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Abstract
Accumulating evidence suggests that spinal astrocytes play an important role in the genesis of
persistent pain, by increasing the activity of spinal cord nociceptive neurons, i.e., central
sensitization. But direct evidence of whether activation of astrocytes is sufficient to induce chronic
pain symptoms is lacking. We investigated whether and how spinal injection of activated
astrocytes could produce mechanical allodynia, a cardinal feature of chronic pain, in naïve mice.
Spinal (intrathecal) injection of astrocytes, which were prepared from cerebral cortexes of
neonatal mice and briefly stimulated by tumor necrosis factor-alpha (TNF-α), induced a
substantial decrease in paw withdrawal thresholds, indicating the development of mechanical
allodynia. This allodynia was prevented when the astrocyte cultures were pre-treated with a
peptide inhibitor of c-Jun N-terminal kinase (JNK), D-JNKI-1. Of note a short exposure of
astrocytes to TNF-α for 15 minutes dramatically increased the expression and release of the
chemokine monocyte chemoattractant protein-1 (MCP-1), even 3 hours after TNF-α withdrawal,
in a JNK-dependent manner. In parallel, intrathecal administration of TNF-α induced MCP-1
expression in spinal cord astrocytes. In particular, mechanical allodynia induced by TNF-α-
activated astrocytes was reversed by a MCP-1 neutralizing antibody. Finally, pretreatment of
astrocytes with MCP-1 siRNA attenuated astrocytes-induced mechanical allodynia. Taken
together, our results suggest that activated astrocytes are sufficient to produce persistent pain
symptom in naïve mice by releasing MCP-1.
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Introduction
Chronic pain, such as nerve injury-induced neuropathic pain, is an unmet clinical challenge
(Campbell and Meyer, 2006; Costigan et al., 2009; Dworkin et al., 2003). Chronic pain can
manifest as spontaneous pain, such as burning pain, and evoked pain, such as hyperalgesia
(increased responsiveness to noxious stimuli). Chronic pain is also characterized by
allodynia, in particular mechanical allodynia or tactile allodynia, so that normally non-
painful low threshold mechanical stimuli can induce painful responses. Mechanical
allodynia is a cardinal and intractable symptom of chronic pain (Campbell and Meyer,
2006). It is not only produced in the injured region, but also spread to the adjacent non-
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injured regions and even contralateral side of body parts (Baron, 2009; Campbell et al.,
1988). It is generally believed that hyperactivity in the spinal cord pain circuit, i.e. central
sensitization, contributes to the generation of mechanical allodynia and spread of pain (Ji et
al., 2003; Woolf and Salter, 2000).

Recent progress in pain research has pointed to an important role of glial cells in the
generation of chronic pain. Many lines of evidence indicate that glial cells such as microglia
and astrocytes in the spinal cord become reactive in chronic pain conditions and contribute
to the development and maintenance of chronic pain by inducing central sensitization
(DeLeo and Yezierski, 2001; Garrison et al., 1994; Ji and Strichartz, 2004; McMahon and
Malcangio, 2009; Milligan and Watkins, 2009; Ren and Dubner, 2008; Scholz and Woolf,
2007). Accumulating evidence demonstrates that activation of microglia in the spinal cord
induces neuropathic pain by producing proinflammatory cytokines and the brain-derived
neurotrophic factor (BDNF) (Coull et al., 2005; Inoue and Tsuda, 2009; Suter et al., 2007;
Tsuda et al., 2005; Tsuda et al., 2003). The role of astrocytes in chronic pain and the
underlying mechanisms have also been investigated (Ji et al., 2006). Astrocytes are
organized in gap junction-coupled networks. They not only transmit Ca2+ signaling in the
form of oscillations or waves through the networks (Haydon, 2000), but also form a
“tripartite” synapse with pre- and post-synaptic membranes and through which modulate
synaptic strength (Haydon and Carmignoto, 2006; Jourdain et al., 2007). After injuries,
reactive astrocytes express the c-Jun-N-terminal kinase (JNK), a member of the mitogen-
activated protein kinase (MAPK), and produce the proinflammatory cytokine
interleukin-1beta (IL-1β) and chemokine MCP-1, enhancing and maintaining central
sensitization and chronic pain states (Gao et al., 2009; Guo et al., 2007; Kawasaki et al.,
2008a; Kawasaki et al., 2008b; Ren and Dubner, 2008; Zhuang et al., 2006).

