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The pharmacological attenuation of glial activation represents a novel approach for controlling neuropathic
pain, but the role of microglial and astroglial cells is not well established. To better understand the potential
role of two types of glial cells, microglia and astrocytes, in the pathogenesis of neuropathic pain, we
examined markers associated with them by quantitative RT-PCR, western blot and immunohistochemical
analyses in the dorsal horn of the lumbar spinal cord 7 days after chronic constriction injury (CCI) to the
sciatic nerve in mice. The mRNA and protein of microglial cells were labeled with C1q and OX42(CD11b/c),
respectively. The mRNA and protein of astrocytes were labeled with GFAP. The RT-PCR results indicated an
increase in C1q mRNA that was more pronounced than the increased expression of GFAP mRNA ipsilateral to
the injury in the dorsal spinal cord. Similarly, western blot and immunohistochemical analyses demonstrated
an ipsilateral upregulation of OX42-positive cells (72 and 20%, respectively) and no or little (8%
upregulation) change in GFAP-positive cells in the ipsilateral dorsal lumbar spinal cord. We also found
that chronic intraperitoneal injection of the minocycline (microglial inhibitor) and pentoxifylline (cytokine
inhibitor) attenuated CCI-induced activation of microglia, and both, but not fluorocitrate (astroglial
inhibitor), diminished neuropathic pain symptoms and tactile and cold sensitivity. Our findings indicate that
spinal microglia are more activated than astrocytes in peripheral injury-induced neuropathic pain. These
findings implicate a glial regulation of the pain response and suggest that pharmacologically targeting
microglia could effectively prevent clinical pain syndromes in programmed and/or anticipated injury.
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1. Introduction

Accumulating evidence suggests that at the level of the spinal cord,
glial cells and the molecules they produce play an important role in the
development and maintenance of persistent pain (Griffin et al., 2007;
Gwak and Hulsebosch 2009; Ledeboer et al., 2005; Levin et al., 2008;
Mika et al., 2009; Rodriguez Parkitna et al., 2006; Watkins et al., 2001,
2005). Glial cells dynamically modulate the function of neurons under
both physiological and pathological conditions (Temburni and Jacob,
2001). Recently, some authors have suggested that astroglial and
neuronal functions can be dynamically modulated by microglia cells,
which are implicated in the initiation phase of injury-induced pain
(Colburn et al., 1999; DeLeo et al., 2004; Jin et al., 2003; Narita et al.,
2006).Microglia cells becomeactivated immediately after injury and via
ion and electrical changes in the neuronal/glial microenvironment,
which induces hypersensitivity and leads to further enhancement of
glial activation (DeLeo et al., 2004). Numerous models of neuropathic
pain have indicated that microglia can influence development of this
phenomenon, e.g., partial sciatic nerve ligation (Coyle, 1998), spinal
nerve ligation (Jin et al., 2003) and spinal cord injury (Gwak and
Hulsebosch, 2009, Hains andWaxman, 2006; Popovich et al., 1997). The
activation of astrocytes, which are thought to contribute to the
maintenance of chronic pain (Raghavendra et al., 2004; Tanga et al.,
2004), is delayed following spinal cord injury. Spinal astroglia activities
have been intensively studied after spinal cord injury (Gwak and
Hulsebosch 2009, Hains and Waxman, 2006; Popovich et al., 1997),
whereas little is known about their role in pain after peripheral injury
(Obata et al., 2006; Xu et al., 2007b).

Despite the numerous studies, the type of glial cell that plays the key
role in the pathomechanism of peripheral nerve injury-induced neuro-
pathic pain remains unclear. This is very important from the therapeutic
point of view, since neuroimmune alterations contribute to pathological
changes in many insufficiently treated neurodegenerative disorders. To
study the potential involvement of different glial cells in the initiation and
maintenance of neuropathic pain, we compared nerve injury-induced
activation of microglia and astroglia after administration of drugs that
modulate activation of various types of glial cells. Minocycline, a potent
inhibitor of microglial activation and proliferation (Amin et al., 1996;
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Aronson, 1980; Colovic and Caccia, 2003; Tikka et al., 2001), pentoxifyl-
line, a non-specific cytokine inhibitor and an inhibitor of phosphodies-
terase (Liu et al., 2007; Lundblad et al., 1995; Neuner et al., 1994) and
fluorocitrate, which acts as general astroglial inhibitor that disrupts
astroglial metabolism by blocking aconitase (Willoughby et al., 2003)
were employed. To identify the involvement of glial cell subtypes in CCI-
induced neuropathic pain, we studied how glial inhibitors with different
mechanisms of action influence injury-induced changes in mRNA and
protein expression of glia activation markers in the spinal cord.
Additionally, we investigated their influence on neuropathic pain
symptoms such as tactile and cold sensitivity.

2. Materials and methods

2.1. Animals

Male Albino-Swiss mice (20–25 g) from Charles River Laboratories
International, Inc. (Germany) were housed in cages lined with sawdust
under standard 12/12 h light/dark cycle (lights on at 08:00 h) with food
andwateravailable ad libitum.All experimentswereperformedaccording
to the recommendations of IASP (Zimmermann, 1983) and theNIHGuide
for Care and Use of Laboratory Animals and were approved by the local
Bioethics Committee (Cracow, Poland).

