Cellular and Molecular Neurobiology (2019) 39:1115-1124
https://doi.org/10.1007/510571-019-00706-3

ORIGINAL RESEARCH q

Check for
updates

The Systemic Administration of the Chemokine CCL1 Evokes Thermal
Analgesia in Mice Through the Activation of the Endocannabinoid
System

Mario Garcia-Dominguez' - Alina Aguirre' - Ana Lastra’ - Agustin Hidalgo' - Ana Baamonde' - Luis Menéndez'

Received: 22 March 2019 / Accepted: 11 June 2019 / Published online: 15 June 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Apart from its involvement in immune functions, the chemokine CCL1 can participate in the modulation of nociceptive
processing. Previous studies have demonstrated the hypernociceptive effect produced by CCLI1 in the spinal cord, but its
possible action on peripheral nociception has not yet been characterized. We describe here that the subcutaneous administra-
tion of CCL1 (1-10 pg/kg) produces dose-dependent and long-lasting increases in thermal withdrawal latencies measured by
the unilateral hot plate test in mice. The antinociceptive nature of this effect is further supported by the reduction of spinal
neurons expressing Fos protein in response to a noxious thermal stimulus observed after the administration of 10 pg/kg of
CCL1. CCL1-induced antinociception was inhibited after systemic, but not spinal administration of the selective antagonist
R243 (0.1-1 mg/kg), demonstrating the participation of peripheral CCRS receptors. The absence of this analgesic effect in
mice treated with a dose of cyclophosphamide that produces a drastic depletion of leukocytes suggests its dependency on
white blood cells. Furthermore, whereas the antinociceptive effect of CCL1 was unaffected after the treatment with either the
antagonist of opioid receptors naloxone or the cannabinoid type 1 receptor blocker AM251, it was dose-dependently inhibited
after the administration of the CB2 receptor antagonist SR144528 (0.1-1 mg/kg). The detection by ELISA of an increased
presence of the endocannabinoid 2-arachidonoylglycerol after the administration of an analgesic dose of CCL1 supports
the notion that CCL1 can evoke thermal analgesia through the release of this endocannabinoid from circulating leukocytes.
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Introduction

The chemokine CC motif ligand 1 (CCL1), previously
named I-309 in humans and thymus-derived chemotactic
agent 3 (TCA-3) in mice, is an 8-kDa peptide included in
the CC chemokine family due to the presence of two adja-
cent cysteines near the amino terminus. CCL1 is released
from several types of immune cells, such as monocytes

< Luis Menéndez
luismen @uniovi.es

Mario Garcia-Dominguez
mariogdoviedo@gmail.com

Alina Aguirre

aguirreqalina@uniovi.es

Ana Lastra
lastraana@uniovi.es

Agustin Hidalgo
hidalgo @uniovi.es

Ana Baamonde
arbaiza@uniovi.es

Laboratorio de Farmacologia, Facultad de Medicina,
Instituto Universitario de Oncologia del Principado de
Asturias (IUOPA), Universidad de Oviedo, C/Julian Claveria
6, 33006 Oviedo, Asturias, Spain

(Miller and Krangel 1992), T-lymphocytes (Rollins 1997,
Wilson et al. 1988), or natural killer (NK) cells (Vicari
and Zlotnik 1996). In contrast to other CC chemokines
that bind to several G-protein-coupled receptors, CCL1
acts selectively through CCRS8 (Roos et al. 1997; Tiffany
et al. 1997). The presence of this receptor in white blood
cells such as regulatory T cells (7,), T-helper type 2
lymphocytes (7;,2), monocytes, or NK cells supports the
role exerted by CCL1 in immune regulation (Barsheshet
et al. 2017). In fact, CCL1, together with CCL22, is the
major T, ,-attracting chemokine (Barsheshet et al. 2017;
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Gobert et al. 2009), and this action supports its role in
autoimmunity (Zen et al. 2013; Rump et al. 2017) and
its suppressive action on cytotoxic CD8+ T lymphocytes
observed in tumoral settings (Kuehnemuth et al. 2018).
Besides these effects on T, lymphocytes, CCL1 is also
involved in inflammatory diseases due to the recruitment
of various cell lines such as 7,2 (Gonzalo et al. 2007),
dendritic cells (Gombert et al. 2005), monocytes (Miller
and Krangel 1992), and neutrophils (Luo et al. 1994).

