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Current investigations underline the important roles of C-C motif ligands in the
development of neuropathic pain; however, their participation in diabetic neuropathy
is still undefined. Therefore, the goal of our study was to evaluate the participation of
macrophage inflammatory protein-1 (MIP-1) family members (CCL3, CCL4, CCL9)
in a streptozotocin (STZ)-induced mouse model of diabetic neuropathic pain. Single
intrathecal administration of each MIP-1 member (10, 100, or 500 ng/5 pl) in naive mice
evoked hypersensitivity to mechanical (von Frey test) and thermal (cold plate test) stimuli.
Concomitantly, protein analysis has shown that, 7 days following STZ injection, the levels
of CCL3 and CCL9 (but not CCL4) are increased in the lumbar spinal cord. Performed
additionally, immunofluorescence staining undoubtedly revealed that CCL3, CCL9, and
their receptors (CCR1 and CCRb5) are expressed predominantly by neurons. In vitro
studies provided evidence that the observed expression of CCL3 and CCL9 may be
partially of glial origin; however, this observation was only partially possible to confirm
by immunohistochemical study. Single intrathecal administration of CCL3 or CCL9
neutralizing antibody (2 and 4 pg/5 pl) delayed neuropathic pain symptoms as measured
at day 7 following STZ administration. Single intrathecal injection of a CCR1 antagonist
(J113863; 15 and 20 pg/5 pl) also attenuated pain-related behavior as evaluated at day
7 after STZ. Both neutralizing antibodies, as well as the CCR1 antagonist, enhanced the
effectiveness of morphine in STZ-induced diabetic neuropathy. These findings highlight
the important roles of CCL3 and CCL9 in the pathology of diabetic neuropathic pain and
suggest that they play pivotal roles in opioid analgesia.

Keywords: neutralizing antibody, CCL3, CCL4, CCL9, CCR1 antagonist (J113863)

INTRODUCTION

Diabetes mellitus is the first non-infectious disease recognized as an epidemic of the twenty-first cen-
tury [United Nations Resolution 61/225]. One of its main consequences is peripheral nerve damage,
which leads to the development of neuropathic pain (1). Consequently, ulcers and infections may
develop on the feet, sometimes leading to amputation. The mechanisms involved in the development
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of neuropathy are complex (2); however, the participation of
immune factors in this phenomenon is currently receiving a great
deal of attention (3-6). It is well established that glial cells, espe-
cially microglia, are responsible for its initiation. Additionally,
these cells, when activated, release a broad spectrum of nocic-
eptive factors together with cytokines; among those molecules,
chemokines seem to be especially important. Recently, it was
postulated that C-C (CCL2, CCL3), C-X-C (CXCL1, CXCL5,
CXCL12), and X-C (XCL1) motif chemokine ligands play a
crucial role in the development of neuropathic pain, including
the pain accompanying diabetes (7-10). Therefore, determining
the role of C-C motif chemokine ligands in the MIP-1 family
(namely, CCL3, CCL4, CCL9) in the development of diabetic
neuropathy is highly important. Streptozotocin (STZ)-induced
diabetes is a well-established animal model used in studies on
neuropathic pain (4, 10, 11). It has already been shown that STZ
administration increases blood glucose concentration, which is
correlated with the development of long-lasting hypersensitivity
to mechanical and thermal stimuli (6, 12, 13).

It was postulated that autoantibodies against CCL3 are
biomarkers of type 1 diabetes development (14). CCL3, also
known as macrophage inflammatory protein-1-alpha, belongs
to the MIP-1 family, which, in the case of rodents, contains two
other members: CCL4 (MIP-1-beta) and CCL9 (MIP-1-gamma).
The MIP-1 chemokines exert their biological effects through
G-protein-coupled receptors (15). It has been shown that CCL3
and CCL4 can participate in the development of neuropathic
pain after peripheral nerve injury (7, 16), and CCL9 seems to
be important in a model of chronic joint pain (17). These find-
ings underline the important roles of MIP-1 family members in
neuropathy; however, their function in neuropathic pain accom-
panying diabetes needs to be elucidated.

There are existing medications available for the treatment of
neuropathic pain symptoms accompanying diabetes; however,
most of the patients who take them have an unsatisfactory
response or experience adverse reactions. Recent studies have
shown that modulating the levels of endogenous pro- and antino-
ciceptive factors by minocycline treatment, for example, results
in mitigation of pain-related behavior in a model of diabetic
neuropathy (4, 6, 10). Additionally, neutralization of endogenous
chemokines, such as CCL1, CXCL1, or XCL1, by their neutral-
izing antibodies (nAbs) also provides a beneficial analgesic effect
(10, 18, 19). Currently, researchers are also focused on antagoniz-
ing the chemokine receptors as a possible method of neuropathic
pain treatment. It was previously shown that RS504393 (a CCR2
antagonist) and maraviroc (a CCR5 antagonist) both relieve neu-
ropathic pain symptoms in a rat model of neuropathy (8, 20, 21)
and simultaneously enhance the effectiveness of morphine (22,
23). Therefore, it is tempting to verify the roles of MIP-1 receptors
in the development of diabetic neuropathic pain and the viability
of a potential new analgesic strategy based on blocking those
receptors.

The aim of our study was to examine whether the intrathecal
injection of MIP-1 members may enhance nociceptive transmis-
sion in naive mice. Additionally, we verified on the molecular
level whether there were any changes in the protein abundance of
MIP-1 members and their most important receptors [selected by

their degree of affinity for CCL3 (CCR1 and CCR5), CCL4 (CCR1
and CCR5), or CCL9 (CCR1)] in the lumbar spinal cord of mice
with a STZ-induced diabetes. Additionally, we studied the cel-
lular source of MIP-1 ligands in primary glial cell cultures and the
presence of CCR1/CCR5 on these cells. Immunohistochemical
staining was performed to define the cellular localization of
both ligands and receptors in the lumbar spinal cord of mice
with STZ-induced diabetes. Furthermore, by administration of
CCL3 or CCL9 neutralizing antibody, we traced the influence of
those chemokines on neuropathic pain symptoms developed in
STZ-injected mice and studied whether this neutralization can
enhance the analgesic properties of morphine. We also investi-
gated whether J113863 (a CCR1 antagonist) and DAPTA (CCR5
antagonist) have any potential in relieving neuropathic pain
symptoms developed after STZ administration and enhancing
the effectiveness of morphine.

MATERIALS AND METHODS

Animals

All experiments were performed on male Albino-Swiss mice
(20-22 g; age: 32-38 days) purchased from Charles River
(Germany). The animals were housed in cages with sawdust
under a 12/12 h light/dark cycle. Food and water were available
ad libitum. The experiments were carried out according to IASP
recommendations (24) and the NIH Guide for the Care and
Use of Laboratory Animals and were approved by the second
Local Ethical Committee on Animal Testing at the Institute of
Pharmacology, Polish Academy of Sciences (LKE 1277/2015 and
75/2017).

Mouse Model of Diabetic

Neuropathic Pain

STZ is one of the most prominent diabetogenic chemical compo-
nents in experimental diabetes research (25-33). Single intraperi-
toneal (i.p.) administration of STZ (200 mg/kg; Sigma-Aldrich,
USA), dissolved in water for injections, was used to generate a
type 1 diabetes model (6, 9, 10, 31, 34). The STZ evoked diabetic
neuropathy by the specific necrosis of the pancreatic beta cells
(34, 35). Additionally, age-matched non-diabetic (naive) mice
received water for injections. Blood was collected from the tail
veins of the mice, and the glucose concentration was measured
with an Accu-Chek Active glucometer. High levels of plasma glu-
cose were observed as early as one day after the injection of STZ.
Mice were considered diabetic when serum glucose levels were
higher than 300 mg/dl at day 7 after STZ injection. The behavioral
tests were performed on day 7 following STZ administration.

Behavioral Tests

Mechanical Threshold—von Frey Test

Calibrated nylon monofilaments (Stoelting, USA) were used to
measure the reactions of the mice to mechanical stimuli. Mice
were placed in a plastic cage with a wire mesh floor and adapted to
the conditions of the experiment for 15 min. Von Frey filaments
of increasing strength (from 0.6 to 6 g) were applied sequentially
to the plantar surface of the hind paws of each mouse. The
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measurement was conducted until the hind paw was withdrawn
(6,9, 36).