2.2. Surgical preparations

Chronic constriction injury (CCI) was produced by loosely tying
three ligatures (4/0 silk) around the sciatic nerve under sodium
pentobarbital anesthesia (60 mg/kg; i.p.). The biceps femoris and the
gluteus superficial were separated, and the right sciatic nerve was
exposed. The ligatures (4/0 silk) were tied loosely around the nerve
distal to the sciatic notch with 1 mm spacing until a brief twitch in the
respectivehind limbwasobserved aspreviously described (Bennett and
Xie, 1988). After surgery, all mice developed long-lasting neuropathic
pain symptoms measured by tactile and cold sensitivity.

2.3. Drugs

Chemicals and their sources were as follows: minocycline hydro-
chloride (Sigma, USA), pentoxifylline (Polfilin, Polfarma, Poland), and
fluorocitrate (fluorocitric acid; Sigma, USA). All drugs were dissolved in
sterile water. The highest possible doses that were safe and well
tolerated of minocycline (60 µmol/kg), pentoxifylline (70 µmol/kg) and
fluorocitrate (0.2 µmol/kg) were used. The drugs were administered
intraperitoneally first at 16 h and 30 min before CCI and then twice daily
for 7 days as previously described (Raghavendra et al., 2003;Mika et al.,
2007). This administration schedule was used because systemic
minocycline attenuates the activation of microglia more efficiently
when the inhibitor is injected before injury (Raghavendra et al., 2003;
Ledeboer et al., 2005). The control groups received avehicle injection (i.p.)
according to the same schedule. The behavioral tests were conducted on
day 7 after CCI 30min and following drug administration. Tissue from all
mice was collected 7 days after CCI and 4 h after drug or vehicle adminis-
tration for RT-PCR, western blot and immunohistochemical analyses.

2.4. Antibodies and probes

Antibodies forwestern blot (rabbit polyclonal anti-OX42 (anti-CD11
(b/c)) and the rabbit polyclonal anti-GFAP antibody were purchased
from Novus Biologicals, Inc. For immunohistochemistry, primary
antibodies rat anti-mouse OX42 (CD11b/c-microglia marker; 1:500
dilution) and mouse anti-glial fibrillary acidic protein (GFAP-astrocyte
marker, 1:2000) were purchased from BD Biosciences, USA and
Chemicon International, Germany, respectively. The following TaqMan
primers (Applied Biosystems, Foster, CA, USA) and probes were used:
Mm00432142_m1 (C1q; mouse complement component 1, q subcom-
ponent, beta polypeptide); Mm01253033_m1 (GFAP; mouse glial
fibrillary acidic protein); Mn00446968_m1 (HPRT; mouse hypoxan-
thine guanine phosphoribosyl transferase).

2.5. Behavioral tests

2.5.1. Tactile sensitivity (von Frey test)
Mechanical sensitivity to stimuli was measured using a set of

calibrated nylon monofilaments (Stoelting, USA). Approximately
3 days before CCI, naive mice were placed in transparent plastic
experimental cages with a wire mesh floor. After 5 min, mice were
tested with von Frey filaments for adaptation. None of the mice
responded to filaments from 0.6 to 6 g. During the experiment, mice
that had undergone CCI were habituated to the experimental cage for
5 min before testing. Increasing strengths of von Frey filaments were
applied sequentially to the plantar surface of the hind paw of each
mouse. The intensity of mechanical stimulation was increased from
0.6 to 6 g in a graded manner using successively larger filaments until
the hind paw was withdrawn. The general procedure was based on
the paper by Chaplan et al. (1994) that demonstrated how to employ
von Frey filaments in rats. We then modified our measurements
according to the study described by Sommer and Schafers (1998).

2.5.2. Cold sensitivity (cold plate test)
Cold sensitivitywasassessedusing the coldplate test (Cold/Hot Plate

Analgesia Meter No.05044 Columbus Instruments, USA) according to
Choi et al. (1994) and Jasmin et al. (1998). The temperature of the cold
plate was kept at 2 °C and the cut-off latency was 30 s. The mice were
acclimated to the cold plate apparatus 3 days before CCI. During
acclimation, noneof themice responded to the cold over the 30 s period.
For the experiments, mice were placed on the cold plate apparatus and
the time until the hind paw was lifted was recorded. In all cases, the
injuredpawwas thefirst to react.Micewere immediately removed from
the cold plate apparatus after a reaction was observed.