Spinal injection of ATP-activated microglia has been shown to produce mechanical
allodynia via releasing BDNF (Coull et al., 2005; Tsuda et al., 2003). It remains unclear
whether and how activated astrocytes are sufficient to induce this persistent pain symptom.
Our recent study showed that TNF-α induced a dramatic increase of MCP-1 in astrocytes via
the activation of JNK (Gao et al., 2009). In this study we further examined whether TNF-α-
activated astrocytes would induce mechanical allodynia by releasing MCP-1.

Materials and Methods
Animals

CD1 mice, obtained from Charles River Laboratories, were used for most experiments.
Adult CD1 mice (male, 25–32 g) were used for behavioral studies. Neonatal CD1 mice (P2)
were used to prepare primary cultures of astrocytes. TNF receptor (R1/R2) double knockout
mice (TNFR1/R2−/−, male, 25–32 g), obtained from Jackson Laboratories, and C57BL/6
wild-type control mice were also used in some experiment. All animal procedures performed
in this study were approved by the Animal Care Committee of Harvard Medical School.

Reagents
TNF-α was purchased from R&D. MCP-1 neutralizing antibody and control serum were
purchased from Millipore and Invitrogen, respectively. The JNK inhibitor D-JNKI-1 was
kindly provided by Dr. Christopher Bonny, University of Lausanne, Switzerland (Borsello et
al., 2003). MCP-1 siRNA was purchased from Santa Cruz. Non-targeting siRNA was
synthesized by Dharmacon Research Incorporation as a control siRNA. SiRNA was
dissolved in RNase-free water at 1 µg/µl as stock solution and mixed with the transfection
reagent polyethyleneimine (PEI, Fermentas Inc) and normal saline before use. Specifically,

Gao et al. Page 2

Glia. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1 µg siRNA was dissolved in 3.3 µl PEI and 66 µl normal saline (Tan et al., 2009; Tan et al.,
2005).

Primary culture of astrocytes
To get high quality and large quantity of astrocytes, we prepared most astrocyte cultures
from cerebral cortexes of neonatal mice (P2). We also prepared some astrocyte cultures
from spinal cords of neonatal mice. After dissection, we transferred the cerebral
hemispheres or spinal cord segments to ice-cold Hank’s buffer and carefully removed the
meninges. Tissues were then minced into ~1 mm pieces, triturated, filtered through a 100
µm nylon screen, and collected by centrifugation at ~3000g for 5 min. The cell pellets were
broken with a pipette and resuspended in a medium containing 15% fetal bovine serum
(FBS) in low glucose Dulbecco's Modified Eagle's Medium (DMEM). After trituration, the
cells were filtered through a 10 µm screen and then plated onto 6-well plates at a density of
2.5 × 105 cells/cm2, and cultured for 10–12 days. The medium was replaced twice a week,
first with 15% FBS, then with 10% FBS. Once the cells were grown to about 95%
confluence, 0.15 mM dibutyryl cAMP (Sigma) was added to induce differentiation. Three
days later, the cells were used for experiments.

Intrathecal administration
Before injection, astrocytes were washed with 0.01 M phosphate buffer saline (PBS) for 3
times and centrifuged for 5 min at 3000 g. Astrocytes were then resuspended in PBS. For
intrathecal injection, spinal cord puncture was made with a 30G needle between the L5 and
L6 level to deliver the cells or reagents (10 µl) to the cerebral spinal fluid (Hylden and
Wilcox, 1980).