Thermal Threshold—Cold Plate Test

A cold plate test (Cold/Hot Plate Analgesia Meter, Columbus
Instruments, USA) was used to assess the reactions of the mice
to thermal stimuli (6, 9, 37). The mice were put on a cold plate
with a temperature of 2°C. The latency to hind paw elevation was
noted. The cutoff latency was 30 s.

Pharmacological Study

Intrathecal Administration

Intrathecal (i.t.) administration is a standard procedure in our
laboratory (9, 10) and is performed using a Hamilton syringe with
a thin needle as previously described (38). Substances that were
used in the experiments were injected in the lumbar portion of
the spinal cord (between the L5 and L6 vertebrae) in a volume of
5 ul, and the tail reflex was an indicator of correct administration.

Single i.t. Administration of CCL3, CCL4, or CCL9 in Naive
Mice

CCL3 and CCL9 were obtained from Sigma-Aldrich (USA), and
CCL4 was attained from R&D Systems (USA). All chemokines
were dissolved in water for injection. After reconstitution,
chemokines were singly administered i.t. to naive mice in the
following doses: 10, 100, and 500 ng/5 ul. The behavioral tests
were performed 60, 240, and 1,440 min following injection.

Single i.t. Administration of CCL3 or CCL9 Neutralizing
Antibody in Mice With STZ-Induced Diabetic Neuropathy

Anti-mouse CCL3 and CCL9 nAbs were obtained from R&D
Systems and reconstituted in water for injections. After recon-
stitution, the nAbs were singly administered i.t. to mice on day
7 after STZ injection in the following doses: 0.5, 2, and 4 pg/5 pl.
Additionally, the control group was injected with 5 pl of water for
injection per mouse. The behavioral tests were performed 60, 240,
1,440, and 2,880 min following injection of nAbs. Additionally, at
day 7 following STZ administration, for the doses of 2 pg/5 pl nAb
CCL3 and 4 pg/5 pl nAb CCL9, the same behavioral tests were
also performed after 120 min following antibody administration.

Single i.t. CCRI (J113863) or CCR5 (DAPTA) Antagonist
Administration in Mice With STZ-Induced Diabetic
Neuropathy

J113863, a potent CCR1 antagonist, was obtained from TOCRIS
(UK) and dissolved in 5% dimethyl sulfoxide (DMSO). DAPTA
(p-Ala-Ser-Thr-Thr-Thr-Asn-Tyr-Thr-NH,), a selective CCR5
antagonist, was obtained from TOCRIS (UK) and dissolved in
water for injection. After reconstitution, the antagonists were
singly administered i.t. to mice on day 7 after STZ injection in
the following doses: 10, 15, and 20 ug/5 pl in the case of J113863
and 10 and 30 pg/5 pl in the case of DAPTA. The control groups
received 5 pl of 5% DMSO or 5 pl of water for injection, respec-
tively. The behavioral tests were performed after 30 min following
antagonist injection. Additionally, for J113863 (dose 15 pg/5 pl)
and DAPTA (dose 30 pg/5 pl), the same behavioral tests were

also performed after 90, 240, and 1,440 min following antagonist
administration.

Single i.t. Morphine Administration in Mice With STZ-
Induced Diabetic Neuropathy

Morphine was obtained from Sigma-Aldrich (USA) and dis-
solved in water for injection at a final concentration of 1 pg/5 pl.
Morphine was singly administered i.t. 135 min after injection of
CCL3 or CCL9 neutralizing antibody (2 pg/5 pl and 4 pg/5 pl,
respectively) on day 7 after STZ administration. The control
group was injected with 5 pl of water for injection per mouse.
The behavioral tests were first performed 120 min following
neutralizing antibody injection and then repeated 30 min after
morphine administration (scheme in Figure 7A). Additionally,
at day 7 following STZ injection, a single i.f. administration
of morphine was performed 35 min after J113863 injection
(15 pg/5 pl). The control group was injected with 5 pl of 5%
DMSO or water for injection per mouse. The behavioral tests
were first performed 30 min following J113863 injection and
then repeated 30 min after morphine administration (Scheme
in Figure 8E).

Primary Microglial and Astroglial Cultures
Primary cultures of microglia and astroglia were used in our
in vitro studies. Both types of cell culture were prepared from
Wistar rat pups (1-day old) as previously described (39). The cells
were isolated from the cerebral cortex and plated at a density of
3 X 10° cells/cm? in a culture medium composed of DMEM/
GlutaMAX/high glucose (Gibco, USA) supplemented with 10%
heat-inactivated fetal bovine serum, 0.1 mg/ml streptomycin and
100 U/ml penicillin (Gibco). The cultures were maintained in
poly-L-lysine-coated 75-cm? culture flasks at 37°C and 5% CO..
After 4 days, the culture medium was changed. The next step
involved the recovery of the loosely adherent microglial cells by
gentle shaking and centrifugation at 37°C for 24 h (200 rpm) on
day 9 and after replacing the medium on day 12. The medium was
removed, and the astrocytes were replated in culture dishes, where
they were maintained for 3 days and then trypsinized (0.005%
trypsin-EDTA solution, Sigma-Aldrich). The microglia/astroglia
were resuspended in culture medium, plated at final densities of
2 % 10° cells on 24-well plates for mRNA analysis and 1.2 X 10°
cells on 6-well plates for protein analysis, and incubated for 48 h.
The primary microglia and astrocyte cultures were stimulated for
24 h using lipopolysaccharide (LPS; 100 ng/ml; Sigma-Aldrich),
because it is known from our previous studies that such in vitro
stimulation correlates well with the changes observed in vivo in
neuropathic pain models (8, 10, 21-23, 40, 41). To identify the
microglia and astrocytes in the in vitro cell cultures, we utilized
IBA1 (ionized calcium-binding adapter molecule 1) asa microglial
marker (anti-IBA1, 1:500, Santa Cruz) and GFAP (glial fibrillary
acidic protein) as an astrocyte marker (anti-GFAP, 1:500, Santa
Cruz, CA, USA). As a result, we obtained highly homogeneous
microglial and astroglial populations that were more than 95%
positive for IBA1 and GFAP, respectively. The homogeneities of
our cultures were similar to those reported by Zawadzka and
Kaminska (39).
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Molecular and Immunohistochemical
Analysis

Quantitative Reverse Transcriptase Real-time PCR
(gRT-PCR)

The primary glial cultures were stimulated for 24 h by the admin-
istration of LPS (100 ng/ml) for mRNA analysis. Total RNA was
extracted with TRIzol Reagent (Invitrogen, USA) as previously
described (42). The RNA concentrations were measured using
a NanoDrop ND-1000 Spectrometer (NanoDrop Technologies,
USA). Reverse transcription was performed on 1 pg of total RNA
from the cultured cells using Omniscript reverse transcriptase
(Qiagen Inc., USA) at 37°C for 60 min. The real-time reactions
were performed in the presence of an RNAse inhibitor (Promega,
USA) and oligo (dT):s primers (Qiagen, Inc.). The cDNA was
diluted 1:10 with H,O, and for each reaction, ~50 ng of cDNA
synthesized from the total RNA template was obtained from each
individual animal and used for the qRT-PCR reactions. qRT-
PCR was performed using Assay-On-Demand TagMan probes
(Applied Biosystems, USA) and run on an iCycler device (Bio-
Rad, Hercules, CA, USA). The amplification efficiency for each
assay was determined by running a standard dilution curve. The
following TagMan primers were used: Rn01527840_m1 (Hprt),
Rn01464736_gl (Ccl3), Rn00671924_m1 (Ccl4), Rn01471276_
m1 (Ccl9), Rn00571950_s1 (Ccrl), and Rn02132969_s1 (Ccr5).
The expression levels of Hprt were measured in the non-
stimulated and LPS-stimulated cells and quantified relative to
the control (vehicle) to account for variations in the amounts
of cDNA. The Hprt levels did not significantly differ across all
groups, and Hprt was, therefore, used as a housekeeping gene
control (data not shown). The cycle threshold values were calcu-
lated automatically with the software CFX Manager v2.1 using

the default parameters. The RNA abundance was calculated as
2—(threshold cycle)'

RayBio Mouse Inflammation Antibody Array

The lumbar spinal cord (L4-L6) from naive and STZ-induced
diabeticneuropathic mice wasremoved 7 daysafter STZadmin-
istration. The sample preparation began with homogenization
of the tissue [1XCell Lysis Buffer (RayBio, USA) with Protease
Inhibitor Cocktail (Sigma)] and centrifugation (14,000 X g for
30 min at 4°C). Then, the protein concentration was evaluated
with a BCA Protein Assay Kit (Sigma), and each sample was
diluted (1x Blocking Buffer) to a final concentration of 250 pg.

