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Abstract
Reactive astrogliosis is one of the pathological hallmarks of neurodegenerative diseases.
Inflammatory cytokines, such as TNF-α and IL-1β, have been shown to mediate the reactive
astrogliosis in neurodegenerative diseases; however, the molecular mechanism remains unclear. In
this study, we investigated the role of transcription factor FOXO3a on astrocyte proliferation, one
primary aspect of severe reactive astrogliosis. Our results confirmed that TNF-α and IL-1β
increased astrocyte proliferation, as determined by Ki67 and BrdU immunostaining. Furthermore,
we found that cytokine-mediated astrocyte proliferation was accompanied by an increase of the
phosphorylation and reduced nuclear expression of FOXO3a. Intracranial injection of TNF-α and
IL-1β induced astrocyte proliferation and hypertrophy, which was associated with reduced nuclear
expression of Foxo3a in astrocytes. To determine the function of FOXO3a in astrocyte
proliferation, wild type FOXO3a was overexpressed with adenovirus, which subsequently
upregulated p27Kip1 and Gadd45α, and significantly inhibited cytokine-induced astrocyte
proliferation. In contrast, overexpression of dominant negative FOXO3a decreased p27Kip1,
upregulated cyclin D1 and promoted astrocyte proliferation. Along the same line, astrocytes
isolated from Foxo3a-null mice have higher proliferative potential. In response to intracranial
injection of cytokines, Foxo3a-null mice manifested severe astrogliosis in vivo. In conclusion,
FOXO3a is important in restraining astrocyte proliferation during proinflammatory cytokine
stimulation and loss of function of FOXO3a may be responsible for the proliferation of astrocytes
in the severe form of reactive astrogliosis. Understanding the key regulatory role of FOXO3a in
reactive astrogliosis may provide a novel therapeutic target during neuroinflammation.
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Introduction
Reactive astrogliosis, which includes astrocytic hypertrophy and hyperplasia, process
extension and interdigitation, and an increase in glia fibrillary acidic protein (GFAP), is a
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continuum of changes in astrocytes in response to all forms of CNS insult and disease(da
Cunha et al. 1993; Eddleston and Mucke 1993; Sofroniew 2009). Although a growing body
of information indicates that reactive astrocytes exert numerous essential functions,
dysfunctions of reactive astrogliosis can contribute to CNS diseases(Barres 2008; De Keyser
et al. 2008). In neurodegenerative diseases, reactive astrogliosis is one of the primary
pathological features associated with neuronal damage and neurodegeneration(Fawcett
1997; Hirsch et al. 2005; Ridet et al. 1997; Rodriguez et al. 2008). At its extreme level of
activation in response to overt tissue damage and inflammation, reactive astrogliosis is
involved in scar formation that incorporates newly proliferated cells(Faulkner et al. 2004;
Sofroniew 2009). Highly localized proliferative astroglial cells have been found in thalamic
dementia or accumulate around the plaques in Alzheimer's disease, augmenting the
neuroinflammation and neurodegeneration(Kiyota et al. 2009; Potts and Leech 2005;
Rodriguez et al. 2008). Therefore, molecular dissection of reactive astrogliosis is imperative
for the development of novel therapeutic strategies.

Proinflammatory cytokines, particularly TNF-α and IL-1β, have been shown to mediate
astrocyte proliferation, as well as the permanent glial scar(Sriram et al. 2006;
Woiciechowsky et al. 2004). Both cytokines are important in gliosis and neurodegeneration
since they both initiate and sustain long-term features of astrogliosis(Buffo et al. 2009).
Application of glucocorticoids or IL-10, which inhibit the proinflammatory response, has
been shown to reduce reactive gliosis and the glia scar(Avola et al. 2004; Balasingam and
Yong 1996; Muller et al. 2001). Although evidence suggests cell cycle regulation may be
involved, the mechanisms underlying proinflammatory cytokine-mediated astrocyte
proliferation are not fully understood(Di Giovanni et al. 2005; Hara et al. 2008; Zhu et al.
2007).

Mammalian forkhead members of the class O (FOXO) transcription factors, including
FOXO1, FOXO3a, FOXO4, and FOXO6, are implicated in the regulation of multiple
cellular processes in a cell-type- and environment-specific manner. Modulation of FOXO
transcription factor activities can lead to a broad array of cellular outputs resulting in
changes in proliferation, apoptosis, stress resistance, differentiation, and metabolic
responses. Studies in mouse have shown that Foxos play significant roles in the homeostasis
of the central nervous system. Specifically, Foxo3a plays a prominent role in maintaining
the neural stem cell (NSC) pool by regulating genes involved in cellular proliferation,
differentiation, and oxygen metabolism(Aranha et al. 2009; Paik et al. 2009; Renault et al.
2009). The regulation of the FOXO proteins is highly conserved. FOXO proteins are
negatively regulated by the phosphatidylinositol 3-kinase (PI3K)-protein kinase B (PKB,
also known as Akt) signaling pathway in response to growth factors and cytokines(Arden
2008; Tran et al. 2003). Akt-1 phosphorylates FOXO3a, sequestering FOXO3a in the
cytoplasm and inhibiting FOXO3a activity(Brunet et al. 1999; Calnan and Brunet 2008).
Previously we have demonstrated that dysfunction of FOXO3a induced apoptosis in HIV-1-
infected macrophages(Cui et al. 2008). More recently, we have found that CXCL12
increases human neural progenitor cell proliferation through FOXO3a(Wu et al. 2009).
Dysfunction of FOXO proteins is frequently observed in the proliferation disorders such as
cancers(Cui et al. 2009; Maiese et al. 2009). Despite the multiple functional aspect of
FOXO3a, its contribution to astrogliosis has not been elucidated to date.

