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Summary

A growing body of evidence has indicated that the release of nociceptive

factors, such as interleukins and chemokines, by activated immune and

glial cells has crucial significance for neuropathic pain generation and

maintenance. Moreover, changes in the production of nociceptive immune

factors are associated with low opioid efficacy in the treatment of neu-

ropathy. Recently, it has been suggested that CC chemokine receptor type

1 (CCR1) signaling is important for nociception. Our study provides evi-

dence that the development of hypersensitivity in rats following chronic

constriction injury (CCI) of the sciatic nerve is associated with significant

up-regulation of endogenous CCR1 ligands, namely, CCL2, CCL3, CCL4,

CCL6, CCL7 and CCL9 in the spinal cord and CCL2, CCL6, CCL7 and

CCL9 in dorsal root ganglia (DRG). We showed that single and repeated

intrathecal administration of J113863 (an antagonist of CCR1) attenuated

mechanical and thermal hypersensitivity. Moreover, repeated administra-

tion of a CCR1 antagonist enhanced the analgesic properties of morphine

and buprenorphine after CCI. Simultaneously, repeated administration of

J113863 reduced the protein levels of IBA-1 in the spinal cord and MPO

and CD4 in the DRG and, as a consequence, the level of pronociceptive

factors, such as interleukin-1b (IL-1b), IL-6 and IL-18. The data obtained

provide evidence that CCR1 blockade reduces hypersensitivity and

increases opioid-induced analgesia through the modulation of neuroim-

mune interactions.
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Introduction

Approximately 5–10% of the population worldwide suf-

fers from neuropathic pain.1,2 This pathological state is

caused by a lesion or disease of the somatosensory ner-

vous system, which can result from injury or a medical

condition such as cancer, diabetes or autoimmune dis-

eases.1,3 The treatment of neuropathic pain is still chal-

lenging. Even strong analgesics such as opioids become

inefficient.4,5 Recent studies, including ours, have

suggested that a disturbed balance between pronociceptive

factors [e.g. interleukin-1b (IL-1b), IL-18, IL-6 and nitric

oxide synthase 2 (NOS2)] and antinociceptive factors

[e.g. IL-1 receptor antagonist (IL-1RA), IL-18 binding

protein (IL-18BP) and IL-10] contributes to the develop-

ment of neuropathic pain.6–9 Moreover, research on

chemokines has suggested that their systems (ligands/re-

ceptors) are involved in pathological nociceptive pro-

cesses.10–12 Our recent results indicated that the blockade

of some chemokine receptors (e.g. CCR2 and CCR5)

Abbreviations: CCI, chronic constriction injury; CCL, CC motif chemokine ligand; CCR, chemokine receptor type; CXCR, CXC
chemokine receptor type; DOR, delta-opioid receptor; DRG, dorsal root ganglia; GFAP, glial fibrillary acidic protein; HPRT, hy-
poxanthine phosphoribosyltransferase; IBA-1, ionized calcium-binding adapter molecule-1; IL, interleukin; IL-1RA, interleukin-1
receptor antagonist; i.p., intraperitoneal; i.t., intrathecal; MOR, mu-opioid receptors; MPO, myeloperoxidase; NOS2, nitric oxide
synthase 2, inducible; RAG, recombinase activating genes; RT-qPCR, quantitative reverse transcription polymerase chain reaction
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reduces symptoms of neuropathic pain in a chronic con-

striction injury (CCI) model and enhance the analgesic

properties of opioids.13–15 These favorable results, as well

as other reports in the literature, indicate the crucial role

of CC family receptors in neuropathic pain development.

Although studies on CC group chemokine receptors

have been conducted, there is still no information about

the role of CC chemokine receptor type 1 (CCR1) in a

CCI model of neuropathic pain. Hence, we investigated

the role of this receptor in pathological nociception. This

G-protein-coupled receptor from the b subfamily16 is pre-

sent on the surface of neurons,17,18 astrocytes,17,18 micro-

glia,7,17,18 neutrophils,19,20 basophils,21 monocytes,19,21

eosinophils,21 T cells19,22 and immature dendritic

cells.19,21. CCR1 seems to be a very important receptor

because it is a target of several chemokines [CC motif

chemokine ligand 2 (CCL2), CCL3, CCL4, CCL5, CCL6,

CCL7 and CCL9],4,23–27 which have been suggested to be

involved in the pathogenesis of neuropathic pain.28–30

There is some evidence demonstrating that CCR1 is

involved in nociception. First, Kiguchi et al.31 showed

that the up-regulation of CCR1/CCL3 is associated with

the development of pain-related symptoms in a model of

murine partial sciatic nerve ligation. Second, Matsushita

et al.32 demonstrated that BX513 hydrochloride (an

antagonist of CCR1) is able to inhibit recombinant

CCL3-induced mechanical hypersensitivity. Additionally,

in a mouse model of diabetic neuropathic pain, strong

spinal up-regulation of two CCR1 ligands (CCL3 and

CCL9) in strict association with the development of pain-

ful symptoms has been observed. Moreover, intraperi-

toneal (i.p.) injection of a CCR1 antagonist (J113863) as

well as the neutralization of CCL3 and CCL9 reduces

symptoms of diabetic neuropathic pain.28 Furthermore,

our latest data demonstrated that neutralization of two

CCR1 endogenous ligands (CCL2 and CCL7) strongly

attenuated CCI-induced neuropathic pain and signifi-

cantly affected opioid effectiveness, highlighting the role

of CCL2 and CCL7 in the pathogenesis of neuropathic

pain.29 Because of the pleiotropic nature of the chemoki-

nes, their ability to activate many receptors, as well as the

activation of CCR1 by many different chemokines, we

wanted to confront previous results and assess which

pharmacological manipulation (receptor blockade or

ligand neutralization) may be more important in reduc-

ing symptoms of neuropathic pain and modulation of

nociceptive factors. As presented in the paper by Kwiat-

kowski et al.29 such a pharmacological approach is based

on targeting a specific chemokine, whereas the idea of

using an antagonist may give a broader effect. To our

knowledge, there are two chemokine receptor antagonists

successfully applied in the clinic, but not in neuropathic

pain treatment. These are maraviroc (CCR5 antagonist),

an antiretroviral drug used against the human immunod-

eficiency virus, and plerixafor (CXCR4 antagonist) used

in the treatment of non-Hodgkin lymphoma and multiple

myeloma.33,34 We believe that our tested antagonist of

CCR1 may bring some beneficial properties in the treat-

ment of neuropathic pain and will become a substance

used in the clinic.