The inflammation antibody array membranes (Table 1) were
blocked (1 h, room temperature) and then incubated with 1 ml
of sample (overnight, 4°C). After incubation and decantation
of the samples, the membranes were washed first with 2 ml
of 1XWash Buffer I (RayBio) and then with 2 ml of 1XWash
Buffer II (RayBio). Each membrane was covered with 1 ml of
diluted Biotin-Conjugated Anti-Cytokine antibodies (RayBio)
and incubated for 90 min (room temperature). After decanta-
tion of the primary antibodies, the membranes were washed
and incubated (2 h, room temperature) with 2 ml of 1,000-fold
diluted HRP-conjugated streptavidin (RayBio). After decanta-
tion of the HRP-conjugated streptavidin, the membranes were
washed. Immunocomplexes were detected using Detection
Buffer (RayBio) and visualized using a Fujifilm LAS 4000
fluorescent imaging system. The relative levels of immunore-
activity were quantified using Fujifilm Image Gage software
(6,9).

Western Blot

In the naive and STZ-induced diabetic neuropathic mice, the
lumbar (L4-L6) parts of the spinal cords were dissected on day
7 following STZ administration. The cell lysates (in RIPA buffer
with a protease inhibitor cocktail) from primary microglial and
astroglial cultures for western blot analysis were collected 24 h
after LPS stimulation. The samples were homogenized [RIPA
buffer with Protease Inhibitor Cocktail (Sigma)] and centrifuged
(14,000 X g for 30 min), and the protein concentration was deter-
mined [BCA Protein Assay Kit (Sigma)]. The samples were diluted
to a concentration of 30 pg, heated in Laemmli loading buffer
(Bio-Rad, USA) for 8 min at 99°C and resolved by SDS-PAGE on
4-15% polyacrylamide Criterion TGX gels (Bio-Rad). The proteins
were transferred to Immun-Blot PVDF membranes (Bio-Rad) and
blocked for 60 min in 5% blocking buffer [non-fat dry milk with
TBST (Tris-buffered saline with 0.1% TWEEN 20)]. The mem-
branes were incubated for 24 h at 4°C with antibodies diluted with
a SignalBoost Immunoreaction Enhancer Kit (Merck Millipore,
USA) as follows: rabbit polyclonal anti-IBA1 (1:500; Proteintech,
USA), rabbit polyclonal anti-GFAP (1:10,000; NOVUS, USA),
rabbit polyclonal anti-CCL3 (1:500; Thermo Fisher Scientific,
USA), rabbit polyclonal anti-CCL4 (1:500; ProSci Inc., USA)
for mice tissue, rabbit polyclonal nati-CCL4 (1:500; Thermo
Fisher Scientific) for primary cell cultures; rabbit polyclonal anti-
CCL9 (1:500; Bioss, USA), rabbit polyclonal anti-CCR1 (1:500;

TABLE 1 | The RayBio® mouse inflammation antibody array 1 (40) was used.

A B c D E F G H 1 J K L
1 POS POS NEG NEG Blank BLC CcD30L Eotaxin Eotaxin-2 | Fas Ligand | Fractalkine GCSF
u 2 POS POS NEG NEG Blank BLC CD30L Eotaxin Eotaxin-2 | Fas Ligand | Fractalkine GCSF
- - 3 | GM-CSF IFNy IL-1a -1 IL-2 IL-3 IL-4 IL-6 IL-9 IL.-10 IL-12p40p70| IL-12p70
- - 4 | GM-CSF IFNy IL-1a IL-1 8 IL-2 IL-3 -4 IL-6 IL-9 IL-10 IL-12p40p70| IL-12p70
e " s 0 5 IL-13 IL-17 I-TAC KC Leptin LIX Lymphotactin MCP-1 MCSF MIG MIP-1a MIP-1y
o * 0 6 IL-13 IL-17 I-TAC KC Leptin LIX Lymphotactin| MCP-1 MCSF MIG MIP-1a MIP-1y
. i ’ 7 | RANTES SDF-1 TCA-3 TECK TIMP-1 TIMP-2 TNFa STNF RI STNF Rl Blank Blank POS
® - . 8 | RANTES SDF-1 TCA-3 TECK TIMP-1 TIMP-2 TNFa STNF RI STNFRII Blank Blank POS

CCL3 and CCL9 are marked as MIP-1a and MIP-1y, respectively.
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NOVUS), rabbit polyclonal anti-CCR5 (1:500; NOVUS), and
mouse monoclonal anti-GAPDH (1:5,000; Millipore) as a loading
control. After being washed in TBST, the blots were incubated
for 1 h at room temperature with HRP-conjugated secondary
antibodies diluted at 1:5,000 with a SignalBoost Immunoreaction
Enhancer Kit. The immunocomplexes were detected with Clarity
Western ECL Substrate (Bio-Rad) and visualized using a Fujifilm
LAS 4000 luminescent image analyzer system. The relative levels
of immunoreactivity were quantified using Fujifilm Image Gage
software (10, 21).

Immunofluorescence Staining
Immunohistochemistry assays were performed on paraffin-
embedded 7-puM-thick microtome sections of lumbar
(L4-L6) spinal cords that were removed from diabetic mice
on day 7 after STZ administration. Section preparation and
immunofluorescence staining were performed as described
by Chmielarz et al. (43). Briefly, after deparaffinization and
subsequent antigen retrieval (microwave method with citrate
buffer), sections from STZ-treated mice were incubated for
30 min in 5% normal pig serum (Vector Labs) in PBST buffer
(0.2% Triton X-100 in PBS). Sections were incubated overnight
at 4°C with the following primary antibodies: anti-CCL3 (1:50,
ThermoFisher Scientific), anti-CCL9 (1:50, Bioss), anti-CCR1
(1:50, Novus), anti-CCR5 (1:50, Novus), anti-NeuN (1:200,
Millipore), anti-Ibal (1:50, Abcam, UK), and anti-GFAP
(1:500, Millipore). Antigen-bound primary antibodies were
visualized with anti-rabbit Alexa-488, anti-mouse Alexa-594,
or anti-chicken Alexa-594 (1:100; Invitrogen) secondary
antibodies. Stained sections were examined and photographed
under a fluorescence microscope (Nikon Eclipse 50i). The
dorsal part of the lumbar spinal cord was visualized in repre-
sentative images.

Statistical Analysis

The Behavioral Data

The behavioral data are presented as the means + SEM. The
results were evaluated using two-way analysis of variance
(ANOVA) followed by Bonferroni’s test for multiple com-
parisons (Figures 1 and 7) or one-way ANOVA followed by
Bonferroni’s test for multiple comparisons (Figures 8-10).
*(P < 0.05), **(P < 0.01), and ***(P < 0.001) indicate signifi-
cant differences compared with the naive animals. *(P < 0.05),
(P < 0.01), and (P < 0.001) indicate significant differences
compared with the vehicle (water for injection or 5% DMSO)-
injected STZ-induced diabetic neuropathic mice. (P < 0.05),
(P < 0.01), and ***(P < 0.001) indicate significant differences
compared with the vehicle (water for injection) + vehicle-
treated STZ-induced diabetic neuropathic mice. °°(P < 0.01)
and ©°°(P < 0.001) indicate significant differences compared
with the neutralizing antibody + vehicle-treated STZ-induced
diabetic neuropathic mice. *%(P < 0.001) indicates significant
differences compared with the vehicle (water for injection or 5%
DMSO) + morphine-treated STZ-induced diabetic neuropathic
mice. A(P < 0.05) and AMA(P < 0.001) indicate significant dif-
ferences compared with the J113863-injected STZ-induced
diabetic neuropathic mice.