As occurs with other structurally related CC chemokines,
in addition to its immunomodulatory role, CCL1 can partici-
pate in the modulation of nociceptive processing. Previous
studies have demonstrated the role of CCL1 as an amplifier
of nociceptive transmission in the spinal cord. In accord-
ance with this, CCR8 is expressed in neurons and glial cells
(Akimoto et al. 2013a, b), and the intrathecal administra-
tion of CCL1 induces mechanical allodynia (Akimoto et al.
2013a; Zychowska et al. 2017) and cold thermal hyperalge-
sia in mice (Zychowska et al. 2017). Furthermore, CCL1 and
CCRS8 are upregulated in the spinal cord of mice with neuro-
pathic pain due to sciatic nerve injury or diabetes (Akimoto
et al. 2013a; Zychowska et al. 2017), and the accompanying
hypernociceptive symptoms can be prevented by inhibiting
the CCL1/CCRS axis (Akimoto et al. 2013a; Zychowska
et al. 2017; Noda et al. 2018). Further reinforcing this view,
the spinal administration of an anti-CCL1 antibody can
attenuate the nociceptive behavior induced by high doses
of remifentanil, supporting its possible involvement in the
hyperalgesia evoked in this situation (Zhang et al. 2015).

In contrast with the information related to the role played
by CCL1 in spinal nociception, its possible effect at periph-
ery has not yet been characterized, although the increase
of [Ca®*]i evoked by CCLI1 in cultured rat DRG neurons
(Oh et al. 2001) could favor the idea that CCL1 should also
evoke hyperalgesic responses. Indeed, it has been previously
demonstrated that the intraplantar administration of other
CC chemokines, such as CCL2 or CCL3, can produce hyper-
nociceptive reactions (Pfliicke et al. 2013; Zhang et al. 2005)
and that their blockade can counteract experimental pain due
to inflammation, neuropathy or cancer (White et al. 2005,
2007; Zhou et al. 2015). However, besides these hyperno-
ciceptive effects, other CC chemokines may also activate
antinociceptive mechanisms or even produce dual actions
by amplifying or inhibiting pain-related responses under
different conditions. Thus, CCL4 can exert hypernocicep-
tive responses when administered perineurally (Saika et al.
2012) or intraplantarly (Garcia-Dominguez et al. 2019) but
can also induce analgesia when systemically administered
(Garcia-Dominguez et al. 2019). Furthermore, the intraplan-
tar administration of CCLS5 can induce hyperalgesia, but this
effect becomes self-limited through the activation of opioid
mechanisms when a higher dose is administered (Gonzélez-
Rodriguez et al. 2017).
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In the experiments presented here, we studied the effect
induced by the s.c. administration of CCL1 on thermal
nociception in mice. Since our initial data showed that this
chemokine can evoke thermal analgesia, we have further
characterized the receptors and mediators involved in this
CCLI1-evoked analgesia.

Materials and Methods
Animals

Experiments were performed in the Bioterio de la Universi-
dad de Oviedo (Reg. 33044 13A) by using male Swiss mice
7-9 weeks old kept under a 12 h light—dark cycle with food
and water ad libitum. Each mouse was tested only once. The
experimental design and procedure was authorized by the
enabled entity, the Comité Etico de Experimentacion Animal
de la Universidad de Oviedo.