To determine the regulation of FOXO3a and its functional roles in reactive astrogliosis, we
used inflammatory cytokine stimulated astrocytes as models. TNF-α and IL-1β first
activated Akt-1, subsequently phosphorylated FOXO3a, increased cyclin D1 expression,
promoted cell cycle progression and augmented astrocyte proliferation. Intracranial injection
of TNF-α and IL-1β induced an increased number and hypertrophy of astrocytes, which was
associated with reduced nuclear presence of FOXO3a in astrocyte in vivo. Overexpression
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of FOXO3a upregulated p27Kip1 and Gadd45α expression as well as inhibited TNF-α and
IL-1β induced astrocyte proliferation, while Dominant negative (DN) FOXO3a promoted
astrocyte proliferation. Concordantly, astrocytes from Foxo3a null mice demonstrated higher
proliferative potential both in in vitro and in vivo. These results suggest FOXO3a is a
critical factor preventing inflammatory cytokine-mediated astrocyte proliferation.
Modulation of FOXO3a may provide a therapeutic avenue for dysregulated reactive
astrogliosis in neuroinflammatory diseases.

Material and methods
TNF-α and IL-1β intracranial injection

Animals were maintained in sterile microisolator cages under pathogen-free conditions in
the Laboratory of Animal Medicine at UNMC in accordance with ethical guidelines for care
of laboratory animals set forth by the National Institutes of Health. Four-week-old male
FVB/NJ mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Foxo3a-null
mice were purchased from Mutant Mouse Regional Resource Centers and bred in
Laboratory of Animal Medicine at UNMC. Experiments involving Foxo3a null mice were
performed with wild type mice from the same litter.

Intracranial injection was done as described previously(Persidsky et al. 1996). In brief, TNF-
α (50 ng) and IL-1β (10 ng) in 5 μl PBS, or 5 μl PBS alone (as vehicle control) were
injected into basal ganglia of left hemisphere in FVB/NJ mice. For experiments comparing
Foxo3a null mice with wild type control, reduced concentrations of TNF-α (5 ng) and IL-1β
(1 ng) were used. Four animals were included in each of the two groups. At 7 days after
injection, mice were euthanized with isoflurane and the brains were removed. The brains
were fixed with 4% paraformaldehyde for 48 h, and embedded in paraffin. For protein
extraction, the mouse brain was sliced into 1.0 mm section, split into left and right
hemisphere, and subjected to homogenization and protein extraction. For Western blotting
of phosphorylated Foxo3a and total Foxo3a in mouse brain, the quantification was based on
the densitometric determination of the blotting. Ratio of p-Foxo3a to total Foxo3a of left
hemisphere (PBS injections or TNF-α/IL-1β injections) were used for statistical analysis.
Right hemisphere was used as an anatomical reference.

Immunohistochemistry and image analysis
Blocks were cut to identify the injection site. For each mouse, 30∼100 serial (5-μm-thick)
sections were cut from the injection. Sections were deparaffinized, and
immunohistochemical staining followed a basic indirect immunostaining protocol using Ag
retrieval by heating to 95°C in 0.01 M citrate buffer for 30 minutes. Incubation with 10%
rabbit serum in phosphate-buffered saline was used to reduce non-specific binding and
background staining. The anti-GFAP primary mouse monoclonal antibody (Sigma, G3893)
and the anti-Foxo3a primary rabbit polyclonal antibody (Abcam, ab47409) were used at
1:500 dilution and 1:400 dilution respectively. Antibodies were applied onto the slides and
incubated overnight at 4°C. Double-immunofluorescent staining was performed using Alexa
Fluor 488 (green) and 647 (red) as secondary antibodies (Molecular Probes, Eugene, OR).
Confocal pictures were taken at 10× to show big view and needle track. Pictures at 40× and
60× magnifications were taken in regions 200∼300 μm away in both directions from the
needle track of brain sections. To allow semi-quantitive comparisons of fluorescence levels
between two groups, all images were acquired using same microscopy setting. Four to five
pictures per section were taken. All obtained images were imported into ImageJ-ProPlus,
version 4.0 (Media Cybernetics, Sliver Spring, MD), for quantifying levels of GFAP- and
Foxo3a-positive staining. The mean fluorescence intensity of GFAP in arbitrary unites was
determined in 40× images. Twenty images from each group were analyzed. The mean
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fluorescence intensity of Foxo3a in arbitrary unites was determined at GFAP positive cells
of 60× images. Three GFAP positive cells were randomly selected from each picture and
twenty pictures were analyzed.

Statistical analyses
Data were expressed as means ± SD. The data were evaluated statistically by analysis of
variance (ANOVA) followed by the Tukey's test for paired observations. Significance was
considered as a p value of < 0.05. To account for any donor-specific differences, all
experiments were performed with astrocytes from at least three donors. All assays were
performed at least twice, with triplicate or quadruplicate samples in each experiment.

(For details of reagents, astrocyte culture, proliferation assays, Western blotting and
adenoviral vectors, please see the supplemental data.)

