; prepared in DMSO) injection into their left
hindpaw (Caterina et al., 2000). Separate groups of mice were coinjected
with capsaicin (100 um) and RC-3095 (1 nmol/paw) or PD176252 (1
nmol/paw). The control group received the respective vehicle (DMSO).

Flow cytometry analysis. Lumbar spinal cords from mice were har-
vested and digested using 2 ml of RPMI medium with 2% FBS and
collagenase. Cells were stimulated with GRP (0.001-0.1 um) or saline
solution for 5 and 30 min at 37°C. In some cases, the cells were preincu-
bated with the GRPR antagonist PD176252 (10, 30, and 100 uMm) or the
selective PI3Ky inhibitor AS605240 (0.003, 0.01, and 0.03 M) for 15 min
before adding GRP. The cells were then fixed in Phosflow Buffer I for 10
min at 37°C, washed, and permeabilized with Phosflow Perm Buffer II
for 30 min on ice. Cells were then either stained with A488 anti-phospho-
p38 (catalog #612594; BD Biosciences), PE anti-phospho-Akt (catalog
#560378; BD Biosciences), and APC anti-phospho-ERK 1/2 (catalog #17-
9109-41; eBioscience). Experiments were processed on a FACSC
anto II Flow Cytometer (BD Biosciences) and analyzed using FlowJo
software (TreeStar).
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Western blot analysis for GRPR, p-Akt, and total-Akt. For this set of
experiments, mouse GRPR cDNA was cloned as a XhoI-HindIII frag-
ment into the pcDNA3.1 (—)hygro plasmid vector. Human embryonic
kidney cells (HEK293; ATCC CRL-1573) were transfected with the
GRPR plasmid DNA. HEK293 cells transfected with pcDNA3.1 (—) vec-
tor only were used as a control. Forty-eight hours after transfection, the
cells were rinsed with PBS three times. Transfected HEK293 cells were
incubated with either GRP (10 and 100 nm) or PBS at 37°C for 10 and 30
min. Control HEK293 cells were treated with GRP (10 and 100 nm) or
PBS in a similar manner. A subset of transfected HEK293 cells remained
untreated and served as a negative control. After incubation, the cells
were harvested and lysed by protein immunoprecipitation lysis buffer
(Thermo Fisher Scientific) with proteinase inhibitor and phosphatase
inhibitor (Roche Diagnostics). Cell lysates were centrifuged at 4°C for 20
min. The supernatants were collected and protein concentrations were
determined by BCA assay. Equal amounts of cell lysates were loaded onto
NuPAGE Novex 4-12% Bis-Tris mini gels, electrophoresed, and trans-
ferred to PVDF using standard protocols. The blot was first probed with
anti-GRPR (catalog #ab39883; Abcam), anti-Akt antibody (catalog
#9272S; Cell Signaling Technology), anti-phospho-Akt (catalog #05-
1003; Millipore), and HRP-conjugated anti-GAPDH (catalog #3683; Cell
Signaling Technology) antibody to identify the control GAPDH band at
37kDa, 24 h at 4°C. Then, the blots were incubated with HRP-conjugated
goat anti-rabbit antibody, followed by detection of the ECL substrate.

Scratching behavior. To assess acute and chronic itch, the behavioral
tests were performed as described previously with minor modifications
(Sun and Chen, 2007; Akiyama et al., 2010; Maciel et al., 2014). One day
before the experimental sessions, either the lumbar region or nape of the
neck was shaved. On the day of experiments, mice were placed individ-
ually into acrylic chambers for at least 30 min to adapt to the new envi-
ronment. Thereafter, mice were removed and injected intrathecally
with 5 ul of gastrin-releasing peptide (GRP, 1 nmol/site). Immedi-
ately after the injection, mice were returned to the chambers and
recorded for 60 min.

In a different set of experiments, separate groups of mice were injected
intradermally with 50 ul of compound 48/80 (10 ug/site), CQ (200 ug/
site), trypsin (200 ug/site), or H,O, (0.3%) into the nape of the neck. The
scratching behavior was recorded for 40 min after the injections.