Drugs

CCL1 (Sino Biological) was initially dissolved in distilled
water at 250 pg/ml and further diluted in saline. The CCR8
antagonist R243 (Aobious) and the selective cannabinoid
type 2 (CB2) receptor antagonist, SR144528 (Tocris), were
dissolved in DMSO at 10 mg/ml, and the selective cannabi-
noid type 1 (CB1) receptor antagonist, AM251 (Tocris)
was dissolved in DMSO at 20 mg/ml, and they were fur-
ther diluted in distilled water up to a maximal 10% DMSO
concentration. The nonselective opioid receptor antagonist
naloxone (Tocris) was dissolved in saline.

CCL1 was administered subcutaneously (s.c.) at various
times before testing, generally 1 h before. The administra-
tion of R243 either intraperitoneally (i.p.) or intrathecally
(i.t.) was carried out 30 min before testing. Naloxone was
s.c. administered 15 min before testing, while AM251 or
SR144528 were s.c. administered 30 min before testing. In
depletion experiments, 50 mg/kg of the immunosuppressant
agent cyclophosphamide (Sigma-Aldrich) dissolved in saline
were i.p. injected 72 and 24 h before testing.

S.c. and i.p. injections were administered in a volume of
10 ml/kg. For i.t. injections, a volume of 5 ul was injected at
the level of L5-L6 in mice anesthetized with isoflurane (3%,
Isoflo®, Esteve) (Garcia-Dominguez et al. 2019).

Unilateral Hot Plate Test

As previously described (Garcia-Dominguez et al. 2019)
mice were manually immobilized, and both plantar sides of
their hind paws were independently exposed to a hot plate
(ITTC, Life Science) at 49 °C with an interval of 2 mins. Cut-
off was set at 30 s, and the mean of both measures was used.
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Immunohistochemical Assays

Mice were s.c. injected with CCL1 (10 pg/kg) or solvent and
60 min later received a thermal noxious stimulus in their
right hindpaw by placing it on the hot plate (49 °C, 30 s)
under isoflurane anesthesia (3%, Isoflo®, Esteve). One hour
later, mice were anesthetized with isoflurane and sacrificed
by cervical dislocation to harvest lumbar spinal cord. After
their fixation in 4% paraformaldehyde (24 h, 4 °C), tissues
were immersed in 15% sucrose (in PBS 0.01 M, 12-24 h)
and further in 30% sucrose (24 h) to cryoprotect them. Once
fixed, a longitudinal superficial cut was performed in the
ventral white matter of the left (contralateral) side in order
to have a reference of the ipsilateral and contralateral sides
to noxious stimulation. Sections of 30 pm from L4 to L6
lumbar segments were cut by using a freezing microtome
(Microm HM430). The sections obtained were immersed (as
free-floating) in 0.01 M PBS and rinsed three times (10 min
per wash). After blocking them with 12% FBS (in 0.1% Tri-
ton X-100, Sigma Aldrich) for 120 min, they were further
incubated overnight in a humid chamber at 4 °C with a poly-
clonal rabbit anti-Fos antibody (226 003, Synaptic Systems,
1:8000) diluted in the same blocking solution. Sections were
further washed (0.01 M PBS, 10 min, X 3) and incubated
with the secondary antibody Alexa Fluor 488-conjugated
goat antirabbit IgG (A11034, Life Technologies, 1:500)
for 2 h at room temperature. Finally, slices were placed on
gelatin-coated slides (Super-Frost Plus, Menzel-Glaser) with
Fluoromount-G (SouthernBiotech).

Images were obtained using a BX61 Olympus microscope
with 4 x/0.16 NA and 10x/0.40 NA objectives coupled to
a CCD camera Olympus DP-70 with a blue-excitation filter
(BP470-490) and processed with the Olympus DP-controller
1.2.1.108 and Olympus DP-manager 1.2.1.107 software.
Two members of the lab counted the number of Fos-IR
nuclei in each slice independently, and, for each mouse,
the five slices that presented the greater number of Fos-IR
neurons were considered. The mean values of the measure-
ments taken by the two experimenters (that did not differ
between them more than a 15%) were estimated for each
selected slice. A minimum of four mice were included in
each experimental group.

