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T

he inflammatory response to tissue injury is critical for
host protection and repair. Injury to the CNS induces activation of glial cells whose response is essential for
maintenance of the neuronal environment and functions (1, 2).
Astrocytes are the most abundant glial cell population in the CNS.
They play a key role in regulation of CNS homeostasis by regulating ion, neurotransmitter, and growth factor levels, providing a
supportive structure for neurons, and by influencing the formation
and function of the blood-brain barrier (1, 3, 4).
Astrocytes contribute to the regulation of inflammatory responses in the CNS by producing an array of cytokines and chemokines (1, 4 – 8). These synergize with adhesion and other processes in regulating tissue inflammation. The chemokine MCP-1/
CCL2 is particularly implicated in the recruitment of monocytes/
macrophages and lymphocytes into the CNS (8, 9). Specifically,
CNS-derived CCL2, acting through its receptor CCR2, has been
shown to drive leukocyte infiltration in response to axonal injury in
the brain (10). Although many cells in the CNS, including glia,
neurons, and endothelial cells, can produce CCL2 (11, 12), and
both microglia and astrocytes were identified by us as sources of
CCL2 in response to injury (10), the relative contribution of astrocytes to injury-induced CCL2 expression and leukocyte infiltration in response to injury is not clear.
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Receptor signaling that activates transcription factors such as
NF-B and STAT regulate transcription of many inflammatory
mediators, including cytokines and chemokines (13–16). NF-B
signaling is activated in response to CNS injury (17–19). STAT1
and STAT2 have been shown to direct transcription of regulatory
factors that are important for antiviral defense in the CNS (20).
The cellular localization and regulation of STAT1 and STAT2 in
response to axonal injury have not been studied.
We have examined the role of NF-B and STAT1 and STAT2
signaling in the CCL2 response in the hippocampus following
transection of axons in the entorhinal cortex. This is a widely used
model of neuronal-glial interaction and injury-induced inflammation in the brain. In this model, transection of axons projecting to
the hippocampus leads to synaptic degeneration in the outer molecular layer of the dentate gyrus, which induces activation of microglia and astrocytes, up-regulation of inflammatory mediators,
and infiltration of macrophages and T cells (10, 21–26). We show
that STAT2 was up-regulated in the denervated hippocampus after
axonal lesion, and that its expression was exclusively localized to
astrocytes. This induction of STAT2 in astrocytes was completely
dependent on NF-B. Inhibition of NF-B in astrocytes led to
significant reduction of injury-induced CCL2 response and leukocyte infiltration. Collectively, these findings point to astrocytes and
astroglial NF-B signaling as important factors influencing the inflammatory response to axonal injury in the CNS.
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Materials and Methods
Animals
The following adult female (18 –20 g) mice were used: mice deficient in
STAT1 (STAT1-KO, 129s6/SvEv background (27)) were purchased
from Taconic Europe, STAT2 (STAT2 deficient, 129s6/SvEv background (28)) were kindly provided by Dr. Chris Schindler (Columbia
University, New York, NY) and bred in our facility, and glial fibrillary
acidic protein (GFAP)-IB␣-dn (C57BL/6 background (19)) were
kindly provided by Dr. John R. Bethea (Department of Neurological
Surgery, University of Miami School of Medicine, FL) and bred in our
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Tissue response to injury includes expression of genes encoding cytokines and chemokines. These regulate entry of immune cells
to the injured tissue. The synthesis of many cytokines and chemokines involves NF-B and signal transducers and activators of
transcription (STAT). Injury to the CNS induces glial response. Astrocytes are the major glial population in the CNS. We
examined expression of STATs and the chemokine CCL2 and their relationship to astroglial NF-B signaling in the CNS following
axonal transection. Double labeling with Mac-1/CD11b and glial fibrillary acidic protein revealed that STAT2 up-regulation and
phosphorylation colocalized exclusively to astrocytes, suggesting the involvement of STAT2 activating signals selectively in astroglial response to injury. STAT1 was also up-regulated and phosphorylated but not exclusively in astrocytes. Both STAT2
up-regulation and phosphorylation were NF-B -dependent since they did not occur in the lesion-reactive hippocampus of transgenic mice with specific inhibition of NF-B activation in astrocytes. We further showed that lack of NF-B signaling significantly
reduced injury-induced CCL2 expression as well as leukocyte infiltration. Our results suggest that NF-B signaling in astrocytes
controls expression of both STAT2 and CCL2, and thus regulates infiltration of leukocytes into lesion-reactive hippocampus after
axonal injury. Taken together, these findings indicate a central role for astrocytes in directing immune-glial interaction in the CNS
injury response. The Journal of Immunology, 2008, 181: 7284 –7291.
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Table I. List of primary and secondary Abs
Primary Abs
Rabbit anti-STAT1 (SC-346; Santa Cruz Biotechnology)
Rabbit anti-STAT2 (SC-950; Santa Cruz Biotechnology)
Rabbit anti-phospho-STAT2 (Tyr689) (07-224; Upstate
Biotechnology)
Rabbit anti-phospho-STAT1 (07-307; Upstate Biotechnology)
Goat anti-GFAP (SC-6171; Santa Cruz Biotechnology)
Rat anti-mouse Mac-1/CD11b (MCA711; Serotec)
Rabbit anti-GFAP (Z0334; Dako)
Secondary Abs
Biotinylated goat anti-rabbit (Amersham Biosciences)
HRP-conjugated goat anti-rabbit IgG (A9169; Sigma-Aldrich)
Alexa 568-labeled goat anti-rat (A11077; Invitrogen)
Alexa 488-labeled goat anti-rabbit (A11034; Invitrogen)
Alexa 568-labeled donkey anti-goat (A11057; Invitrogen)
Alexa 488-labeled donkey anti-rabbit (A21206; Invitrogen)
Control Ab
Rabbit IgG (PRABP01; Serotec)