Due to the lack of information about the gene expres-

sion of endogenous ligands of CCR1 in neuropathic pain

after nerve injury, we decided to investigate time-depen-

dent changes in their mRNA levels on the days 2, 7, 14

and 28 after CCI of the sciatic nerve in rats. Then, we

investigated whether single or repeated intrathecal (i.t.)

injections of the CCR1 antagonist J113863 influenced the

hypersensitivity that developed and was maintained after

CCI of the sciatic nerve. Furthermore, we tested whether

J113863 enhanced the analgesic effects of morphine and

buprenorphine. We studied whether and how repeated

intrathecal administration of CCR1 antagonist influenced

the level of IBA-1 (a microglial/macrophage marker), glial

fibrillary acidic protein (GFAP; an astrocyte/satellite cell

marker), myeloperoxidase (MPO; a neutrophil marker),

CD4 and CD8 (T lymphocyte markers) in the spinal cord

and dorsal root ganglia (DRG) on the 7th day post-CCI.

In parallel, we decided to measure the level of factors

with pronociceptive (IL-1b, IL-18 and IL-6) and antinoci-

ceptive (IL-10, IL-1RA and IL-18BP) properties in vehi-

cle-treated and J113863-treated groups of rats.

Materials and methods

Animals

Male Wistar rats (275–300 g) were housed in cages cov-

ered with sawdust with food and water available ad libi-

tum under a standard 12-hr/12-hr light/dark cycle (lights

on at 08.00). The animals were allowed to acclimate to

the environment for approximately 5 min before the

behavioral tests. All experiments were performed accord-

ing to the recommendations of the International Associa-

tion for the Study of Pain35 and the National Institutes of

Health Guide for the Care and Use of Laboratory Ani-

mals, and were approved by the Ethical Committee of the

Maj Institute of Pharmacology of the Polish Academy of

Sciences (LKE: 1277/2015). According to the 3R policy,

the number of rats was reduced to the necessary mini-

mum. Animal studies are reported in compliance with

the ARRIVE guidelines.

Intrathecal injection

Catheters for i.t. injections were implanted according to

the method described by Yaksh and Rudy.36 Before sur-

gery, the rats were anesthetized i.p. with sodium pento-

barbital (60 mg/kg). Polyethylene tubing catheters (13-

cm-long, PE 10, intramedic; Clay Adams, Parsippany, NJ)

with a dead space of 10 ll were sterilized by immersion

ª 2020 John Wiley & Sons Ltd, Immunology, 159, 413–428414

K. Pawlik et al.



in 70% (volume/volume) ethanol and fully washed out

with water for injection immediately before surgery. Dur-

ing insertion, 7�8 cm of each catheter was slowly intro-

duced through the atlanto-occipital membrane into the

subarachnoid space at the rostral level of the spinal cord

lumbar enlargement (L4–L5). After surgery, water (10 ll)
was injected, and the catheters were tightened. All rats

recovered for 7 days before further procedures.

Chronic constriction injury

Chronic constriction injury of the sciatic nerve in rats

was performed under sodium pentobarbital anesthesia

(60 mg/kg, i.p.). According to the procedure described by

Bennett and Xie,37 an incision was made below the hip

bone, and the biceps femoris and gluteus superficialis were

separated. The exposed right sciatic nerve was loosely tied

four times with 1-mm spacing using 4/0 silk ligatures

until a brief twitch in the operated hind limb appeared.

As a result of the limitation of procedures by ethical

committees and our already obtained results we can only

use CCI-exposed rats in comparison with naive rats. In

our previous study,38 we indicated that there were no sig-

nificant differences in the nociceptive responses and levels

of nociceptive factors between naive and sham-operated

animals, for example on day 7, the cold-plate test values

were as follows: naive 28�0 � 0�8 s and sham

28�5 � 0�9 s; for biochemical studies of dorsal lumbar

spinal cord, e.g. for IL-18, IL-6 there were also no differ-

ences between naive and sham-operated groups 1 � 0�2
versus 0�9 � 0�2; 1 � 0�1 versus 1�1 � 0�1, respectively.

Drug administration

In the experiment, we used the following substances:

J113863 (J11) (1,4-cis-1-(1-cycloocten-1-ylmethyl)-4-

[[(2,7-dichloro-9H-xanthen-9-yl)carbonyl]amino]-1-

ethylpiperidinium iodide, Tocris, Bristol, UK, https://

www.tocris.com/products/j-113863_2595), morphine

hydrochloride (M; TEVA, Kutno, Poland) and buprenor-

phine (B; Polfa Warszawa SA, Warsaw, Poland). J113863

was dissolved in 0�5% dimethyl sulfoxide (DMSO) in

water for injection, whereas morphine and buprenorphine

were dissolved in water for injection. The first group of

animals received J113863 pre-emptively 16 and 1 hr

before CCI surgery at a dose of 0�1 lg/5 ll (i.t.) and then

once a day for the following 7 days. The control rats

received vehicle (V) (0�5% DMSO in water for injection)

according to the same schedule. The behavioral tests (von

Frey and cold-plate tests) were performed on the 2nd and

7th days post-CCI 3 hr after J113863 or vehicle injection

(Fig. 3a). Additionally, on the 6th day after CCI surgery,

some of the chronically treated rats received a single dose

of morphine (2�5 lg/5 ll, i.t.) or buprenorphine (1�0 lg/5 ll,
i.t.) 30 min after J113863 administration. For these

animals, the same behavioral tests were conducted 30–
35 min after opioid injection (Fig 7a). Another group of

animals received a single injection of J113863 (0�1 lg/
5 ll) or vehicle (0�5% DMSO in water for injection) on

the 12th day post-CCI, when fully developed thermal and

mechanical hypersensitivity was observed. Behavioral

reactions were measured using the same tests as those

used previously. In addition, we carried out both tests in

rats on the 2nd, 7th, 14th and 28th days after sciatic

nerve surgery in the absence of drug injection to evaluate

time-dependent changes in mechanical and thermal

hypersensitivity. The tests were always performed in the

same order (first the von Frey test and then the cold-plate

test). The J113863 (0�1 lg/5 ll) dose was selected on the

basis of our preliminary studies; the three doses – 0�1,
0�3 and 1 lg/5 ll – were tested. The doses 0�1 and

0�3 lg/5 ll produced significant dose-dependent analgesic

effects after their single administration. The dose 0�3 lg/
5 ll produced very strong analgesia (V- versus J11-trea-

ted: 12�88 � 2�17 g versus 22�81 � 3�40 g for von Frey

test and 10�52 � 1�56 s versus 29�5 � 1�0 s for cold-plate

test). The dose 1 lg/5 ll evoked some side effects, like

slight convulsions. Therefore, for repeated administration,

we have chosen the lowest effective dose that does not

cause side effects.