ELISA
Mouse MCP-1 ELISA kit was purchased from R&D. Culture medium and cells were
collected separately after treatment. Astrocytes were homogenized in a lysis buffer
containing protease and phosphatase inhibitors (Zhuang et al., 2006). Protein concentrations
were determined by BCA Protein Assay (Pierce). For each reaction in a 96-well plate, 100
µg of proteins or 50 µl of culture medium were used, and ELISA was performed according
to manufacturer’s protocol. The standard curve was included in each experiment.

Immunohistochemistry
Animals were deeply anesthetized with isoflurane and perfused through the ascending aorta
with PBS followed by 4% paraformaldehyde with 1.5% picric acid in 0.16 M PB. After the
perfusion, the L4–L5 spinal cord segments were removed and postfixed in the same fixative
overnight. Spinal cord sections (30 µm, free-floating) were cut in a cryostat and processed
for immunofluorescence as we described previously (Jin et al., 2003; Zhuang et al., 2006).
For Iba1 staining, spinal cord sections were first blocked with 2% goat serum for 1 h at
room temperature, then incubated overnight at 4°C with rabbit anti-Iba1 primary antibody
(1:5000, Wako), followed by incubating with Cy3-conjugated secondary antibody (1:400,
Jackson ImmunoResearch) for 1 h at room temperature. For double staining of MCP-1 and
GFAP, the spinal cord sections were blocked with 2% goat serum and then incubated with a
mixture of primary antibodies against MCP-1 (rabbit, 1:500, Millipore) and GFAP (mouse,
1:5000, Millipore), followed by a mixture of corresponding secondary antibodies conjugated
with either Cy3 or FITC (1:400, Jackson ImmunoResearch) (Gao et al., 2009). The stained
spinal cord sections were examined with a Nikon fluorescence microscope, and images were
captured with a CCD Spot camera.
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Behavioral analysis
Animals were habituated to the testing environment daily for at least two days before
baseline testing. The room temperature and humidity remained stable for all experiments.
For testing mechanical sensitivity, animals were put in boxes on an elevated metal mesh
floor and allowed 30 min for habituation before examination. The plantar surface of each
hindpaw was stimulated with a series of von Frey hairs with logarithmically incrementing
stiffness (0.02–2.56 grams, Stoelting), presented perpendicular to the plantar surface (1–2
seconds for each hair). The 50% paw withdrawal threshold was determined using Dixon’s
up-down method (Chaplan et al., 1994).

Quantification and statistics
Five nonadjacent spinal cord sections were randomly selected from a spinal cord segment
(L4–L5) and 3 mice were included for each group. The intensity of Iba1 staining in the
superficial dorsal horn (laminae I–III) was measured with a computer-assisted imaging
analysis system (Image J, NIH). The number of MCP-1 positive cells in the spinal cord
dorsal horn (laminae I–III) was also counted under microscope. All the data were expressed
as mean ± s.e.m. Differences between groups were compared by one-way ANOVA with
repeated measurement and student t-test. The criterion for statistical significance was
P<0.05.

Results
Intrathecal administration of TNF-α-stimulated astrocytes induces mechanical allodynia

To determine whether activated astrocytes are sufficient to induce pain sensitization, we
prepared primary astrocyte cultures from cerebral cortexes of neonatal mice (P2) and
differentiated them with 0.15 mM dibutyryl cAMP to mimic mature astrocytes. We
activated astrocytes with TNF-α to release MCP-1 (Gao et al., 2009). After a brief
incubation with TNF-α (10 ng/ml, 15 min), we washed astrocytes 3 times with PBS to
remove TNF-α and collected the astrocytes for intrathecal injection in naïve mice (Fig.1A).
We found a dramatic reduction in paw withdrawal threshold (PWT) after inthathecal
injection of TNF-α-stimulated astrocytes, indicating the development of mechanical
allodynia (P<0.05, one-way ANOVA, Fig.1B). This allodynia developed at 3 h and lasted
for more than 48 h (Fig.1B). Notably, intrathecal injection of non-stimulated control
astrocytes also significantly reduced PWT (P<0.05, one-way ANOVA). However, the PWT
following injection of activated astrocytes was much lower than that following injection of
control astrocytes (P<0.05, t-test, Fig. 1B).

