
INTRODUCTION

Chemokine (C-X-C motif) ligand 1 (CXCL1) and
chemokine (C-X-C motif) ligand 2 (CXCL2) are two low-
molecular-weight members of the ELR(+) CXC chemokine
family with 78% homology of their sequence (1), which act
specifically through CXCR2, a G protein-coupled receptor (2).
Both of them are known to have pleiotropic effects on neurons
or immune cells, ranging from stimulating proliferation to
increasing pain (3). In addition, CXCL1 was associated with
atopic dermatitis, a highly pruritic skin disease (4, 5), but it is not
clear what is its mechanism of action. In contrast, for CXCL2
there are no data about an association with itch sensitivity.

Itch (pruritus) defined as ‘an unpleasant sensation that elicits
the desire or reflex to scratch’(6), it is evoked mainly from the
skin and implicates activation of a specific subset of isolectin B4
(IB4+), C-type primary afferents that respond directly to itch-
producing agents or are activated indirectly by mast cells,
keratinocytes or fibroblasts that release itch-producing
compounds (7). These fibers use different molecular pathways to
transduce itch, with transient receptor potential vanilloid type 1
(TRPV1) and transient receptor potential channel, subfamily A
member 1 (TRPA1) receptors found to be the most important

downstream effectors (8-10). Specifically, TRPV1 receptors are
important in mediating histamine-induced itch in ~23 – 29% of
IB4+ mice dorsal root ganglia (DRG) neurons via H1 histamine
receptors and PLCβ3 (11) or PKCδ (12). TRPA1 receptors
mediate histamine-independent itch to chloroquine and BAM8-
22 (bovine adrenal medulla 8-22) peptide in ~3 – 5% of
TRPV1+/TRPA1+/IB4+ histamine-sensitive mice DRG neurons
via MrgprA3 (Mas-related G-protein coupled) and MrgprC11
receptors (9, 13, 14), and both TRPA1 and TRPV1 receptors
mediate IL-31-induced itch in ~4% of TRPV1+/TRPA1+ DRG
neurons (15). At acute application, histamine evokes a TRPV1
response of low amplitude and slow kinetics (~100 s duration)
(16), while chloroquine has no effect on TRPV1, but robustly
activates TRPA1 (9).

TRPV1 is a polymodal, non-selective cation channel that is
specifically expressed in a subset of somatosensory neurons
located in the dorsal root and trigeminal ganglia. It is directly
activated by capsaicin, protons, heat and by endogenous or
exogenous agonists of natural, semisynthetic and synthetic
origin (17, 18). According to the existing data, CXCL1 and
CXCL2 can also modulate TRPV1 activity. More precisely,
short-term incubation (4 h) with 1.5 nM CXCL1 can reduce
TRPV1 desensitization but it has no effect on the amplitude of
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TRPV1 response (19), while long-term incubation (24 h) at the
same concentration has no effect neither on the amplitude of
TRPV1 response, nor on its desensitization (3). For CXCL2
there are no data on any effect on TRPV1 receptors after short-
term incubation, but we have shown that long-term incubation
with 1.5 nM can significantly decrease the TRPV1 current and
increase its desensitization rate (3). Knowing that these two
chemokines share a 78% homology (1), it is rather surprising
that they have opposite effects, especially on long-term
incubation where there are available data for both of them.

To better understand how these two chemokines act and to
investigate if they activate the itch-sensitive DRG neurons, in
this study we tested: 1) the effect of short-term incubation
with CXCL2 on the TRPV1 rate of desensitization to see
whether CXCL2 can still affect TRPV1 receptors in the same
manner as CXCL1, and 2) what would be the effect of acute
application of CXCL1 or CXCL2. In contrast to previous
studies in which CXCL1 and CXCL2 effects were
investigated in all TRPV1+ DRG neurons, in our study we
focused only on TRPV1+/IB4+ DRG neurons to which the itch-
sensitive neurons belong.

MATERIALS AND METHODS

Animals

For this study, 80 adult male Wistar rats (100 – 150 g) from
the animal facility of the ‘Ion Cantacuzino’National Institute,
Bucharest, Romania were used. All procedures were carried out
in accordance with the Directive 2010/63/EU revising Directive
86/609/EEC on the protection of animals used for scientific
purposes and were approved by the Bioethics Committee of the
Faculty of Biology, University of Bucharest and Graduate
School of Medicine, Gunma University.

Cell culture

Rats were killed by inhalation of 100% CO2 followed by
decapitation. DRG from all spinal segments were removed and
prepared for the cell culture as previously described (20). Briefly,
neurons were dissociated in 1 mg/ml collagenase IAand 2 mg/ml
dispase (Gibco, 17105041) for 1 hour at 37°C, then plated on 13
mm glass coverslips pretreated with poly-D-lysine (0.1 mg/ml for
30 min) and cultured in a NGF-free 1:1 mixture of 7.4 mM
glucose DMEM and Hams’s F10 medium with 10% horse serum,
0.5% penicillin/streptomycin and 1% L-glutamine (Thermo
Fisher Scientific, A1286001) at 37°C, in 5% CO2 in air. Human
embryonic kidney cells (HEK293T) cultured according to an
existing protocol (20), were transiently transfected with 1 µg/µl
of huCXCR2 (kindly donated by Dr. Ann Richmond, Vanderbilt
University, TN, USA) using Lipofectamine 2000 (Life
Technologies). If not otherwise specified, all reagents were from
Sigma. Experiments were conducted at room temperature (25°C),
24 hours after plating the cells.