Results
TNF-α and IL-1β increase human astrocyte proliferation

To study reactive astrogliosis, particularly the astrocyte proliferation in vitro, we used Ki67
immunocytochemical staining and bromodeoxyuridine (BrdU) incorporation in primary
cultured human astrocytes following TNF-α and/or IL-1β stimulation. Astrocyte
proliferation, as determined by Ki67 staining, increased after 3 days of TNF-α and/or IL-1β
treatment (Fig. 1). By evaluating different doses of TNF-α and IL-1β on astrocyte
proliferation, we found that a combination of TNF-α (50 ng/ml) and IL-1β (1 ng/ml)
showed the most significant increase in cell proliferation (Fig. 1E). To confirm TNF-α- and
IL-1β-induced astrocyte proliferation, BrdU incorporation assay was used and a similar
result was found compared to Ki67 immunocytochemical staining (Fig. 1F). Treatment with
serum, such as 10% FBS, has showed an increase of proliferation in astrocytes, and it served
as positive control in our proliferation assays. These results establish an in vitro functional
assay to detect TNF-α and IL-1β mediated astrocyte proliferation.

TNF-α and IL-1β induce cyclin D1 expression in human astrocytes
Cyclin D1 is essential for cell cycle transition from G1 to S phase and is upregulated when
cell cycle progresses. To confirm the TNF-α and IL-1β mediated cell cycle progression, we
determined the cyclin D1 protein levels with different doses of TNF-α and/or IL-1β
treatment. Treatment with TNF-α or IL-1β alone induced a two-fold increase of cyclin D1
protein levels. Furthermore, treatment with TNF-α and IL-1β together induced a five-fold
increase of cyclin D1 protein levels, which were similar to the cyclin D1 levels under serum
treatment (p < 0.001, Fig. 2). The regulation of cyclin D1 by TNF-α and/or IL-1β treatment
was in agreement with results from cell proliferation assays, which demonstrated that a
combination of TNF-α (50 ng/ml) and IL-1β (1 ng/ml) induced significant increase in
astrocyte proliferation (Fig. 1). Together, these results suggest that TNF-α and IL-1β
promote astrocyte proliferation through cell cycle regulation.

TNF-α and IL-1β regulate FOXO3a through Akt-1 pathway in human astrocytes
In order to identify the signaling cascade that promotes cell cycle progression in astrocytes,
we first examined the effect of TNF-α and IL-1β on the Akt-1 phosphorylation. TNF-α and
IL-1β stimulation led to increased Akt-1 phosphorylation (Fig. 3A, B). Among all of the
important substrates of Akt-1, FOXO transcription factors are essential to control cell cycle
progression. Our microarray data have showed that FOXO3a is highly expressed in human
astrocytes, as compared with other members of FOXO and FOXM that are important in cell
cycle regulation (Supplemental Fig. 1). However, whether FOXO3a contributes to cytokine-
mediated astrocyte proliferation has not been elucidated to date. We examined the
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phosphorylation of FOXO3a in the time course of TNF-α and IL-1β treatment in human
astrocytes. Phosphorylation of FOXO3a reached a peak at 15 minutes following TNF-α and
IL-1β treatment (Supplemental Fig. 2). After 24 h of treatment, the phosphorylation of
FOXO3a remained high, while expression of total Akt-1 and FOXO3a remained unchanged
(Fig. 3A, B and C). p27Kip1 and p21Waf1, members of a family of cyclin-dependent kinase
inhibitors, are important downstream factors of FOXO3a that inhibit cyclin D1
expression(Rathbone et al. 2008; Zhang et al. 2009). p27Kip1 protein levels were
significantly reduced after 24 h of TNF-α and IL-1β stimulation (Fig. 3A and D). In
contrast, the levels of p21Waf1 remained unchanged after TNF-α and IL-1β stimulation
(Data not shown). These results demonstrate that TNF-α and IL-1β phosphorylate Akt-1 and
FOXO3a, suppressing p27Kip1, which may form a signaling cascade that promotes
astrocyte proliferation.

To verify Akt-1 as the main upstream kinase of FOXO3a in TNF-α- and IL-1β-induced
astrocyte proliferation, an adenoviral vector was used to deliver constitutively active Akt-1
(myr-Akt) or dominant negative Akt-1 (DN-Akt). After 72 h of infection, overexpression of
constitutively active Akt-1 was confirmed and the phosphorylation of FOXO3a was
significantly increased (Fig. 4A). These data suggest that Akt-1 is sufficient to
phosphorylate FOXO3a in astrocytes. To determine whether Akt-1 mediates FOXO3a
phosphorylation in TNF-α- and IL-1β-stimulated astrocytes, we treated the astrocytes with
TNF-α and IL-1β for 24 h following overexpression of DN-Akt-1. The overexpression of
DN-Akt-1 abolished TNF-α/IL-1β-induced FOXO3a phosphorylation in astrocytes (Fig.
4B). Similarly, the PI3K inhibitor LY294002 pretreatment of human astrocytes, which is
known to inhibit the Akt-1 phosphorylation, also inhibited TNF-α- and IL-1β-induced
FOXO3a phosphorylation (Fig. 4C), suggesting that FOXO3a phosphorylation, in response
to TNF-α and IL-1β stimulation, was dependent on the PI3K/Akt-1 pathway.