Mechanical hypersensitivity (von Frey test)

The von Frey apparatus (Dynamic Plantar Anesthesiome-

ter, Cat. No. 37400, Ugo Basile, Italy) was used to mea-

sure mechanical hypersensitivity in rats, as previously

described.14,39 The CCI-exposed animals were placed in

plastic cages with a wire mesh floor 5 min before the

experiment. The rats were able to move freely on the sur-

face. The machine’s touch stimulator was moved under

the operated hind limb, and the reaction of the animal to

the stimulus was measured automatically. The strength of

the von Frey touch stimulator was up to 26 g.

Thermal hypersensitivity (cold-plate test)

Thermal hypersensitivity was measured using a cold-plate

apparatus (Cold/Hot Plate Analgesia Meter No. 05044

Columbus Instruments, Columbus, OH), as previously

described.39,40 Each animal was placed on a cold surface

(5°) and kept there until it lifted its hind paw. The cut-

off latency was 30 s.

Analysis of gene expression (RT-qPCR)

To analyze the time-dependent changes in the levels of

chemokines, the dorsal lumbar segments of the spinal cord

(L4–L6) and the DRG (L4–L6) were collected immediately

from CCI rats after decapitation on the 2nd, 7th, 14th and

28th days post-CCI and from naive animals. According to
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the method described by Chomczynski and Sacchi,41 total

RNA was extracted using TRIzol reagent (Invitrogen, Carls-

bad, CA). To measure the concentration of RNA in a single

sample, a DeNovix DS-11 Spectrophotometer (DeNovix

Inc., Wilmington, NC) was used. Reverse transcription was

performed on 1 lg of total RNA from the tissue at 37° for
1 hr using Omniscript reverse transcriptase (Qiagen Inc.,

Hilden, Germany). The reaction was performed in the pres-

ence of an RNAse inhibitor (rRNasin; Promega, Man-

nheim, Germany) and oligo(dT16) primers (Qiagen Inc.).

The resulting cDNA templates were diluted 1:10 with

water, and approximately 50 ng of cDNA from each animal

was used for quantitative real-time reverse transcription

polymerase chain reaction (RT-qPCR). RT-qPCR was per-

formed using Assay-On-Demand TaqMan probes (Applied

Biosystems, Foster City, CA) on an iCycler device (Bio-

Rad, Warsaw, Poland) according to the manufacturer’s

protocols. The following TaqMan primers and probes were

used: CCL2 (Rn00580555_m1), CCL3 (Rn01464736_g1),

CCL4 (Rn00671924_m1), CCL5 (Rn00579590), CCL6

(Rn01456400_m1), CCL7 (Rn01467286_m1), CCL9

(Rn01471276_m1) and HPRT (Rn01527840_m1). A stan-

dard dilution curve was used to determine the amplifica-

tion efficiency for each assay (between 1�7 and 2�0). The
cycle threshold values were automatically calculated by

CFXMANAGER v.2.1 software using the default parameters.

The RNA content was calculated using the formula

2�(threshold cycle). The transcript level of HPRT (a house-

keeping gene) was not significantly altered in the CCI-ex-

posed rats42 and therefore served as an adequate control.

The RT-qPCR method was described in our previous stud-

ies.13,40

Analysis of protein levels (Western blot analysis)

Tissue from the dorsal lumbar segments of the spinal

cord (L4–L6) and the DRG (L4–L6) was collected 6 hr

after the last J113863/vehicle administration on the 7th

day. Next, the samples were homogenized in RIPA buffer

containing a protease inhibitor cocktail (Sigma-Aldrich,

St. Louis, MO) and cleared via centrifugation (30 min,

21952 G-force, 4°). Total protein concentrations were

measured using the bicinchoninic acid method. Samples

(20 lg of protein) were heated in loading buffer (49

Laemmli buffer, Bio-Rad) for 5 min at 98°. Electrophore-
sis was performed on 4–15% or 4–20% Criterion TGX

precast polyacrylamide gels (Bio-Rad). The proteins from

the gels were transferred (semi-dry transfer, 30 min,

25 V) to Immun-Blot PVDF membranes (Bio-Rad). Next,

the membranes were blocked for 1 hr at room tempera-

ture using 5% non-fat dry milk (Bio-Rad) in Tris-buf-

fered saline with 0�1% Tween-20 (TBST). Then, the

membranes were washed in TBST buffer and incubated

overnight at 4° with the following primary antibodies,

rabbit: anti-IBA-1 (1:250; Proteintech, Manchester, UK),

anti-GFAP (1:10 000; Novus, Abingdon, UK), anti-CD8

(1:500; Santa Cruz, Dallas, TX), anti-MPO (1:1000;

Abcam, Cambridge, UK), anti-IL-1b (1:500; Abcam),

anti-IL-1RA (1:2000; Abcam), anti-IL-18 (1:1000;

Abcam), anti-IL-18BP (1:500; Novus), anti-IL-6 (1:500;

Invitrogen, Carlsbad, CA), anti-IL-10 (1:1000; Abcam);

mouse: anti-CD4 (1:1000; R&D Systems, Minneapolis,

MN) and anti-GAPDH (1:5000; Millipore, Darmstadt,

Germany). Then, the membranes were washed in TBST

buffer and incubated for 1 hr at room temperature in

horseradish peroxidase-conjugated anti-rabbit or anti-

mouse secondary antibodies (Vector Laboratories, Burlin-

game, CA) at a dilution of 1:5000. To dilute the primary

and secondary antibodies, SignalBoostTM Immunoreaction

Enhancer Kit (Millipore) solution was used. Detection of

selected proteins was performed using ClarityTM Western

ECL Substrate (Bio-Rad) and visualized on the Fujifilm

LAS-4000 FluorImager system. Fujifilm MULTI GAUGE soft-

ware was used to estimate the levels of immunoreactive

bands. All the bands are represented in a molecular

weight (g/mol). The Western blot technique was

described in our previous studies.15,40

Statistical analysis

All data were analyzed using GRAPHPAD PRISM 8 software

(GraphPad, San Diego, CA).