Intracellular Ca2+ imaging

Cells cultured on coverslips were incubated for 30 minutes
at 37°C in standard extracellular solution (see Solutions below)
containing 2 µM Calcium Green-1 AM and 0.02% Pluronic F-
127 (both from Invitrogen), and left to recover for 30 minutes
before use. Coverslips were mounted in a Teflon chamber (RC-
40HP, Harvard Apparatus, USA) on the stage of an Eclipse
TE300 inverted microscope (Nikon, Japan) and left for 5
minutes to adapt to the extracellular solution flow at 25°C.
Neurons were illuminated with an Optoscan monocromator

(Cairn Instruments, UK) and the fluorescence changes were
captured with a 12-bit CCD SensiCam camera (PCO,
Germany). The data were recorded using Axon Imaging
Workbench 4.0 (Indec Biosystems, USA). After background
subtraction, data were quantified as ∆F/F0 for each recorded
cell, representing the ratio between the maximum fluorescence
change during the stimulus and the baseline fluorescence
before the stimulus.

To define capsaicin sensitivity, a histogram of all responses
(∆F/F0) was fitted with a two-peak Gaussian and the cutoff
value was taken as the mean ± 2 SD of the Gaussian peak
centered closest to zero. The cells which responded to capsaicin
application with a ∆F/F0 ≥ 0.1 were considered capsaicin-
sensitive.

To investigate the effect of short-term incubation of CXCL2
on TRPV1 responses, we used the same time interval as
previously published, i.e. 4 h (19). In addition, because in the
above mentioned studies it was used only one concentration for
both CXCL1 and CXCL2 (i.e. 1.5 nM), we decided to test
several concentrations of CXCL2 ranging from 0.06 to 40.5 nM,
in an increment with a factor of 3 which thus also included the
1.5 nM concentration, in order to identify the most appropriate
concentration (EC50) to generate a response. We did this for
CXCL1 to get more data about this chemokine as well.

To identify the non-peptidergic IB4+ neurons (21), isolectin
B4 (IB4) conjugated with fluorescein isothiocyante (FITC) (3
µg/ml, Sigma, L2895) was added to the extracellular solution for
10 minutes at the end of the recording. To avoid interference
between excitation wavelengths (Calcium green, λex= 506 nm
and IB4-FITC, λex= 490 nm), images of the field of cells taken
before and after IB4-FITC application were merged in Image-J
software (version 1.37, Wayne Rasband, NIH, Bethesda, MD,
USA) after pseudo-colors were associated to them (Fig. 1).

The recording protocol was the following: after 4 hours
incubation with different concentrations of CXCL1 or CXCL2,
TRPV1 responses elicited by two consecutive 250 nM
capsaicin applications of 20 s duration at 10 min interval was
followed by a short application (10 s) of 50 mM KCl to
evaluate if the responsive cells are viable neurons and by the
IB4-FITC staining as mentioned above. To analyze the effect
on the rate of desensitization induced by repeated application
of capsaicin, the fluorescence change ratio between the second
capsaicin application and the first one (∆F/F02nd/∆F/F01st) was
determined.

To investigate the effect of acute application of CXCL1 or
CXCL2 on TRPV1+/IB4+ DRG neurons, the two chemokines
were applied for 12 minutes at the EC50 calculated in the
previous experiments, followed by 20 s application of 250 nM
capsaicin to test if indeed the cells were TRPV1+ and as above,
by the 50 nM KCl application and IB4-FITC staining. The
application time was selected because according to preliminary
studies, this time was enough for a full recovery of the
fluorescence change. Cells were judged to be responsive if the
∆F/F0 ratio value increased by greater than 10% of the resting
level after chemical application.

Immunocytochemistry (ICC)

Cells cultured on coverslips were fixed in 4%
paraformaldehyde (PFA) solution (Roth) in 0.01 M phosphate
buffer (PBS) for 20 minutes, permeabilized with a 0.3% Triton
X-100 solution in PBS for 15 minutes and incubated for 1 hour
in blocking solution (0.3% Triton X-100 and 4% normal goat
serum in PBS). After overnight incubation at 4°C with the
primary antibodies, cells were washed, incubated for 1 hour
with the secondary antibodies and cover-slipped with Prolong
Gold antifade (Life Technologies). The slides were visualized
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under an AxioObserver D1 Zeiss (Carl Zeiss, Germany)
fluorescence microscope and processed with Image-J
software. The primary antibodies were biotinylated isolectin
B4 (1:200, Vector Laboratories, B-1205), anti-βIII-tubulin
(1:4000, mouse monoclonal, Abcam, 78078), anti-CXCR2
(1:200, rabbit polyclonal, Santa-Cruz Biotechnology, sc-682)
and anti-TRPV1 (1:100, rabbit polyclonal, Santa-Cruz
Biotechnology, sc-28759). The secondary antibodies were
(from Life Technologies) Streptavidin-Alexa Fluor 488
Conjugate (1:1500, S32354), goat anti-rabbit Alexa Fluor 568
(1:1500, A11011) and goat anti-mouse Alexa Fluor 568
(1:1500, A11004).