2.6. Biochemical tests

2.6.1. Analysis of gene expression by qPCR
The lumbar (L5–L6) region of the spinal cord was removed and

divided into ipsilateral and contralateral parts with respect to the side of
injury immediately after the sacrifice of themice 7 and 17 days after CCI.
The tissue sampleswereplaced in individual tubeswith the tissue storage
reagent RNAlater (Qiagen Inc., Valencia, CA, USA), frozen on dry ice and
stored at −20 °C until RNA isolation. Samples were thawed at room
temperature and homogenized in 1 ml of Trizol reagent (Invitrogen,
Carlsbad, CA, USA). RNA concentration was measured using a NanoDrop
ND-1000 Spectrometer (NanoDrop Technologies). RNA quality was
determined by chip-based capillary electrophoresis using a RNA 6000
Nano LabChip Kit and Agilent Bioanalyzer 2100 (Agilent), according to
the manufacturer's instructions. Reverse transcription was performed
usingOmniscript reverse transcriptase (Qiagen Inc., Valencia, CA, USA) at
37 °C for 60 min. RT reactions were carried out in the presence of an
RNAse inhibitor (rRNAsin, Promega, USA) and oligo(dT16) primer
(Qiagen Inc., Valencia, CA, USA). cDNA was diluted 1:8 with H2O, and
for each reaction ~50 ng of cDNA synthesised from total RNA template
from individual animals was used. Quantitative real-time RT-PCR (qPCR)
reactions were performed using Assay-On-Demand Taqman probes,
according to themanufacturer's protocol (Applied Biosystems, Foster, CA,
USA), and run on an iCycler device (BioRad, Hercules, CA, USA). For each
assay, control reactions without RT enzyme were performed to exclude
the contribution of contaminating genomic DNA. The amplification
efficiency for each assay was determined by running a standard dilution
curve. We analyzed changes in the transcription of complement
component C1q (C1q; microglia marker; Schafer et al., 2000) and glial
fibrillary acidic protein (GFAP; astroglialmarker; Tanga et al., 2004). The
following TaqMan primers and probes were used: Mm00432142_m1
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(mouse complement component 1, q subcomponent, beta poly-
peptide); Mm01253033_m1 (mouse glial fibrillary acidic protein);
Mn00446968_m1 (mouse hypoxanthine guanine phosphoribosyl
transferase), Mm00446968_m1 (mouse hypoxanthine guanine phos-
phoribosyl transferase). HPRT did not significantly change inmouse CCI
models, and therefore served as an adequate housekeeping gene (data
not shown). The cycle threshold values were calculated automatically
by iCycler IQ3.0 softwareusingdefault parameters. RNAabundancewas
calculated as 2−(threshold cycle). The expression of hypoxanthine guanine
phosphoribosyl transferase transcript was quantified to control for
variations in cDNA amounts.

2.6.2. Western blot
The lumbar (L5–L6) region of the spinal cord was removed and

divided into ipsilateral and contralateral parts with respect to the side
of injury or left and right in the case of naive mice. Tissue samples
were homogenized in RIPA buffer and cleared by centrifugation
(10,000 ×g for 10 min). The protein concentration in the supernatant
was determined using the BCA Protein Assay Kit (Sigma). Samples
containing 30 µg of protein were heated for 8 min at 99 °C in loading
buffer (50 mM Tris–HCl, 2% SDS, 2% β-mercaptoethanol, 8% glycerol
and 0.1% bromophenol blue) and resolved by SDS-PAGE on 12%
polyacrylamide gels. After gel electrophoresis, proteins were electro-
phoretically transferred to nitrocellulose membranes (Trans-Blot;
Bio-Rad). The blots were blocked using 5% blocking buffer (2.5%
albumin+2.5% non-fat dry milk) in TBST (Tris-buffered saline with
0.1% Tween 20) for 1 h. The rabbit polyclonal anti-OX42 (anti-CD11
(b/c)) was used against the type 3 complement receptor to detect
positive microglial cells. The OX42(CD11b/c) antigen is commonly
used as a microglial marker in nervous tissue (Perry et al., 1993;
Robinson et al., 1986). Blots were incubated with rabbit polyclonal
anti-OX42(CD11b/c) at a 1:300 dilution (Novus Biologicals, Inc). A
rabbit polyclonal anti-GFAP antibody (1:5000 dilution) (Novus
Biologicals, Inc) was used to detect GFAP positive astroglia (Coyle,
1998). Blots were incubated overnight at 4 °C with primary antibodies
and then incubated with a peroxidase-conjugated secondary antibody
(goat anti-rabbit IgG, Vector) at a dilution of 1:1000 for 1 h at room
temperature. After three 10 min washes in TBS and 0.1% Tween-20
and one wash in TBS, immunocomplexes were detected using a
buffered solution of 250 mM luminal sodium salt and 30% hydrogen
peroxidase in 1 M Tris–HCl (pH 8.5) containing 90 mM p-coumaric
acid and visualized using a Fujifilm LAS-1000 fluorimager system. The
blots were stripped and reprobed with a mouse antibody against β-
actin (1:5000, Sigma Aldrich) as a loading control. Relative levels of
immunoreactivity were quantified using the Fujifilm Image Gauge
software.