The Molecular Data
The molecular data are presented as fold changes relative to the
controls (naive/vehicle-treated non-stimulated cells) + the SEM.
The results were evaluated using Student’s -test (Figures 2, 4A,B,
5 and 6). *(P < 0.05), **(P < 0.01), and ***(P < 0.001) indicate
significant differences compared with the controls (naive/vehicle-
treated non-stimulated cells). It should be emphasized that all the
results of protein expression analysis were not only obtained by
two different methodologies (protein arrays and western blot)
on newly prepared experimental model (newly isolated tissue),
but in each methodological approach, according to the specific
requirements of assay, different antibodies had to be used for
protein detection. Overall, it were fully independent sets of
experiments providing the same feedback.

All graphs were prepared using GraphPad Prism software
(version 5.0).

RESULTS

The Effect of Single Intrathecal (i.t.)
Administration of MIP-1 Family Members
on Nociceptive Transmission

in Naive Mice

Single i.t. administration of MIP-1 family members in each
tested dose (10, 100, and 500 ng/5 pl) evoked development of
hypersensitivity to mechanical and thermal stimuli as measured
by von Frey (Figures 1A,C,E) and cold plate (Figures 1B,D,F)
tests, respectively.

The Effect of MIP-1 Members on Mechanical
Nociceptive Threshold Measured by the

von Frey Test

Single i.t. administration of CCL3 diminished the nociceptive
threshold to mechanical stimuli, and this effect was still observed
at 1,440 min following injection (Figure 1A); however, at 60 min
following administration of 500 ng CCL3, its pronociceptive effect
had not yet been detected (Figure 1A). Additionally, single i.z.
administration of each CCL4 concentration resulted in the devel-
opment of hypersensitivity to mechanical stimuli observed up to
1,440 min following administration (Figure 1C). Additionally,
after 60 min, two higher doses induced a similar reaction to
mechanical stimuli, whereas after 240 min their influence on the
nociceptive threshold was dose dependent. After 1,440 min, each
dose caused a similar behavioral effect (Figure 1C). Single i.t.
CCL9 administration in each tested dose evoked development of
long-listing hypersensitivity to mechanical stimuli (Figure 1E).
At 60 min after CCL9 injection, the reaction to mechanical
stimuli varied across concentrations in a dose-dependent man-
ner. Furthermore, this effect was still detected after 1,440 min
(Figure 1E).

The Effect of MIP-1 Members on Thermal
Nociceptive Threshold Measured by the

Cold Plate Test

Single i.z. administration CCL3 at each concentration lowered the
pain perception threshold to thermal stimuli in a dose-dependent
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FIGURE 1 | The effects of single intrathecal (i.t.) administration of macrophage inflammatory protein-1 family members on nociceptive transmission in naive mice.
The effects of single i.t. CCL3 (A,B), CCL4 (C,D), or CCL9 (E,F) administration (10, 100, or 500 ng/5 ul) on mechanical nociceptive threshold [von Frey test; (A,C,E)]
and thermal nociceptive threshold [cold plate test; (B,D,F)] were measured at 60, 240, and 1,440 min following administration. The data are presented as the
means + the SEM (4-7 mice per group). The results were evaluated using two-way analysis of variance followed by Bonferroni’s test for multiple comparisons;

*(P < 0.05), **(P < 0.01), and ***(P < 0.001) indicate significant differences compared with the naive animals.
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manner, and this effect was detected 240 min following injection
(Figure1B). A pronociceptiveeffectat 1,440 min wasonlyobserved
for the highest CCL3 concentration (Figure 1B). Additionally,
single i.t. CCL4 administration produced hypersensitivity to
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FIGURE 2 | Continued

FIGURE 2 | The effects of single intraperitoneal (i.p.) streptozotocin (STZ;
200 mg/kg) administration on the protein levels of macrophage inflammatory
protein-1 members measured at day 7 following STZ administration in
STZ-induced diabetic neuropathic mice. The protein analysis was performed
with a protein microarray for CCL3 (A) and CCL9 (E) and by western blotting
for CCL3 (B), CCL4 (D), and CCL9 (F), CCL4 (C) not presented on the
membrane. Biochemical analysis was performed on lumbar spinal cords
dissected from naive and STZ-injected diabetic neuropathic mice on day 7
following STZ injection. The data are presented as fold changes relative to
the control (naive) + the SEM (8-12 samples per group). The results were
evaluated using Student’s t-test; *(P < 0.05) and ***(P < 0.001) indicate
significant differences compared with the control group (naive animals).

thermal stimuli, and this effect was observed for all tested doses at
each time point (Figure 1D). Additionally, the two highest doses
(100 and 500 ng) had their strongest and similar effects on ther-
mal nociception at 60 and 240 min following administration. The
pronociceptive effects were observed for up to 1,440 min for each
CCL4 concentration (Figure 1D). The reaction to thermal stimuli
after single i.t. CCL9 administration was similar when observed
60 min following injection for the two highest doses (100 and
500 ng); however, after 240 min, the increased pain perception
was only detected for the 500 ng dose (Figure 1F). This effect
was prolonged up to 1,440 min. Additionally, after 1,440 min,
the 10 ng dose also induced development of hypersensitivity to
thermal stimuli (Figure 1F).

The Influence of Single Intraperitoneal
(i.p.) STZ Administration on MIP-1 Family
Member Expression Measured on Day 7 in
an STZ-Induced Mouse Model of Diabetic

Neuropathic Pain

Single i.p. administration of STZ (200 mg/kg) led to increase in
blood glucose concentration (535 + 19mg/dl vs. 166 + 5 mg/dl
in naive mice) and, in parallel, lowered the pain perception
thresholds to mechanical (1.1 + 0.1g vs. 5.9 + 0.1g in naive mice)
and thermal (10.2 + 0.4s vs. 29 + 0.5s in naive mice) stimuli as
measured by von Frey and cold plate tests, respectively, at day
7 following STZ injection. Western blot analysis, however, indi-
cated that the level of IBA1 was increased (52%) while the GFAP
level remained unchanged in STZ-injected mice in comparison to
the control group (data not shown on the graphs).

The analysis of protein expression by both a protein array
(Figures 2A,E) and western blotting (Figures 2B,F) clearly
indicated significant increases in CCL3 (75%, Figure 2A; 57%
Figure 2B) and CCL9 (136%, Figure 2E; 49%. Figure 2F) levels
in lumbar spinal cords dissected at day 7 after STZ administra-
tion. This effect was not observed regarding CCL4 protein
(Figure 2D).

The Spinal Localization of MIP-1 Family
Members Determined at Day 7 Following
Single Intraperitoneal (i.p.) STZ
Administration in an STZ-Induced Mouse
Model of Diabetic Neuropathic Pain

The immunofluorescent staining provided evidence that both
CCL3 and CCL9 were co-localized with neurons as revealed by
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FIGURE 3 | Immunohistochemical staining of macrophage inflammatory protein-1 members in the streptozotocin (STZ)-induced model of diabetic neuropathic pain.
Immunofluorescent staining performed on paraffin-embedded microtome slices of spinal cords from STZ-treated mice. (A-C)—co-localization of immunoreactivity
for CCL3 (green) and NeuN (red); (D-F)—co-localization of immunoreactivity for CCL9 (green) and neuronal marker, NeuN (red); (G-0)—co-localization of
immunoreactivity for CCL3/CCL9 (green) and microglia marker, IBA1 (red); (P-U)—co-localization of immunoreactivity for CCL3/CCL9 (green) and astroglia marker,
GFAP (red). Scale bars: 25 um.
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FIGURE 4 | The effects of single intraperitoneal (i.p.) streptozotocin (STZ; 200 mg/kg) administration on the protein levels and neuronal localization of CCR1 and
CCRS5 measured at day 7 following STZ administration in STZ-induced diabetic neuropathic mice. (A,B) Protein analysis performed by western blotting for CCR1 (A)
and CCR5 (B). (C) The co-localization of CCR1 and CCR5 with NeuN (A-=F), IBA1 (G-L), and GFAP (M-R) assessed by immunohistochemical staining and
visualized in the superimposed pictures. The data are presented as fold changes relative to the control (naive) + the SEM (8-10 samples per group). The results
were evaluated using Student’s t-test. Scale bars: 25 pm.

co-staining with the neuronal marker NeuN (Figures 3A-F).
Their microglial origin, determined previously by in vitro
study, could not be clearly confirmed; however, apart from
IBA1-positive (microglia marker) cells not expressing CCL3
nor CCL9 (Figures 3G-I,M-O, respectively), there were some
cells showing coexpression of CCL3 and IBA1 (Figures 3J-L).