Western blotting

Cultured DRG neurons and HEK293Tcells were lysed in
RIPA (1% NP40) buffer as previously described (22). The
extracted proteins were separated on 8% SDS-PAGE, transferred
on nitrocellulose and probed with rabbit anti-CXCR2 (1:300,
Santa-Cruz Biotechnology, sc-682) and rabbit anti-α-tubulin
(1:10000, Abcam, ab18251) antibodies. The secondary
antibodies were goat anti-α-rabbit coupled with HRP(horse
radish peroxidase) (1:10,000, Santa-Cruz Biotechnology, sc-
2004). Visualization was made with Pierce ECLWestern blotting
substrate (Thermo Scientific, 32106). For EndoH (NEB) (NEB,
UK, P0702S,) digestion which removes sugar residues from
proteins, the whole lysates were denatured for 5 minutes at
100°C in denaturating buffer containing 0.5% SDS and 40 mM
DTT, then cooled and mixed with 1/10 EndoH reaction buffer
(0.5 M sodium citrate, pH 5.5). EndoH (250 units) was added to
one-half of the sample, whereas the other half contained EndoH
buffer alone. All samples were incubated for 18 hours at 37°C
and used for SDS-PAGE and Western blotting as previously
described. If not otherwise mentioned, all the other reagents
were from Santa Cruz Biotechnology.

Scratch test

To measure itch-related behavior, 20 µl of 10 µM CXCL1
was injected into the neck intradermally. Bouts of scratching
with the hindpaw directed towards the injection site were
counted for 30 minutes as previously described (23).
Capsazepine, a TRPV1 antagonist (20 µl, 10 mM) and
HC067047, a TRPV4 antagonist (20 µl, 10 mM) were pre-
injected 15 minutes before the CXCL1 challenge.

Solutions

Standard extracellular solution (ES) contained (in mM):
NaCl 140, KCl 4, MgCl2 1, CaCl2 2, HEPES 10, NaOH 4.54,
glucose 7.4, pH = 7.4 at 25°C. Drugs were added from the stock
solutions prepared in deionized water for CXCL1, 10 µM and
CXCL2, 5 µM both from Promokine, Germany, and in ethanol
for capsaicin 1 mM. If not otherwise mentioned, all the reagents
were from Sigma. The stock solutions were stored at –20°C and
diluted to desired final concentration in ES in the day of the
experiment.

Data analysis

Analysis was performed using AIW4 (INDEC BioSystems,
USA), Microsoft Excel 2007 (Microsoft, USA), Prism 5.01
(GraphPad Software Inc., USA) and a macro program written by
Liviu Soltuzu in Microsoft Excel 2007. All data were given as
means ± S.E.M.; statistical significance was tested using 1 way
ANOVA with Bonferonni post-test or Fisher’s exact test. A value
of P< 0.05 was considered to be statistically significant.

RESULTS

CXCL2 reduces TRPV1 desensitization in IB4+ neurons in the
same nanomolar range as CXCL1

After 4 hours of incubation with different concentrations of
CXCL1 and CXCL2 ranging from 0.06 to 40.5 nM, TRPV1
receptors were activated by two consecutive 250 nM capsaicin
applications of 20 s duration at 10 minutes interval. The results
showed a significant dose-dependent reduction of the TRPV1
rate of desensitization compared to control starting at 4.5 nM for
both chemokines (Fig. 2a and 2b; see also Table 1). From the
concentration-response curve obtained by plotting normalized to
control fluorescence change ratios against log10[CXCL1] or
log10[CXCL2] to which a logistic dose-response function was
fitted (Fig. 2c, 2d and insets), there were determined an EC50 of
4.0 nM (log EC50 = 0.61 ± 0.24) with a Hill slope of 1.19 ± 0.74
for CXCL1 and an EC50 of 3.6 nM (log EC50 = 0.56 ± 0.34) with
a Hill slope of 1.56 ± 0.73 for CXCL2 (Fig. 2c and2d).