For the dry skin model, chronic itch was induced by application of a
gauze soaked with a mixture of acetone and diethylether (1:1) on the
nape of the mouse neck for 15 s, immediately followed by the application
of distilled water for 30 s (AEW treatment), twice daily for 5 d. A different
group of animals received distilled water application only, for a 45 s
period (DW group). On the fifth day, the scratching behavior was re-
corded for 30 min after the last application.

Wealso investigated whether the direct activation of Akt would be able
to induce scratching behavior. Mice received an intrathecal injection of 5
wl containing the Akt activator SC79 (20 ug /site; Sigma-Aldrich). Im-
mediately after the injection, mice were returned to the chambers and the
scratching bouts were recorded for 40 min.

For all the experimental models, the scratching behavior was measured
as the number of scratches with hindpaws close to the treated site or at the
mouse dorsum. Scratching behind the ears, but not on the face, was also
taken into account.

All of the intrathecal injections in this study were performed in con-
scious animals according to the method described previously (Quintéo et
al., 2008) with some modifications. A 30-gauge needle connected to a
Hamilton microsyringe was introduced through the skin and a volume of
5 ul was injected between the L5 and L6 vertebral spaces.

Pharmacological treatments for itch studies. Mice were treated with the
pseudopeptide GRPR antagonist, RC-3095 (1 nmol/site), administered
intrathecally 10 min before the injection of GRP or the last application of
AEW on the fifth day to investigate a possible role of GRPR in chronic
itch. We also tested the nonpeptide GRPR/neuromedin B receptor
(NMBR) antagonist PD176252 given intraperitoneally (1 and 5 mg/kg)
30 min before the injection of GRP or 5 mg/kg intraperitoneally 30 min
before the last application of AEW on the fifth day. Previous data indi-
cated the relevance of PI3Ky in trypsin-evoked itch. Therefore, to assess
whether PI3K'y could be involved in GRPR signaling, the selective PI3Ky
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inhibitor AS605240 (0.01-10 mg/kg) was given by gavage 30 min before
GRP (1 nmol/site) injection or 30 min before the last application of AEW
protocol.

To further evaluate the site of action of AS605240 (1 and 3 ug/site), the
compound was intrathecally coinjected with GRP. PD176252 (8.5 nmol/
site) and AS605240 (3 pg/site) were also injected intrathecally 10 min
before the last application of AEW.

The doses of the pharmacological modulators were selected based on
the literature and on pilot experiments (Camps et al., 2005; Merali et al.,
2006; Pereira et al., 2011; Su and Ko, 2011). PD176252 and AS605240
(both purchased from Tocris Bioscience) were prepared daily and dis-
solved in their vehicles, 1% Tween 20 in saline solution or 0.5% car-
boxymethylcellulose/0.25% Tween 20, respectively. RC-3095 (Adooq
Bioscience) was prepared on the day of the experiments in DMSO 0.1%
in saline solution. Control groups received the respective vehicles by the
same route of administration. The final concentrations of solvents did
not display any significant effect per se. PD176252 is a competitive an-
tagonist with a high affinity for NMBR (K; = 0.17 nm) and GRPR (K; =
1.0 nm) receptors (Ashwood et al., 1998). However, it has been shown
that PD176252 specifically inhibited GRP binding to GRPR (IC,, = 30
nMm) on lung cancer cells and has the same effects that the selective pseu-
dopeptide antagonist RC-3095 on myometrium contractility, where the
GRP/GRPR system is involved (Moody et al., 2003; Tattersall et al.,
2012). AS605240 is classified as a selective inhibitor of PI3Ky (IC5, = 8
nMm), with 30-fold selectivity over PI3K8 and PI3KB and 7.5-fold selectiv-
ity over PI3Ka, as indicated by the supplier (Camps et al., 2005).