Because JNK is known to be activated by TNF-α and nerve injury in astrocytes and
contributes to the development of mechanical allodynia (Gao et al., 2009; Zhuang et al.,
2006), we examined whether mechanical allodynia elicited by TNF-α-stimulated astrocytes
would require JNK. Pretreatment of cultured astrocytes with the peptide inhibitor of JNK,
D-JNKI-1 (20 µM) starting 30 min before TNF-α stimulation, significantly reduced
mechanical allodynia evoked by the activated astrocytes (P<0.05, t-test, Fig. 1B).
Collectively, these results suggest that TNF-α-activated astrocytes are sufficient to induce
mechanical allodynia in naïve mice, in a JNK-dependent manner.

TNF-α induces MCP-1 expression and release in astrocytes via activation of JNK
To explore possible mechanisms underlying the astrocytes-induced tactile allodynia, we
examined MCP-1 expression and release in cultures using an experimental protocol to
mimic in vivo conditions, as shown in Fig.2A. Brief incubation of astrocytes with TNF-α for
15 min increased MCP-1 expression. Interestingly, even after we removed TNF-α by 3 times
PBS wash, MCP-1 expression continued to increase 3 h after initial TNF-α stimulation (15
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min only). This increase was partially prevented when the astrocytes were pretreated with
D-JNKI-1 (20 µM, P<0.05, t-test, Fig.2B). The brief application of TNF-α (15 min) also
increased MCP-1 release in culture medium. Strikingly, 3 h after removal of TNF-α and
replaced it with fresh medium, MCP-1 release further increased 10 times (P<0.05, t-test),
and this increase in release was also reduced by D-JNKI-1 pretreatment (P<0.05, t-test, Fig.
2A, 2B).

To examine if astrocytes from the spinal cords have similar response to TNF-α as astrocytes
from the cortexes, we prepared astrocyte cultures from the spinal cords and incubated the
cultures with TNF-α for 15 min. ELISA analysis showed that a brief exposure of TNF-α also
induced a substantial increase in MCP-1 expression and release in spinal cord astrocytes
(Supporting information Fig.1). Thus, cortical astrocytes and spinal cord astrocytes show
similar responses to TNF-α by inducing robust MCP-1 expression and release.

TNF-α induces MCP-1 expression in spinal cord astrocytes
To further determine whether astrocytes in spinal cord in vivo show similar response to
TNF-α as cultured astrocytes, we examined whether intrathecal TNF-α can induce MCP-1
expression in the intact spinal cord. Intrathecal TNF-α at a dose (20 ng) that is known to
elicit mechanical allodynia (Gao et al., 2009) markedly increased MCP-1 expression in the
spinal cord 3 h after the injection (Fig. 3A,B). The number of MCP-1-positive cells in the
superficial dorsal horn (laminae I–III) increased from 10.4 ± 0.2 cells per section in the
PBS-treated group to 33.5 ± 2.4 cells per section in the TNF-α-treated group (P<0.05, t-test,
n=3 mice). Double staining revealed that MCP-1 was co-localized with the astrocyte marker
GFAP (Fig.3E, F). These data strongly suggest that TNF-α induces MCP-1 expression not
only in cultured astrocytes but also in spinal cord astrocytes in vivo, in support of our
previous result that nerve injury induces MCP-1 in spinal cord astrocytes (Gao et al., 2009).

MCP-1 neutralizing antibody reverses mechanical allodynia induced by activated
astrocytes but not by control astrocytes

To test the hypothesis that TNF-α-activated astrocytes release MCP-1 to generate tactile
allodynia in naïve animals, we intrathecally injected a MCP-1 neutralizing antibody at 3 h
after intrathecal injection of TNF-α-treated astrocytes. At a dose (5 µg) that is effective in
reducing SNL-induced neuropathic pain (Gao et al., 2009) the neutralizing antibody
reversed the mechanical allodynia induced by activated astrocytes (P<0.05, one-way
ANOVA, Fig. 4A). This reversal began at 30 min, maintained at 3 h, but diminished at 24 h
following the antibody injection (Fig. 4A). In contrast, intrathecal injection of the control
serum had no effect on mechanical allodynia (P>0.05, one-way ANOVA, Fig. 4A).