Entorhinal cortex lesioning
Under anesthesia mice were placed in a Kopf stereotactic apparatus (Kopf
Instruments) and a burr hole was drilled in the skull 1.9 mm lateral to
lambda and 0.3 mm caudal to the lambdoid suture. The nosebar was set at
⫺3 mm. A wire knife (Kopf Instruments) was inserted at an angle of 15°
rostrally and 10° laterally, and 3.4 mm ventral to the meninges, the knife
was unfolded and the entorhinodentate perforant path projection was sectioned by retracting the knife 3.2 mm (24, 29).

Tissue preparation
Mice were deeply anesthetized and perfused transcardially with 5 ml cold
PBS followed by 20 ml cold 4% paraformaldehyde (Sigma-Aldrich) in
PBS. The brains were removed and postfixed in PBS containing 4% paraformaldehyde for 2 h on ice, then immersed in 30% sucrose in PBS overnight at 4°C, frozen with CO2 snow, and stored at ⫺20°C until sectioning.
Brains were cut into parallel series of free-floating sections and stored in
de Olmos cryoprotectant solution containing polyvinylpyrrolidone (SigmaAldrich) and sucrose diluted in a mixture of ethylene glycol (Merck) and
of Na phosphate buffer (24) until further processing. Unmanipulated and
contralateral hippocampi were used as controls.

Antibodies
Primary and secondary Abs are listed in Table I.

Immunohistochemistry
Free-floating sections were incubated in 1% H2O2 and 1% methanol diluted
in PBS for 15 min to block endogenous peroxidases, followed by rinsing
in PBS. The sections were then rinsed in PBS containing 0.5% Triton
X-100 (PBST) (Sigma-Aldrich). After preincubation with blocking solution containing PBST and 3% BSA, the sections were incubated overnight
with primary Ab diluted in blocking solution at 4°C. The following day, the
sections were rinsed in PBST and incubated with secondary biotinylated
Abs for 1 h at room temperature followed by rinsing in PBST. The sections
were finally incubated with streptavidin-HRP (P0397, Dako) for 1 h at
room temperature, rinsed in PBS, and developed with 0.5 mg/ml of diaminobenzidine (Sigma-Aldrich) for 5–10 min. After a quick rinse in PBS,
sections were mounted on gelatinized glass slides, dried, dehydrated
through ethanol, cleared in xylene, and coverslipped with DePeX (VWR
International).
For phospho-STAT2 immunostaining, the tissue was pretreated with 1%
NaOH and 1% H2O2 for 20 min, 0.3% glycine for 10 min, and 0.03% SDS
3

Abbreviations used in this paper: WT, wild type; dpl, days postlesion; GFAP, glial
fibrillary acidic protein; PBST, PBS containing 0.5% Triton X-100.

(USB/Affymetrix) for 10 min at room temperature as described for phospho-STAT3 immunostaining (30). Sections were blocked for 30 min with
blocking solution at room temperature and then incubated with antiphospho-STAT2 Ab overnight at 4°C. The following day, the sections
were rinsed in PBST and incubated with secondary biotinylated Abs for 1 h
at room temperature followed by rinsing in PBST. The sections were finally incubated with streptavidin-HRP for 1 h at room temperature, rinsed
in PBS, and developed with diaminobenzidine.
For dual-labeling immunofluorescence, free-floating sections were incubated with a cocktail containing primary Abs, rabbit anti-STAT2 and rat
anti-mouse Mac-1/CD11b, or rabbit anti-STAT2 and goat anti-GFAP (Table I) diluted in blocking solution overnight at 4°C. The next day, sections
were washed and incubated with a cocktail containing the corresponding
fluorescent secondary Abs: Alexa 568-labeled goat anti-rat and Alexa 488labeled goat anti-rabbit, or Alexa 568-labeled donkey anti-goat and Alexa
488-labeled donkey anti-rabbit (Table I) diluted in blocking solution for 1 h
at room temperature.
Images were acquired using an Olympus BX51 microscope and an
Olympus DP71 digital camera. Images were combined using Adobe Photoshop CS version 8.0, using RGB channels to visualize double-labeled
cells.
Control sections were treated without primary Ab or with isotypematched primary Abs. Control sections displayed no staining comparable
with that seen with primary Abs (see Fig. 1, E and F).