White Cell Count

Mice were anesthetized with isoflurane (3%, Isoflo®, Esteve)
and blood samples obtained from the facial vein (Garcia-
Dominguez et al. 2019) were collected in an Eppendorf tube
with EDTA (5 pl, 0.5 M, pH 8). The total number of blood
leukocytes and the specific number of lymphocytes, mid-size
cells (monocytes and some eosinophils) and granulocytes
(mostly neutrophils accompanied by some basophils and

eosinophils) were quantified by a differential hematology
analyzer (Abacus junior vet, Diatron).

ELISA

Mice were treated with s.c. saline or CCL1 (10 pg/kg), they
were anesthetized 1 h after with isoflurane (3%, Isoflo®,
Esteve) and blood samples were obtained from the facial
vein (Garcia-Dominguez et al. 2019). Blood was allowed
to clot for 30 min at room temperature, and serum was
separated by centrifugation (1000-2000 g, 10 min, 4 °C).
All samples were maintained at — 80 °C until use. The
competitive inhibition enzyme immunoassay (ELISA) for
2-arachidonoylglycerol (2-AG) was performed following
the instructions of the manufacturer (MBS2700669, MyBi-
oSource) using 50 pl serum and measuring absorbance at
450 nm (PowerWave™, BioTek). Three independent assays
were performed, and, in every single assay, samples were
processed in duplicate.

Statistical Analysis

Means of the parameters were measured, and their stand-
ard errors were calculated. When only two groups were
compared, the unpaired Student’s ¢ test was used. For com-
parisons of several groups, a one-way analysis of variance
(ANOVA) was initially performed when only one variable
was considered (generally, treatment), that was followed by
the Dunnett’s ¢ test to compare effects induced by differ-
ent doses of a drug or by the Tukey’s test when compar-
ing different drug-treatments. When two different variables
were considered, an initial two-way ANOVA was followed
by Bonferroni’s correction to assess differences among par-
ticular groups. Statistical significance was set at P <0.05.

Results

The Systemic Administration of CCL1 Evokes
Thermal Analgesia in Mice Mediated Through
Peripheral CCR8 Receptors

The s.c. administration of CCL1 (1-10 pg/kg) 1 h before
testing produced a dose-dependent increase in thermal
withdrawal latencies measured by the unilateral hot plate
test in mice. Thus, the administration of 1 pg/kg of CCL1
was ineffective, 3 ug/kg produced a significant increase in
nociceptive withdrawal latencies, and this effect was fur-
ther increased after the administration of 10 pg/kg (Fig. 1a).
As shown in Fig. 1b, the analgesic response evoked by
10 pg/kg of CCL1 was long-lasting since withdrawal laten-
cies remained significantly augmented for 2 days and did
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Fig.1 a Antinociceptive effects measured in mice by the unilateral
hot plate test after the s.c. administration of CCL1 (1-10 pg/kg; 1 h
before) (N=>5-8). **p<0.01 compared with solvent-treated group,
Dunnett’s ¢ test). b Time course of the antinociceptive effect evoked
after the s.c. administration of 10 pg/kg of CCL1 (h, hours; d, days)
(N=6). ¥*¥p<0.01 compared with solvent-treated group at each time
point, Bonferroni’s correction. ¢ Dose-dependent inhibition of the
analgesia evoked by CCL1 (10 pg/kg; s.c.; 1 h before) produced by

not completely return to basal values until day 6 after
administration.

Related to the type of chemokine receptor involved, the
analgesic effect evoked by CCL1 (10 pg/kg; 1 h; s.c.) was
dose-dependently inhibited after the administration of the
CCRS8 antagonist R243 (0.1-1 mg/kg; 30 min; i.p.), this
blockade being significant after the administration of 0.3 and
1 mg/kg (Fig. 1c). The administration of 1 mg/kg of R243
alone did not alter withdrawal latencies (Fig. 1c).

