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The Journal of Immunology

Phenotypic Polarization of Activated Astrocytes: The Critical

Role of Lipocalin-2 in the Classical Inflammatory Activation

of Astrocytes

Eunha Jang,* Jong-Heon Kim,* Shinrye Lee,*,1 Jae-Hong Kim,* Jung-Wan Seo,*

Myungwon Jin,* Maan-Gee Lee,* Il-Sung Jang,† Won-Ha Lee,‡ and Kyoungho Suk*

Astrocytes provide structural and functional support for neurons, as well as display neurotoxic or neuroprotective phenotypes

depending upon the presence of an immune or inflammatory microenvironment. This study was undertaken to characterize mul-

tiple phenotypes of activated astrocytes and to investigate the regulatory mechanisms involved. We report that activated astrocytes

in culture exhibit two functional phenotypes with respect to pro- or anti-inflammatory gene expression, glial fibrillary acidic protein

expression, and neurotoxic or neuroprotective activities. The two distinct functional phenotypes of astrocytes were also demon-

strated in a mouse neuroinflammation model, which showed pro- or anti-inflammatory gene expression in astrocytes following

challenge with classical or alternative activation stimuli; similar results were obtained in the absence of microglia. Subsequent

studies involving recombinant lipocalin-2 (LCN2) protein treatment or Lcn2-deficient mice indicated that the pro- or anti-

inflammatory functionally polarized phenotypes of astrocytes and their intracellular signaling pathway were critically regulated

by LCN2 under in vitro and in vivo conditions. Astrocyte-derived LCN2 promoted classical proinflammatory activation of

astrocytes but inhibited IL-4–STAT6 signaling, a canonical pathway involved in alternative anti-inflammatory activation. Our

results suggest that the secreted protein LCN2 is an autocrine modulator of the functional polarization of astrocytes in the

presence of immune or inflammatory stimuli and that LCN2 could be targeted therapeutically to dampen proinflammatory

astrocytic activation and related pathologies in the CNS. The Journal of Immunology, 2013, 191: 5204–5219.

A
strocytes provide structural and functional support for

neurons, release gliotransmitters to modulate synaptic ac-

tivity, and participate in synapse formation and remodel-

ing (1). Astrocytes also have an ability to respond to and partici-

pate in immune and inflammatory responses in the CNS (2, 3).

Although the immune and inflammatory responses are a normal

defense mechanism aimed at protecting the brain from infection,

injury, cellular debris, or abnormal protein aggregation, excessive

neuroinflammation has been implicated in diverse neurodegenera-

tive diseases (4, 5). As an important regulator of brain inflammation,

activated astrocytes can release, in response to various stimuli, a

wide array of immune and inflammatory mediators, such as pro-

and anti-inflammatory cytokines/chemokines, which may subse-

quently exert neuroprotective or neurotoxic effects (6). Microglia,

another glial cell type of mesodermal origin, also contribute to

both neuroprotection and neurotoxicity (7); when activated in re-

sponse to immune stimuli, they release pro- or anti-inflammatory

cytokines/chemokines. These distinct patterns of microglial acti-

vation are referred to as functional polarization, which has impli-

cations in diverse CNS conditions, such as cerebral ischemia,

Alzheimer’s disease, and spinal cord injury (8–11). Although acti-

vated astrocytes can release pro- or anti-inflammatory mediators

with neurotoxic or neuroprotective effects, the functional polari-

zation of astrocytes and the regulation of their polarized pheno-

types have not been clearly determined.

Lipocalin 2 (LCN2) has been implicated in diverse cellular

processes, such as cell growth (12), cell death/survival (13, 14),

cell migration/invasion (15), and cell differentiation (16). LCN2

was also shown to play an important role in iron delivery (13, 17),

angiogenesis (18), febrile response (19), insulin resistance (20),

and inflammation as an acute-phase protein (21). Recently, we

(22) and other investigators (23–25) reported that brain glial cells

express and secrete LCN2 under inflammatory conditions and

that LCN2 mediates reactive astrocytosis (26). Nevertheless, the

functional role of LCN2 in the CNS is far from clear.

Based on previously reported involvements of LCN2 in reactive

astrocytosis under diverse CNS injury and disease conditions (27–

32), we hypothesized that LCN2 may be a pivotal regulator of the

functional phenotypes of activated astrocytes. Through a series of

in vitro and in vivo experiments, we show that functional dichot-

omy, such as M1/M2 observed for microglia and macrophages, also

exists in activated astrocytes and that LCN2 is an autocrine pro-

moter of the classical proinflammatory activation of astrocytes.
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Materials and Methods
Reagents

The following chemicals were obtained from Sigma-Aldrich (St. Louis,
MO): LPS from Escherichia coli 0111:B4 (prepared by phenolic extraction
and gel filtration chromatography), H2O2, glutamate, leflunomide [5-
methylisoxazole-4-(4-trifluoromethyl) carboxanilide; a STAT6 inhibitor],
and OVA. Immune complexes (ICs) were made by mixing a 10-fold molar
excess of rabbit anti-OVA IgG (Cappel, Durham, NC) with OVA for 30 min
at room temperature. Recombinant mouse IL-4, mouse IL-10, mouse LCN2,
and mouse IFN-g were purchased from R&D Systems (Minneapolis, MN).
Bacterially expressed recombinant mouse LCN2 protein was prepared as
previously described (26). Briefly, recombinant mouse LCN2 protein was
expressed as a GST fusion protein in E. coli BL21, which does not syn-
thesize siderophore. The protein was purified using glutathione-Sepharose
4B beads (GE Healthcare, Princeton, NJ).