Western blot analysis
Hippocampi were isolated from PBS-perfused mice and lysed in lysis
buffer (200 l) containing 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 150
mM NaCl, 1% Igepal 630 (Sigma-Aldrich), protease inhibitor cocktail
(Roche), 1 mM Na3VO4 (Sigma-Aldrich), 4.5 mM sodium-pyrophosphate
(Sigma-Aldrich), 10 mM ␤-glycerophosphate, and 1 mM NaF. Forty micrograms of cell lysate was mixed with an equal volume of sample buffer
containing 62.5 mM Tris-HCl (pH 6.8), 10% glycerol, 2% SDS, 5% ␤-mercaptoethanol, and 2–3 drops of saturated bromophenol solution, denatured
by boiling, and separated by electrophoresis in an 8 –10% polyacrylamide
gel at 60 V for 26 min, 120 V for 26 min, and 190 V for 35 min. The
separated proteins were transferred at 250 mA for 1 h 20 min to a nitrocellulose membrane (Bio-Rad Laboratories). The membranes were blocked
for 1 h at room temperature in 5% nonfat dry milk in PBS containing 0.1%
Tween 20. The membranes were then incubated with primary rabbit Abs at
4°C overnight. After washing in PBST, the membranes were incubated
with goat anti-rabbit IgG HRP conjugate (Sigma-Aldrich) (Table I) for 1 h
at room temperature. Staining was detected using chemical luminescence
methodology (GE Healthcare). The intensity of STAT1, phospho-STAT1,
and actin were calculated using an image analyzing system (National Institutes of Health, ImageJ). STAT1 was normalized to actin, and the values
were divided by the values at time 0 to calculate the fold induction of
STAT1. Furthermore, phospho-STAT1 was normalized to STAT1.

Quantitative real-time PCR
Mice were deeply anesthetized, perfused transcardially with 20 ml cold
PBS, and the brains were removed. The hippocampi from the contralateral
and lesioned hemispheres were dissected out, snap frozen in liquid nitrogen, and stored at ⫺80°C for RNA extraction.
Total RNA was isolated using TRIzol (Invitrogen) according to the
manufacturer’s protocol for whole-tissue RNA extraction, and then diluted
in 30 l RNase-free water.
Residual DNA was removed by treatment with 1 U DNase per 1 g
RNA (RQ1 RNase-free DNase, Promega) at 37°C for 30 min. For reverse
transcription to generate cDNA, RNA was incubated with Moloney murine
leukemia virus reverse transcriptase (Invitrogen), according to the manufacturer’s protocol, using random hexamer primers (Invitrogen).
Quantitative real-time PCR was performed using an ABI Prism 7300
sequence detection system (Applied Biosystems) (31, 32). 18S ribosomal
RNA was measured as a control and used to normalize gene expression
(Applied Biosystems). Each reaction was performed in 25 l total volume
using TaqMan Reverse Universal PCR Master Mix (Applied Biosystems)
containing a mixture of forward and reverse oligonucleotide primers and a
specific TaqMan probe.
Primer and probe sequences were as follows: STAT2: forward, GCATTT
GGCTACCTGGATTGA,reverse,GGCCTTGGCGTCATCACT,probe,FAMAGACCAGAACTGGAGGGA-MGB; CCL2: forward, TCTGGGCCT GCT
GTTCACA, reverse, CCTACTCATTGGGATCATCTTGCT, probe, FAMCTCAGCCAGATGCAGTT-MGB. Conditions for the PCR were 2 min at
50°C, 10 min at 95°C, and then 40 cycles, each consisting of 15 s at 95°C and
1 min at 60°C. To determine the relative RNA levels within the samples,
standard curves for the PCR were prepared by serial dilutions of a reference
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facility. Wild-type mice (WT)3 (C57BL/6 and 129s6/SvEv) were purchased from Taconic (Taconic Europe). The genotypes of mice were
verified by PCR analysis of tail DNA. Mice were provided with food
and water ad libitum and were housed under pathogen-free conditions
with a constant light/dark cycle. These experiments were conducted
according to the guidelines of the National Danish Animal Research
Committee.
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cDNA sample. The relative expression level for each sample was calculated by
dividing the expression level of the target gene by the expression level of 18S
rRNA (32).