In order to explore whether spinal CCRS8 receptors could
contribute to CCL1-induced analgesia, the effect of R243
was assessed after its i.t. administration. However, the spi-
nal injection of 10 pg of R243 30 min before testing did not
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the i.p administration of the CCR8 antagonist R243 30 min before
testing (N=5). **p<0.01, compared with solvent-treated group;
eep <0.01 compared with CCL1-treated group, Tukey’s test. d Lack
of effect of the spinal administration of 10 pg of the CCR8 antago-
nist R243 30 min before testing (N=5) **p <0.01 compared with
solvent-treated group, Tukey’s test. In all cases, data are represented
as mean+S.EM

modify the analgesic effect evoked by the s.c. administration
of 10 pg/kg of CCL1 (Fig. 1d).

The Systemic Administration of CCL1 Reduces
the Expression of Fos Evoked in Spinal Neurons
by Nociceptive Thermal Stimulation

The ability of CCL1 to modulate the activation of nocicep-
tive neurons after noxious stimulation was assessed by meas-
uring the immunohistochemical expression of Fos protein in
neurons of laminae I-II of the dorsal horn of the lumbar spi-
nal cord. The contact for 30 s of the plantar side of the right
hind paw of mice anesthetized with isofluorane with the



Cellular and Molecular Neurobiology (2019) 39:1115-1124

119

49 °C hot plate provoked Fos expression in the superficial
laminae of the spinal dorsal horn ipsilateral to the stimulated
paw. Thus, whereas the number of Fos immunoreactive (IR)
cells counted in the contralateral side of solvent-treated mice
was rather scarce (1.7 +0.48), it increased up to 20.8 + 1.5
in the right side, ipsilateral to nociceptive stimulation. In
contrast, the number of Fos-IR cells expressed in the ipsi-
lateral side of the spinal cord was significantly lower in the
group of mice that received the s.c. administration of 10 pg/
kg of CCL1 1 h before nociceptive stimulation (11.3 +1.4)
(Fig. 2a-c).

CCL1-Evoked Analgesia is Prevented After Leukocyte
Depletion Produced by Cyclophosphamide

Considering that the efficacy of systemic, but not spinal,
administration of the CCRS8 antagonist suggested the partici-
pation of peripheral mechanisms and that a previous study
showed that the analgesic effect evoked by other chemokine
of the CC series, such as CCL4, involves the participation
of white blood cells (Garcia-Dominguez et al. 2019), we
assessed whether the antinociceptive response evoked by
CCL1 could be affected by a reduction of circulating leu-
kocytes. The treatment with the immunosuppressant agent
cyclophosphamide (i.p.; 50 mg/kg, 72 and 24 h before test-
ing) produced a drastic depletion of circulating leukocytes.
Thus, the total population of white blood cells was reduced
by 63.6% from 3.6 +0.19 x 10° cells/ml detected in the sol-
vent-treated group to the 1.33+0.18 x 10° cells/ml measured
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Fig. 2 Inhibition of the expression of Fos protein in the lumbar spinal
cord evoked by CCL1 (10 pg/kg; s.c.; 1 h before) in mice receiving a
nociceptive stimulus consisting in the contact of the plantar side of
the right hind paw with the hot plate at 49 °C for 30 s. a Number
of Fos immunoreactive cells observed in laminae I-II of the ipsi-
lateral (right) or contralateral (left) side of the spinal cord of mice
treated with solvent or CCL1. Data are expressed as mean+ S.E.M.
(N=4-5). **p<0.01 compared with the ipsilateral dorsal horn of

in cyclophosphamide-treated one (Fig. 3a). When analyzing
the type of cells separately, this inhibition corresponded to a
59.3% reduction in lymphocytes (Fig. 3b), a 69.7% in mid-
size cells mainly including monocytes (Fig. 3c) and a 67.8%
reduction in circulating granulocytes (Fig. 3d). Interestingly,
this cyclophosphamide-induced leukocyte depletion almost
completely abolished the analgesic effect produced by the
administration of CCL1 (10 pg/kg; s.c.; 1 h), without affect-
ing basal thermal withdrawal latencies (Fig. 3e).