To assess whether Akt-1 was necessary for TNF-α- and IL-1β-induced astrocyte
proliferation, dominant negative Akt-1 and constitutively active Akt-1 were delivered to
astrocytes by adenovirus. Ki67 immunocytochemical staining was used to measure cell
proliferation. Compared with the GFP vector control, constitutively active Akt-1 (Ad-myr-
Akt) dramatically increased cell proliferation in absence of TNF-α and IL-1β treatment.
Furthermore, overexpression of dominant negative Akt-1 prevented TNF-α- and IL-1β-
induced astrocyte proliferation (Fig. 4D). These results suggest that Akt-1 is critical
upstream kinase of FOXO3a for TNF-α and IL-1β-induced astrocyte proliferation.

TNF-α and IL-1β reduce nuclear expression of FOXO3a in human astrocytes
FOXO3a is regulated by phosphorylation of conserved serine/threonine residues, which
control FOXO subcellular localization. To assess the FOXO3a subcellular localization after
cytokine treatment, we performed immunocytochemistry and confocal microscopy on
astrocytes. Following serum starvation, most of the FOXO3a was localized in the nucleus
(Fig. 5A-D); but with TNF-α and IL-1β stimulation, number of cells associated with
positive nuclear staining of FOXO3a significantly decreased (Fig. 5E-H). 10% FBS
treatment, which increased proliferation of astrocytes, showed a similar decrease of nuclear
FOXO3a (Fig. 5I-L). Quantification showed that either TNF-α/IL-1β treatment or culture in
complete medium contained 10% FBS reduced number of cells associated with positive
nuclear staining of FOXO3a by more than 50% (Fig. 5M). These data further support that
nuclear FOXO3a is regulated by the proinflammatory cytokines, which may play an
important role in astrocyte proliferation.
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Decreased nuclear FOXO3a expression in astrocytes during reactive astrogliosis in vivo
To test the subcelluar localization and regulation of FOXO3a during astrogliosis in vivo, we
performed intracranial injection of TNF-α (50 ng) and IL-1β (10 ng). Mouse brain sections
were examined at 2 or 7 days after injection. GFAP immunostaining was used as marker of
astrocytes and indicator of reactive astrogliosis. Compared with the vehicle control (PBS
injection, Fig. 6A and B), the TNF-α/IL-1β injection induced severe reactive astrogliosis
(Fig. 6C and D), which showed a significant increase in the number and intensity of GFAP
staining along the injection track (Fig. 6B, D, E and F). To determine the regulation of
Foxo3a in reactive astrogliosis in vivo, we double-labeled the astrocytes with GFAP and
Foxo3a, which enabled us to study Foxo3a expression in astrocytes because other cell types
in the CNS also express Foxo3a (Fig. 7A, E). For both PBS and cytokines injection, the
expression of the Foxo3a was more evident in the nucleus than in the cytosol along the
injection track. However, after quantification, the fluorescent signal intensity of Foxo3a in
astrocytes was significantly reduced in TNF-α/IL-1β injection compared with the PBS
injection (Fig. 7C, G; Fig. 7I, p < 0.001). To confirm the protein changes of Foxo3a in vivo,
brain tissues were obtained and protein analysis of Foxo3a was performed with Western
blotting. Compared with its corresponding right hemisphere (no injection), left hemisphere
(PBS injections or TNF-α/IL-1β injections) had higher levels of GFAP and phosphorylated
Foxo3a (Fig. 7J). More importantly, the ratio of phospho-Foxo3a to total Foxo3a increased
in TNF-α/IL-1β injection brain tissues when compared with PBS injection (Fig. 7K). These
in vivo results indicate that Foxo3a is phosphorylated by inflammatory cytokines and its
expression in astrocytes is reduced during brain inflammation

FOXO3a inhibits the inflammatory cytokine-mediated proliferation of human astrocytes
We next investigated how FOXO3a regulated TNF-α- and IL-1β-induced astrocyte
proliferation. To manipulate FOXO3a function, replication-defective adenoviral gene-
delivery systems were used to overexpress wild type FOXO3a (WT-FOXO3a) or dominant
negative FOXO3a (DN-FOXO3a) in astrocytes. The DN-FOXO3a was constructed by
deleting the transactivation domain from the C-terminus of FOXO3a, creating a protein with
the molecular weight of about 40 KD, as shown in the immunoblotting (Supplemental Fig.
3B). The infection efficiency of the adenovirus was monitored by GFP fluorescent
expression in astrocytes and was around 80% at 300 multiplicity of infection (MOI)
(Supplemental Fig. 3A). The overexpression of WT-FOXO3a and DN-FOXO3a was
confirmed by Western blotting (Supplemental Fig. 3B). Next, we determined cell
proliferation with Ki67 immunocytochemical staining after adenovirus infection. Ki67
positive cells were counted against total GFP positive cells (Fig. 8). Overexpression of wild
type FOXO3a inhibited astrocyte proliferation, as compared with the Ad-GFP control (Fig.
8A and I). TNF-α and IL-1β treatment significantly increased the astrocyte proliferation, as
determined by Ki67 staining (p < 0.001, Fig. 8A, D, E, H, arrow indicates Ki67+/GFP+
cells). The increase of astrocyte proliferation by TNF-α and IL-1β treatment was completely
blocked by overexpressed WT-FOXO3a, suggesting that ectopic expression of FOXO3a
inhibited TNF-α- and IL-1β-induced astrocyte proliferation (Fig. 8Q). There were Ki67
positive cells in Ad-WT-FOXO3a group after TNF-α and IL-1β stimulation, however, those
cells were likely untransduced with FOXO3a as indicated by GFP expression (Fig. 8L and
P, arrow indicates Ki67+/GFP- cells). Together, these results demonstrate that TNF-α and
IL-1β induce astrocyte proliferation through functionally repressing FOXO3a.