Flow cytometry
Mice were deeply anesthetized and perfused transcardially with cold PBS.
The brains were removed and contralateral and lesion-reactive hippocampi
were dissected out and homogenized through a 70-m cell strainer (BD
Falcon) in HBSS (Invitrogen). To block nonspecific staining, homogenates
were incubated with blocking solution containing FACS buffer (2% FBS
(Invitrogen), 0.1% sodium azide, HBSS) containing anti-FcIII/II receptor
Ab (BD Biosciences) and Syrian hamster Ig (Jackson ImmunoResearch
Laboratories) for 45 min at 4°C. Cells were stained with PE-conjugated
anti-CD45, PerCP-conjugated anti-CD11b, and allophycocyanin-conjugated anti-TCR␤ Abs (BD Biosciences) to detect microglia/macrophages
or T cells, respectively (10, 23). Data were collected on a FACSCalibur
(BD Biosciences) and analyzed using FlowJo software (Tree Star).

Statistical analysis
Results were analyzed by a two-tailed unpaired t test or one-way ANOVA
with Bonferroni’s post test using the GraphPad Prism software. A p-value
of ⬍0.05 was considered to be statistically significant.

Up-regulation of STAT2 by glial cells in response to axotomy
To examine glial cell signaling following axonal injury, we focused our attention to the outer molecular layer of the dentate
gyrus since this is where the lesion-reactive glial response is
known to occur (21). We studied STAT expression within 1–5
days postlesion (dpl), since emerging and full-blown microglial
and astrocyte responses occur in this period of time (25, 29, 33).
Immunoreactivity for STAT2 in this region was weak in unmanipulated mice and in the contralateral hippocampus after axotomy, and it was confined to rare dispersed cells (Fig. 1, A and B,
arrows). However, in the denervated, lesion-reactive (ipsilateral)
hippocampus, STAT2 immunoreactivity became much stronger
and the number of positively stained cells greatly increased after
axotomy (Fig. 1C, black arrows). Increased STAT2 immunoreactivity was initially observed in glial cells at 3 dpl (not shown).
STAT2 immunoreactivity was markedly increased at 5 days. At
these time points, the border separating intense STAT2 labeling in
the outer molecular layer from the relatively immunonegative inner molecular layer could easily be discerned (Fig. 1C, white arrows). Cells expressing STAT2 had a stellate morphology (Fig.
1D, arrows).
The absence of STAT2 immunoreactivity in sections from the
lesion-reactive hippocampus of STAT2-deficient mice at 5 days
(Fig. 1E) and lack of staining with control rabbit IgG at 5 days
(Fig. 1F) supported specificity of STAT2 staining. We also tested
the specificity of the Ab by Western blotting. STAT2 protein was
present at low intensity in lysates of hippocampi from WT mice
but was not detected in STAT2-deficient mice (Fig. 1G). Additionally, hippocampal extracts from WT mice showed increased
levels of STAT2 at 5 dpl (Fig. 1G).

FIGURE 1. STAT2 immunoreactivity in the outer molecular layer of
dentate gyrus after axonal injury. Very few weakly stained STAT2-positive
cells were detected in unmanipulated mice (A, arrows) and in the contralateral hippocampus after lesion at 5 days (B, arrows). Five days after lesion,
STAT2 immunoreactivity was markedly increased in the dentate gyrus
ipsilateral to lesion (C, black arrows). Arrows indicate the relatively immunonegative inner molecular layer (C, white arrows). Higher magnification of STAT2-immunopositive cells (D, arrows). STAT2 immunoreactivity was localized to cell bodies and processes of cells with stellate
morphology (D, arrows). STAT2 staining was not detected in lesion-reactive hippocampus from STAT2-deficient mice at 5 days (E). Control sections from lesion-reactive hippocampus at 5 days stained with rabbit IgG
showed no immunoreactivity (F). G, Western blot for STAT2 protein in
hippocampal extracts from unmanipulated WT mice, showing that levels
increased at 5 dpl, and that STAT2 protein was not detectable in unmanipulated STAT2⫺/⫺ mice. Original magnifications ⫻20 (A–C, E, and F),
⫻100 (D).

(microglia/macrophages) and GFAP (astrocytes) showed that
STAT2 colocalized exclusively with astrocytes (Fig. 3, D–F) and
not with microglia (Fig. 3, A–C).
When activated, STATs become phosphorylated and dimerize.
Activated STAT2 associates with activated STAT1 to form a heterodimer, which is required for the activation of transcription (34).

Axonal lesions induced increased STAT2 gene expression
Increased expression of STAT2 could also be shown at the level of
mRNA. STAT2 mRNA was constitutively expressed in the unlesioned hippocampus (Fig. 2). After entorhinal axotomy, levels of
mRNA for STAT2 increased (Fig. 2). Increased STAT2 mRNA
levels relative to the unmanipulated hippocampus were detectable
in the lesion-reactive hippocampus at 1 dpl, and these increases
were sustained through 2 and 5 days (Fig. 2).
STAT1 and STAT2 were expressed by astrocytes
The cellular expression of STAT2 was examined by double immunofluorescence staining. Double labeling with Mac-1/CD11b