Statistical analysis. Data are presented as the mean * SEM of 6-8
animals per group for behavior experiments. In the case of flow cytom-
etry analysis, an experimental 7 of 4 per group was used. For Western blot
analysis and Ca** imaging, an experimental 7 of 3 independent experi-
ments was used. Statistical comparison of the results was performed by
paired or unpaired Student’s t test or by one-way ANOVA followed by
Tukey’s test or Student’s ¢ test. Statistical significance was defined as p <
0.05. GraphPad Prism software version 5.0 was used for statistical
analysis.

Results

GRP activates capsaicin-sensitive DRG neurons

GRP has long been known to control circadian rhythm, satiety,
memory modulation centrally and it has been shown recently to
be involved in itch transmission. It is as yet unclear where and
how GRP induces scratching behavior when injected intrathe-
cally. Because pruritogens including 5-HT, CQ, and SLIGRL-
NH2 were shown to induce calcium flux directly in DRG neurons
(Liuetal., 2009; Akiyama et al., 2010), we hypothesized that some
of GRP actions could be, at least in part, mediated by DRG affer-
ent neurons. Here, we confirm previous findings showing that
5-HT (Fig. 1A), CQ (Fig. 1B), and SLIGRL (Fig. 1C) induced a
transient and concentration-dependent calcium flux in cultured
DRG neurons. Our data also highlight that GRP (0.001-1 um)
induced calcium flux in DRG neurons, an effect relatively stron-
ger (higher amplitude) and broader (higher number of cells acti-
vated) than the other agents (Fig. 1D). GRP-responsive cells were
mostly small-diameter (soma of <300 wm?; Fig. 1E), capsaicin-
sensitive neurons (Fig. 1F). These data are consistent with the
presence of functional GRPR on TRPV1 * DRG neurons. Next,
we performed whole-cell patch-clamp on calcium imaging and
identified GRP-responsive cells. When exposed to GRP (0.1 um),
nociceptors (diameter <25 wm) showed significant depolariza-
tion of the resting membrane potential (RMP) of ~20 mV, which
led to action potential firing (n = 5, p = 0.001). Neurons pre-
screened with calcium imaging that were non-GRP responsive
showed no difference in RMP (—73.0 = 3.5 mV vs —72.0 = 4.5
mV, n = 3; p = 0.47) when reexposed to GRP (data not shown).
The specificity of GRP responses for GRPR was assessed and
showed that GRP-induced Ca>™ flux was reversed by the cotreat-
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Figure1. GRPactivates capsaicin-sensitive DRG neurons from naive mice. Data show the average calcium fluxin responsive neurons exposed to increasing concentration of (4) 5-HT (3—300 m),
(B) €Q (0.1-100 um), (€) SLIGRL (0.1-100 yum), and (D) GRP (0.1-100 rum). E, Size of GRP responsive cells. F, Venn diagram showing overlapping populations of KCI TGRP* and capsaicin
responsive neurons. G, H, Current-clamp recordings of GRP-responsive cells (<25 wm) prescreened with calcium imaging and retreated with GRP (0.1 wum) showed a transient depolarization of the
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Respectively, a total of 524 (4), 369 (B), 375 (C), 533 (D), 302 (E), 533 (F), 5 (G), and 5 (H) cells were analyzed.
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Figure 2.

The GRPR antagonists did not affect capsaicin- or KCl-induced calcium response in DRG neurons nor capsaicin-induced thermal hyperalgesia. Effects of the cotreatment with the GRPR

antagonists (A, C, E) RC-3095 (1 um) or (B, D, F) PD176252 (1 um) on Ca>* fluxinduced by (A, B) GRP (1 um), (C, D) capsaicin (1 um), or (E, F) KCI (40 mw). G, Effects of the GRPR antagonists on
capsaicin-induced thermal hyperalgesia. Data are expressed as mean = SEM. One-way ANOVA followed by Tukey's test (n = 8 mice per group). Significant differences from saline injection are
indicated by #p << 0.05. Respectively, a total of 132 (4), 196 (B), 59 (C), 14 (D), 24 (E), and 137 (F) cells were analyzed.

ment with the GRPR antagonists RC-3095 (1 uMm; Fig. 2A) and
PD176252 (1 uMm; Fig. 2B), whereas the response to capsaicin
and KCI was preserved (Fig. 2C—F). We also showed that the
GRPR antagonists did not affect capsaicin-induced thermal
hyperalgesia (Fig. 2G), suggesting selectivity only for GRP-
mediated effects.