FOXO3a induces critical cell cycle regulatory factors in human astrocytes
Next, we explored several down stream genes of FOXO3a that are cell cycle regulatory
factors in astrocytes. These genes include cyclin D1, p27Kip1, and Gadd45α. Cyclin D1
induction is a key event in G1 phase progression and is tightly regulated by p27Kip1.
Gadd45α can induce cell cycle arrest in the G2-M phase. The protein levels of p27Kip1
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were significantly increased in WT-FOXO3a overexpression and were reduced in DN-
FOXO3a overexpression in astrocytes (Fig. 9A and B). p27Kip1 typically regulates cyclin
D1 expression through the inhibition of CDKs in the G1 phase; thus, we tested the
expression of cyclin D1. As expected, following Ad-WT-FOXO3a infection, p27Kip1 was
increased whereas cyclin D1 was inhibited (Fig. 9C). Inversely, Ad-DN-FOXO3a infection
decreased p27Kip1 and increased cyclin D1 (Fig. 9C). We also examined Gadd45α
expression, which can interfere with the G2 phase of the cell cycle. Gadd45α was
dramatically increased in Ad-WT-FOXO3a infection (Fig. 9D and E), suggesting that
FOXO3a can also induce cell cycle arrest at the G2 phase. To further confirm the function of
FOXO3a in cell cycle regulation, cell proliferation assay which was determined by Ki67
staining was performed. Ad-DN-FOXO3a group showed a significant increase of cell
proliferation compared with vector control, and TNF-α and IL-1β treatment further
potentiated this increase (Fig. 9F). These data indicate that FOXO3a functionally inhibits
cell proliferation and prevents cell cycle progression in astrocytes through arresting cell
cycle, either in the G1 or G2 phase, by induction of downstream factors p27Kip1 and
Gadd45α.

Astrocytes in Foxo3a-null mice have higher proliferative potential in vitro and in vivo
To further verify the function of FOXO3a in astrocytes, 4-week old Foxo3a null mice and
wild type mice were subjected to brain dissection and astrocyte cultures were prepared.
Total cell number was counted in each passage, which showed marked higher cell number in
Foxo3a null astrocytes than those from wild type (Fig. 10A). After 3 passages, GFAP and
DAPI staining were performed to verify the purity of astrocyte cultures. As shown in Fig.
10B, more than 98% cells were GFAP positive. Western blotting of Foxo3a from the
astrocyte lysates confirmed the knockout status of mice. Furthermore, reduced levels of
p27Kip1 and increased levels of cyclin D1 were observed in Foxo3a null astrocytes (Fig.
10C). Proliferation, as determined by BrdU staining, showed a significant increase in
Foxo3a null astrocytes compared with wild type (Fig. 10D and E). To further investigate the
role of FOXO3a in inflammatory cytokines-mediated reactive astrogliosis, low dose of
TNF-α (5 ng) and IL-1β (1 ng) were intracranially injected into both Foxo3a null mice and
their littermate wild type mice. Seven days after injection, mice were sacrificed and brain
sections were stained with GFAP and DAPI to detect astrogliosis in vivo. Foxo3a null mice
exhibited more severe astrogliosis compared with wild type (Fig. 11A). Both GFAP+ cell
number and GFAP intensity showed significant increase along the injection track in Foxo3a
null mice (Fig. 11 B and C). These data, in agreement with human astrocyte studies,
suggesting that FOXO3a is a critical factor preventing inflammatory cytokine-mediated
astrocyte proliferation.

Discussion
Reactive astrogliosis is an underlying component associated with the CNS injury and
neurodegenerative diseases, yet its molecular and cellular mechanisms are poorly
understood. In this report, we demonstrated that inflammatory cytokine-mediated astrocyte
proliferation is associated with reduced nuclear expression of FOXO3a both in vitro and in
vivo. We determined that the function of FOXO3a in astrocytes is to inhibit cell
proliferation. In addition, we have verified that TNF-α and IL-1β regulate FOXO3a through
PI3K/Akt-1 pathway and FOXO3a induces critical cell cycle regulatory factors in human
astrocytes. Foxo3a knockout further confirmed that Foxo3a negatively regulates cell
proliferation. Lack of Foxo3a resulted in more severe forms of reactive astrogliosis in
response to proinflammatory cytokine stimulation in vivo. Thus, we identify FOXO3a as a
key transcription factor involved in cytokine-induced astrocyte proliferation. To our
knowledge, this is the first report demonstrating that FOXO3a is a pivotal transcription
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factor involved in inflammatory cytokines-induced astrocyte proliferation. Identification of
the signaling molecules that mediate proliferation aspect of astrogliosis will give valuable
insight into the mechanisms of astrogliosis with the potential to find targets for therapeutic
intervention of neurodegenerative diseases.

Proinflammatory cytokines are quickly induced and known to be critical mediators of
astrogliosis(Hirsch et al. 2003; Woiciechowsky et al. 2004). For examples, IL-1β-null mice
lack the increase of GFAP at 2 and 3 days after CNS injury that otherwise occurs in wild
type controls(Herx and Yong 2001). Both TNF-α and IL-1β can induce IL-6 release into the
CSF, which further increases GFAP expression in the cerebral cortex and
hippocampus(Tanabe et al.; Woiciechowsky et al. 2004). In the present study, TNF-α and
IL-1β stimulated astrocyte proliferation in vitro, and intracranial injection of TNF-α and
IL-1β induced severe reactive astrogliosis, including increased astrocyte cell population,
astrocyte hypertrophy and enhanced GFAP expression. While there were many aspects of
reactive astrogliosis and our study only focus on the proliferation under proinflammatory
conditions, the indication that FOXO3a function in the process potentially provides much-
needed information for the molecular analyses of reactive astrogliosis.