FIGURE 2. STAT2 gene expression in hippocampus after axonal lesion. Quantitative real-time PCR shows that STAT2 mRNA was expressed
at low levels in the unmanipulated hippocampus from WT (n ⫽ 7) and
GFAP-IB␣-dn mice (n ⫽ 4). In WT mice, following entorhinal lesion, the
expression of message for STAT2 was significantly increased in lesionreactive hippocampi at 1 (n ⫽ 7), 2 (n ⫽ 8), and 5 days (n ⫽ 6). Compared
with unmanipulated hippocampi (n ⫽ 4), STAT2 mRNA remained unchanged in lesion-reactive hippocampi (n ⫽ 6) of GFAP-IB␣-dn mice. U
indicates unmanipulated; L, lesion-reactive hippocampi.
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FIGURE 4. STAT2 phosphorylation in response to axonal lesion. A,
Phospho-STAT2 immunostaining was undetectable in the contralateral
dentate gyrus at 1 day. B, Phospho-STAT2 staining (arrows) become detectable in the outer molecular layer ipsilateral to the lesion at 1 day. Phospho-STAT2 staining was not detected in lesion-reactive hippocampus from
STAT2-deficient mice at 1 day (A, insert). C–F, Immunofluorescent visualization of cells expressing (C) phospho-STAT2 (green, arrows), (D)
DAPI (blue, arrows), and (E) GFAP (red, arrows). Triple-labeling shows
phospho-STAT2 overlap with DAPI in GFAP-positive cells, demonstrating nuclear localization of phospho-STAT2 in astrocytes (F). Original
magnification ⫻20 (A) and ⫻80 (B–F).

STAT2 up-regulation in astrocytes was NF-B dependent
The selective activation and colocalization of STAT2 in astrocytes,
together with the fact that NF-B signaling is involved in the
control of a number of responses during inflammation, raised the
question of whether STAT2 expression in astrocytes is controlled
by NF-B signaling. We took advantage of GFAP-IB␣-dn mice,
in which NF-B activation in astrocytes is disabled by expression

We examined if STAT1 is expressed in astrocytes as well as
STAT2. Indeed, STAT1 was up-regulated in lesion-reactive hippocampus (see Fig. 5D) and colocalized with both microglia (Fig.
3M–O) and astrocytes at 5 days after axonal lesion (Fig. 3J–L).
Detection of phospho-STAT2
Phosphorylation of STAT2 indicates its involvement in active signaling (34). Due to antibody-related technical reasons, we are unable to detect phospho-STAT2 by Western blot. However, we
could detect phospho-STAT2 by immunostaining. PhosphoSTAT2 immunostaining was observed as early as 1 day (Fig. 4, A
and B) and was detectable at 3 and 5 days (Fig. 4C–F and not
shown). This staining was not detected in denervated hippocampus
from STAT2-deficient mice (Fig. 4A, insert). Like STAT2 staining, phospho-STAT2 staining colocalized with astrocytes and was
exclusively localized to nuclei (Fig. 4C–F). For technical reasons,
we are unable to detect phospho-STAT1 by immunohistochemistry, but using Western blot we could show STAT1 phosphorylation
in lesion-reactive hippocampi at 1, 3, and 5 days after axonal injury (Fig. 5A). Taken together, these data suggest that phosphorylated STAT1/2 heterodimers are activated in astrocytes in response to injury-associated signals.