GRPR signals through the PI3Ky/Akt pathway

Sun and colleagues (Sun and Chen, 2007; Sun et al., 2009)
reported that GRPR is expressed in naive mouse spinal cord.
To gain further insight into the potential signaling pathways
downstream of GRPR, we treated ex vivo mouse spinal cords
with GRP (0.01-0.1 uwM) and assessed the activation of differ-
ent MAP kinases by flow cytometry of dissociated spinal neu-
rons. GRP (0.001 and 0.1 uMm, 5 and 30 min) did not affect p38
and ERK1/2 activation (Fig. 3A, B), but significantly increased
Akt phosphorylation after a 5 min (0.003—0.1 uM) or 30 min
(0.1 wm) (Fig. 3C,D) exposure. Pretreatment with the nonpep-
tide GRPR antagonist PD176252 (30 and 100 um; Fig. 3E) or
the PI3K+y-selective inhibitor AS605240 (0.01 and 0.03 uwm;
Fig. 3F) prevented, in a concentration-dependent manner,
GRP-induced Akt phosphorylation. These data indicate that
centrally expressed GRPR signals at least partly via the PI3Ky/
Akt pathway. To refine evidence on the intracellular signaling
cascade downstream of GRPR, we also performed Western
blots from HEK293 cells transiently expressing GRPR and ex-
posed to GRP (0, 10, or 100 nMm) for 10 or 30 min. The expres-
sion levels of GRPR, p-Akt, and total Akt were quantified and
ratioed over GAPDH (Fig. 4A,B). Compared with PBS, GRP
significantly increased the p-Akt/Akt protein levels, an effect
limited to the GRPR-transfected cells. These data are consis-
tent with the hypothesis that GRPR stimulation leads to acti-
vation of the PI3Ky/Akt pathway.

GRP- and dry-skin-induced itch are reversed by GRPR and
PI3Ky blockade

The intrathecal delivery of GRP induces scratching behavior in
mice (Sun and Chen, 2007; Sun et al., 2009), an effect that we
reproduced here (GRP, 1 nmol/site, i.t.; Fig. 5). Such scratch-
ing behavior was prevented by local treatment with RC-3095
(1 nmol/site, i.t.) and systemic treatment with PD176252 (1

and 5 mg/kg, i.p.) (Fig. 5A). PD176252 also reduced the
scratching induced by other pruritogens, namely compound
48/80, CQ, trypsin, and H,0,, while displaying different pro-
files of inhibition (Table 1).

Although there is literature focusing on the role of GRPR
and its upstream mediators, in itch, a careful look into the
downstream signaling pathways activated by this receptor is
missing. Here, we assessed the effects of the selective PI3Ky
inhibitor AS605240 on the scratching behavior induced by
GRP. A significant decrease in the total number of scratches
was observed when mice were treated orally with AS605240
(0.01-3 mg/kg; Fig. 5B). To further assess whether the PI3Ky
inhibitor had any effect at the spinal level, AS605240 (1 and 3
ug/site) was coinjected intrathecally with GRP (1 nmol/site)
in conscious animals. Intrathecal treatment with AS605240
resulted in significantly diminished GRP-evoked scratching
behavior compared with mice that received GRP and vehicle
treatment (Fig. 5C).