Since intrathecal injection of control astrocytes also decreased paw withdrawal threshold in
naïve animals (Fig.1B), we further checked if this allodynia might also depend on MCP-1.
Intrathecal injection of the MCP-1 neutralizing antibody (5 µg) did not change the PWT at 3
h after injection of control astrocytes (P>0.05, one-way ANOVA, Fig.4B). Thus, mechanical
allodynia elicited by control astrocytes does not require MCP-1.

Intrathecal injection of TNF-α is known to elicit mechanical allodynia (Gao et al., 2009). To
exclude the possibility that the mechanical allodynia induced by TNF-α-stimulated
astrocytes is caused by the residue TNF-α in the culture, we injected the TNF-α-stimulated
astrocytes into double knockout mice lacking type I and II TNF receptors (TNFR1/R2 −/−)
using C57BL/6 wild-type mice as control. Notably, intrathecal injection of TNF-α-
stimulated astrocytes was still able to elicit mechanical allodynia in knockout mice (P>0.05,
t-test, supporting information, Fig.2). This finding suggests that mechanical allodynia
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elicited by activated astrocytes is caused neither by residue TNF-α in the culture medium
nor by TNF-α released from astrocytes.

Astrocytes-induced mechanical allodynia is reduced by pretreatment of astrocytes with
MCP-1 siRNA

To further confirm the role of astrocytic MCP-1 release in generating mechanical allodynia,
we treated astrocyte cultures with a specific small interfering RNA (siRNA) against MCP-1.
Astrocytes were incubated with MCP-1 siRNA for 18 h followed by TNF-α stimulation for
15 min, and the medium and cell lysates were collected 3 h later. MCP-1 siRNA treatment
inhibited TNF-α-induced MCP-1 expression and release in a dose-dependent manner (Fig.
5A, B). At the concentration of 0.1 and 1 µg/ml, MCP-1 siRNA inhibited MCP-1 expression
by 22% and 68% and MCP-1 release by 32% and 73%, respectively, compared to non-
treated astrocytes. Notably, the non-targeting siRNA at the high concentration (1µg/ml) also
decreased MCP-1 expression and release by 28%. This effect of non-targeting siRNA may
be associated with interferon-mediated off-target effects (Sledz et al., 2003). However,
MCP-1 siRNA at the high concentration (1 µg/ml) produced more robust inhibition of
MCP-1 expression and release (P<0.01, t-test, Fig. 5A, B).

After we confirmed an effective knockdown of MCP-1 expression and release by MCP-1
siRNA in cultured astrocytes, we next examined the effect of this knockdown on pain
behavior. Following incubation with MCP-1 siRNA or non-targeting control siRNA (1 µg/
ml, 18 h), astrocytes were stimulated with TNF-α for 15 min, washed with PBS and then
collected for intrathecal injection in naïve mice. Mechanical allodynia was reduced after the
injection of MCP-1 siRNA-treated astrocytes compared with that after the injection of
control siRNA-treated astrocytes (P<0.05 or P<0.01, t-test, Fig. 5C).

Expression of the microglial marker Iba1 in the spinal cord does not change after
intrathecal injection of activated astrocytes

To determine possible mechanisms by which astrocyte-released MCP-1 produces
mechanical allodynia, we examine microglial reaction in the spinal cord, because MCP-1
has been shown to promote neuropathic pain by inducing microglial responses in the spinal
cord (Thacker et al., 2009; Zhang et al., 2007). We collected spinal cord segments at 48 h
after intrathecal injection of TNF-α-stimulated astrocytes or control astrocytes and examined
the expression of the microglial marker, Iba1, which is associated with microglial
proliferation and migration (Zhang et al., 2007). To our surprise, we did not observe any
difference in the intensity of Iba1 immunofluorescence between these two groups (P>0.05, t-
test). Neither did we find any differences in the morphology of Iba1-stained microglia (Fig.
6A–D). Therefore, there is no evidence of microgliosis in the spinal cord following
intrathecal injection of activated astrocytes.