FOXO transcription factors are critical regulators in diverse physiological processes, and
their functions in the central nervous system have recently become of great interest. FoxOs
regulate NSC homeostasis and are important in neuron polarity and neuron survival(de la
Torre-Ubieta et al.; Paik et al. 2009; Renault et al. 2009; Yuan et al. 2009). FOXO3a, the
main isoform of FOXO proteins in mammals, has been well studied in tumorigenesis,
muscle atrophy, immune diseases, and stem cell homeostasis(Lin et al. 2004; Maiese et al.
2007; Senf et al. 2008; Yang et al. 2008). The regulatory and functional roles of FOXO3a
are highly cell type-specific and dependent on context of the cellular environments. Gene
knockout of Foxo3a in mice results in spontaneous tumorigenesis, lymphoproliferation, and
depletion of the neural/hematopoietic stem cell pools, which suggests the multifaceted
functions of FOXO3a in vivo(Renault et al. 2009; Tothova and Gilliland 2007). Particularly,
a recent report by Paik et al. presented detailed data investigating the effect of gene
knockout of FoxO(1, 3, 4) on neural stem cells, though no information was provided about
the impact of FoxO knockout on astrocytes(Paik et al. 2009). In our mouse study, there is a
significant reduction of Foxo3a staining in astrocytes (GFAP+ cells) in response to
cytokines-stimulation. In agreement with this data, in vitro astrocyte cultures from Foxo3a
null mice demonstrated increased proliferative potential, as well as concordant changes of
key cell cycle regulatory protein p27Kip1 and cyclin D1. Similarly, Intracranial injection of
low dose of TNF-α- and IL-1β showed more severe forms of reactive astrogliosis in FoxO3-
null mice, as compared with the wild type mice. All of these results from wild type, Foxo3a-
null mice, and cultured human astrocyte studies suggest that Foxo3a is a critical factor
regulating astrocyte cell cycle and proliferation. We have noted that other cell types (neuron
and microglia) express Foxo3a in the brain. In the injection area, neurons express high level
of Foxo3a. However, we focus on astrocytes in this paper. Astrocytes outnumber these other
cell types in the CNS. Therefore, the overall change of FOXO3a, found in our Western
blotting of mid-brain lysates containing the injection site, should partially reflect levels of
Foxo3a in astrocytes (Figure 6 J and K).

Phosphorylation of the FOXO3a is the most critical post-translational modification as it
essentially regulates the translocation of FOXO3a proteins between the nucleus and
cytoplasm(Skurk et al. 2004; Vogt et al. 2005). Akt-dependent phosphorylation of FOXO3a
promotes FOXO3a export from the nucleus to the cytoplasm, thereby repressing the
transcriptional activity of FOXO3a(Brunet et al. 1999; Kops et al. 1999). Our data
demonstrated that TNF-α and IL-1β increased phosphorylation of Akt-1 and FOXO3a,
whereas reduced nuclear expression of FOXO3a. The specific regulation of Akt-1/FOXO3a
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pathway by the cytokines is aiming to enhance the proliferation of human astrocytes.
Although Akt-1 is dominating the regulation of FOXO3a, there are many kinases that also
phosphorylate FOXO3a. These kinases include serum and glucocorticoid-regulated kinase
(SGK), c-Jun N-terminal kinase (JNK), extracellular signal-related kinase (ERK), dual
specificity tyrosine-phosphorylated and regulated kinase (DYRK1A), mammalian Ste20-like
kinase-1 (MST1), and IκB kinase (IKK)(Huang and Tindall 2007; Vogt et al. 2005). It
remains the subject for further investigation to determine whether ERK, IKKβ, or other
kinases also regulate FOXO3a in astrocytes and interfere with cell cycle processes.

How downstream factors of FOXO3a are involved in TNF-α- and IL-1β-induced
astrogliosis is also an interesting and important topic. FOXO3a has been reported to regulate
p27Kip1 and p21Waf1 expression in cancer cells(Hauck et al. 2007; Hu et al. 2005). Both
p27Kip1 and p21Waf1 are cyclin-dependent kinase (CDK) inhibitors, which block S-phase
to G1-phase transition through repressing cyclin D expression(Rathbone et al. 2008; Zhang
et al. 2009). Interestingly, in both human and mouse astrocytes, we found FOXO3a
regulated p27Kip1 expression rather than p21Waf1. In Foxo3a null astrocytes, the levels of
p27Kip1 decrease, while the levels of cyclin D1 and astrocyte proliferation increased. Thus,
a signaling cascade involving FOXO3a/p27Kip1/cyclin D1 may exist in astrocyte to regulate
cell cycle. Overexpression of WT-FOXO3a also upregulates Gadd45α (Fig. 9), which plays
a key role in the G2/M checkpoint in response to DNA damage(Jin et al. 2002; Zhu et al.
2008). FOXO3a is known to induce G2/M cell cycle arrest and trigger the DNA repair
process through upregulation of Gadd45α(Jin et al. 2002; Tran et al. 2002). It is unknown
whether those down stream factors work in concert or in sequential order to regulate cell
cycle and proliferation. The Identification of astrocyte-specific targets of FOXO3a and the
detailed regulation of the factors are important and therefore warrant future investigation.