Next, we used the dry skin model (AEW) to investigate the
implication of GRPR in chronicitch. As depicted in Figure 5D,
AEW triggered significant scratching behavior compared with
distilled water (control) and the intrathecal administration of
either GRPR antagonists RC-3095 (1 nmol/site) or PD176252
(8.5 nmol/site) significantly affected this behavior. In addi-
tion, systemic treatment with PD176252 (5 mg/kg, i.p.) signif-
icantly reduced the scratch bouts in AEW mice to values
similar to those seen in water-treated controls. These data
highlight the relevance of GRPR in this chronic model of itch-
ing. We next investigated whether PI3K+y might be relevant in
the AEW model. AS605240 administered orally (0.3-10 mg/
kg; Fig. 5E) significantly diminished dry-skin-induced itch.
The spinal effects of AS605240 (3 ug/site) were also evaluated
in the dry skin model and significantly reduced the scratching
behavior caused by AEW (Fig. 5F). These results demonstr-
ate that GRPR is involved in dry skin itch, along with PI3Ky,
the latter acting as a key downstream signaling molecule in the
GRP/GRPR system. The selectivity of the PI3K'y inhibitor for
itch sensation over nociception was also assessed and
AS605240 did not affect formalin-induced orofacial pain (data
not shown). Altogether, our findings indicate that the gamma
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isoform of PI3K is important in the spinal transmission of
GRP/GRPR-mediated itch.

Spinal Akt activation induces scratching behavior in mice
Given that the PI3Ky signals through Akt, we assessed the impact of
direct spinal Akt activation on mouse scratching behavior. The intra-
thecal injection of the Akt activator SC79 (20 ug/site) induced signifi-
cant itching compared with vehicle-injected animals (Fig. 6). These data
reveal that the spinal activation of Akt can trigger itch directly.

Discussion

The study of itch has blossomed and significant progress has
been made in the past 10 years. Sun and colleagues (Sun and

Chen, 2007; Sun et al., 2009) reported that GRPR mediates
itch sensation, but not pain, in the spinal cord, suggesting that
this receptor is part of an itch-specific pathway. Since then,
GRP and GRPR have been the subjects of several studies, some
of which challenge the results of others, but always indicate
their relevance in pruritus (Sun and Chen, 2007; Mishra and
Hoon, 2013; Liu et al., 2014; Solorzano et al., 2015). The pres-
ent study brings additional insights to this field.

Pruritogens, including 5-HT, CQ, and SLIGRL-NH,, evoke
Ca** response in DRGs (Liu et al., 2009; Akiyama et al., 2010)
and our data confirmed these findings. We also investigated the
functionality of GRPR in DRG sensory neurons by stimulating
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GRPR blockade or P13K-y inhibition reversed GRP- and dry-skin-induced itch. A, Effects of the GRPR antagonists RC-3095 (1 nmol/site, i.t.) and PD176252 (1 and 5 mg/kg) on

GRP-induced itch. B, Effects of the oral treatment with the selective PI3K-y inhibitor AS605240 (0.01-3 mg/kg) on scratching behavior evoked by GRP. €, Intrathecal coinjection of GRP (1 nmol/site)
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Table 1. Effects of treatment with the selective and non-peptide GRPR antagonist
PD176252 on the scratching behavior elicited by different pruritogens in mice

No. of scratching bouts

Pruritogen Vehicle  PD176252 (1mg/kg) ~ PD176252 (5 mg/kg)
Compound 48/80 (10 eg/site) 67 =5 23 = 10** 29 & 4%
Chloroquine (200 pug/site) 75+8 294 13 £ 3%
Trypsin (200 wg/site) 68+3 546" 16 + 2**
H,0, (0.3%/site) 4 +7 g 06 + 2#*

Shown are the total number of scratches after intradermal injection of different pruritogens. Data represent
mean * SEM.

*p<<0.05,**p << 0.01, one-way ANOVA followed by Tukey's test (n = 6 — 8 mice per group), statistically significant
when comparing PD176252-treated groups with control vehicle-treated animals. NS, Nonsignificant when compar-
ing PD176252-treated groups with control vehicle-treated animals.

isolated culture DRG neurons with GRP. The present data
show that GRP can excite small-size, capsaicin-sensitive DRG
neurons and two types of GRPR antagonists blocked these
responses. Conversely, GRPR antagonism did not affect cap-
saicin and KCl-induced Ca** flux or capsaicin-induced ther-
mal hyperalgesia.