To confirm that there was no error in the identification of the
IB4+ population possibly due to an overlapping between the
excitation wavelengths of Calcium-green and the FITC bound to
IB4, we compared the percentages of IB4+ cells in calcium
experiments calculated versus the total population of cells, with
the percentages in an ICC staining in which the IB4+ neurons
were determined against the total neuronal population stained
with βIII tubulin antibody, a specific neuronal marker (Fig. 3a).
According to these data, the IB4+ neurons represented 53% in
calcium imaging experiments (ntotal = 144, nIB4+ = 76) and 50% in
ICC experiments (ntotal = 157, nIB4+ = 79) which is in agreement
with existing data (21, 24) and confirm the fact that the IB4+

population was correctly identified.
As mentioned in the introduction, CXCL1 and CXCL2 act

specifically through CXCR2, a G protein-coupled receptor (2).
Therefore, we confirmed by Western blot the CXCR2 expression
in the general population of DRG neurons (Fig. 3d and3e) and
by ICC, we confirmed its expression in the IB4+ neurons similar
to TRPV1 receptors (Fig. 3b and 3c). Since according to ICC
staining the CXCR2 receptors seem to be expressed in all DRG
neurons, to eliminate the possibility of a non-specific binding,
the antibody specificity was reconfirmed in HEK293Tcells
transiently transfected with CXCR2 plasmid (Fig. 3f) and in
untransfected HEK293Tcells (Fig. 3g). The results confirmed
that indeed the antibody specifically detects CXCR2 receptors at
the DRG neurons’level, and that these receptors are expressed
by both IB4+ and IB4– neurons.

Acute application of CXCL1 induced an [Ca2+]i increase larger
than the one induced by CXCL2, in a bigger population of
dorsal root ganglion neurons

After establishing the EC50 concentration at which CXCL1
and CXCL2 can elicit a response from TRPV1 in the
TRPV1+/IB4+ DRG neurons after short-term incubation, we also
explored their acute application effects as described in the
methods section. The EC50 values that we found are within the in
vitro efficacy range according to the data in the literature: i.e.
1.28 – 12.8 nM for CXCL1 (25, 26) and 1.41 pM-12.8 nM for
CXCL2 (27, 28). Therefore, even though the EC50 values were
established after incubation experiments, we decided to use them
for acute application experiments as well.

At acute application, 4 nM CXCL1 induced in only 23% (n =
27, ntotal = 116) of TRPV1+/IB4+ DRG neurons an [Ca2+] i increase
with a slower kinetics than the one induced by capsaicin applied
after washing CXCL1 and with an amplitude representing 46% of
an independent capsaicin response (mean ∆F/F0 for CXCL1 =
0.37 ± 0.06, n = 27, mean ∆F/F0 for capsaicin = 0.80 ± 0.06, n =
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24, Fig. 4a and4c). Acute application of 3.6 nM CXCL2 induced
in only 5.4% (n = 12, ntotal = 233) of TRPV1+/IB4+ DRG neurons
an [Ca2+] i increase with a slow kinetics, similar to CXCL1 (Fig.
4a), and with an amplitude representing 21% of an independent
capsaicin response (mean ∆F/F0 for CXCL2 = 0.17 ± 0.02, n =
12, mean ∆F/F0 for capsaicin = 0.80 ± 0.06, n = 24), respectively
46% of the CXCL1 response (Fig. 4c). We chose to compare the
amplitude of CXCL1- and CXCL2-induced responses with an
independent capsaicin application to avoid any possible
influences of the [Ca2+] i increase induced by CXCL1 or CXCL2
on the subsequent capsaicin response. When the two chemokines
were applied together, the [Ca2+] i increase was elicited in 12% (n
= 6, ntotal = 49) of TRPV1+/IB4+ DRG neurons and represented
65% of the CXCL1-induced response (mean ∆F/F0 for CXCL1 +
CXCL2 = 0.24 ± 0.04, n = 6, mean ∆F/F0 for CXCL1 = 0.37 ±
0.06, n = 27, Fig. 4b and4c).

CXCL1-sensitive TRPV1+/IB4+ dorsal root ganglion neurons
also responded to itch-inducing agents

As mentioned above, the MrgprA3- or MrgprC11-positive
mice DRG population defines a unique subset of capsaicin-
sensitive, itch-specific neurons that respond to histamine,
chloroquine and BAM8-22 peptide (13). To test if the CXCL1-
sensitive or CXCL2-sensitive neurons belong to the itch-

sensitive population, we investigated their responses to 100 s
application of 100 µM histamine or 50 s application of 1mM
chloroquine applied at 4 minutes interval after CXCL1 or
CXCL2 application and between them.

In the experiments using CXCL1, the itch-sensitive
population, defined as histamine or chloroquine sensitive neurons,
represented 39% (23/59) of all TRPV1+/IB4+ DRG neurons. In
this population, 30% (7/23) neurons responded only to
chloroquine, 26% (6/23) only to histamine, 17% (4/23) responded
to histamine and chloroquine, 17% (4/23) to histamine,
chloroquine and CXCL1, 4% (1/23) to histamine and CXCL1 and
4% (1/23) to chloroquine and CXCL1 (Fig. 5a and5b). Statistical
analysis showed significant overlap between CXCL1 and
histamine responsive neurons (Fisher’s exact test, P< 0.01) and
CXCL1 and chloroquine responsive neurons (P< 0.01), with
CXCL1-sensitive neurons representing only a sub-population of
the itch-sensitive neurons.