Behavioral analysis. For studies of time-dependent

changes in pain-related behaviors in rats, the behavioral data

are presented as the mean � SEM in grams or seconds. The

intergroup differences were analyzed using one-way analysis

of variance (ANOVA) followed by Bonferroni’s post hoc test

for multiple comparisons. ***P < 0�001 indicates a signifi-

cant difference compared with the control group (naive ani-

mals). For studies of single and repeated administration of

J113863 or vehicle, the behavioral data are presented as the

mean � SEM in grams or seconds. The intergroup differ-

ences were analyzed using one-way ANOVA followed by Bon-

ferroni’s post hoc test for multiple comparisons. *P < 0�05
***P < 0�001 indicates a significant difference compared

with the control group (naive animals); ###P < 0�001 indi-

cates a significant difference between the vehicle- and

J113863-treated groups. For studies of co-administration of

morphine or buprenorphine, the behavioral data are pre-

sented as the mean � SEM in grams or seconds. The inter-

group differences were analyzed using ANOVA followed by

Bonferroni’s post hoc test for multiple comparisons.
###P < 0�001 indicates a significant difference compared

with the vehicle-treated group (V + V). $P < 0�05,
$$$P < 0�001 indicates a significant difference compared

with the J11 + V-treated group. ^P < 0�05, ^^^P <
0�001 indicates a significant difference compared with
V + M- or V + B-treated rats and J11 + M or J11 + B-trea-
ted rats.
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RT-qPCR analysis. The results are presented as the fold

change in expression relative to the naive (control) group.

The data are presented as the mean � SEM and show the

normalized averages derived from analyses of samples

from each group. Differences between groups were ana-

lyzed using one-way ANOVA and Bonferroni’s multiple

comparisons post hoc test. *P < 0�05, **P < 0�01, and

***P < 0�001 indicate a significant difference compared

with the control group (naive animals).

Western blot analysis. The data are presented as the fold

change relative to the control (naive) group and are the nor-

malized averages derived from analyses of samples from

each group performed with the MULTI GAUGE analysis pro-

gram. The intergroup differences were analyzed using ANOVA

followed by Bonferroni’s post hoc test for multiple compar-

isons. *P < 0�05, **P < 0�01, and ***P < 0�001 indicate a

significant difference compared with the control group

(naive animals); #P < 0�05 and ##P < 0�01 indicate a signifi-
cant difference compared with the vehicle-treated group.

Results

Time-dependent changes in the mRNA levels of
CCL2, CCL3, CCL4, CCL5, CCL6, CCL7 and CCL9 in
the spinal cord and DRG in parallel with pain-related
behaviors on the 2nd, 7th, 14th and 28th days post-
CCI

We observed strong mechanical (F = 49�89, P < 0�0001;
Fig. 1a) and thermal (F = 148�8, P < 0�001; Fig. 1b) hyper-
sensitivity on the 2nd day, as well as the other examined

time-points, post-CCI. In our opinion, this hypersensitivity

was associated with the up-regulation of some ligands of

CCR1. We noticed a significantly higher spinal level of

CCL2 on the 2nd day (F = 8�153, P = 0�001; Fig. 1c) that
persisted until the last day of the experiment, whereas in the

DRG, a strong enhancement of the expression of CCL2 was

observed only until the 7th day (F = 37�60, P < 0�0001)
(Fig. 1j) after CCI. The level of CCL3 in the spinal cord was

up-regulated starting from the 7th day (F = 3�012,
P = 0�0298) and persisting until the last day post-CCI

(Fig. 1d), and there were no significant changes in its level in

the DRG (Fig. 1k). Similarly, we observed up-regulated

spinal levels of CCL4 beginning on the 2nd day (F = 4�503,
P = 0�0047) and persisting until the last day of the experi-

ment (Fig. 1e), but no changes in the DRG level were

observed (Fig. 1l). CCL5 expression in the spinal cord was

unchanged (Fig. 1f) after CCI; however, in the DRG, we

observed a significant down-regulation of its level on the

2nd day (F = 2�719, P = 0�0469) (Fig. 1m) as well as the 7th

and 28th days. After CCI, CCL6 expression was up-regu-

lated starting from the 7th day and persisting until the last

day of testing, both in the spinal cord (F = 4�206,
P = 0�0069) and the DRG (F = 12�70, P < 0�0001) (Fig. 1g,

n respectively). The most up-regulated chemokine was

CCL7. Its level was significantly higher on the 2nd day and

at two other time-points (7th and 28th) post-CCI in the

spinal cord (F = 26�88, P < 0�0001; Fig. 1h) and at all the

examined time-points until the 28th day in the DRG

(F = 3�753, P = 0�0133; Fig. 1o). Down-regulation of CCL9

was observed on the 2nd day in the spinal cord (F = 9�007,
P < 0�0001; Fig. 1i), whereas in the DRG, the level of CCL9

was up-regulated on the same day (F = 2�986, P = 0�0366;
Fig. 1p). Additionally, there was an increase in the CCL9

level on the 14th day in both examined regions (Fig. 1i,p).

The effect of single i.t. administration of J113863 on
pain-related behaviors on the 12th day post-CCI

Single i.t. injection of J113863 or vehicle was performed

on the 12th day post-CCI. Next, the von Frey (Fig. 2a)

and cold-plate (Fig. 2b) tests were performed. We

observed that 12 days after CCI, animals developed

strong mechanical hypersensitivity in the ipsilateral paw

and responded to stimulation at a lower level than naive

animals. J113863 attenuated mechanical hypersensitivity,

and the animals had an elevated pain threshold

(F = 70�53, P < 0�0001; Fig. 2a). Similar effects were

observed in the cold-plate test, in which the time for

J113863-treated rats to react to low temperatures was

increased compared with that for vehicle-treated animals

(F = 33�57, P < 0�0001; Fig. 2b).

The effect of repeated i.t. administration of J113863
on pain-related behaviors on the 2nd and 7th days
post-CCI

Repeated administration of J113863 (Fig. 3a) significantly

diminished mechanical and thermal hypersensitivity, as

measured on the 2nd and 7th days post-CCI. In the von Frey

test on the 2nd (Fig. 3b) and 7th (Fig. 3c) days, the force at

which J113863-treated animals responded to stimulation

with the filaments was higher than that of vehicle-treated

rats (F = 87�10, P < 0�0001 for the 2nd day and F = 179�4,
P < 0�0001 for the 7th day). In the cold-plate test on the 2nd
(F = 73�34, P < 0�0001) (Fig. 3d) and 7th days (F = 53�70,
P < 0�0001) (Fig. 3e), J113863 extended the pain response

time in comparison with that of vehicle-treated animals.