2.6.3. Immunohistochemistry
Seven days after CCI, mice were deeply anesthetized with pentobar-

bital (60 mg/kg; i.p.) and perfused transcardially with saline (0.9% NaCl)
followed by ice-cold fixative (4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4). Spinal cords were removed andwere post-fixedwith the
same fixative for 2 h and placed in 10% sucrose in phosphate buffer,
followedby20%and30%sucroseuntil the tissue sank. The spinal cord L2–
L6 segmentswere embedded in Jung tissue-freezingmedium(Leica) and
cut on a cryostat. Transverse sections (40 µm thick) were collected free-
floating inPBS (pH7.4) for immunolabeling. The sectionswerewashed in
PBS with 0.2% Triton X-100, pH 7.4 (PBS+T), incubated in a solution of
0.3%H2O2 inwater for 30 min to quench endogenous peroxidase activity,
washed extensively in PBS+T and incubated with 3% normal serum in
PBS+T for 30 min to reduce non-specific staining. The sections were
subsequently incubated overnight at 4 °C with rat anti-mouse OX42
(CD11b/c-microglia marker; 1:500, BD Biosciences, USA) and mouse
anti-glial fibrillary acidic protein (GFAP-astrocyte marker, 1:2000,
Chemicon International, Germany). The sections were then rinsed in
PBS+T and incubated for 1 h at room temperature with secondary
biotinylated antibodies from the ABC kits (Vector Laboratories). After
extensive washings with PBS+T, these sections were incubated for 1 h
with AB complex containing an avidin–HRP conjugate and then washed
again with PBS+T. The secondary antigen was visualized with 3,3-
diaminobenzidine tetrahydrochloride (DAB, Sigma). The reaction was
terminated by addition of extensive PBS+T and by subsequent PBS
washings. The sections were then mounted on gelatin-subbed slides,
dehydrated in ascending alcohol concentrations, cleared through xylene
and covered with DPX resin.

The immunohistochemistry DAB staining is a valuable tool to for
qualitative and quantitative analysis of protein level (Garrison et al.,
1991; Ma and Quirion, 2002; Xin et al., 2009). Immunohistochemistry
allows to follow changes of segmental and laminar distribution of glial
responses and enables their detection evenwhen limited to small areas.
To optimize reproducibility, we rigorously kept the conditions of tissue
processing, development of the reaction and conditions of illumination
during image collection. Changes in the ipsilateral and contralateral
spinal cord from CCI mice were compared to those of naïve mice. For
densitometry, four to five sections per animal were selected that
showed the best match to the L5–L6 lumbar segments illustrated in the
stereotaxic atlas (Paxinos and Watson, 1986). The immunostained
regions were outlined manually and the intensity of immunohisto-
chemical signal, expressed in gray scale units, was measured with the
aid of a computer-assisted image analysis system consisting of a Nikon
Eclipse 80i microscope equipped with an x/y/z movement-sensitive
stage and a monochromatic CCD camera (Evolution VF; Media
Cybernetics, Inc., Silver Spring, MD, USA). The Image ProPlus 4.0 (UK)
digitizer and software and the Scion software (NIH, Frederick,MD, USA)
were used for the analysis. Gray levels were measured by subtracting
the gray level of the background in a region outside the section from the
specific signal measured over the section surface. Astroglial and
microglial response, measured by evaluation of GFAP and OX42
immunostaining, was analyzed throughout the whole gray matter of
the ipsi- and contralateral sides of each sectionandmeasured changes of
segmental and laminar (I–IV) distribution.
2.7. Data analysis

The behavioral data are presented as a percentage of control (naive
mice) ± S.E.M. of 10–16 mice per group. The results of the experiments
were evaluated by one-way analysis of variance (ANOVA). The
differences between groups were further analyzed by Bonferroni post-
hoc test. ⁎pb0.001 indicates a significant difference vs. control
(contralateral paw of CCI-exposed mice). The behavioral results of the
pharmacological treatment are presented as % of control (mean±S.E.M.;
8–12 mice per group). Inter-group differences were analyzed by an
ANOVA followed by Bonferroni'sMultiple Comparison Test (⁎⁎⁎pb0.001
indicates a significant difference between vehicle-treated naive and
vehicle-treatedCCI-exposedmice;##pb0.01 and###pb0.001 indicates
a significant difference compared to vehicle-treated CCI-exposed mice).
For the quantitative real-time PCR analysis, the data are presented as the
fold change of control (naivemice)mean ±S.E.M., which represents the
normalized averages derived from the threshold cycles in theqPCR of six
to eight ipsilateral and contralateral samples (i.e., six to eight mice per
group). The inter-group differences were analyzed by ANOVA followed
by Bonferroni's Multiple Comparison Test (⁎pb0.05 and ⁎⁎⁎pb0.001
indicates that statistical analysis was performed between the ipsilateral
and contralateral sides; opb0.05 indicates that statistical analysis was
performed vs. day 7). The western blot and immunohistochemistry
results are presented as a percentage of control (naive mice) from the
densitometry analysis. Values are shown as the mean of 10–18 samples
from 5–10 mice per group±S.E.M. Inter-group differences were
analyzed by ANOVA followed by Bonferroni's Multiple Comparison
Test (⁎pb0.05and ⁎⁎⁎pb0.001 indicates a significant difference between
vehicle-treated naïve and vehicle-treated CCI-exposed mice; #pb0.05,