FIGURE 5. STAT1 and phospho-STAT1 up-regulation in response to
axonal lesion. A, Western blot analysis of hippocampal extracts showing
up-regulation of phospho-STAT1 (PSTAT1) and STAT1 at 1, 3, and 5 dpl
in WT (lanes 1– 4) and GFAP-IB␣-dn mice (lanes 5– 8) in comparison to
the respective unmanipulated mice. B and C, STAT1 immunostaining was
observed in glial cells in lesion-reactive hippocampus of WT (B) and
GFAP-IB␣-dn mice (C). Arrows indicate examples of STAT1-immunostained cells in the lesion-reactive hippocampus of WT (B) and GFAPIB␣-dn mice (C). D, Western blot analysis of hippocampal extracts showing kinetics of up-regulation of STAT1 (left panel) and phospho-STAT1
(right panel) in WT and GFAP-IB␣-dn mice. Original magnifications ⫻8
(B and C).
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FIGURE 3. Cellular localization of STAT1 and STAT2 in the outer
molecular layer of dentate gyrus ipsilateral to lesion. A–F, Immunofluorescent visualization of cells expressing STAT2 (A and D, green, arrowheads), Mac-1/CD11b (B, red, arrows), and GFAP (E, red, arrow) at 5 dpl
in WT mice. STAT2 did not colocalize with Mac-1/CD11b (C). F, Dual
labeling shows STAT2 overlap (yellow) with GFAP demonstrating the
association of STAT2 with astrocytes. STAT2 immunoreactivity was not
observed in lesion-reactive hippocampus of GFAP-IB␣-dn mice at 5 days
after axonal lesion (G and I). Inactivation of NF-B in astrocytes had no
effect on GFAP immunoreactivity (H). L, Dual labeling (yellow) shows
colocalization of STAT1 (J, green, arrowheads) with GFAP (K, red, arrows) at 5 dpl in WT mice. The large GFAP-negative cell (green) in L
shows microglial morphology. O, Dual labeling shows colocalization of
STAT1 (M, green, arrowhead) with Mac-1/CD11b (N, red, arrow). Original
magnification ⫻40 (D–I), ⫻80 (A–C, J–L), and ⫻200 (M–O).
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of a dominant-negative IB␣ construct (19). Lesion-induced increases in GFAP and Mac-1/CD11b levels were not affected in
these mice (Fig. 3H and data not shown). GFAP-IB␣-dn mice
displayed no increase in STAT2 immunoreactivity (Fig. 3G–I) after axotomy. Additionally, the level of STAT2 mRNA in lesionreactive hippocampi that was measured by quantitative real-time
PCR mRNA was unchanged in comparison to unmanipulated
GFAP-IB␣-dn mice (Fig. 2). Phospho-STAT2 staining was not
detectable in the hippocampi of GFAP-IB␣-dn mice after axonal
injury (not shown). Taken together, these findings indicate that
injury-driven STAT2 up-regulation and activation in astrocytes
was NF-B-dependent. Interestingly, up-regulation and kinetics of
both STAT1 and phospho-STAT1 were equivalent in WT and
GFAP-IB␣-dn (Fig. 5D). This could be shown by Western blot
(Fig. 5, A and D) as well as by immunohistochemistry for STAT1
(Fig. 5, B and C). STAT1-positive cells in Fig. 5, B and C, were
identifiable by morphology as including both astrocytes and microglia, but this was not examined further.

Chemokine production is an important response to injury, especially CCL2, which we have shown to be produced by microglia
and astrocytes and to be necessary for recruitment of leukocytes to
the injury-reactive hippocampus (10). CCL2 message was transcribed by astrocytes and microglia in response to injury, but the
relative contribution of each glial cell type in recruiting leukocytes
was not shown (10). The GFAP-IB␣-dn mice allowed us to examine the role of NF-B in the injury-driven CCL2 response in
astrocytes, as well as the functional significance of NF-B-signaled astrocyte response. CCL2 mRNA was constitutively expressed at a low level, equivalent in both mice, in the unlesioned
hippocampus of WT (C57BL/6) and GFAP-IB␣-dn mice (not
shown). CCL2 mRNA was significantly increased after axotomy in
both WT and GFAP-IB␣-dn mice (Fig. 6A). However, the level
of CCL2 mRNA in lesion-reactive hippocampi from GFAPIB␣-dn mice was ⬃50% of, and significantly lower than, levels
in WT mice (Fig. 6A). This suggests that NF-B is a critical signal
for injury-induced CCL2 transcription in astrocytes, and that this
astrocyte response contributes about half of the hippocampal
CCL2 response. To investigate the functional significance of astroglial NF-B-signaled CCL2 production, we compared infiltration of leukocytes (which included both macrophages and T cells
(10, 23, 35)) to the injury-reactive hippocampus in WT and GFAPIB␣-dn mice (Fig. 6, B and C). Proportions of blood-derived
leukocytes (defined as CD45high cells by FACS to exclude CNSresident microglia (35, 36)) were similarly low in unmanipulated
hippocampi from WT and GFAP-IB␣-dn mice (not shown). The
proportion of CD45high cells was significantly increased in the lesion-reactive hippocampi of both WT and GFAP-IB␣-dn mice
compared with the contralateral hippocampus of each mouse (Fig.
6, B and C). However, as for CCL2 mRNA, the proportions of
infiltrating CD45high cells were ⬃50% of, and significantly lower
in, GFAP-IB␣-dn than in WT mice (Fig. 6, B and C). The relative
proportion of macrophages and T cells within the CD45high population did not change in GFAP-IB␣-dn mice.
As expected, NF-B inactivation in astrocytes had no effect on
microglia. There was no significant difference between the proportions of CD11b⫹CD45dim microglia in lesion-reactive hippocampi
of WT and GFAP-IB␣-dn mice (not shown).
CCL2 gene expression in STAT2- and STAT1-deficient mice
The inactivation of NF-B signaling in astrocytes resulted in 50%
reduction of both CCL2 gene expression and leukocyte infiltration