Discussion
Astrocytes are required for producing chronic pain symptoms

Astrocytes become reactive in chronic pain conditions after nerve injury and tissue injury/
inflammation (DeLeo et al., 2004; Garrison et al., 1994; Garrison et al., 1991; Raghavendra
et al., 2004; Zhuang et al., 2006). Several lines of evidence suggest that astrocytes are
required for the generation of persistent pain. First, intrathecal injection of astroglial toxin
fluorocitrate (Milligan et al., 2003) and L-alpha-aminoadipate (Zhuang et al., 2006) inhibits
nerve injury- or nerve inflammation-induced mechanical allodynia. Second, astrocytes form
astroglial networks by gap junctions (Giaume and McCarthy, 1996), and intrathecal gap
junction blocker carbenoxolone suppresses mechanical allodynia in the contralateral paw
after nerve inflammation (Spataro et al., 2004). Third, intrathecal administration of the
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astroglial aconitase inhibitor sodium fluoroacetate inhibits trigeminal neuropathic pain
(Okada-Ogawa et al., 2009). Fourth, trigeminal pain and central sensitization induced in
nociceptive neurons in trigeminal subnucleus caudalis following tooth pulp inflammation
can be attenuated by intrathecal superfusion of methionine sulfoximine, an inhibitor of the
astroglial enzyme glutamine synthetase that is involved in the glutamate-glutamine shuttle
(Chiang et al., 2007). Finally and importantly, following injuries reactive astrocytes in the
spinal cord express multiple signaling molecules such as JNK1 and phosphoJNK (Katsura et
al., 2008; Zhuang et al., 2006) , phosphoERK (Zhuang et al., 2005), transforming growth
factor-activated kinase-1 (Katsura et al., 2008), matrix metalloprotease-2 (MMP-2)
(Kawasaki et al., 2008a), IL-1β (Guo et al., 2007; Wei et al., 2008), IL-18 receptor (Miyoshi
et al., 2008), MCP-1 (Gao et al., 2009), and tissue type plasminogen activator (Kozai et al.,
2007). These studies further demonstrate that spinal inhibition of these signaling molecules
can reduce chronic pain symptoms such as mechanical allodynia.

Astrocytes are sufficient for producing chronic pain symptoms
Accumulating evidence suggests that astrocytes may also be sufficient to produce chronic
pain symptoms. Hofstetter et al. reported that implantation of neural stem cells into the
injured spinal cord elicited allodynia-like hypersensitivity in the forepaws by generating
astrocytes (Hofstetter et al., 2005). Davies et al. demonstrated that transplantation of glial-
restricted precursor-derived astrocytes promoted the onset of mechanical allodynia (Davies
et al., 2008). Basic fibroblast growth factor (bFGF), which is produced by injured primary
sensory neurons (Ji et al., 1995) and reactive astrocytes (Madiai et al., 2005) after nerve
injury, induces astrocyte gliosis and proliferation. bFGF also activates JNK in astrocytes and
produces persistent mechanical allodynia (Ji et al., 2006). In the present study we provided
direct evidence that intrathecal injection of TNF-α-activated astrocytes or even control
astrocytes is sufficient to induce persistent mechanical allodynia in naïve animals. It remains
to be investigated why injection of non-activated control astrocytes also induce mechanical
allodynia. Under stress conditions, astrocytes may release some pain mediators. Intrathecal
injection of astrocytes may also cause mild innate immune responses. Nevertheless,
mechanical allodynia elicited by TNF-α-activated astrocytes was much more robust.
Importantly, only mechanical allodynia produced by TNF-α-activated astrocytes but not by
control astrocytes is mediated by MCP-1.