Fig. 2. Quantitative real-time PCR analysis of C1q (A) and GFAP (B) gene expression in
the ipsilateral and contralateral lumbar (L5–L6) spinal cords 7 and 17 days after chronic
constriction injury (CCI) inmice. The data are presented as fold change of control (naïve
mice) mean±S.E.M., which represent normalized averages derived from the threshold
cycles in qPCR six to eight ipsilateral and contralateral samples (i.e., six to eight mice for
each group. The inter-group differences were analyzed by an ANOVA followed by
Bonferroni's Multiple Comparison Test. ⁎pb0.05, ⁎⁎⁎pb0.001 indicates the statistical
analysis was performed between the ipsilateral and contralateral sides. opb0.05
indicates the statistical analysis was performed vs. day 7.
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##pb0.001and###pb0.001 indicates a significantdifferencecompared
to vehicle-treated CCI-exposed mice).

3. Results

3.1. Development of neuropathic pain symptoms

All mice with CCI of the sciatic nerve developed neuropathic pain
symptoms as shown by the von Frey test (Fig. 1A) and cold plate test
(Fig. 1B). Tactile hypersensitivity was observed on the ipsilateral paw
from day 3 until day 21. Following CCI on day 7 (when the tissue was
collected for biochemical evaluation) the ipsilateral paw responded to a
stimulationof 1.2±0.2 g,while the contralateral pawresponded to5.5±
0.2 g. The difference of reaction was significant (Fig. 1A). The strongest
cold hypersensitivity was observed between days 3 and 17. On the
seventhdayafter CCI, the ipsilateral pawresponded to cold stimulus after
5.4±0.8 s and a significant difference versus the reaction of contralateral
paw (29.5±0.2 s) was measured. Strong cold hypersensitivity persisted
until day 17, followed by a slow decline over time (Fig. 1B).

3.2. Quantification of C1q and GFAP transcript expression in the lumbar
spinal cord 7 and 17 days after CCI

In the ipsilateral spinal cord, a significant upregulation of C1q mRNA
(Fig. 2A)andGFAPmRNA(Fig. 2B)expressionswasobservedcompared to
the contralateral side 7 days after CCI. Our RT-PCR analysis indicated that
17 days after CCI, the level of C1qmRNAsignificantly decreased, andGFAP
mRNA returned to the control level. Expression of HPRT, a housekeeping
gene, was measured in all samples as a control. There was no statistically
significant difference in HPRT mRNA levels between the ipsilateral and
contralateral sides of the spinal cord after CCI (data not shown).

3.3. The influence of minocycline, pentoxifylline and fluorocitrate on CCI-
induced changes in behavior on day 7 after injury in mice

Mice were injected with either the microglial inhibitor minocycline
(60 µmol/kg; i.p.), the phosphodiesterase inhibitor pentoxifylline
(70 µmol/kg; i.p.) or the astroglial inhibitor fluorocitrate (0.2 µmol/kg;
Fig. 1. The mechanical (A, mice; von Frey test) and cold sensitivity (B, mice; cold plate
test) was measured 3–21 days after chronic constriction injury (CCI) to the sciatic
nerve. On day 7 post-CCI, the ipsilateral paw responded to a stimulation of 1.2±0.2 g as
measured by von Frey test and of 5.4±0.8 s as measured by cold plate test. The data are
presented as % of control ±S.E.M. (10–16 mice per group). Inter-group differences
were analyzed by Bonferroni's Multiple Comparison Test. ⁎pb0.001 indicates a
significant difference compared to the contralateral paw of CCI-exposed mice.
i.p.) preemptively (16 hand30 min)beforeCCI and then twicedaily over
7 days (Fig. 3). Administration of minocycline and pentoxifylline
attenuated mechanical (Fig. 3A) and cold (Fig. 3B) hypersensitivity
when measured 7 days after CCI. Administration of the astroglial
inhibitor fluorocitrate (0.2 µmol/kg; i.p.), however, did not influence
mechanical sensitivity (0.7±0.04 g vs. 0.9±0.06 g) or cold hyperalgesia
Fig. 3. The effect of vehicle (V), minocycline (MC; 60 µmol/kg), pentoxifylline
(PF; 70 µmol/kg) and fluorocitrate (0.2 µmol/kg) intraperitoneally administered 16 h
and 30 min before CCI and then for 7 days twice daily on mechanical (A; von Frey test)
and cold sensitivities (B; cold plate test) measured 7 days after CCI. Results are
presented as % of control (mean±S.E.M.; 8–12 mice per group). Mechanical and cold
sensitivities were assessed 30 min after drug or vehicle administration. Inter-group
differences were analyzed by an ANOVA followed by Bonferroni's Multiple Comparison
Test. ⁎⁎⁎pb0.001 indicates a significant difference between vehicle-treated naïve and
vehicle-treated CCI-exposed mice; ##pb0.01 and ###pb0.001 indicate a significant
difference compared to vehicle-treated CCI-exposed mice. The dotted line shows the
results obtained on contralateral side.