FIGURE 6. The prevention of NF-B activation in astrocytes resulted
in reduction in both level of CCL2 mRNA and leukocyte infiltration. Levels of CCL2 mRNA, measured by quantitative real-time PCR, were significantly increased in lesion-reactive hippocampi from both WT
(C57BL/6) (n ⫽ 6) and GFAP-IB␣-dn mice (n ⫽ 6) compared with
contralateral hippocampi at 1 day (A). However, lesion-induced CCL2
mRNA levels were significantly lower in GFAP-IB␣-dn mice than in WT
mice. The functional significance of NF-B-signaled CCL2 expression was
examined by flow cytometry (B and C). B, Shown are representative double-staining profiles for CD11b and CD45 of lesion-reactive hippocampi
from WT (left panel) and GFAP-IB␣-dn mice (right panel) at 1 day after
axonal lesion. Proportions of infiltrating CD45high cells were significantly
increased in lesion-reactive hippocampi of both WT (n ⫽ 6) and GFAPIB␣-dn mice (n ⫽ 7) compared with contralateral (quantitations in C).
However, the proportion of CD45high cells in lesion-reactive hippocampi of
GFAP-IB␣-dn mice was significantly lower than in the WT mice (C). C
indicates contralateral; L, lesion-reactive hippocampi.

in response to injury. STAT2 up-regulation in astrocytes was also
NF-B-dependent. We then examined the effect of STAT1 and
STAT2 deficiency on the injury-induced inflammatory response.
There was no difference in basal CCL2 mRNA levels in hippocampi of WT (129s6/SvEv), STAT1-deficient, and STAT2-deficient mice (not shown). As for GFAP-IB␣-dn mice, injury-induced increases in levels of GFAP and Mac-1/CD11b were not
affected in these mice (not shown). As has been previously shown
for C57BL/6 mice (Ref. 10 and Fig. 6A), CCL2 mRNA expression
increased significantly in lesion-reactive hippocampi of 129s6/
SvEv mice (Fig. 7). Notably, lesion-induced increases in CCL2
mRNA levels in hippocampi of STAT1- and STAT2-deficient
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mice were equivalent to those in WT mice (Fig. 7). These results
indicate that whereas both the induction of STAT2 and the CCL2
message are dependent on NF-B signaling, the CCL2 response is
independent of either STAT1 or STAT2.

Discussion
Injury-induced inflammation includes expression of genes encoding cytokines and chemokines that regulate the infiltration of immune cells into the injury-reactive tissue. We have studied STAT
and CCL2 regulation and their relationship to NF-B signaling in
a model of glial and leukocyte response to axonal transection in the
CNS. We show that these injury-induced signals include activation of receptor-associated transcription factors including
STATs and NF-B. We show that STAT2 is activated and upregulated exclusively in astrocytes in the hippocampus in response to axotomy, and that this is entirely dependent on NFB. We further show that astrocytes contribute 50% of the
injury-induced CCL2 response, and that this and the leukocyte
infiltration that it is known to direct are also dependent on
NF-B.
STAT2 activation and up-regulation in astrocytes in response to
injury have not previously been reported. STAT2 signaling is
known to play a critical role in antiviral defense mechanisms in the
CNS (37). A number of studies have investigated the expression
and regulation of STAT2 in other models of CNS inflammation.
Up-regulation of STAT2 in experimental autoimmune encephalomyelitis has been demonstrated (38). Lack of STAT2 in transgenic
mice with astrocyte production of IFN-␣ resulted in the development of medulloblastoma and their early death (39). Our findings
now extend the involvement of STAT2 responses to axonal injury
and suggest that STAT2 activators act selectively on injury-reactive astrocytes.
Activation of STAT2 leads to its dimerization, classically with
STAT1, to form a complex that induces gene transcription (34).
We found that STAT1 was also up-regulated in response to injury,
not only in astrocytes, but also in microglia, and we show that
STAT1 was also phosphorylated. STAT1 phosphorylation was evident in both WT and GFAP-IB␣-dn mice, indicating active
STAT1 signaling. Although we are not able to show the cellular