In the experiments using CXCL2, in the itch-sensitive
population defined according to the same criteria as mentioned
above, only 2% (1/48) of neurons responded to CXCL2,
histamine and chloroquine, with no cells responding to CXCL2
and histamine or CXCL2 and chloroquine. Statistical analysis
couldn’t prove a significant overlap between CXCL2 responsive
neurons and either histamine or chloroquine sensitive neurons
(Fisher’s exact test, P> 0.05), suggesting that the responses to
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Fig. 1. Representative images of IB4+ and IB4– dorsal root ganglia neurons. Image of a dorsal root ganglia culture under transmitted
light (a) and after fluorescence excitation merged in Image-J software as described in the Methods section (b) (scale bar = 30 µm).
The green signal corresponds to the loaded Calcium green, and the red signal indicates the IB4 staining. The insets in yellow frame
indicate an IB4+ cell, and the insets in blue frame indicate an IB4– cell.



acute application of CXCL2 occur mainly in the non-itch
TRPV1+/IB4+ DRG neurons.

Since these data suggested that CXCL1 plays a more
important role in itch sensitivity than CXCL2, we subsequently
investigated in behavioral tests only CXCL1. Given the fact that
CXCL1-sensitive cells belong to TRPV1+/IB4+ cells, we tested if
the CXCL1-induced itch upon intradermal injection was also
sensitive to a TRPV1 blocking agent. The results showed that
intradermal injection of CXCL1 induced strong scratching
behavior (79.38 ± 2.19 bouts of scratching after CXCL1 (n = 8)
compared to 32.38 ± 2.49 bouts of scratching (n = 8) after saline

injection, P< 0.001), which was significantly reduced by 15
minutes capsazepine pre-treatment before CXCL1 (32.38 ± 2.49,
n = 8, P< 0.05). HC067047 didn’t have any significant effect
(78.63 ± 3.38, n = 8, P> 0.05) (Fig. 5c).

DISCUSSION

In this study we showed that CXCL1 and CXCL2, two
highly homologous chemokines, significantly reduce TRPV1
desensitization in TRPV1+/IB4+ DRG neurons after short-term
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Fig. 2. Short-term incubation (4 h) with CXCL1 or CXCL2 reduced TRPV1 desensitization in IB4+ DRG neurons. (a) Representative
traces of [Ca2+] i in IB4+ neurons pre-incubated with CXCL1, after two consecutive 250 nM capsaicin applications. (b) Representative
traces of [Ca2+] i in IB4+ neurons pre-incubated with CXCL2, after two consecutive 250 nM capsaicin applications. (c) CXCL1 dose-
dependently reduced TRPV1 desensitization with an EC50 of 4.0 nM as obtained by the logistic dose-response function (inset). (d)
CXCL2 dose-dependently reduced TRPV1 desensitization with an EC50 of 3.6 nM as obtained by the logistic dose-response function
(inset). For both CXCL1 and CXCL2, the ∆F/F02nd/∆F/F01st ratio was normalized to a similar ratio in untreated cells. CPS, capsaicin.

Concentration (nM) 0 (control) 0.06 0.28 1.5 4.5 13.5 40.5 

CXCL1 

41.7 ± 3.73 

(n = 60) 

43.52 ± 5.56 

(n = 26) 

P > 0.05 

44.86 ± 5.42 

(n = 25) 

P > 0.05 

48.93 ± 4.48 

(n = 41) 

P > 0.05 

56.23 ± 5.01 

(n = 45) 
*
P < 0.05 

62.51 ± 3.59 

(n = 51) 
***

P < 0.001 

66.26 ± 4.45   

(n = 20) 
***

P < 0.001 

CXCL2 

42.00 ± 2.73 

(n = 106) 

40.00 ± 4.14 

(n = 36) 

P > 0.05 

37.13 ± 4.54 

(n = 28) 

P > 0.05 

47.11 ± 3.59 

(n = 40) 

P > 0.05 

52.59 ± 3.35 

(n = 31) 
*
P < 0.05 

62.54 ± 5.26 

(n = 33) 
***

P < 0.001 

62.30 ± 3.36 

(n = 45) 
***

P < 0.001 

 
The statistical significance was obtained by comparing the mean ratio of the fluorescence change after pre-treatment with different
concentrations of CXCL1, with similar values in control, untreated cells.