The effect of repeated i.t. administration of J113863
on the protein levels of IBA-1, GFAP, CD4, CD8 and
MPO in the spinal cord and the DRG on the 7th day
post-CCI

Chronic constriction injury induced a significant

increase in the protein levels of IBA-1 (F = 7�701,
P = 0�0036 for the spinal cord and F = 30�88,
P < 0�0001 for the DRG; Fig. 4a,f) and GFAP

(F = 21�05, P < 0�0001 for the spinal cord and
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F = 11�60, P = 0�0005 for the DRG) (Fig. 4b,g). J113863

treatment diminished the spinal level of IBA-1, whereas

the GFAP protein level remained unchanged. In the

DRG, after chronic treatment with the CCR1 antagonist,

there were no changes in the level of IBA-1 (Fig. 4f) or

GFAP (Fig. 4g). Additionally, after CCI surgery, no

changes in CD4 in the spinal cord were observed

(Fig. 4c), but interestingly, the protein level was up-reg-

ulated in the DRG (F = 7�592, P = 0�0033) J113863 sig-

nificantly reduced the CD4 level in the DRG in

comparison with that in vehicle-treated animals

(Fig. 4h). The protein level of CD8 did not change in

either the spinal cord (Fig. 4d) or the DRG (Fig. 4i). In

vehicle-treated rats compared with naive animals, the

MPO protein level was strongly increased in the spinal

cord (F = 13�77, P = 0�0003; Fig. 4e) and DRG

(F = 15�39, P = 0�0002; Fig. 4j). J113863 diminished the

level of MPO in the DRG, whereas in the spinal cord,

no changes were observed after chronic antagonist

administration.

The effect of repeated i.t. administration of J113863
on the protein levels of IL-1b, IL-1RA, IL-18 and IL-
18BP in the spinal cord and the DRG on the 7th day
post-CCI

We did not observe any changes in the IL-1b protein level in

the spinal cord (Fig. 5a); however, in the DRG (Fig. 5e), the

IL-1b level was elevated after CCI (F = 5�124, P = 0�0154),
and J113863 significantly diminished it. Moreover, J113863

increased the level of IL-1RA in the spinal cord (Fig. 5b) and

the DRG (Fig. 5f) compared with that in naive rats; however,

there were no significant differences between vehicle-treated

and J113863-treated animals. Moreover, in the spinal cord

(Fig. 5c) and the DRG (Fig. 5g), we observed an increase in

the level of IL-18 in vehicle-treated animals compared with

naive rats (F = 12�97, P = 0�0002 for the spinal cord and

F = 8�185, P = 0�0024 for the DRG). J113863 significantly

attenuated these changes in the spinal cord but not in the

DRG. There were no changes in IL-18BP in either examined

structure after CCI (Fig. 5d,h), and the CCR1 antagonist did

not affect this level.

The effect of repeated i.t. administration of J113863
on the protein levels of IL-6 and IL-10 in the spinal
cord and the DRG on the 7th day post-CCI

There were no significant changes in the IL-6 (Fig. 6a)

and IL-10 (Fig. 6b) protein levels in the spinal cord after

CCI. Furthermore, no changes were observed in the level

of IL-10 in the DRG (Fig. 6d). CCI increased the protein

level of IL-6 in the DRG (F = 9�092, P = 0�0017; Fig. 6c),
and J113863 significantly diminished it.

The effect of repeated i.t. administration of J113863
on the analgesic effectiveness of morphine and
buprenorphine on the 6th day post-CCI

Behavioral tests (the von Frey test (Fig. 7b,c) and cold-

plate test (Fig. 7d,e)) were performed on the 6th day after
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Figure 2. Effects of single administration of J113863 (0�1 lg/5 ll;
intrathecally) 3 hr after drug injection on pain-related behaviors in

rats on the 12th day post-CCI (a, von Frey test; b, cold-plate test).

The horizontal dotted line shows the cut-off value. The data are pre-

sented as the means � SEM (8–9 rats per group). Intergroup differ-

ences were analyzed using analysis of variance with Bonferroni’s

multiple comparisons post hoc test. ***P < 0�001 indicates a signifi-

cant difference compared with the control group (naive animals);
###P < 0�001 indicates a significant difference compared with the

vehicle-treated group. Abbreviations: CCI, chronic constriction

injury; J11, J113863; N, naive; V, vehicle.

Figure 1. Time-dependent changes in pain-related behaviors in rats on the 2nd, 7th, 14th and 28th days after CCI (a, von Frey test; b, cold-plate

test) and associated changes in CCL2, CCL3, CCL4, CCL5, CCL6, CCL7, and CCL9 mRNA levels in the spinal cord (c–i) and in the dorsal root

ganglion (DRG) (j–p). The behavioral data are presented as the means � SEM of 10 rats per group. The RT-qPCR data are presented as the

means � SEM of 5–10 samples per group. Intergroup differences were analyzed using analysis of variance with Bonferroni’s multiple compar-

isons post hoc test. *P < 0�05, **P < 0�01, and ***P < 0�001 indicate a significant difference compared with the control group (naive rats).

Abbreviations: CCI, chronic constriction injury; N, naive.
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repeated i.t. J113863 administration combined with a sin-

gle i.t. injection of morphine (Fig. 7b,d) or buprenor-

phine (Fig. 7c,e), as shown in the diagram (Fig. 7a).

Repeated J113863 administration reduced pain-like

behaviors in both tests. Moreover, both opioids reduced

pain compared with vehicle. The effectiveness of mor-

phine and/or buprenorphine was enhanced in the animals

pretreated with J113863 in the von Frey test (F = 44�76,
P < 0�0001 for morphine and F = 40�47, P < 0�0001 for

buprenorphine) and cold-plate test (F = 20�14,
P < 0�0001 for morphine and F = 46�80, P < 0�0001 for

buprenorphine).

Discussion

To our knowledge, the current study is the first attempt

to determine the time-dependent changes in the levels of

endogenous ligands of CCR1 in rats. In the initial stage

of neuropathic pain development, we observed particu-

larly high levels of CCL2, CCL4, CCL7 and CCL9, which

suggests their role in the development of hypersensitivity.