CCL1-Evoked Analgesia is Mediated

by the Activation of Cannabinoid Type 2 (CB2)
Receptors But Unrelated to Opioid or CB1 Receptors.
Involvement of 2-Arachidonoylglycerol

In order to assess the possible participation of endogenous
opioids or cannabinoids in the analgesic effect induced by
systemic CCL1, we assayed the effects of selective antago-
nists of opioid and cannabinoid type 1 or type 2 receptors.
As shown in Fig. 4, the antinociceptive effect produced
by CCL1 (10 pg/kg; s.c.; 1 h) remained unmodified after
the administration of 3 mg/kg of naloxone (s.c.; 15 min;
Fig. 4a) or 5 mg/kg of the CB1 receptor antagonist AM251
(s.c.; 30 min; Fig. 4b). In contrast, the administration of
SR144528 (s.c.; 0.1-1 mg/kg; 30 min), a drug able to selec-
tively block CB2 receptors, dose-dependently inhibited the
analgesic effect induced by CCL1 (Fig. 4c).

Since 2-arachidonoylglycerol (2-AG) is one of the main
endogenous ligands for CB2 receptors, we performed

solvent-treated group, eep <(0.01 compared with the corresponding
contralateral dorsal horn, Bonferroni’s correction. b, ¢ Representa-
tive examples of Fos expression obtained in the spinal cord of mice
treated with either solvent (b) or CCL1 (c¢). In both cases, the inset
corresponds to the amplification of the external layer of the dorsal
horn ipsilateral to the nociceptive stimulus. A cut was made in the
ventral side of the spinal cord to identify the side contralateral to the
stimulus
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Fig.4 The analgesic effect evoked by CCL1 (10 pg/kg; s.c.; 1 h
before) was unaffected by the systemic administration of the opioid
receptor antagonist naloxone (NAL, s.c., 3 mg/kg; 15 min before
testing) (N=5-6) (a) or the CBI1 receptor antagonist AM251 (s.c.,
5 mg/kg; 30 min before testing) (N=5) (b) but dose-dependently
antagonized by the CB2 receptor antagonist SR144528 (SR144;
s.c.; 0.1-1 mg/kg; 30 min before testing) (N=5) (c¢). **p<0.01

ELISAs on serum in order to measure whether the adminis-
tration of an analgesic dose of CCL1 could evoke an increase
in blood levels of this endocannabinoid molecule. As shown
in Fig. 4d, 2-AG levels measured in solvent-treated mice
were 271.2+31.7 ng/ml, whereas they were increased up
to 405 +56.5 ng/ml in serum from mice treated 1 h before
with 10 pg/kg of CCL1.

Discussion
The experiments presented in this study show that the sys-

temic administration of the chemokine CCL1 can activate
analgesic mechanisms measured by a thermal nociceptive
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e Effects of the depletion produced by cyclophosphamide (CYCL)
on CCLl1-evoked analgesia (10 pg/kg; s.c.; 1 h before testing),
(N=7-10). Data are expressed as mean+S.E.M. **p<0.01 com-
pared with saline-treated group, eep <0.01 compared with CCLI1-
treated group, Tukey’s test
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compared with solvent-treated group, eep<0.01 compared with
CCL1-treated group, Tukey’s test. d Serum concentrations of 2-ara-
chidonoylglycerol (2-AG) (N=10-11) measured by ELISA in serum
samples of mice treated 1 h before with s.c. solvent or 10 pg/kg of
CCL1. *p<0.05, Student’s ¢ test. In all cases, data are expressed as
mean+S.EM

test in mice. The antinociceptive nature of this response is
further supported by the inhibition of Fos spinal expression
produced by this chemokine. Mechanistically, the analgesic
effect evoked by CCL1 involves the participation of CCRS8
receptors at a peripheral level and is related to the activation
of CB2 receptors. Furthermore, our data show that this anal-
gesic response depends on circulating leukocytes and that an
analgesic dose of CCL1 evokes an increase in blood levels
of the endocannabinoid 2-arachidonoylglycerol.