Table 1. Mean ratio of the fluorescence change (∆F/F02nd/∆F/F01st) induced by capsaicin-activated TRPV1 receptors in IB4+ dorsal root
ganglia neurons.
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Fig. 3. CXCR2 and TRPV1 receptors are expressed in IB4+ neurons. (a) Representative image of IB4 and βIII-tubulin
immunofluorescence in DRG primary culture. Arrows points to small IB4+ DRG neurons. (b) Representative image of IB4 and CXCR2
immunofluorescence in DRG primary culture. CXCR2 receptors are present in both IB4+ and IB4– neurons. Arrows points to
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blot analysis for DRG and HEK293Tlysates. A band corresponding to CXCR2 receptor was detected at the predicted molecular weight
for the DRG sample, while no band was detected for HEK293Tcells. (e) The glycosylation status essential for the surface expression
of the receptor was also confirmed. CXCR2 was detected as both glycosylated (Gly) and non-glycosylated (Non-Gly) form, with the
glycan moieties completely sensitive to glycosidase digestion (lane 2). (f) Representative image of CXCR2 fluorescence in HEK293T
cells transiently transfected with huCXCR2 plasmid. Green arrows indicate transfected cells, and red arrows indicated non-transfected
cells in which only the nucleus is stained with DAPI. (g) Representative image of CXCR2 fluorescence in untransfected HEK293T
cells (scale bar for (f) and (g) = 25 µm).
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incubation, but when acutely applied CXCL1 activated a sub-
population of itch-sensitive TRPV1+/IB4+ cells in a slow, low
amplitude manner, while CXCL2 had a similar effect but on
non-itch TRPV1+/IB4+ DRG neurons.

A well-known characteristic of TRPV1 functioning is that it
can be sensitized or desensitized. The sensitization which occurs
through protein-kinase dependent phosphorylation (29-32) is
associated with higher or longer responses to specific agonists,
which subsequently depolarize the neurons and increase
excitability. Desensitization, which can be mediated via protein
phosphatases dephosphorylation (33), by calmodulin interaction
with TRPV1 N-terminal residues in a Ca-dependent manner (34,
35) or by IP3-induced calcium release from intracellular stores
(36), is associated with reduced responses to extended or
consecutive applications of capsaicin, and therefore reduced
excitability. Reduced desensitization is also associated with
increased excitability, because under this condition TRPV1
receptors are able to still open to new/repetitive stimuli, and thus
allow depolarization. Reduced desensitization was associated
with increased functioning of TRPV1 receptors after 4 hours of
incubation with 1.5 nM CXCL1 chemokine (19), after overnight
exposure to hypoxia/hyperglycemia specific to diabetic
conditions (20) or after acute exposure to cathecolamines (37).

According to our data, CXCL1 has an activating effect on
TRPV1+/IB4+ DRG neurons either by reducing TRPV1
desensitization after short-term incubation, or by inducing an
increase in [Ca2+] i which further on depolarizes the cells and
increases excitability at acute application. The activation by
reducing TRPV1 desensitization was a concentration dependent
effect visible in the whole TRPV1+/IB4+ population that was
selected for analysis, while the activation by increasing [Ca2+] i

was elicited in only 23% of TRPV1+/IB4+ cells. The cells
activated by acute application of CXCL1 also responded to itch-
inducing agents, histamine and chloroquine (Fig. 5b), suggesting
that they most likely belong to the itch-sensitive DRG neurons
sub-population. Therefore, CXCL1 may activate the CXCL1-
sensitive, itch-sensitive population through both increasing
[Ca2+] i (acute application) and reducing TRPV1 desensitization
(short-term incubation), while in the rest of the TRPV1+/IB4+

population CXCL1 only reduces TRPV1 desensitization (short-
term incubation) with other possible consequences, like pain
sensitivity. Our data suggest a mechanism for the itch-inducing
effects of CXCL1 (4, 5, 38) and additionally characterize the
mechanism of nociceptor activation by CXCL1 via reduced
TRPV1 desensitization at short-term application (19). Beside this
mechanism, CXCL1 can induce pain by potentiating NMDA-
induced currents (39) or by increasing ERK (extracellular signal-
regulated kinase) and CREB (cAMPresponse element binding
protein) signaling pathways in spinal cord neurons (40).

In contrast to CXCL1, CXCL2 seems to mainly activate the
non-itch sensitive TRPV1+/IB4+ DRG neurons, more by reducing
TRPV1 desensitization which is similar to the one induced by
CXCL1, and less by increasing [Ca2+] i which is lower than the one
induced by CXCL1 and exhibited by a smaller population of cells.
This mechanisms could explain the pain inducing effects of
CXCL2 besides hyperacetylation of histone H3 on its promoter
region, an effect known to elicit chronic neuroinflammation (41).

The possibility that CXCL1 and CXCL2 could act on other
TRPV1+/IB4+ non-itch sensitive cells is also supported by our
ICC results and data from the literature (42), showing that
CXCR2 receptors are expressed in all DRG neurons, not in only
a subset of IB4+ neurons.