In summary, the evidence presented in this study demonstrated that marked astrocyte
proliferation occurred in response to inflammatory cytokines stimulation. The cell cycle
progression was associated with decreased nuclear exprssion of FOXO3a. FOXO3a
negatively regulate astrocyte proliferation and attenuated cytokine-mediated astrocyte
proliferation (Fig. 12). Understanding the critical role of FOXO3a in astrocyte proliferation
may provide a potential target for therapeutic intervention in CNS diseases driven by
dysfunctioned reactive astrogliosis.
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Fig. 1.
TNF-α and IL-1β promote human astrocyte proliferation. Human astrocytes were treated
with different doses of IL-1β (1 ng/ml) and TNF-α (50ng/ml) for 3 days and then stained
with antibody to Ki67 (red, A-D). 4′,6′-Diamidino-2-phenylindole (DAPI; blue) was used
as a nuclear marker to count the total cell number (B, D). E-F, different doses of IL-1β (1
ng/ml, 10 ng/ml) and/or TNF-α 50ng/ml were used to treat astrocytes; proliferating cells
were counted as the percent of Ki67+ cells in total DAPI-positive nuclei. F, at same
treatment, cells were stained with antibody to BrdU conjugated with anti-mouse Alexa Fluor
488 nm secondary Ab. The DNA-binding fluorescent dye propidium iodide (PI) was used as
a nuclear marker for the total cell number. BrdU+ cells were manually counted as the
percent of PI-positive nuclei. + indicates 2% FBS-, and ++ indicates 10% FBS-containing in
medium. *, p < 0.05; **, p < 0.01. Data are representative of three donors.
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Fig. 2.
TNF-α and IL-1β induce cyclin D1 expression in human astrocytes. A, Human astrocytes
were starved in DMEM/F12 medium for 6 h, then changed to condition medium (2% FBS in
DMEM/F12) with the following treatments: IL-1β 1ng/ml, IL-1β 10ng/ml, TNF-α 50ng/ml,
TNF-α 50ng/ml plus IL-1β 1ng/ml, and 10% FBS in DMEM/F12 for 24 h. Cell lysates were
collected and subjected to Western blotting for cyclin D1. β-actin was used as a loading
control. B, Results of A were normalized with β-actin and densimetrically quantified as fold
of cyclin D1 in non-treated control. Average ± SD of three independent experiments from
three donors were shown. + indicates 2% FBS and ++ indicates 10% FBS contained in
medium. *, p < 0.05 compared to control; **, p < 0.01 compared to control. Data are
representative of three donors.
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Fig. 3.
TNF-α and IL-1β activate the Akt-1 pathway in human astrocytes. A, Human astrocytes
were starved overnight then treated with IL-1β (1ng/ml) and TNF-α (50ng/ml) in 2% FBS
in DMEM/F12 for 24 h. Cell lysates were collected and subjected to Western blotting for p-
Akt-1, Akt-1, p-FOXO3a, FOXO3a, and p27Kip1. β-actin was used as a loading control. B-
D, results of A were normalized with β-actin and densimetrically quantified as fold of
control. Average ± SD of three independent experiments from three donors were shown. **,
p < 0.01 compared with control.
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Fig. 4.
TNF-α and IL-1β induce astrocyte proliferation through Akt-1. A. Three days after Ad-myr-
Akt infection, cells were lysated and subjected to Western blotting for p-FOXO3a, FOXO3a,
and Akt-1. B, two days after Ad-DN-Akt-1 infection, human astrocytes were treated with
IL-1β (1ng/ml) and TNF-α (50ng/ml) for 24 h. Cells were lysed and subjected to Western
blotting for p-FOXO3a, FOXO3a, and Akt-1. C, cells were pre-treated with LY294002 for 4
h, and then changed to IL-1β (1ng/ml) and TNF-α (50ng/ml) for 24 h. Cell lysates were
subjected to Western blotting for p-FOXO3a and FOXO3a. D, three days after adenovirus
infection, cells were stained with Ki67 and DAPI. Proliferating cells were counted as the
percent of Ki67+ in DAPI+ nuclei. **, p < 0.01.
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Fig. 5.
TNF-α and IL-1β decreases nuclear expression of FOXO3a in astrocytes. After 6 h of
starvation, cells were treated with TNF-α and IL-1β in condition medium (2% FBS in
DMEM/F12) or culture medium (10% FBS in DMEM/F12) for 24 h and then stained with
FOXO3a (red) and Ki67 (green). DAPI (blue) was used as a nuclear marker. A-D, control.
E-H, TNF-α and IL-1β treatment. I-L, 10% FBS in DMEM/F12. M, FOXO3a-positive
nuclei were manually counted as the percent of DAPI-positive nuclei. Two hundred or more
cells were counted for each group. **, p < 0.01. Data are representative of three donors.
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Fig. 6.
Intracranial injection of TNF-α and IL-1β induces astrogliosis in vivo. Seven days after
TNF-α and IL-1β intracranial injection, reactive astrogliosis as detected by GFAP
immunostaining was noted in the mouse brain (C and D), as compared to the phosphate
buffered saline (PBS) injected brain (A and B). Arrows indicate the injection needle tracks.
C= cortex, CC= corpus callosum, CPu= Caudate putamen. E, Data was shown as the
percentage of GFAP-positive cell per area. F, GFAP expression were quantified by
determining the GFAP-intensity around the needle track. Total 20 pictures from 4 mice were