To our knowledge, no previous report has described the
effect of systemically administered CCL1 on nociception.
Although precedent studies have demonstrated its role as
an amplifier of nociceptive processing in the spinal cord
(Akimoto et al. 2013a; Zychowska et al. 2017), our data
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show that CCLI1 can also activate antinociceptive mecha-
nisms when peripherally administered. Considering that the
expression of Fos in spinal neurons is a good marker of the
intensity of nociceptive processing (Coggeshall 2005), we
have performed immunohistochemical experiments of spi-
nal Fos expression in order to check if the analgesic effect
measured in the hot plate could be related to a decrease of
nociceptive input on nociceptive neurons of the spinal cord.
The finding that an analgesic dose of this chemokine pro-
vokes a significant reduction of Fos expression in spinal neu-
rons supports the antinociceptive nature of this response and
makes it unlikely that the behavioral effect could be related
to a nonspecific action.

The analgesic response produced by CCL1 is mediated
by CCRS receptors, as demonstrated by using the selective
CCRS antagonist R243 (Oshio et al. 2014), a finding that
fits well with the high affinity and selectivity of CCL1 for
this receptor (Tiffany et al. 1997). In our experiments, R243
inhibited CCL1-induced analgesia only when systemically
administered and did not after its direct injection into the spi-
nal cord. Since the i.t. injection of 10 pg represents the pres-
ence into the spinal cord of approximately the same amount
of R243 administered subcutaneously to reach the dose of
0.3 mg/kg that effectively blocks the analgesic effect induced
by CCL1, it might be concluded that the analgesic effect
evoked by CCL1 seems unrelated to the activation of spinal
mechanisms. The induction of a peripheral analgesic effect
is not a particular property of CCL1 since two other CC
chemokines, CCLS5 and CCLA4, can also induce, respectively,
local and systemic analgesic effects (Gonzalez-Rodriguez
et al. 2017; Garcia-Dominguez et al. 2019). Since the expres-
sion of CCRS in nociceptors has not been described so far,
we wondered if, as occurred with CCL4 (Garcia-Dominguez
et al. 2019), the analgesic effect evoked by CCL1 could be
due to the participation of an endogenous analgesic media-
tor released from circulating white blood cells. Supporting
the involvement of leukocytes, CCL1-evoked analgesia was
completely absent in cyclophosphamide-treated mice, and
the mice population of lymphocytes, monocytes, and granu-
locytes was dramatically reduced. To determine whether an
endogenous mediator could be responsible for this analgesic
response, we observed that the administration of the opioid
receptor antagonist naloxone did not modify the action of
CCL1, thus indicating that the antinociceptive effect evoked
by CCL1 should be produced through endogenous media-
tors other than opioid peptides that are crucially involved in
the analgesia triggered by CCL4 (Garcia-Dominguez et al.
2019).

However, CCL1-induced antinociception was selectively
and dose-dependently prevented following the administra-
tion of the CB2 receptor antagonist SR144528 but not the
CBI1 receptor antagonist AM251 at doses that were able
to inhibit thermal hyperalgesia (Curto-Reyes et al. 2010;