In previous studies, we showed that at long-term incubation
CXCL1 and CXCL2 have opposite effects on TRPV1 (3), which
cumulated with our present data offer an interesting picture
about how these two chemokines might act on DRG neurons.
CXCL1 has a slow, low amplitude activating effect at acute

application by increasing [Ca2+] i in an itch-sensitive subset of
DRG neurons, after short-term incubation activates all
TRPV1+/IB4+ DRG neurons by reducing TRPV1
desensitization, while after long-term incubation its influence on
TRPV1 disappears (3). CXCL2 has a smaller activating effect at
acute application mainly on a non-itch subset of DRG neurons,
after short-term incubation has the same activating effect like
CXCL1, while after long-term incubation it starts to inhibit the
TRPV1 receptors (3). The most intriguing is of course CXCL2
which on short-term activates and on long-term inhibits DRG
neurons, suggesting a highly complex and diverse signaling
pathways mediated by CXCR2 receptors.

CXCR2 is a seven transmembrane G-protein coupled
receptor (GPCR) that functions as a dimer and is activated by all
seven ELR (+) CXC-chemokines (CXCL1-3 and CXCL5-8) (2,
43). Upon ligand binding, the receptor couples to Gi/o protein and
activates several protein kinase pathways (19, 25, 44, 45) that
can induce diverse intracellular effects, including CXCR2
phosphorylation followed by desensitization (46). In addition, in
the first 2 – 10 minutes of their activation 95% of the receptors
are desensitized even more due to a dose-dependent
internalization process followed by recovery to the membrane,
degradation or initiation of post-internalization signaling (47,
48). The post internalization signals are possible because
CXCR2 forms dynamic and temporal assembly with other
adaptor signaling proteins through which it can initiate other
intracellular pathways (49). Therefore, it is highly possible that
the antagonistic effects of CXCL2 are due to the complex
functioning of CXCR2 receptors and its downstream activation
of different signaling pathways.

Data about different time-dependent effects mediated by
distinct signaling pathways are available for both CXCL2 and
CXCL1. Apoptotic death of hippocampal neurons via caspase 1, 3
and Gαi signaling pathways was described after short-term
exposure (4 h) to CXCL2, in the same nanomolar range as in our
study (50). It is known that over-activated TRPV1 receptors
induce calcium-dependent apoptosis (51), therefore it is possible
that TRPV1 activation by the mechanism we described in our
study and which occurs in the same time range as the data
mentioned above, to be also involved in the apoptotic effects of
CXCL2 on hippocampal neurons. In contrast, long-term exposure
to CXCL2 (24 – 48 h to days) has neuroprotective effects on
hippocampal and cerebral neurons by activating MEK1-ERK1/2
and PI3K-Akt signaling pathways, by suppressing the
mislocalization of p21-activated kinase (PAK) or by stimulating
astrocytes-derived bFGF (basic fibroblast growth factor) (50, 52,
53). Recent data showed that blocking TRPV1 receptors before a
sciatic nerve injury accelerates regeneration (54), or that its
inhibition 3 hours after stroke significantly reduced the infarct
volume and conferred neuroprotection (55). Given the fact that we
observed that on long-term CXCL2 has an inhibitory effect on
both the amplitude and desensitization rate of TRPV1 current, it
could be possible that the neuroprotective effects of CXCL2 on
hippocampal and cerebral neurons to be also due to reducing
TRPV1 activation. For CXCL1, data on short-term (h) exposure
are associated with pain sensitivity due to reduced TRPV1
desensitization in DRG neurons (19), similar to our data, or to
increased release of CGRPwhich contributes to neurogenic
inflammation (25). On long-term (24 – 48 h) CXCL1 continues to
produce pain by activating Nav or Kv channels in the DRG neurons
(26, 42), not TRPV1 as our previous data also showed (3). On
long-term CXCL1 also contributes to brain development by
promoting proliferation of early oligodendrocyte progenitor cells
acting through an ERK1/2-dependent pathway and through
release of IL-6 from astrocytes (56) and even has analgesic effects
by stimulating secretion of opioids by granulocytes (57). These
data reinforce our observations that even though CXCL1 and
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CXCL2 share a 78% homology of their sequence they could have
distinct, even antagonistic effects.

An interesting observation was that CXCL2 can reduce
CXCL1 effect when acting together. According to the existing
data, both CXCL1 and CXCL2 bind to CXCR2 receptors with
high affinity on a binding site located on the extracellular site, in
a two-steps process described as the ‘fly-casting mechanism’(2,
58-60). The maximal binding of CXCL1 to CXCR2 is dependent
on the presence on the cell surface of heparan sulfate
proteoglycans and can be reduced by CXCL10 chemokine which
interferes with CXCL1 binding to heparan sulfate (61). Possibly,
the inhibitory effect of CXCL2 on CXCL1 is mediated by a
similar mechanism, but at this step there are not enough
experimental data to support such a mechanism.