calculated. **, p < 0.005 in comparison to control. ***, p < 0.001 in comparison to control.
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Fig. 7.
Reduced expression of Foxo3a in astrocytes during astrogliosis in vivo. After 7 days of
injection, brain sections were taken for immunohistochemistry and brain tissue lysis were
prepared for Western blotting. Representative fluorescence overlay micrographs from
confocal pictures show the astrogliosis and Foxo3a expression (GFAP in green, Foxo3a in
red) in PBS injection (A, B, C, and D) and TNF-α/IL-1β injection (E, F, G, and H). Nuclei
were stained with DAPI (blue). I, Confocal pictures were imported and analyzed with
ImageJ-ProPlus. Foxo3a expression was quantified by fluorescence intensity in 200 GFAP-
positive cells random chose from 20 brain sections of four mice each group. J, Protein
extracts from brain tissue contained injection site were subjected to Western blotting for p-
Foxo3a, Foxo3a, and GFAP. β-actin was used as a loading control. K, The ratio of p-Foxo3a
to total Foxo3a from left cerebral hemisphere (LH) was showed. Boxes encompass the
interquartile ranges; error bars indicate the ranges of value. Horizontal lines, median value
for each group (n=4). ***, p < 0.001 in comparison to PBS injection. *, p < 0.05 in
comparison to PBS injection.
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Fig. 8.
Overexpression of wild type of FOXO3a inhibits cytokine-mediated proliferation of human
astrocyte. After 24 h of adenovirus infection, cells were treated with TNF-α and IL-1β for 3
days and then stained with Ki67. DAPI (blue) was used as a nuclear marker to count the
total cell number. A-C, Ad-GFP infection without TNF-α and IL-1β treatment. E-G, Ad-
GFP infection with TNF-α and IL-1β treatment. I-K, Ad-WT-FOXO3a infection without
TNF-α and IL-1β treatment. M-O, Ad-WT-FOXO3a infection with TNF-α and IL-1β
treatment. C, G, K, and O are KI67, DAPI and GFP merged images of each group. D, H, L,
and O are magnified Images from outlined square from C, G, K, and O respectively. Arrow
indicates the Ki67+/GFP+ cells in D and H, Ki67+/GFP- cells in L and O. Q, quantification
of three donors. **, p < 0.01, compared with Ad-GFP without TNF-α and IL-1β treatment;
##, p < 0.01, compared with Ad-GFP in TNF-α and IL-1β treatment.
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Fig. 9.
FOXO3a regulated cell cycle proteins and DN-FOXO3a promoted proliferation in human
astrocytes. A and D, three days after adenovirus infection, human astrocytes were lysed and
subjected to Western blotting for p27Kip1, cyclin D1 (A), and Gadd45α (D). β-actin was
used as a loading control. B, C, and E, expression of p27Kip1, cyclin D1, and Gadd45α in A
and D were normalized to β-actin and densimetrically quantified as fold of GFP control. F,
after 24 h of adenovirus infection, cells were treated with TNF-α and IL-1β for 3 days and
then stained with Ki67 and DAPI. Proliferating cells were counted as the percent of Ki67+
in DAPI+ nuclei. Average ± SD of three independent experiments from three donors were
shown. **, p < 0.01, compared with Ad-GFP; ##, p < 0.01, compared with Ad-DN-FOXO3a
without TNF-α and IL-1β treatment.
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Fig. 10.
Astrocytes from Foxo3a-null mice exhibit higher proliferative potential in vitro. A,
astrocytes were isolated from 4 week old of Foxo3a-null or Foxo3a-WT mouse brain and
cultured in vitro. Total cell number was counted in each passage. B, after 3 passages, purity
of astrocyte cultures was determined by GFAP and DAPI staining. C, astrocyte lysates were
collected and subjected to Western blotting for Foxo3a, cyclin D1, and p27Kip1. β-actin
was used as a loading control. D and E, mouse astrocytes were stained with BrdU and DAPI.
Proliferating cells were counted as the percent of BrdU+ in DAPI+ nuclei. A total of 30
pictures from 4 mice were calculated. ***, p < 0.001 in comparison to control.
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Fig. 11.
Inflammatory cytokines increase reactive astrogliosis in Foxo3a null mouse. A, at 7 days
after TNF-α and IL-1β (5 ng and 1 ng) intracranial injection, reactive astrogliosis in Foxo3a
null mouse was detected by GFAP immunostaining (10× and 40×), wild type mice from the
same litter were used as control. GFAP positive cell was quantified in total cells per area
(B), and GFAP expression were also quantified by determining the GFAP-intensity (C).
Total 30 pictures from 4 mice were calculated. **, p < 0.005 in comparison to control. ***,
p < 0.001 in comparison to control.
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Fig. 12.
FOXO3a regulates cell cycle control of astrocyte during inflammation. Inflammatory
cytokines TNF-α and IL-1β increase the phosphorylation and decrease the nuclear
expression of FOXO3a via kinases such as protein kinase B (PKB, Akt). Phosphorylation of
FOXO3a inhibits critical cell cycle regulatory genes p27Kip1 and Gadd45α, which promote
cell-cycle arrest. Thus, functional repression of FOXO3a induces astrocyte cell cycle
progression and astrogliosis.
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