Fig. 4. The immunohistochemical photographs show at low magnification (5×) the OX42 (CD11b/c, A) and GFAP (B) proteins in the ipsilateral and contralateral (marked with arrow)
lumbar (L5–L6) spinal cords 7 days after CCI inmice. The inset in A shows a highermagnification (100×) ofmicroglia cells. The left inset shows the typical restingmicroglial morphology,
and the right inset illustrates the enlarged and amoeboid morphological features of activated microglia cell bodies. The insets in B shows higher magnification (100×) of the typical
astroglialmorphology of long slender processes and small somadiameter. Scale bar=250 µm, inset=25 µm. The results of immunohistochemical analysis ofOX42(CD11b/c; C) andGFAP
(D) protein levels measured in the ipsilateral lumbar (L5–L6) spinal cord after chronic intraperitoneal treatment of vehicle (V), minocycline (MC; 60 µmol/kg) and pentoxifylline (PF;
70 µmol/kg) onday 7 after CCI inmice. Values are shownas themeanof 10–18 samples fromfive to sevenmiceper group±S.E.M.Results arepresented as a percentageof control (vehicle-
treated naive mice) of the densitometry analysis of all sections. Inter-group differences were analyzed by an ANOVA followed by Bonferroni's Multiple Comparison Test. ⁎pb0.05 and
⁎⁎⁎pb0.001 indicates a significant difference between vehicle-treated naïve and vehicle-treated CCI-exposedmice. #pb0.05 and ###pb0.01 indicate a significant difference compared to
vehicle-treatedCCI-exposedmice. The dotted line shows the results obtained on the contralateral side. The immunohistochemical photographs of OX42(CD11b/c; E) andGFAP (F) protein
show the changes in the ipsilateral lumbar spinal cord under high magnification (63×) in CCI+V, CCI+MC and CCI+PF groups compared to naive+V. Scale bar=25 µm.
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(3.9±0.3 s vs.4.2 vs. 0.3 s) at this timepoint. This inhibitorwas therefore
not used for subsequent biochemical analysis.

3.4. The influence of minocycline, pentoxifylline and fluorocitrate on
OX42 and GFAP protein levels in the lumbar spinal cord 7 days after CCI

Antibodies against OX42 revealed moderate expression of resident
microglia in the contralateral side of the spinal cord (Fig. 4A), exhibiting
a quiescent or resting type morphology (left inset; Fig. 4A). The
photographs of representative immunohistochemical results at low
magnification (5×; Fig. 4A) performed 7 days after CCI showed that on
the ipsilateral side of the lumbar spinal cord, the expression of OX42
(microglia marker) protein was noticeably elevated in comparison to
the contralateral spinal cord. The upper left inset of Fig. 4A (higher
magnification; 100×) illustrates a typical resting microglial cell on the
contralateral side, whereas the upper right inset shows enlarged and
amoeboid-activated microglia cells on the ipsilateral side. The OX42
immunoreactive cells with typical morphology of microglia increased
both in number and staining intensity in the ipsilateral dorsal horn
(Fig. 4A, E). Thewesternblot performed7 days after CCI revealed thaton
the ipsilateral side of the lumbar spinal cord, the expression of OX42
protein was noticeably elevated in comparison to the contralateral side
(Fig. 5A). Compared to control animals (naïvemice), injury significantly
enhanced the protein expression of the spinal microglia marker OX42
on the ipsilateral side (72%) (Fig. 5A). The elevation of OX42 in vehicle-
treated CCI-exposedmicewas decreased inmice that had preemptively
and repeatedly received minocycline and pentoxifylline (36% and 17%,
respectively; Fig. 5A). Similar significant effects were observed by
immunohistochemical analysis (Fig. 4C). The ipsilateral increase of C1q
mRNA (Fig. 2A) was paralleled by an equal increase in OX42 protein as
measured by immunohistochemistry (Fig. 4A, C, E) as well as western
blot (Fig. 5A) at 7 days after CCI.



Fig. 5.Westernblot analysisofOX42(CD11b/c;A)andGFAP(B)protein levelsmeasured in
the ipsilateral lumbar (L5–L6) spinal cord after chronic intraperitoneal treatment of
vehicle (V), minocycline (MC; 60 µmol/kg) and pentoxifylline (PF; 70 µmol/kg) on day 7
after CCI in mice. Values are shown as the mean of 10–18 samples from 5–10 mice per
group±S.E.M. Results are presented as a % of control (vehicle-treated naïve mice)
densitometry analysis of all sections. Inter-group differences were analyzed by an ANOVA
followed by Bonferroni's Multiple Comparison Test. ⁎⁎⁎pb0.001 indicates a significant
difference between vehicle-treated naive and vehicle-treated CCI-exposedmice. #pb0.05
and ##pb0.01 indicate a significant difference compared to vehicle-treated CCI-exposed
mice. The dotted line shows the results obtained on contralateral side.
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The photographs of representative immunohistochemical results at
low magnification (5×) clearly show the astroglial characteristics of
GFAP-positive cells (Fig. 4B). Immunohistochemistry for detection of
GFAP, a marker for normal as well as reactive astroglia, revealed that in
naive and contralateral side of the spinal cords from CCI-exposed mice
showed a baseline expression of GFAP (Fig. 4B, D, and F). The GFAP-
positive astroglia showed round nuclei with fibers of different lengths
that were arranged in a rather regular radial pattern and were
distributed uniformly throughout the spinal cord sections. Higher
magnification (100×; Fig. 4B insets) shows cells with typical astroglial
morphology of long slender processes and small soma diameter. The
immunohistochemical analysis revealed only upregulation of the
astroglial protein marker GFAP (Fig. 4D) 7 days after CCI compared to
naive animals and the contralateral side. The elevation of 8.1%ofGFAP in
vehicle-treated CCI-exposed mice was not decreased in mice that had
preemptively and repeatedly received minocycline and pentoxifylline
(8.5% and 8.1%, respectively; Fig. 4D). The regulation of GFAP was not
detected by western blot (Fig. 5B). No significant changes in the
astroglialmarker GFAPwere detected bywestern blot in CCI-exposed or
drug-treated CCI-exposed mice when compared to naïve mice (Fig. 5B).