Intrathecal GRP acts via GRPR to induce scratching behavior;
however, the mechanisms downstream of GRPR activation re-
main unclear (Sun and Chen, 2007; Liu et al., 2011; Mishra and
Hoon, 2013; Kardon et al., 2014). Czepielewski et al. (2012) dem-
onstrated that GRP induces neutrophil chemotaxis through
GRPR via p38, ERK 1/2, and PI3K activation. Here, we did not
observe p38 or ERK 1/2 activation when spinal cords were treated
with GRP, but did show that GRP induces Akt phosphorylation,
a marker of PI3K activation. Using the potent selective PI3K+y-
isoform inhibitor AS605240 instead of a pan-inhibitor of PI3K,
we demonstrated that PI3Ky is activated downstream of GRP/
GRPR. We confirmed that p-Akt is significantly increased after
GRP incubation by performing Western blots on HEK293 cells
transiently expressing GRPR. Again, these findings indicate that
PI3K'y is a major downstream effector of the GRP/GRPR system.

Recent studies demonstrated that the pseudopeptide GRPR
antagonist RC-3095 reduces GRP-evoked itch (Inan et al., 2011;
Sukhtankar and Ko, 2013; Akiyama et al., 2014). Here, we show
that RC-3095 and the nonpeptide antagonist PD176252 mark-
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edly reversed GRP-induced itch. As demonstrated before (Sun
and Chen, 2007), GRPR deletion or antagonism prevents the
scratching behavior elicited by the intradermal application of
compound 48/80 and CQ), an effect that we replicated herein with
PD176252 and extended to H,O, and trypsin, reinforcing the
central role of GRPR in itch transmission.

Considering the lack of data on the signaling pathways down-
stream of the GRP/GRPR system in the context of central itch
transmission, we tested the effects of the potent and selective
PI3Ky inhibitor AS605240 on GRP-induced itch. Oral treatment
with AS605240 significantly reduced the GRP-induced scratch-
ing behavior. Accordingly, a previous study from our group
showed that AS605240 relieves trypsin-mediated scratching be-
havior in mice (Pereira et al., 2011). We further assessed whether
AS605240 displays local spinal effect when coinjected with GRP
and observed that the itching response was significantly dimin-
ished. This clearly suggests that PI3Kvy plays a key role in acute
itch spinal transmission involving GRP/GRPR. PI3Kvy acts via
Akt phosphorylation and, to support PI3Ky as an important itch
transducer, we showed that the direct activation of spinal Akt
after the intrathecal administration of SC79 induced scratching
behavior in mice.

The GRPR/PI3Ky pathway could also be involved in chronic
itching, a more clinically relevant condition. We addressed this
using the dry skin model (AEW) of itch and tested the local effects
of RC-3095 and the systemic and local effects of PD176252 and
AS605240. GRPR blockade, as well as PI3K+y inhibition, signifi-
cantly reduced the scratching behavior induced by skin dryness.
Mice treated with RC-3095, PD176252, and AS605240 behaved
normally and did not exhibit apparent adverse effects, sedation or
impaired motor functions.

PD176252 is a competitive antagonist of the two bombesin
receptor subtypes. We confirmed our findings with PD176252
using a second and selective GRPR antagonist (RC-3095) and are
therefore confident that the responses that we observed can be
ascribed to GRPR. In the case of AS605240, it has been classified
as a potent inhibitor of PI3Ky (IC5, = 8 nm), with a 30-fold
selectivity over PI3K8 and PI3KS and a 7.5-fold selectivity over
PI3Ka (Camps et al., 2005). The initial study that presented the
AS605240 compound showed that treatment with AS605240 or
PI3Ky knock-out mice equally reversed inflammation in two
models of collagen-induced arthritis (Camps et al., 2005). The
authors also tested the specificity of AS605240 against a panel of
50 kinases and only found inhibitory activity against PI3Kvy.
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Given this body of literature, we are confident that our data with
AS605240 can be ascribed to PI3Ky.