If reducing TRPV1 desensitization in IB4+ DRG neurons is
a clear effect for both CXCL1 and CXCL2 upon short-term
incubation, the mechanism of increasing [Ca2+] i by the two
chemokinesis not equally clear. This could be due to TRP
channels activation, most likely TRPV1 as suggested by the
behavioral studies in which the pretreatment with capsazepine
significantly reduced the scratch behavior induced by CXCL1.
Intradermal injection in the nape of the neck of pruritogens is
frequently used to investigate itch (23, 62), although it has been
suggested that in this model scratching could also be a response
to pain, besides itch (63, 64). In our case, most likely, CXCL1
activated upon injection all CXCR2-expressing TRPV1+/IB4+

DRG neurons, including the itch- and non-itch-sensitive cells.
Since the pre-treatment with capsazepine significantly reduced
the bouts of scratching, and the bouts of scratching are
considered an important indicator of the magnitude of itch-
related scratching (23), we may conclude that an important part
of the scratching-induced response of CXCL1 upon injection in
the nape of the neck is due to an itch-component, which is highly
possible to be mediated by TRPV1.

Another candidate for the CXCL1-induced [Ca2+] i increase
could also be TRPA1 since it has been shown to be an essential
downstream effector of chloroquine and BAM-22 (9) and in our
experiments 21% of CXCL1 sensitive cells also responded to
chloroquine. A potential TRPA1 contribution might also be
relevant for other itch-associated disease, like diabetes,
frequently associated with pruritus in the initial stages (65).
Cutaneous application of methylglyoxal, a reactive carbonyl
compound generated in diabetes mellitus, is known to have
pronociceptive effects by TRPA1 activation (66), but it may also
contribute to increased pruritus via a putative activation of
TRPA1 receptors by CXCL1, known to be secreted by AGEs
(advanced glycoxylation end products)-activated skin
macrophages in diabetes (67-69).

In addition, other sources of Ca2+ should also be considered,
since previous studies have shown that acute application of
CXCL1 can induce an increase in [Ca2+] i associated with CGRP
release in neonatal rat DRG neurons (25) or with an enhancement
of the neurotransmitter release in mice Purkinje neurons (70) via
N-type Cav channels of via intracellular ryanodine-sensitive or
IP3 (inositol 1,4,5 trisphosphate)-sensitive calcium stores. Given
all these possible sources for Ca2+, additional experiments will be
required to clarify the mechanism.

In conclusion, this study brings new data about the
mechanism of action on TRPV1+/IB4+ DRG neurons of CXCL1
and CXCL2 chemokines after short-term (4 h) incubation or
acute (12 minutes) application. The results showed that after
short-term incubation both chemokines can activate
TRPV1+/IB4+ DRG neurons by significantly reducing TRPV1
desensitization, while at acute application both chemokines
induced an increase in [Ca2+] i although of different amplitudes,
in a subset of neurons partially also itch-sensitive in the case of
CXCL1, or non-itch sensitive in the case of CXCL2. The short-

term experiments bring additional information about a pain
inducing mechanism of CXCL1 and reveal a new mechanism of
activating DRG nociceptors by CXCL2. The acute experiments
suggested a mechanism of action for the itch-inducing effect of
CXCL1 and offered an explanation for the lack of itch-inducing
effects of CXCL2 even though it shares 78% homology with
CXCL1. Additional experiments will be required to clarify in
more details how CXCL1 activates the itch-sensitive subset of
TRPV1+/IB4+ DRG neurons for a more efficient therapeutic
approach of pruritus associated with atopic dermatitis.

Abbreviations: BAM8-22 peptide, bovine adrenal medulla 8-
22 peptide; [Ca2+] i, intracellular calcium concentration; Cav,
voltage-gated Ca2+ channels; CGRP, calcitonin gene-related
peptide; CPS, capsaicin; CQ, chloroquine; CREB, cAMP
response element binding protein; CXCL1, chemokine (C-X-C
motif) ligand 1; CXCL2, chemokine (C-X-C motif) ligand 2;
CXCL10, chemokine (C-X-C motif) ligand 10; CXCR2, (C-X-C
motif) receptor 2; DAPI, 4’,6-diamidino-2-phenylindole; DMEM,
Dulbecco’s Modified Eagle Medium; DMSO, dimethyl sulfoxide;
DRG, dorsal root ganglia; DTT, dithiothreitol; EndoH,
endoglycosidase H; ERK, extracellular signal-regulated kinase;
ES, extracellular solution; FITC, fluorescein isothiocyanate; Gly,
glycosylated; GPCR, G-protein coupled receptor; HEK293T,
human embryonic kidney cells; His, histamine; HRP, horse radish
peroxidase; IB4, isolectin B4; ICC, immunocytochemistry; IL-31,
interleukin 31; IP3, inositol 1,4,5 trisphosphate; MrgprA3, Mas-
related G-protein coupled receptor A3; MrgprC11, Mas-related G-
protein coupled receptor C11; NGF, nerve growth factor; NMDA,
N-methyl-D-aspartate; PBS, phosphate buffered saline; PFA,
paraformaldehyde; PKC, protein kinase C; PLC, phospholipase C;
RIPA buffer, radioimmunoprecipitation assay buffer; SDS,
sodium dodecyl sulfate; TRP, transient receptor potential; TRPA1,
transient receptor potential channel subfamily A member 1;
TRPV1, transient receptor potential vanilloid type 1 channel;
TRPV4, transient receptor potential vanilloid type 4 channel
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