Activated astrocytes produce mechanical allodynia via MCP-1
TNF-α is an essential trigger of an inflammatory cascade that underlies the pathogenesis of
pain (Mata et al., 2008; Schafers et al., 2003; Sommer, 2001; Sommer et al., 2001; Xu et al.,
2006; Xu et al., 2010). After nerve injuries, activated microglial cells are a major source for
TNF-α (Ji and Suter, 2007; Xu et al., 2006; 2007). ATP induces TNF-α release from
microglia via P2X7 receptor (Suzuki et al., 2004). TNF-α is a strong activator of astrocytes:
even a short exposure of astrocytes to TNF-α for 15 min induced a substantial and persistent
increase in the expression and release of MCP-1, which required the activation of the JNK
pathway. Our in vivo data also showed that intrathecal TNF-α markedly increased MCP-1
expression in spinal cord astrocytes. Indeed, our previous cytokine array study has identified
MCP-1 as one of the most inducible chemokines in TNF-α-stimulated astrocytes (Gao et al.,
2009). Of great interest, astrocytes continued to release high levels of MCP-1 even after
removal of TNF-α. Intrathecal injection of MCP-1 has been shown to induce chronic pain
symptoms such as heat hyperalgesia (Gao et al., 2009) and mechanical allodynia (Thacker et
al., 2009). Our data clearly demonstrated that MCP-1 is also critical for astrocytes-induced
mechanical allodynia, because this allodynia was attenuated by blocking the MCP-1
signaling either with a neutralizing antibody or with a siRNA (Fig. 4 and Fig. 5).
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MCP-1 and microglial responses
After nerve injury MCP-1 is up-regulated in primary sensory neurons (White et al., 2005)
and released, in an activity-dependent manner, from the central terminals of these neurons
(Thacker et al., 2009). CCR2, a major receptor for MCP-1, may also be induced in spinal
microglia after nerve injury (Abbadie et al., 2003; Zhang et al., 2007). Nerve injury-induced
microgliosis is prevented by a CCL2 neutralizing antibody (Thacker et al., 2009; Zhang et
al., 2007) or in mice lacking CCR2 (Zhang et al., 2007). Nerve injury-induced p38
activation in spinal microglia is also attenuated in CCR2 knockout mice (Abbadie et al.,
2003; Zhang and De Koninck, 2006; Zhang et al., 2007). Thus, it has been proposed that
MCP-1 promotes neuropathic pain via inducing microglial responses (e.g., migration and
gliosis) in the spinal cord (Zhang et al., 2007; Thacker et al., 2008). However, we did not
find any difference in the intensity of Iba1 immunofluorescence and the morphology of
Iba1-stained microglia after intrathecal injection of TNF-α-stimulated astrocytes, arguing
against a microgliosis in this condition. It is likely that the amount of MCP-1 produced by
exogenous astrocytes in our experimental setting may not sufficient to increase Iba1
expression and induce morphological changes of microglia, although this amount is
sufficient to produce mechanical allodynia via a direct action on neurons. Indeed, perfusion
of spinal cord slices with MCP-1 can rapidly (within 5 min) induce phosphorylation of
extracellular signal-regulated kinase (ERK) in dorsal horn neurons (Gao et al., 2009).
MCP-1 perfusion also increases NMDA currents in dorsal horn neurons (Gao et al., 2009).
Notably, a previous study by Zhang et al. (2007) used very high dose of MCP-1 for
intrathecal injections (3 injections, 2 µg per injection over 6 d) to induce microgliosis.
Therefore, we postulate that astrocyte-produced MCP-1 can induce rapid and direct
sensitization of dorsal horn neurons (central sensitization) (Gao and Ji, 2010). MCP-1 may
also regulate central sensitization via presynaptic neurotransmitter release (Knerlich-
Lukoschus et al., 2008; White et al., 2005) or by regulating GABAergic transmission in
dorsal horn neurons (Gosselin et al., 2005). Therefore, MCP-1, released from astrocytes or
primary afferents, could enhance central sensitization and chronic pain via a direct action on
neurons or an indirect action via microglial cells.