Our data also indicated that CCL2, CCL3, CCL4, CCL6

and CCL7 seem to be important for the maintenance of

neuropathic pain because we observed that their levels

were up-regulated until the 28th day post-CCI. Moreover,

we proved that single and repeated administration of the

CCR1 antagonist J113863 attenuated CCI-induced

mechanical and thermal hypersensitivity. Importantly, our

investigation showed that co-administration of J113863

with morphine and buprenorphine enhanced its analgesic

effect. Our results provide evidence that repeatedly

administered CCR1 antagonist is able to relieve pain by

reducing the activation and infiltration of microglia,

macrophages, neutrophils and lymphocytes into the cen-

tral and/or peripheral nervous system and hence by

inducing beneficial changes in the levels of factors with
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Figure 3. Effects of repeated administration of

J113863 (0�1 lg/5 ll; intrathecally a) 3 hr after

drug injection on pain-related behaviors in rats

on the 2nd and 7th days post-CCI (b, c, von

Frey test; d, e cold plate test). The horizontal

dotted line shows the cut-off value. The data

are presented as the means � SEM (15 rats

per group). Intergroup differences were ana-

lyzed using analysis of variance with Bonfer-

roni’s multiple comparisons post hoc test.

*P < 0�05 and ***P < 0�001 indicate a signifi-

cant difference compared with the control

group (naive animals); ###P < 0�001 indicates a

significant difference compared with the vehi-

cle-treated group. Abbreviations: CCI, chronic

constriction injury; J11, J113863; N, naive; V,

vehicle.
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Figure 4. Effects of repeated administration of

J113863 (J11; 0�1 lg/5 ll; intrathecally) 16 and

1 hr before CCI and then once a day for

7 days on the protein levels of IBA-1 (a, f),

GFAP (b, g), CD4 (c, h), CD8 (d, i) and MPO

(e, j) in the spinal cord (a–e) and the dorsal

root ganglion (DRG) (f–j) on the 7th day

post-CCI in rats. The data are presented as the

mean fold change relative to the con-

trol � SEM (6–8 samples per group). Inter-

group differences were analyzed using analysis

of variance with Bonferroni’s multiple compar-

isons post hoc test. *P < 0�05, **P < 0�01 and

***P < 0�001 indicate a significant difference

compared with the control group (naive ani-

mals); #P < 0�05 and ##P < 0�01 indicate a sig-

nificant difference compared with the vehicle-

treated group. Abbreviations: CCI, chronic

constriction injury; J11, J113863; V, vehicle.
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Figure 5. Effects of repeated administration of

J113863 (0�1 lg/5 ll; intrathecally) 16 and

1 hr before CCI and then once a day for

7 days on the protein levels of IL-1b (a, e), IL-

1RA (b, f), IL-18 (c, g) and IL-18BP (d, h) in

the spinal cord (a–d) and the dorsal root gan-

glion (DRG) (e–h) on the 7th day post-CCI in

rats. The data are presented as the mean fold

change relative to the control � SEM (7–8

samples per group). Intergroup differences

were analyzed using analysis of variance with

Bonferroni’s multiple comparisons post hoc

test. *P < 0�05, **P < 0�01 and ***P < 0�001
indicate a significant difference compared with

the control group (naive animals); #P < 0�05
indicates a significant differences compared

with the vehicle-treated group. Abbreviations:

CCI, chronic constriction injury; IL-1b, inter-
leukin-1b; J11, J113863; V, vehicle.

ª 2020 John Wiley & Sons Ltd, Immunology, 159, 413–428422

K. Pawlik et al.



pronociceptive (IL-1b, IL-6 and IL-18) and antinocicep-

tive (IL-1RA) properties. The modulation of CCR1 seems

to be an important target for novel potential therapies of

neuropathic pain; however, future studies need to be per-

formed to confirm this assertion.

It has been suggested that CCR1 is involved in the

pathogenesis of diseases with large neuroimmunological

components, such as rheumatoid arthritis and multiple

sclerosis.19,43 Our current results indicate that CCR1 is

also essential for the development of neuropathic pain.

We have proven that J113863 can not only induce analge-

sia after repeated administration but also attenuate fully

developed hypersensitivity after a single injection. Our

results are in agreement with research by Rojewska

et al.,28 which demonstrated that a single intrathecal

injection of J113863 decreases pain-like behavior in a

murine model of painful diabetic neuropathy. There is

also evidence that J113863 decreases cancer pain caused

by the intratibial inoculation of fibrosarcoma cells.44

Moreover, Lewis et al.45 proved that the blockade of

CCR1 using BI64 contributes to a reduction in mechani-

cal hypersensitivity in a rat model of inflammatory pain.

All of these facts, together with our present results, indi-

cate that CCR1 is a promising target for pain treatment.

CCR1 appears to be important for pain processing, as

many CC chemokines that act via this receptor have

pronociceptive properties. It has been shown that injec-

tion of CCL2, CCL3, CCL4, CCL7 and CCL9 may lead to

the development of pain-like behavior in naive ani-

mals.28–30 Here, we demonstrated that chronic constric-

tion injury led to an increase in the mRNA levels of the

majority of CCR1 ligands at different time-points. On the

2nd day post-CCI, we observed increased levels of CCL2,

CCL4, CCL7 and CCL9 in the spinal cord and/or the

DRG. Based on the obtained results, we suggest that these

chemokines play important roles in the first stage of neu-

ropathic pain development. Among these cytokines,

CCL2, CCL4 and CCL7, like CCL3 and CCL6, seem to

also be important for the maintenance of neuropathy,

and higher levels were still noted on the 28th day post-

CCI. Importantly, there is evidence that the above-men-

tioned chemokines are also up-regulated in other models

of neuropathic pain, such as partial sciatic nerve ligation,

oxaliplatin-induced mechanical hypersensitivity and pacli-

taxel-induced mechanical allodynia.46–50 We observed that

CCL5 remained unchanged at the spinal cord level and

was down-regulated in the DRG. Some previous studies

have suggested that CCL5 up-regulation at the site of

injury is a common determinant of neuropathic pain

development.48 For the first time, we demonstrated ele-

vated mRNA levels of CCL6 and CCL9 in CCI-exposed

rats. Rat CCL6 and CCL9 are orthologs of human CCL23
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Figure 6. Effects of repeated administration of

J113863 (0�1 lg/5 ll; intrathecally) 16 and

1 hr before CCI and then once a day for

7 days on the protein levels of interleukin-6

(IL-6) (a, c) and IL-10 (b, d) in the spinal

cord (a, b) and the dorsal root ganglion

(DRG) (c, d) on the 7th day post-CCI in rats.