localization of phospho-STAT1 in lesion-reactive hippocampi, it is
likely that both astrocytes and microglia contributed to this observation in WT mice, since STAT1 immunoreactivity has been observed in both microglia (Mac-1/CD11b⫹) and astroglial (GFAP⫹)
cells. Whether STAT1 is activated independently of STAT2 in
GFAP-IB␣-dn mice or whether the Western blot signal that we
detect reflects expression by other cells cannot be determined at
this time. Our findings therefore indicate active STAT1/2 signaling
in astrocytes. Hua et al. (40) have shown the induction of mRNA
and protein for STAT1 and STAT2 in isolated human astrocytes in
response to IFNs, which are classically implicated in antiviral responses, and may be speculated to play a role in response to injury.
In primary astrocytes, Qin et al. (41) showed that IL-27 induces
expression of an inhibitor of the STAT signaling pathway, the
suppressor of cytokine signaling. We do not think that exclusive
STAT2 activation in astrocytes reflects inability of microglia to
express STAT2, since preliminary results show STAT2 mRNA
expression in both microglia and astrocytes sorted from normal
CNS (T. Holm and R. Khorooshi, unpublished). The up-regulation
of STAT2 exclusively in astrocytes in the lesion-reactive hippocampus more likely indicates their selective responsiveness to
STAT2-signaling receptor. Astrocytes respond to a number of
stimuli with increases in expression of inflammatory mediators
(40, 42– 45), and it is possible that such inflammatory signals contributed to microglial response (1). However, Mac-1/CD11b (microglial) and GFAP (astroglial) immunoreactivity were unaffected
in lesion-reactive hippocampi from STAT1- and STAT2-deficient
mice compared with WT mice. Our results also showed that CCL2
expression is independent of either STAT2 or STAT1.
Interestingly, STAT2 activation in astrocytes was prevented in
GFAP-IB␣-dn mice. Regulation of STAT2 is a novel finding that
adds to interest in NF-B as a mediator of glial response (17, 19).
In contrast to CCL2, whose promoter region contains recognition sites for NF-B (46), the mechanism by which NF-B regulates STAT2 up-regulation and activation is not known.
Whether the STAT2 promoter contains a binding site for NF-B
has not been shown. Regulation by NF-B could also be indirect.
NF-B complexes are involved in the control of a number of cellular responses during inflammatory and degenerative responses,
and NF-B signaling regulates the transcription of a variety of
genes that play potential roles in inflammatory reactions and neuronal survival after injury (19, 47– 49). We further showed that
inhibition of NF-B activation resulted in a significant reduction
(⬃50%) of CCL2 gene expression in lesion-reactive hippocampi.
Reduced CCL2 gene expression was also reported in GFAPIB␣-dn mice after spinal cord injury (19). This NF-B dependence was selective since it did not affect GFAP expression, as has
been shown previously (19).
We had previously shown that both astrocytes and microglia
were induced to express CCL2 mRNA by entorhinal axotomy, and
that proportions of these CCL2-positive cells were similar (10).
Our finding that NF-B inactivation in astrocytes reduced hippocampal CCL2 levels to 50% is most directly consistent with the
interpretation that the astrocyte-signaled fraction of the CCL2 response is dependent on NF-B signaling. Our data do not exclude
that NF-B inhibition in astrocytes indirectly led to reduction of
CCL2 production via inhibition of some intermediate pathway that
then acted either autocrine on astrocytes themselves or paracrine
on other cells. Regardless of whether the mechanism was via direct
production or indirect regulation, our findings show that the astrocyte contribution to injury-induced CCL2 expression was NF-B
controlled and matched the aggregate from microglia and other
CCL2-expressing cells, which potentially can include neurons, endothelial cells, and leukocytes (10). This was supported by the
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FIGURE 7. Lack of STAT1 and STAT2 had no effect on CCL2 gene
expression. CCL2 mRNA was significantly increased in lesion-reactive
hippocampi of WT (129s6/SvEv) (n ⫽ 6), STAT1-deficient (n ⫽ 6), and
STAT2-deficient (n ⫽ 6) mice compared with contralateral at 1 day after
axonal lesion. In the lesion-reactive hippocampi no statistically significant
differences could be measured between the WT, STAT1-deficient, and
STAT2-deficient mice, indicating that STAT1 and STAT2 had no effect on
CCL2 gene expression. ns indicates not significant; C, contralateral; L,
lesion-reactive hippocampi.
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finding that leukocyte infiltration into the lesion-reactive hippocampus was comparably reduced (50%) in GFAP-IB␣-dn
mice. We have previously shown that CCL2, acting through
CCR2, is essential for leukocyte infiltration in this model, so the
two observations are functionally linked. Consistent with this, it
has been reported that experimental autoimmune encephalomyelitis was milder and leukocyte infiltration to CNS reduced in mice
with defective NF-B signaling in cells that included neurons, oligodendrocytes, and astrocytes (50).
Infiltrating macrophages and T cells are variously reported to be
harmful or of benefit in CNS injury responses (51, 52). Macrophage infiltration into the injured CNS promotes repair (53). Several studies have investigated subsets of T cells infiltrating the
injured CNS. In response to peripheral nerve injury, CD4⫹ Th2
cells that infiltrate the facial nucleus promoted the survival of facial motor neurons (54 –56). Consistent with a role for Th2 T cells,
message for IFN-␥, a Th1 cytokine, was undetectable in hippocampus in response to axonal lesion (57). Recruitment of both
CD4⫹ and CD8⫹ cells to the demyelinated corpus callosum has
been demonstrated (58), and our recent studies described infiltration of CD3⫹CD45high T cells into the lesion-reactive hippocampus (10, 23). Our current findings indicate that astrocytes make
a significant contribution to the recruitment of immune cells
into the injured brain, giving astrocytes a central role in the
maintenance of CNS homeostasis. The astrocyte response to
axonal injury involves STAT2 signaling, which is dependent on
NF-B. Additionally, NF-B signaling in astrocytes controls
both CCL2 expression and leukocyte infiltration into lesionreactive hippocampus after axonal injury. These findings together extend our appreciation of, and indicate a central role
for, astrocytes in the maintenance of CNS homeostasis.
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