Our findings that AS605240 reduces acute and chronic itch
are consistent with several other studies showing that PI3Kvy in-
hibition or PI3K"y knock-out decreases inflammation in a series
of rodent models of inflammation (Barber et al., 2005; Camps et
al., 2005; Fougerat et al., 2008; Passos et al., 2010; Peng et al.,
2010; Roller et al., 2012). However, our findings contrast with a
study published by Lee et al. (2011) showing that scratching be-
havior induced by intradermal injection of histamine or SLIGRL-
NH,, but not CQ, is increased in PI3K-y knock-out mice, an effect
not reproduced pharmacologically. Explanations for these
discrepant results are numerous and include differences in prur-
itogens (histamine vs GRP) and routes of administration (intra-
dermal vs intrathecal) tested. It is also plausible that PI3K<y
knock-out mice develop compensatory mechanisms. For exam-
ple, both PLC and PI3K'y signal using PIP,, which, in the absence
of the PI3Ky input, might lead to higher PIP, availability and
consequent increase in PLC-dependent pathways. Theefore, the
histamine/H1R complex, which typically leads to TRPV1 sensiti-
zation via PLC, might be increased in PI3Ky knock-out mice.
Given that TRPV1 knock-out animals have reduced histaminer-
gic itch (Shim et al., 2007), compensatory pathways might ex-
plain the unexpected findings of Lee et al. (2011).

A previous study demonstrated that PI3K6 and PI3Ky inhibi-
tion ameliorated imiquimod (IMQ)-induced psoriasis-like der-
matitis, correlating with a diminution of skin IL-17 ¥ y8 T cells.
Interfering with the PI3K6 and PI3K+y pathways also inhibited the
production of IL-17 and IFN-vy by T cells from healthy donors
and psoriatic patients, indicating that PI3KY, together with the
d-isoform, is required for IMQ-induced dermatitis and is a po-
tential target for psoriasis treatment (Roller et al., 2012). Unlike
several studies looking into the immunological roles of PI3K~y
(Barber et al., 2005; Camps et al., 2005; Peng et al., 2010; Ro-
drigues et al., 2010; Roller et al., 2012), we observed that PI3K~y
activation in the spinal cord plays an important role during
chronic itch.

Sun and Chen (2007) highlighted that GRPR transcript ex-
pression is restricted to the laminae I of the mouse spinal cord
dorsal horn. Here, we showed that GRP can activate directly (cal-
cium flux) small-size, capsaicin-sensitive DRG neurons via
GRPR, an effect that often translates into action potential firing.
Our electrophysiological data suggest that GRP injected intrathe-
cally and the consequent scratching behavior might be mediated
by central terminals of DRG nociceptive afferent neurons. Such a
hypothesis could provide an explanation for the pruritogenic ef-
fects of GRP when delivered spinally (Sun and Chen, 2007) and
for the recent report of Solorzano et al. (2015) suggesting that
spinal interneurons are one of the main sources of GRP in the
spinal cord. It is conceivable that interneuron-released GRP
could act presynaptically on these DRG afferents. This hypothesis
also aligns with a recent report showing that PI3K'y is selectively
expressed by nociceptive DRG neurons (Leinders et al., 2014).
The PI3Ky inhibitor that we used here is highly lipophilic and
expected to cross the blood—brain barrier (Camps et al., 2005)
and has been demonstrated to delay experimental cerebral ma-
laria when given orally (Lacerda-Queiroz etal., 2015). To support
a neuronal activity for PI3K+y, we administered AS605240 sys-
temically and intrathecally and found an equally potent reduc-
tion of dry-skin-induced scratching behavior.

Our findings strongly suggest that GRPR is expressed by cen-
tral terminals of DRG nociceptive afferents, which transmit itch
via the PI3K+y/Akt pathway. The exact role of PI3Ky in these
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fibers has yet to be unraveled, but appears to be instrumental for
GRPR itch transmission. It is tempting to propose PI3K+y as an
attractive target with which to control GRPR-mediated pruritus.
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