No co-localization of CCL3 nor CCL9 with the astroglial marker
GFAP was observed (Figures 3P-U, respectively). Regarding
CCL4, it was not possible to determine its expression due to
completely non-specific signal from the antibody used for the
immunohistochemical studies performed on paraffin sections
(data not shown).
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FIGURE 5 | The effects of lipopolysaccharide (LPS; 100 ng/ml) stimulation on the mRNA and protein levels of macrophage inflammatory protein-1 members in
primary microglial and astroglial cultures. The mRNA expression of Cc/3 (A,C), Ccl4 (E,G), and Ccl9 (I,K) was measured by quantitative reverse transcriptase
real-time PCR (qRT-PCR) in vehicle(—)- and LPS(+)-treated microglia (A,E,l) and astroglia (C,G,K) at 24 h following LPS stimulation. The protein levels of CCL3
(B,D), CCL4 (F,H), and CCL9 (J,L) were evaluated by western blotting in vehicle(-)- and LPS(+)-treated microglia (B,F,J) and astroglia (D,H,L) at 24 h following LPS
stimulation. The data are presented as the means + the SEM (4-12 samples per group). The results were evaluated using Student’s t-test; **(P < 0.01) and

***(P < 0.001) indicate significant differences compared with the vehicle(-)-treated cells.
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The Spinal Expression of MIP-1 Family
Member Receptors (CCR1 and CCR5)
Measured at Day 7 Following Single
Intraperitoneal (i.p.) STZ Administration
in an STZ-Induced Mouse Model of

Diabetic Neuropathic Pain

The Western blot protein analysis indicated that the levels of
CCR1 (Figure 4A) and CCR5 (Figure 4B) were unchanged
in spinal cord tissue derived from STZ-injected mice.
Immunofluorescent staining revealed that both CCR1 and
CCR5 were co-localized with the neuronal marker NeuN
(Figures 4A-F, respectively) as visualized on sections taken

from lumbar spinal cord (L4-L5) tissue dissected at day 7 after
STZ administration. There was no clear co-localization of CCR1
and CCR5 found with either microglial (Figures 4G-L) or
astroglial cells (Figures 4M-R) visualized by IBA1 and GFAP
markers, respectively.

The Influences of LPS Stimulation on the
mRNA and Protein Levels of MIP-1 Family
Members

Primary Microglial Cultures

Lipopolysaccharide (100 ng/ml) stimulation for 24 ho pro-
foundly increased the mRNA expression of Ccl3 (11,900%,
Figure 5A) and Ccl4 (4,700%, Figure 5E) but had no influence
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FIGURE 7 | The effects of single intrathecal (i.t.) CCL3 or CCL9 neutralizing antibody (nAb) administration on the mechanical and thermal nociceptive thresholds in
streptozotocin (STZ; 200 mg/kg; i.p.)-induced diabetic neuropathic mice at day 7 following STZ injection. The effects of single i.t. vehicle, nAb CCL3 (A,B) or nAb
CCL9 (C,D) administration (0.5, 2, and 4 ug/5 pl) on the mechanical nociceptive threshold [von Frey test; (A,C)] and thermal nociceptive threshold [cold plate test;
(B,D)] were measured at 60, 240, 1,440, and 2,880 min following administration at day 7 following STZ injection. The data are presented as the means + the SEM
(5-7 mice per group). The results were evaluated using two-way analysis of variance followed by Bonferroni’s test for multiple comparisons; #(P < 0.05), #(P < 0.01),
and (P < 0.001) indicate significant differences compared with the vehicle-treated STZ-injected diabetic neuropathic mice.

on Ccl9 (Figure 5I) mRNA expression as evaluated by qRT-
PCR. Additionally, the protein level of CCL3 was profoundly
increased (6,800%, Figure 5B) and the protein level of CCL4
was decreased (40%, Figure 5F) after 24 h of LPS (100 ng/ml)
stimulation as revealed by western blot analysis. No CCL9 protein
expression was detected (Figure 5]).

Primary Astroglial Cultures

The stimulation of astroglial cultures by LPS (100 ng/ml)
for 24 h resulted in a dramatic increase in Ccl3 (6,200%,
Figure 5C), Ccl4 (8,600%, Figure 5G), and Ccl9 (1,700%,
Figure 4K) mRNA expression as determined by qRT-PCR.
Western blot protein analysis further confirmed the observed

multiple-fold increase in CCL3 (2,300%, Figure 5D), while the
expression of CCL4 remained intact (Figure 5H). In contrast
to what was observed in microglial cell cultures, the CCL9
protein level was detected and even increased in astroglial
cultures (1,200%, Figure 5L).

The Influences of LPS Stimulation
on the mRNA and Protein Levels of
CCR1 and CCR5

Primary Microglial Cultures

The LPS (100 ng/ml) stimulation of microglial cultures for 24 h
produced a decrease in Ccrl (90%, Figure 6A) and Ccr5 (65%,
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Figure 6E) mRNA levels as determined by qRT-PCR. Western
blot protein analysis indicated that LPS stimulation for 24 h
decreased the protein level of CCR5 (55%, Figure 6F) while hav-
ing no influence on CCR1 expression (Figure 6B).

Primary Astroglial Cultures

mRNA levels in astroglial cultures stimulated by LPS (100 ng/ml)
for 24 h were evaluated by qRT-PCR and showed a decrease in
Ccrl (70%, Figure 6C) and Ccr5 (90%, Figure 6G) expression.
Western blot protein analysis after 24 h of stimulation with LPS
indicated a decrease in the CCR5 (37%, Figure 6H) protein
level but had no parallel influence on the CCR1 (Figure 6D)
protein level.

The Effect of Single Intrathecal (i.t.)
Administration of CCL3 or CCL9 nAb

on Nociceptive Transmission Measured
on Day 7 Following STZ Injection in Mice

With STZ-Induced Diabetic Neuropathy
CCL3 and CCL9 nAbs were singly administered i.z. on day 7
after STZ injection in the following concentrations: 0.5, 2, and
4 pg/5 pl. Additionally, control STZ-induced diabetic neuropathic
mice received vehicle (V; water for injection) administration.
Reactions to mechanical and thermal stimuli were assessed by
von Frey (Figures 7A,C) and cold plate (Figures 7B,D) tests,
respectively.

The Effect of CCL3 or CCL9 nAb on Mechanical
Nociceptive Threshold Measured by the

von Frey Test

The pain perception threshold to mechanical stimuli was
elevated after the two highest doses (2 and 4 pg) of CCL3 nAb
administration (Figure 7A). This effect was observed from 60
(in the case of 2 pg) or 240 (in the case of 4 pg) to 1,440 min
following administration. The lower dose of this antibody
did not influence the disturbance of nociceptive transmission
(Figure 7A). In the case of single CCL9 nAb injection, the
response to mechanical stimuli was not observed after 60 min
following nAb administration; however, after 240 min each
tested dose raised the threshold for reaction to mechanical
stimuli in a dose-dependent manner (Figure 7C). This effect
was still observed after 1,440 min, but only for the highest dose
(4 pg). After 2,880 min, the pain-relieving properties of CCL3
and CCL9 nAbs were abolished (Figures 7A,C). The vehicle
injection did not change the reaction to mechanical stimuli in
STZ-diabetic mice (Figures 7A,C).