Parvathy and Masocha 2015). Since CB2 receptor agonists
may inhibit primary afferent depolarization (Jhaveri et al.
2007), our results strongly suggest that the analgesic effect
evoked by systemic CCL1 could be linked to the release in
blood of an endogenous cannabinoid that could stimulate
CB2 receptors. Although several molecules such as anan-
damide (Mechoulam et al. 1995), virodamine (Porter et al.
2002) or N-palmitoylethanolamide (Calignano et al. 1998)
can bind CB2 receptors, 2-arachidonoylglycerol (2-AG) is
the endocannabinoid often considered as the main physio-
logical ligand for this type of cannabinoid receptor (Sugiura
et al. 2000) and its ability to produce peripheral analgesic
responses mediated by CB2 receptors has been previously
described (Guindon et al. 2007). For this reason, we assessed
if the acute administration of CCL1 could evoke an increase
in the serum 2-AG levels, and, as shown by ELISA assays,
we found that the concentration of this endocannabinoid was
significantly enhanced after the administration of an anal-
gesic dose of CCL1, suggesting its possible involvement in
this behavioral response.

The comparison of the antinociceptive effects induced
after the systemic administration of CCL1 with those evoked
by CCL4 (Garcia-Dominguez et al. 2019) yields several
common features, such as the establishment of generalized
thermal analgesia measured in both hind paws, the inde-
pendence of spinal mechanisms or the involvement of white
blood cells. However, whereas CCL4 evokes antinociception
at a minimal dose range, in the order of pg/kg, the induction
of analgesia by CCL1 requires the administration of about
a 300 fold higher dose (10 pg/kg) and the effect obtained
is more long-lasting. In fact, the duration of CCL4-evoked
analgesia was less than 2 h (Garcia-Dominguez et al. 2019)
and the antinociceptive effect triggered by CCL1 persisted
for 4 days after injection. Mechanistically, different recep-
tors and endogenous mediators underlie both analgesic
processes. Thus, CCL1-evoked analgesia derives from the
stimulation of CCRS8 and the participation of the endocan-
nabinoid 2-AG acting at CB2 receptors, while the stimula-
tion of CCRS5 and the presence in blood of the endogenous
opiate met-enkephalin are the main players in the analgesia
induced by CCL4 (Garcia-Dominguez et al. 2019).

In conclusion, the demonstration that CCL1 can induce
analgesic responses together with the previously shown
hypernociceptive properties at the spinal cord support the
growing evidence of the dual role played by chemokines
in the regulation of nociceptive processes. Based on our
results, a schematic interpretation of the mechanisms
involved in CCL1-induced analgesia is offered in Fig. 5,
showing the involvement of CCR8 and circulating leuko-
cytes, the increased levels of 2-AG with the subsequent
stimulation of CB2 receptors and, finally, the reduced
nociceptive input on the spinal cord suggested by Fos
experiments. The possibility that some type of leukocytes
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Fig.5 Proposed model to explain CCL1-evoked analgesia. The sub-
cutaneous administration of CCL1 would provoke the activation
of CCRS, as deduced from the inhibitory effect produced by the
systemic administration of its selective antagonist R243. The lack
of effect of intrathecally administered R243 suggests that CCR8
expressed at the spinal cord does not participate in the effect of
CCL1. Based on leukocyte depletion experiments with cyclophos-
phamide, an endogenous mediator released from white blood cells
should be involved in its production. The molecule responsible should
activate CB2 receptors, as determined by assaying the effect of the
selective antagonist SR144528, and the increased serum levels of the
endocannabinoid arachidonoylglycerol (2-AG) observed after CCL1
administration suggest the involvement of this endogenous molecule.
The administration of this chemokine reduced the number of nocicep-
tive neurons of the spinal cord expressing Fos in response to a ther-
mal noxious stimulus supporting the inhibition of peripheral nocicep-
tive input produced by CCL1

could release 2-AG in response to CCRS8 stimulation
seems feasible since T lymphocytes, macrophages or NK
cells express CCR8 (Barsheshet et al. 2017) and all these
cell lines can synthesize 2-AG (Di Marzo et al. 1999;
Sanchez Lopez et al. 2015; Sido et al. 2016). However,
further experiments seem necessary to elucidate which
particular type(s) of white blood cell could be involved
in this endocannabinoid-mediated response triggered by
systemic CCL1.
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