4. Discussion

It has previously been shown that glia can strongly influence synaptic
communication betweenneurons and lead to pathological pain (Haydon,
2001; Marchand et al., 2005; Milligan et al., 2003; Watkins and Maier,
2003). Early studies demonstrated a role of glia in regulating neuropathic
pain symptoms. The role of particular types of glial cells in pain
regulation, however, remains to be elucidated. In the present study, we
found that microglia are predominantly and profoundly activated
ipsilaterally in the dorsal horn of the lumbar spinal cord after CCI to the
sciatic nerve inmice. Preemptive andchronic intraperitoneal injections of
minocycline, which selectively inhibits the activation of microglia (Cui
et al., 2008;Hains andWaxman, 2006), andpentoxifylline,which inhibits
cytokine release (Lundblad et al., 1995; Neuner et al., 1994; Raghavendra
et al., 2003, 2004; Wie et al., 2009; Zabel et al., 1993), attenuated CCI-
induced activation of microglia. Moreover, both inhibitors diminished
neuropathic pain symptoms and tactile and cold sensitivity, which
develop due to abnormal neuronal activity associated with injury to the
peripheral nerve (Mika et al., 2007; Zimmermann, 2001). Using RT-PCR,
immunohistochemistry and western blot analyses, we also found that
activation of astroglia is much less pronounced in this CCI model of
neuropathic pain. In contrast, many papers have described an increase of
astrocyte activation using other models of spinal cord injury. The reason
for this is that with injuries to the central nervous system, the described
changes are directly in a place of damage. This supports our results of low
astrocyte activation observed in the CCImodel of peripheral nerve injury,
where the changes in the spinal cord are secondary and distant from the
place of injury and reflect the complexity of nerve response to injury.
Because of this, spinal astroglia were not strongly activated in our
experiments, results that are in contrast to previous studies using other
spinal cord injurymodels that foundvery high astroglia activation (Gwak
and Hulsebosch 2009, Hains and Waxman, 2006; Obata et al., 2006;
Popovich et al., 1997). Another reason for the differences in the activation
of microglia and astroglia cells in various models of neuropathic pain
could come from the time-course of their activation after different types
of injury. Popovich et al. (1997) has shown that activation of microglial
and astroglial cells after spinal cord injury begins as early as 12 h and lasts
up to 28 days. The peak of microglial activation was observed 3–7 days
post-injury, similar to ourmodel, but astrocytesweremore prominent at
later survival times (7–28 days). The time course of glia cell activation is
different after peripheral injury to the sciatic nerve. Our previously
obtained results, which are in agreement with others (Obata et al., 2006;
Xuet al., 2007a), showed that themicroglial activationbegins 2 days after
CCI and is most pronounced 7–9 days afterwards. This was followed by a
slow decrease in both neuropathic pain symptoms and microglia
activation (17–21 days after CCI). We and others (Obata et al., 2006; Xu
et al., 2007b) have found that the most pronounced increase of astroglia
activation in the mouse spinal cord after CCI occurs on day 7, and the
alterations returned to the control level on days 14–17. The seventh day
was therefore chosen in the current study for comparison of the effects of
different glial inhibitors. This was the only possible time point when the
activation of microglial and astroglial cells occurred after CCI. These
results indicate thatmicroglia activation is the key factor that contributes
to neuronal hyper-responsiveness and alterations in behavior related to
neuropathic pain in the early stages following CCI. The present study
aimed to identify the type of glia cell that is essential to the initiation and/
or maintenance of the changes leading to neuropathy after peripheral
injury by comparing the effectiveness of three drugs (minocycline,
pentoxifylline and fluorocitrate) that modulate the activity of different
types of glial cells.