The Effect of CCL3 or CCL9 nAb on Thermal
Nociceptive Threshold Measured by the Cold

Plate Test

Single i.t. administration of 2 or 4 ug of CCL3 nAb prolonged the
latency to react to thermal stimuli in a similar manner at time
points up to 1,440 min following administration (Figure 6B),
while the lower dose had no influence on the disturbance of
nociceptive transmission. The two highest doses (2 and 4 pg) of

CCL9 nAb extended the latency to react to thermal stimuli at time
points up to 1,440 min. The pain-relieving effect of the 2 ug dose
was stronger than that of the 4 pug dose after 60 min; however, after
240 min, the highest dose (4 pg) provides the strongest effect, and
the same was observed at 1,440 min (Figure 7D). The lowest dose
did not influence thermal threshold at any investigated time point
(Figure 7D). Additionally, the vehicle injection did not influence
thermal threshold in STZ-induced diabetic mice (Figures 7B,D).

The Effect of a Single Intrathecal (i.t.)
Administration of CCL3 or CCL9 nAb

on Pain-Related Behavior and the
Effectiveness of Morphine (M) Measured
on Day 7 in Mice With STZ-Induced
Diabetic Neuropathy

Seven days following STZ administration, a single i.t. injection
of vehicle (water for injection), CCL3 nAb (2 pg/5 pl), or CCL9
nAb (4 ug/5 pl) was given to STZ-induced diabetic neuropathic
mice. The influence of both nAbs on the mechanical and ther-
mal thresholds was measured by von Frey (Figures 8B,D) and
cold plate (Figures 8C,E) tests, respectively, 120 min following
administration (Figures 8B-E). Then, 135 min after nAb injec-
tion, a single i.t. administration of vehicle (water for injection)
or morphine (1 pg/5 pl) was made. The von Frey (Figures 8B,D)
and cold plate (Figures 8C,E) tests were performed 30 min after
administration (scheme in Figure 8A).

Single i.t. injection of CCL3 nAb increased the nociceptive
thresholds for mechanical (2.5 + 0.3 vs. 1.1 + 0.1 g; Figure 7B)
and thermal (17.1 + 0.8 vs. 10.3 + 0.3 s; Figure 8C) stimuli as
measured 7 days after STZ injection. Additionally, a single
CCL3 nAb injection enhanced the analgesic properties of
morphine against mechanical (5.3 + 0.3g; Figure 8B) and
thermal (25.9 + 1.6s; Figure 8C) stimuli in comparison to CCL3
nAb-treated + V-injected animals (3 + 0.6 g and 18.6 = 0.5 s,
respectively).

Single i.t. injection of CCL9 nAb increased the nociceptive
thresholds for mechanical (2.7 + 0.3 vs. 1.1 + 0.1 g; Figure 8D)
and thermal (20.1.1 + 0.8 vs. 10.3 + 0.4 s; Figure 8E) stimuli
as detected 7 days after STZ injection. Additionally, single CCL9
nAb administration improved the effectiveness of morphine in
the von Frey (5.6 + 0.4 g; Figure 8D) and cold plate (26.7 +2.2 s;
Figure 8E) tests in comparison to CCL9 nAb-treated 4+ V-injected
animals (2.8 + 0.3 gand 19.9 + 2 s, respectively).

Morphine administration effectively raised the pain percep-
tion threshold to both mechanical (Figures 8B,D) and thermal
(Figures 8C,E) stimuli.

The Effect of a Single Intrathecal (i.t.)
J113863 Administration on Mechanical
and Thermal Thresholds Measured on Day
7 Following STZ Administration in Mice

With STZ-Induced Diabetic Neuropathy

Single i.t. administration of J113863 (a CCR1 antagonist) was
performed in STZ-induced diabetic neuropathic mice at concen-
trations of 10, 15, and 20 ug/5 pl on day 7 after STZ injection.
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SCHEME OF DRUG ADMINISTATION IN STZ-INDUCED DIABETIC NEUROPATHIC MICE
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FIGURE 8 | The effects of single intrathecal (i.t.) CCL3 or CCL9 neutralizing antibody (nAb) administration on the mechanical nociceptive threshold, the thermal
nociceptive threshold and the effectiveness of morphine (M) in streptozotocin (STZ; 200 mg/kg; i.p.)-induced diabetic neuropathic mice at day 7 following STZ
injection. Part A presents a scheme of the experiment (A). The effects of single i.t. vehicle, nAb CCL3 [2 pg/5 pl; (B,C)] or nAb CCL9 [4 pg/5 pl; (D,E)]
administration on the mechanical nociceptive threshold [von Frey test; (B,D)] and thermal nociceptive threshold [cold plate test; (C,E)] were measured 120 min
following administration on day 7 following STZ injection. Morphine (1 ug/5 pl) was administered as a single i.t. injection 135 min after the antibody
administration and the completion of the behavioral tests; the tests were repeated 30 min following the morphine administration (B-E). The data are presented
as the means + the SEM (4-10 mice per group). The results were evaluated using one-way analysis of variance followed by Bonferroni’s test for multiple
comparisons; #(P < 0.05), *#(P < 0.01), and **#(P < 0.001) indicate significant differences compared with the vehicle-treated STZ-injected diabetic neuropathic
mice; 8P < 0.05), ¥¥(P < 0.01), and *¥¥(P < 0.001) indicate significant differences compared with the vehicle (water for injection) + vehicle-treated STZ-induced
diabetic neuropathic mice; °°(P < 0.01) and °°°(P < 0.001) indicate significant differences compared with the neutralizing antibody + vehicle-treated STZ-
induced diabetic neuropathic mice. #4P < 0.001) indicates significant differences compared with the vehicle + morphine-treated STZ-induced diabetic
neuropathic mice.
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AP < 0.05) and AMA(P < 0.001) indicate significant differences compared with the J113863-injected STZ-induced diabetic neuropathic mice; (P < 0.001)
indicates significant differences compared with the vehicle + morphine-treated STZ-induced diabetic neuropathic mice.
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The control STZ-induced diabetic neuropathic mice received
the vehicle (5% DMSO). The mechanical and thermal thresholds
were assessed by the von Frey (Figures 9A,C) and cold plate
(Figures 9B,D) tests, respectively. Additionally, for the 15 pg dose
0f J113863, we observed time-dependent changes in pain relief.

Streptozotocin-induced diabetic neuropathic mice devel-
oped hypersensitivity to mechanical (1.4 + 0.1 g) and thermal
(10.8 = 1.2 s) stimuli in comparison to naive animals (5.4 + 0.3 g
and 26.3 + 1 s, respectively) as measured on day 7 following
STZ administration (Figures 9A,B). A single injection of 10 pg
of J113863 or 5% DMSO did not affect the decreased threshold
of response to mechanical and thermal stimuli 30 min following
administration (Figures 9A,B). In contrast, the two other doses
(15 and 20 pug) of J113863 increased the response threshold to
mechanical (3.7 + 0.3 and 4.6 + 0.5 g) and thermal (17.8 + 0.5
and 21.1 + 2 s) stimuli in both tests (Figures 9A,B) as measured
30 min after administration.

A single administration of 15 pg of J113863 increased the
response threshold to mechanical stimuli at 30, 90, and 240 min
following administration; however, the effect observed after
90 min was weaker than the ones obtained after 30 and 240 min
(Figure 9C). Pain-relieving properties were no longer observed
at 1,440 min (Figure 9C). The response latency to thermal stimuli
was extended at 30, 90, and 240 min following administration of
15 pg of J113863. Furthermore, the analgesic effect increased up
to 240 min after administration but was no longer observed after
1,440 min. A single administration of 5% DMSO in STZ-diabetic
mice did not influence the mechanical or thermal threshold at
any investigated time point (Figures 9C,D).

The Effect of a Single Intrathecal (i.t.)
J113863 Administration on the
Effectiveness of Morphine Measured
on Day 7 Following STZ Administration
in Mice With STZ-Induced Diabetic
Neuropathy

Seven days following STZ administration, a single i.t. injection
of water for injection (V), 5% DMSO or 15 ug of J113863 was
given to STZ-induced diabetic neuropathic mice, and 30 min
following administration, the von Frey and cold plate tests were
performed. Then, each group received a single i.t. injection of
morphine (M; 1 ug/5 pl), and behavioral tests were performed
after 30 min following morphine and 60 min following 15 pg
J113863 injection (scheme in Figure 9E).