In summary, we have demonstrated that TNF-α-activated astrocytes are sufficient to produce
a cardinal symptom of chronic pain, mechanical allodynia via releasing the chemokine
MCP-1. We have further identified a signaling pathway for astrocyte-induced central
sensitization which involves TNF-α/JNK/MCP-1. Thus, targeting this signaling pathway in
astrocytes may offer new therapeutics for the management of the intractable chronic pain
conditions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Intrathecal injection of TNF-α-treated astrocytes induces persistent mechanical allodynia in
naive mice via the activation of JNK. (A) Experimental protocol showing the preparation of
astrocytes for intrathecal injection. The differentiated astrocytes were incubated with TNF-α
(10 ng/ml, 15 min), or TNF-α together with the JNK inhibitor D-JNKI-1 (20 µM), then
collected and resuspended for intrathecal injection into naïve mice. (B) Paw withdrawal
thresholds after intrathecal injection of control astrocytes, TNF-α-treated astrocytes, or
astrocytes treated with TNF-α plus D-JNKI-1. Δ P<0.05, compared with baseline; * P<0.05,
compared with control group; # P<0.05, compared with TNF-α-treated group. n = 8 mice.
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Figure 2.
A brief exposure of astrocytes to TNF-α induces robust MCP-1 expression and release via
the activation of JNK. (A) Experimental protocol of astrocyte preparation. (B) MCP-1
expression and release in astrocytes after a brief stimulation with TNF-α (10 ng/ml, 15 min).
TNF-α evokes MCP-1 expression and release even 3 h after TNF-α withdrawal. D-JNKI-1
pretreatment (20 µM) reduces TNF-α-triggered MCP-1 expression and release. *P<0.05,
*** P<0.001, n = 3.
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Figure 3.
Intrathecal injection of TNF-α (20 ng) induces MCP-1 expression in spinal astrocytes. (A,
B) Immunohistochemistry showing MCP-1 expression in the spinal cord dorsal horn of mice
receiving intrathecal injection of PBS (A) and TNF-α (B). (C, D) Immunohistochemistry
showing GFAP expression in the spinal cord dorsal horn of mice receiving intrathecal
injection of PBS (C) and TNF-α (D). (E, F) Double staining showing the colocalization of
MCP-1 and GFAP in the spinal cord dorsal horn of mice receiving intrathecal injection of
PBS (E) and TNF-α (F). E is the merge of A and C and F is the merge of B and D. Animals
were sacrificed 3 hours after PBS or TNF-α injection. Scale bar, 100 µm.
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Figure 4.
Effects of intrathecal administration of the MCP-1 neutralizing antibody on mechanical
allodynia induced by intrathecal injection of TNF-α-activated astrocytes (A) and non-
activated control astrocytes (B). Note that the MCP-1 neutralizing antibody only reverses
allodynia induced by the activated astrocytes. * P<0.05, compared with control serum; Δ
P<0.05, compared with baseline, n = 4 mice.
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Figure 5.
MCP-1 siRNA treatment in astrocytes reduces TNF-α-induced MCP-1 expression and
release and astrocytes-induced mechanical allodynia. (A, B) pretreatment of MCP-1 siRNA
dose-dependently reduces TNF-α-induced MCP-1 expression (A) and release (B) in cultured
astrocytes. *, P<0.05; **, P<0.01; ***, P<0.001. n = 3 separate cultures from different mice.
(C) Mechanical allodynia induced by intrathecal injection of TNF-α-activated astrocytes.
Pretreatment of astrocytes with MCP-1 siRNA reduces allodynia induced by activated
astrocytes. *, P<0.05; **, P<0.01 vs non-targeting siRNA control. n = 5 mice.
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Figure 6.
Iba1 immunostaining in the spinal cord dorsal horn of naïve mice (A) and mice receiving
intrathecal injection of control astrocytes (B) or TNF-α treated astrocytes (C). The
morphology and density of Iba1-labeled microglia in the spinal cord are comparable among
different groups. (D) Intensity of Ibal staining in the spinal cord dorsal horn. N.S., no
significance, n=4 mice. Mice were sacrificed 48 hours after the intrathecal injections. Scale
bar, 200µm
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