Pentoxifylline is the most frequently used inhibitor of CCI-induced
activation of microglia, and has been shown to significantly attenuate
formalin-induced pain and CCI-induced neuropathic pain in rats
(Dorazil-Dudzik et al., 2004;Mika et al., 2007, 2009), and postoperative
pain in patients (Lu et al., 2004; Wordliczek et al., 2000). Using
behavioral studies, we and others have shown restoration of the
analgesic activity of morphine by propentofylline or pentoxifylline
treatment in neuropathic painmodels (Lundblad et al., 1995;Mika et al.,
2007;Neuner et al., 1994; Raghavendraet al., 2003, 2004; Sweitzer et al.,
2001; Tawfik andDeLeo, 2007). Similarly, Gwak andHulsebosch (2009)
have shown that spinal cord injury-induced neuropathic pain was
attenuated by propentofylline. In the present study, we observed that
intraperitoneal administration of pentoxifylline effectively attenuated
tactile and cold sensitivity in parallel to reducing microglial cell
activation. By blocking the release of proinflammatory cytokines and
consequently diminishing microglia activation, pentoxifylline adminis-
tered before a scheduled surgery is a viable strategy for preventing the
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development of postoperative pain (Lu et al., 2004; Wordliczek et al.,
2000).

In contrast to cytokine inhibitors, neuropathic pain symptoms in our
model were not attenuated by the astroglial inhibitor fluorocitrate.
Nevertheless, our results are not in contrast to other studies (Chen et al.,
2007, Lan et al., 2007;Nakagawaet al., 2007;Obata et al., 2006;Qin et al.,
2006) that have described the attenuation of pain symptoms by
fluorocitrate. Its effect was demonstrated inmodels with high astrocyte
activation, which is not the case in our study. In our CCI model, we
demonstrated only a slight upregulation of GFAP mRNA and protein on
day 7, which decreased to the control level by day 17. These findings,
consistent with those of Xu et al. (2007b), suggest that inhibition of
astrocytes could be important for maintenance of neuropathic pain, but
that targeting microglia could be a promising approach to preventing
the development of neuropathic pain.

The most pronounced inhibition of injury-induced behavioral and
biochemical alterations were observed in the present study after
preemptive and repeated treatmentwithminocycline,which selectively
inhibits the activation of microglia (Cui et al., 2008; Mika et al., 2009).
However, (Gieseler et al., 2009; Mishra et al., 2009) have shown that
minocycline can influence neurons in cultures, but no evidence from in
vivo studies. Minocycline, by reducing the activation of microglial cells,
reduces the expression of pain mediators like cytokines, chemokines,
neurotransmitters, prostaglandins (Ledeboer et al., 2005; Mika et al.,
2009; Raghavendra et al., 2003; Strassburger et al., 2008; Zhang et al.,
2006; Yrjänheikki et al., 1999). Recently, Cui et al. (2008) found that the
analgesic effect of minocycline under neuropathic pain conditions is
associated with a direct reduction of p38MAPK, which was found to be
activated after injury in spinal cells by labeling themwith themicroglial
marker OX42, but not in NeuN-expressing neurons or GFAP-expressing
astrocytes. Similar to our results, Hains and Waxman (2006) showed
using a different neuropathic pain model that minocycline rapidly
attenuated hypersensitivity of spinal neurons by a decrease in the level
of phosphorylated p38 in microglia. There are also early reports from
human therapy studies showing that minocycline is safe and clinically
well tolerated in the treatment of neurodegenerative disorders (Blum
et al., 2004; Smith and Leyden, 2005); however, minocycline has not
been used for the treatment of neuropathic pain. In addition, given its
ease passage through the blood-brain barrier, low incidence of adverse
effects in clinical studies and effectiveness in a number of animalmodels
of neurological disease, minocycline is emerging as a promising
candidate in pain therapy (Yong et al., 2004). Minocycline also has
neuroprotective properties (Fehlings and Baptiste, 2005; Lin et al., 2007;
Sterling et al., 2004) and it enhances morphine's effectiveness and
delays the development ofmorphine tolerance by attenuatingmicroglia
activation in naïve and CCI-exposed mice (Mika et al., 2007, 2009).

An understanding of the molecular mechanisms that underlie the
effects ofmicroglia onpain processing should lead to thedevelopment of
new and more efficient approaches for the treatment of pain.
Additionally, modulation of microglial cells and, in consequence,
neuroimmune responses have the potential to increase the efficiency
of drugs such as morphine during neuropathic pain therapy, as was also
shown in our previous study (Cui et al., 2008; Mika et al., 2009, Tawfik
andDeLeo, 2007). There are also early clinical studies thatprovide strong
support for the suggestion that minocycline and pentoxifylline are safe
and effective in clinical use and could be potentially useful agents to
diminish pain symptoms and enhance the effects of morphine under
pathological pain conditions (Blum et al., 2004; Lu et al., 2004;
Wordliczek et al., 2000). A major challenge to the development of new
drug strategies for the treatment of neuropathic pain is specifically
targeting the pathological actions of proinflammatory cytokines and
chemokines released bymicroglia in the spinal cord. Our results suggest
that targetingmicroglia activation by administration ofminocyclinemay
effectively prevent the possible development of persistent postoperative
pain after a scheduled surgical intervention and/or potentiate the effects
of antinociceptive drugs in neuropathic pain therapy.
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