Single i.t. administration of 15 pg of J113863 increased the
nociceptive thresholds for mechanical and thermal stimuli as
assessed by the von Frey (Figure 9F) and cold plate (Figure 9G)
tests, respectively, 30 min after administration. Additionally,
neither water for injection nor 5% DMSO affected nociceptive
transmission (Figures 9F,G).

Single i.t. administration of 15 pg of J113863 improved the
effectiveness of morphine (1 pg; single i.t. injection). The eleva-
tion of the mechanical threshold after morphine treatment was
more potent in J113863-injected animals (5.3 + 0.4 g) than in
V-treated (2.1 & 0.2 g) or DMSO-injected (2.5 + 0.5 g) animals
(Figure 9F). Similarly, the reaction to thermal stimuli was

delayed in morphine-treated J113863-injected mice (23.2 +2.1s)
compared with morphine-treated V-injected (13.8 + 0.9 s)
and morphine-treated DMSO-injected (14.6 + 1.1 s) mice
(Figure 9G). Additionally, morphine injection increased the reac-
tion thresholds to mechanical and thermal stimuli in V-injected

and DMSO-injected animals (Figures 9EG).

The Effect of Single Intrathecal (i.t.) DAPTA
Administration on Mechanical and
Thermal Thresholds Measured in STZ-
Induced Diabetic Neuropathic Mice on

Day 7 Following STZ Injection

Single i.t. administration of DAPTA (a CCR5 antagonist) was
performed in STZ-induced diabetic neuropathic mice at concen-
trations of 10 and 30 pg/5 pl on day 7 after STZ injection. The
control STZ-induced diabetic neuropathic mice received vehicle
(water for injection) administration. The mechanical and thermal
thresholds were assessed by the von Frey (Figures 10A,C) and
cold plate (Figures 10B,D) tests, respectively.

Seven days following STZ administration, the reaction
thresholds to mechanical (1.23 + 0.1 g) and thermal (10.7 +1.2's)
stimuli was lower than those of naive animals (5.3 + 0.3 g and
26.3 + 1 s, respectively; Figures 10A,B). A single injection of
DAPTA did not influence the pain perception threshold in the
von Frey test or the cold plate test, regardless of the investigated
dose (Figures 10A-D, respectively). The reaction to mechanical
and thermal stimuli was unchanged in morphine-treated DAPTA-
injected mice compared with morphine-treated V-injected
mice (Figures 10E,G). However, morphine injection increased
the reaction thresholds to mechanical and thermal stimuli in
V-injected animals (Figures 10E,G).

DISCUSSION

Our studies have indicated that single intrathecal administration
of any MIP-1 member evokes strong pain-related behavior in naive
mice. Additionally, we have shown that in STZ-induced diabetes,
the pain perception threshold to mechanical and thermal stimuli
is lowered, which correlates with microglial activation and an
increase in the expression of two MIP-1 family members (CCL3
and CCL9). Furthermore, data obtained from primary glial cell
cultures suggest that all mouse MIP-1 members can originate
from microglia and/or astroglial cells, and their receptors are
present on those cells as well. The immunohistochemical analysis
provided clear evidence that spinal CCL3 and CCL9, as well as
CCRI and CCR5, show coexpression with a neuronal marker,
NeuN. However, it was hard to confirm the expression of both
investigated ligands on microglial cells, as suggested by previously
performed in vitro study. Nevertheless, apart from existing CCL3-
and CCL9-positive only cells, there were also some co-localized
with microglia marker, IBA1 (in particular CCL3). There was
no clear co-localization observed with astroglia marker, GFAP.
An additional immensely important observation concomitant
with the spinal elevation of CCL3 and CCL9 expression was
provided by the results of pharmacological studies. We would
like to point out that the administration of nAbs for CCL3 and
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FIGURE 10 | The effects of single intrathecal (i.t.) CCR5 antagonist (DAPTA) administration on the mechanical nociceptive threshold and thermal nociceptive
threshold and the effectiveness of morphine (M) in streptozotocin (STZ; 200 mg/kg; i.p.)-induced diabetic neuropathic mice at day 7 following STZ injection. The
effects of single i.t. vehicle (water for injection) and DAPTA [10 and 30 ug/5 pl; (A,B)] administration on the mechanical nociceptive threshold [von Frey test; (A)] and
thermal nociceptive threshold [cold plate test; (B)] were measured 30 min following administration at day 7 following STZ injection. The time-dependent changes of
a 30-pg dose of DAPTA was determined by the von Frey test (C) and the cold plate test (D) at 30, 90, 240, and 1,440 min following administration on day 7
following STZ injection. Scheme of combined administration of DAPTA and morphine (E). Morphine (1 pg/5 pl) was administered as a single i.t. injection 35 min after
the DAPTA (30 pg/5 pl) administration and the completion of the behavioral tests, and then the tests were repeated 30 min following the morphine administration
(F,G). The data are presented as the means + SEM (5-9 mice per group). The results were evaluated using one-way analysis of variance followed by Bonferroni’s
test for multiple comparisons; “**(P < 0.001) indicates significant differences compared with the naive animals; AMA(P < 0.001) indicate significant differences
compared with the J113863-injected STZ-induced diabetic neuropathic mice.
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CCL9 dose-dependently showed analgesic effects. As we believe,
it would be hard to obtain such pharmacological effects if the
level of these endogenous chemokines has not been increased
after STZ administration. Furthermore, antagonizing the CCR1
by single intrathecal administration of J113863 as well as by CCL3
or CCL9 neutralizing antibody in diabetic mice model leads to
relief of pain-related behavior and augmentation of the effective-
ness of morphine.

Chemokines are small molecules with a well-established
homeostatic function based on attracting target cells to the place
of their secretion. However, current studies show that exogenous
administration of different chemokines, such as CCL1, CCL3,
CXCL1, CXCL5, CXCL9, CXCL12, or XCL1, in naive animals
decreases the nociceptive threshold, which points to their role
in pain development (9, 10, 19, 44, 45). Our results are part of
this trend since we have indicated that single intrathecal admin-
istration not only of CCL3 and CCL9 but also of CCL4 to naive
mice induces the development of long-lasting hypersensitivity to
mechanical and thermal stimuli, which is observed up to 24 h
later. Therefore, we postulate that this immediate and long-lasting
effect seems to be related to the presence of receptors for these
chemokines mainly on neurons, which was also clearly shown
and confirmed on immunofluorescent staining.

Previous studies have suggested that CCL3, CCL4, and CCL9
are expressed in macrophages and/or microglia (46-48), so in
cells very important for diabetic pain development (6). The
current study has shown that in the lumbar spinal cord of STZ-
induced diabetic neuropathic mice, a marker of microglia activa-
tion is upregulated in correlation with increased protein levels
of CCL3 and CCL9 as measured on day 7, suggesting that these
chemokines are very important in the development of diabetic
neuropathy and that their source are microglial cells. There were
no changes in the CCL4 level, which is consistent with the find-
ings of Saika et al. (16) in a partial sciatic nerve ligation model.
During activation, microglial cells release a broad spectrum of
spinal neuro-immunological factors, including chemokines
(6, 8, 10, 19, 21, 41). Interestingly, it has been shown in many
papers that observed spinal changes under neuropathic pain
correlate well with the LPS-stimulated in vitro glial cells (8, 10,
21-23, 40, 41, 49). Primary microglial cell cultures have con-
firmed the presence of mRNA for each of the MIP-1 family
chemokines. Additionally, the protein level of CCL3 was elevated
after LPS stimulation, an observation that is supported by other
studies (46). The protein analysis of CCL4, however, showed that
its level was decreased after LPS treatment. In the case of CCL9,
there were no significant changes in its mRNA level, and more
importantly, we were not able to detect this protein in microglial
culture. In 2010, Ravindran et al. showed that after stimulation
of the mouse microglial cell line BV2, the mRNA level of CCL9
was increased. However, BV2 cell lines are programmed to pro-
liferate and, therefore, their gene expression patterns may differ
from those of primary microglial cells (50). The observed lack
of spinal activation of GFAP-positive cells in the early phase of
diabetic pain development had already been established (10, 51).
However, our primary astroglial cell cultures have shown that
after LPS stimulation, there was an increase in transcription and
translation of CCL3 and CCL9. The lack of changes in the GFAP
protein level cannot be unambiguously connected to the absence

of astrocyte participation in the release of this chemokine under
diabetes, especially since it was indicated that changes in the level
of GFAP are not related to the number of astrocytes (52).