The data are presented as the mean fold

change relative to the control � SEM (7–8

samples per group). Intergroup differences

were analyzed using analysis of variance with

Bonferroni’s multiple comparisons post hoc

test. ***P < 0�001 indicates a significant differ-

ence compared with the control group (naive

animals); ##P < 0�001 indicates a significant

difference compared with the vehicle-treated

group. Abbreviations: CCI, chronic constric-

tion injury; J11, J113863; V, vehicle.
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and CCL15, respectively.51 CCL23 is known to be

involved in the pathogenesis of human brain damage52

and rheumatoid arthritis.53 Moreover, its increased level

has also been observed in the cerebrospinal fluid of

patients with neuropathic pain.54 In a murine model of

painful diabetic neuropathy, the neutralization of CCL9

leads to the attenuation of hypersensitivity.28 These

results suggest that CCR1 and the majority of its endoge-

nous ligands are important for the development and per-

sistence of neuropathic pain.

Hence, we decided to evaluate how the blockade of

CCR1 impacts the levels of cells that are known to be

strongly involved in neuropathic pain development, i.e.

immune and glial cells. In rodents, CCR1 is primarily

present on neutrophils,45 but it is also expressed on the

surface of other types of cells.19–22 Neutrophils are one

of the first cells that infiltrate tissue, and they therefore

take part in the inflammatory response. They are also

considered to play an important role after tissue inju-

ries.55 It is known that these granulocytes are able to

infiltrate the site of injury after partial sciatic nerve

lesion,56 as well as invade the DRG after CCI,57 which

is in agreement with our studies. During diabetic neuro-

pathic pain, an increased number of neutrophils might

be present in the spinal cord.58 Our results provide evi-

dence that neutrophils also infiltrate the spinal cord

after CCI. After activation, they are able to release pro-

and anti-inflammatory factors, e.g. CCL2, CCL3, IL-1b,
IL-1RA, IL-4, IL-6 and IL-18.59 Here, we observed a

strong CCI-induced increase of MPO, a neutrophil mar-

ker that was diminished by J113863 in the DRG. Inter-

estingly, MPO is able to activate nociceptive neurons

and consequently induces pain.60 Our study indicates

that a reduced level of MPO after J113863 administra-

tion was associated with the attenuation of pain-related

symptoms.

The data in the literature indicate that CCR1 is also

present on CD4+ and CD8+ cells.24 The impact of T cells

on neuropathic pain development has been confirmed. It

was previously observed that CD4 cells may infiltrate the

site of injury, the DRG and the spinal cord after periph-

eral nerve injury.61–63 Additionally, higher levels of CD4+
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Figure 7. Effect of repeated administration of

J113863 (0�1 lg/5 ll; intrathecally, a) 16 and

1 hr before CCI and then once a day for

6 days on pain-related behaviors in rats (b, c

von Frey test; d, e cold-plate test) and the

analgesic effects of morphine (b, d) (2�5 lg/
5 ll, intrathecally) and buprenorphine (c, e)

(1�0 lg/5 ll, intrathecally) 1 hr after J113863

or vehicle injections on the 6th day post-CCI,.

The data are presented as the mean � SEM of

7–8 rats per group. Intergroup differences were

analyzed using analysis of variance with Bon-

ferroni’s multiple comparisons post hoc test.
###P < 0�001 indicates a significant difference

compared with the vehicle-treated group;
$P < 0�05 and $$$P < 0�001 indicate a signifi-

cant difference compared with the

J113863 + V-treated group; ^P < 0�05 and

^^^P < 0�001 indicate a significant difference

between the V + M- or V + B-treated rats and

J113863 + M- or J113863 + B-treated rats.

Abbreviations: B, buprenorphine; CCI, chronic

constriction injury, J11, J113863; M, morphine;

V, vehicle.
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and CD8+ cells are observed in the blood after oxaliplatin

and paclitaxel administration in a model of chemother-

apy-induced neuropathic pain.64 In our research, we

observed an increased level of CD4+ T cells after CCI in

the DRG, but not in the spinal cord. Moreover, a CCR1

antagonist significantly reduced the level of CD4+ T cells

in the DRG. Some findings have shown that Rag�/� mice

(the Rag gene is responsible, for example, for the forma-

tion of mature T lymphocytes) demonstrate less neuro-

pathic pain-like hypersensitivity after nerve injury.65 A

reduction in the infiltration of T cells in combination

with a decrease in the number of infiltrating neutrophils

may attenuate peripherally derived pain. It seems that the

modulation of the leukocyte level is an important consid-

eration in pain pharmacotherapy. It is well known that

glial cells are involved in pain development.66,67 There are

many reports showing the morphological changes of acti-

vated microglia/macrophages after nerve injury in

immunofluorescence studies.68,69 We observed, using

Western blot analysis, a strong increase in the number of

IBA-1-positive cells on the 7th day post-CCI in the spinal

cord and the DRG, which is in agreement with other

data.7,13,15,70–73 Many of these works emphasize that the

strong uncontrolled activation of microglia/macrophages

is the cause of the development of neuropathic pain. In

our study, a CCR1 antagonist reduced spinal microglial/

macrophage activation, similarly to other substances that

weakened neuropathic pain-related symptoms, e.g.

minocycline, gabapentin, zaprinast, maraviroc (CCR5

antagonist) and RS504393 (CCR2 antagonist).6,13,15,74,75

In turn, the role of GFAP-positive cells (astroglia and

satellite cells) in neuropathy is still unclear, some studies

suggest that they can promote protective functions in

neuropathic pain.40,76,77 The immunostaining against

GFAP shows that astroglial cells (at the spinal cord level)

and satellite cells (at DRG level) are also activated after

sciatic nerve injury.7,78,79 The GFAP-positive cells can

control neuronal excitability and therefore their activation

is beneficial for nociceptive transmission.76 In our study,

J113863 did not diminish the GFAP-positive cells activa-

tion, which can be useful. In summary, our results pro-

vide evidence that diminishing the spinal activation of

IBA-1-positive cells, but not GFAP-positive cells, brings

beneficial effects in neuropathic pain.

We observed changes in the levels of markers of IBA-1,

CD4 and MPO, so we decided to measure the levels of

selected interleukins that are known to be released by

these cells after activation.76,80 Nociceptive factors, such

as interleukins, play an important role in neuropathic

pain development. In our research, we observed increased

levels of pronociceptive IL-1b, IL-6 and IL-18 in the

spinal cord and/or the DRG after chronic constriction

injury, which is in agreement with other studies showing

their importance in neuropathic pain.6,81–83 J113863

markedly attenuated the levels of IL-1b and IL-6 in the

DRG. Substances such as maraviroc14 and RS504393,13

like the presently tested CCR1 antagonist, are also able to

reduce the protein levels of IL-6 and IL-1b in the DRG.