Immunohistochemical staining can dispel the doubts arising
from the difference between the data obtained from primary
glial cell cultures and those from the lumbar spinal cord of
STZ-induced diabetic neuropathic mice. Our results clearly
show that CCL3 and CCL9 co-localize with a neuronal marker,
which can explain the spinal increase of CCL9 protein, point-
ing to neurons as main source of this chemokine. In the case of
CCL3, the involvement of neurons, not just microglia, seems to
be highly important. Of course, as suggested by mentioned above
in vitro data (partially confirmed by immunohistochemistry),
one cannot exclude the microglial cells as an alternative origin
of both investigated chemokines, in particular CCL3. This could
have been hard to confirm, as even STZ-induced expression of
microglial cells is relatively very low in comparison to, i.e., effect
observed in neurodegeneration or other inflammatory processes
(8,21, 53).

In general, a distinctive feature of chemokines is their ability
to interact with more than one G-protein-coupled chemokine
receptor and vice versa. An analogous situation occurs in the
case of MIP-1 family members, which interact with CCR1, CCRS5,
or both (15). In the central nervous system, those receptors are
expressed on neurons (54, 55), microglia (54, 56), and astrocytes
(54, 57). The results obtained from the immunohistochemical
staining confirm the spinal co-localization of NeuN with CCR1
and CCR5 of STZ-induced diabetic mice. The spinal neuronal
localization of these receptors confirmed their important role
in nociceptive transmission and explained why we observed
immediate pronociceptive effects of CCL3, CCL4 and CCL9 after
their intrathecal administration. Furthermore, primary glial cell
cultures demonstrated that both of these receptors are localized
on microglia and astroglia, which is consistent with the findings
of others (57-59) and was partially confirmed by our immuno-
histochemical study. Furthermore, we found that, during the
development of neuropathy in our STZ-induced diabetes model,
the protein levels of CCR1 and CCR5 are not changed.

Interestingly, LPS stimulation of primary glial cell cultures
resultsin a decrease of Ccr1 and Ccr5 mRNA expression accompa-
nied by downregulation of the CCR5 protein level but no change
in the CCR1 protein level. Those findings are different from those
of Boddeke et al., who have shown that 12 h of LPS (100 ng/ml)
treatment upregulates the mRNA levels of Ccrl and Cer5 in rat
microglial cultures (58). Others, however, demonstrated that
the expression of Ccr5 mRNA was not changed when BV2 cells
were used (60). Those discrepancies emphasize the complexity of
intracellular processes in which G-protein-coupled receptors are
involved; these processes should be explored more deeply.

The pain-relieving properties of different nAbs are well stud-
ied since there are used to delay paclitaxel-induced neuropathy
(61) and bone cancer pain (18). Our results demonstrated that
nAbs for CCL3 and CCL9 not only raises the nociceptive thresh-
old but also enhances the effectiveness of morphine. Therefore,
defining the role of this chemokines seems to be highly impor-
tant, especially because autoantibodies against CCL3 have been
postulated to be a biomarker of type 1 diabetes development in
humans (14).
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Treatment of diabetic neuropathic pain is difficult and com-
monly ineffective. Therefore, we focused our attention on antago-
nizing MIP-1 family receptors, CCR1 and CCR5, by J113863
and DAPTA administration, respectively. The results of our
study in an STZ-induced diabetic neuropathy model show
that single intrathecal administration of the CCR1 antagonist
J113863 dose-dependently diminished pain-related behavior in
STZ-injected mice. Similarly, it has been shown that blockade of
CCRI1 dose-dependently reduces pain perception of mechanical
and thermal stimuli in a complete Freund’s adjuvant inflamma-
tory pain mouse model (62). Surprisingly, the CCR5 antagonist
DAPTA has no analgesic properties in STZ model. Apparently,
the data obtained in diabetic and non-diabetic neuropathic pain
model seem to be different. For example, Saika et al. (16) have
shown that DAPTA after partial sciatic nerve ligation attenuates
hypersensitivity in mice. Additionally, also our studies have indi-
cated that maraviroc, another CCR5 antagonist, can attenuate the
development of neuropathic pain symptoms in rats after sciatic
nerve ligation (21, 22). The observed differences between the
analgesic effects of CCR1 and CCR5 antagonists in STZ-induced
neuropathy are highly interesting. The observed lack of changes in
the level of CCR1 in our model was initially baffling. However, we
can hypothesize that exposure of the G-protein-coupled recep-
tors CCR1 to agonists (CCL3 and CCL9) leads to a rapid decrease
in the number of cell-surface binding sites. Therefore, we did not
observe an increased level of CCR1, which as suggested by our
pharmacological experiments, is strongly involved in nociceptive
transmission and plays a crucial role in diabetic neuropathy.
This fact underlines the importance of better understanding
G-coupled receptor signaling, which is known to be important
in the context of mechanisms of action of various factors. The
activation of the G-coupled receptors leads to cellular signal
transduction through many intracellular pathways, e.g., MAPKSs,
NF-xB, STATs, PI3K (6, 23, 40, 41, 63-66). Recent studies have
suggested that one of the most important intracellular pathways is
the PI3K-pathway, initiated by many cytokines as well as insulin.
Dysregulation of aforementioned pathway is implicated by some
authors in non-diabetic (67) and diabetic (68) neuropathic pain
models. The involvement of different intracellular pathways in
CCRI1 function under diabetes undoubtedly should be examined.

Morphine is an opioid receptor agonist used in case of
moderate or severe pain states (69); however, its efficacy is lost
in long-lasting pain conditions including diabetic neuropathy
(70). Recent studies have shown that chronic morphine treat-
ment leads to loss of its effectiveness in neuropathic mice,
which is correlated with the degree of severity of microglial cell
activation (63). Interestingly, combined administration with
microglial inhibitors prolongs the analgesic effect of morphine
(6, 63). Base on this phenomenon, current studies are focused on
searching for the substances that influence activated microglia
in parallel with enhancing the effectiveness of morphine. It has
been reported that after sciatic nerve ligation, a CCR5 antagonist
simultaneously prevented pain-related behavior development
and glia activation while also enhancing the efficacy of morphine
(22); however, in diabetic neuropathy was not as effective. In
contrast, the results of the current study indicate that, in diabetic
neuropathic pain, the CCR1 antagonist J113863 not only relieves
pain-related behavior but also improves the analgesic properties

of morphine, emphasizing once again the important role of this
receptor in our diabetic neuropathic pain model. Based on cur-
rent literature data we can only speculate, that the enhancement
of morphine analgesia evoked by J113863 is associated with the
fact that in neurons CCRI1 is coexpressed with the mu opioid
receptor—as it was already shown that the activation of CCR1
leads to internalization of mu opioid receptor which markedly
inhibits its function (71). However, this needs future investigation
in other diabetic pain models.

CONCLUSION

In summary, our behavioral and biochemical studies highlight
a crucial role of two MIP-1 family chemokines in neuropathic
pain accompanying diabetes and point to a key role of CCRI.
We give evidence that CCL3 and CCL9, based on their spinal
upregulation and strong pronociceptive properties, might be
important factors involved in the development of diabetic neu-
ropathy. It was postulated that autoantibodies against CCL3 are
biomarkers of type 1 diabetes development (14), our results sug-
gest that CCL9 may share this function. Additionally, their direct
neutralization not only attenuates neuropathic pain symptoms
but also enhance the effectiveness of morphine, which may be
crucial for future progress in therapy. Moreover, our results
suggest the pharmacological blockade of CCR1 in conjunction
with morphine administration as a novel therapeutic approach
for diabetic neuropathy.
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