This might be connected with a reduced level of infiltrat-

ing immune cells from the periphery, which are responsi-

ble for releasing these factors. It was previously

demonstrated that i.t. administration of IL-1b leads to

the development of hypersensitivity.84 Moreover, the

intraplantar injection of lipopolysaccharide or car-

rageenan induces pain-related behaviors and, in parallel,

elevates the levels of IL-1b.85,86 In contrast, an IL-1RA is

able to attenuate neuropathic pain symptoms in rats.87

Interestingly, we observed that the level of antinociceptive

IL-1RA was enhanced after chronic administration of a

CCR1 antagonist compared with that in naive animals.

The above-mentioned endogenous antagonist of IL-1R is

able to blocks effects of IL-1b.84 Similarly, Zychowska

et al.82 demonstrated that an enhanced level of IL-1RA

parallels the attenuation of CCI-induced neuropathy

symptoms. Additionally, a recombinant human IL-1RA

(Anakinra) is able to reduce pain related to rheumatoid

arthritis.80 IL-1b is mainly produced by macrophages88

but in DRG we do not observe a reduction in the protein

level of IBA-1. In our opinion decreased levels of IL-1b
might be associated with a reduced level of infiltrating

immune cells, like neutrophils, which are also responsible

for releasing this interleukin.59 This suggests a reduced

level of MPO in the DRG after J113863 administration.

What is more, we observed that the J113863 enhanced

protein level of IL-1RA, so we cannot exclude that

macrophages can polarize from M1 to M2 after CCR1

antagonist, therefore the levels of IL-1b decrease, but of

IL-1RA increase – however, this needs further study.

Here, we demonstrated that a CCR1 antagonist decreased

the protein level of IL-1b and enhanced the level of IL-

1RA in the DRG, which is crucial for impaired nocicep-

tive transmission under neuropathic pain conditions. IL-

18 also belongs to the IL-1 superfamily.89,90 The pronoci-

ceptive actions of IL-18 are under the control of its natu-

rally occurring antagonist IL-18BP, which can be

produced constitutively or due to a negative feedback

mechanism.90,91 After repeated intrathecal J113863 treat-

ment, the spinal level of IL-18 was decreased. Similar

effects have been observed after maraviroc14 and

RS50439313 administration in CCI-exposed rats. Our

results indicate that J113863 restores the balance between

IL-18 and IL-18BP by lowering the spinal level of IL-18

without affecting the level of IL-18BP. The level of

antinociceptive IL-10 also remained unchanged in the

spinal cord and the DRG after J113863 administration.

Another important interleukin for nociceptive transmis-

sion is IL-6. Several studies have indicated that IL-6,

which is secreted mostly by macrophages and activated

microglia, is strongly increased after peripheral nerve

injury. Therefore, it is considered to be one of the first
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factors to play a key role in neuropathic pain.84,92,93 In

our study, we observed strongly up-regulated IL-6 levels

in the DRG of CCI-exposed rats and down-regulation of

this interleukin after J113863 administration. There is evi-

dence that the neutralization of IL-6 leads to the attenua-

tion of hypersensitivity symptoms.94 Our results provide

evidence that repeatedly administered CCR1 antagonist is

able to relieve pain by reducing the activation of micro-

glia, macrophages, neutrophils and lymphocytes in the

spinal cord and/or DRG and so by inducing beneficial

changes in the levels of immunological factors with

pronociceptive (IL-1b, IL-6, and IL-18) and antinocicep-

tive (IL-1RA) properties.

It was previously suggested that pronociceptive factors

released from activated immune cells might attenuate

opioid efficacy during neuropathic pain.6 Opioids are

drugs used for the treatment of moderate to severe

pain;95,96 however, in neuropathic pain, their effective-

ness is lower.97 Rojewska et al.28 indicated that J113863

not only relieves pain-related behavior but also improves

the analgesic properties of morphine in a murine model

of diabetic neuropathy, which is in agreement with our

results. We demonstrated that a CCR1 antagonist

enhanced the effectiveness of morphine as well as

buprenorphine in CCI-exposed rats. It has already been

shown that the administration of minocycline (a micro-

glial activation inhibitor) delays the development of

morphine tolerance in naive and vehicle-treated ani-

mals98 via the down-regulation of IL-6 and IL-18 levels.6

Moreover, it has been demonstrated that the administra-

tion of IL-1RA and IL-18BP strengthens the analgesic

efficiency of morphine and buprenorphine in CCI-ex-

posed rats.87,89 We believe that the blockade of CCR1 by

J113863, through a reduction in the number of IBA-1-

positive cells and the consequent restoration of the neu-

roimmune balance, is one of the main mechanisms of

the improved effectiveness of opioids in a CCI model.

Similarly, other chemokine receptor antagonists are also

able to improve opioid efficacy.13,15 The other explanation

for better opioid efficacy might be the formation of het-

erodimers between chemokine receptors and opioid recep-

tors (e.g. CCR5-MOR, CXCR2-DOR, CXCR4-DOR).99–101

To our knowledge, there is still no evidence that CCR1

creates dimers with opioid receptors. However, further

studies are needed because it is known that CCR1 is able

to heterodimerize with other chemokine receptors (e.g.

CCR1–CCR5).102,103 Moreover, there is evidence that

chemokines are involved in opioid analgesic efficacy.

Recent studies have demonstrated that single administra-

tion of CCL2, CCL3, CCL7 and CCL9 neutralizing anti-

bodies can intensify the effectiveness of morphine and/or

buprenorphine.28–30 These results demonstrate that chemo-

kine systems are involved in opioid signaling and that che-

mokine receptor blockade may intensify the analgesic

effects of opioids.

In summary, we propose CCR1 as a promising target

for neuropathic pain pharmacotherapy. J113863 is able to

reduce mechanical and thermal hypersensitivity after CCI

and simultaneously enhance opioid efficacy. The low

effectiveness of opioids in neuropathy is associated with

changes in the production of pro- and antinociceptive

factors. J113863 prevents the CCI-induced up-regulation

of pronociceptive IL-1b, IL-18 and IL-6 by reducing the

activity and infiltration of IBA-1-positive cells, neu-

trophils and CD4 lymphocytes and increases the level of

antinociceptive IL-1RA. This supports the hypothesis that

the pharmacological modulation of neuroimmunological

interactions via CCR1 may represent a new strategy for

effective polytherapy with opioids in patients suffering

from neuropathic pain. Because of promising results, in

our opinion, the mechanism of action consisting of

blocking chemokine receptors should be considered as a

target during development of new clinically used drugs.

We believe that CCR1 antagonists will expand the range

of commercially used medicines.
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