Cell cultures

Neonatal astrocyte cultures were prepared from mixed glia cultures, as
previously described with minor modifications (26, 33). In brief, the whole
brains of 2–3-d-old mice were chopped and mechanically disrupted using
a nylon mesh. The cells obtained were seeded in culture flasks and grown
at 37˚C in a 5% CO2 atmosphere in DMEM supplemented with 10% FBS,
100 U/ml penicillin, and 100 mg/ml streptomycin (Life Technologies-BRL,
Rockville, MD). Culture media were changed initially after 5 d and then
changed every 3 d, and cells were used after culture for 14–21 d. Primary
astrocytes were obtained by shaking mixed glial cultures at 250 rpm over-
night. Culture media were discarded, and astrocytes were dissociated using
trypsin-EDTA (Life Technologies-BRL) and then collected by centrifuging
at 500 3 g for 10 min. Primary astrocyte cultures were grown and main-
tained in DMEM supplemented with 10% FBS and penicillin-streptomycin.
The purities of astrocyte cultures exceeded 96%, as determined by glial
fibrillary acidic protein (GFAP) staining and flow cytometry (Supplemental
Fig. 1). Furthermore, to determine the degree of microglial contamination
in the primary astrocyte cultures, traditional RT-PCR amplification of
microglia or myeloid markers, such as ionized calcium-binding adapter
molecule 1 (Iba-1), Cx3cr1, F4/80, CD11c, and CD11d, was carried out
(Supplemental Fig. 1). Expression of these microglia or myeloid markers
was not detected in the astrocyte cultures. Mixed glial cultures and microglia
cultures were used as a positive control. Adult astrocytes were isolated
from the whole brains of 12-wk-old mice, as previously described with
some modifications (34). Briefly, mice were perfused with ice-cold saline,
and brains were removed and placed in calcium- and magnesium-free ice-
cold HBSS (Invitrogen, Carlsbad, CA). Meninges were removed, and brain
tissues were chopped using a razor blade. Chopped tissues were digested
in HBSS with 0.25% trypsin, 1 mM EDTA, and 0.04 mg/ml bovine pan-
creatic DNase I (Sigma-Aldrich) for 10 min at 37˚C and then centrifuged
at 880 3 g for 10 min. Using a nylon mesh, digested tissues were me-
chanically disrupted and centrifuged at 5003 g for 10 min. Supernatants
were removed, and cell pellets were resuspended in HBSS. Suspensions
of cell pellets in HBSS were carefully added to the top of a discontinu-
ous Percoll density gradient (Amersham Biosciences, Piscataway, NJ) and
centrifuged for 15 min at 1000 3 g at room temperature. The Percoll
density gradient was prepared at 60, 30, 25, 20, and 15%. Astrocytes were
collected from the 25% layer and from a portion of the 20% layer. Col-
lected astrocytes were centrifuged for 5 min at 8803 g and resuspended in
sterile HBSS. The purity of primary adult astrocytes was .90%, as de-
termined by GFAP staining (data not shown). Primary cultures of dissociated
cerebral cortical neurons were prepared from embryonic day 20 mice, as
described previously (35, 36). Briefly, mouse embryos were decapitated,
and brains were rapidly removed and placed in a culture dish containing
cold PBS. Cortices were isolated, transferred to a culture dish containing
0.25% trypsin-EDTA in PBS for 30 min at 37˚C, and washed twice in serum-
free neurobasal media (Life Technologies-BRL). Cortical tissues were me-
chanically dissociated by gentle pipetting, and the dissociated cortical cells
obtained were seeded onto plates coated with poly-D-lysine (Sigma-Aldrich)
in neurobasal media containing 2 mM glutamine (Sigma-Aldrich), penicillin-
streptomycin, nerve growth factor (Invitrogen), N2 supplement (Life
Technologies-BRL), and B27 supplement (Life Technologies-BRL).

Astrocyte-conditioned media and astrocyte/neuron cocultures

To obtain astrocyte-conditioned media (ACM), primary astrocytes were
plated at a density of 5 3 104 cells/well in 96-well plates and stimulated
with LPS, IL-4, or IL-10 for 24 h. The cells were then washed with PBS
and cultured in fresh DMEM for an additional 24 h, as previously de-
scribed (37). Conditioned media were collected and centrifuged at 3203 g

for 2 min to remove cellular debris. ACM were added to cortical neurons

plated at 5 3 104 cells/well in 96-well plates. Cortical neuron cells were
incubated for 24 h, with or without glutamate or H2O2, before measuring
viability. For astrocyte/neuron cocultures, cortical neurons were plated at
a density of 2 3 105 cells/well in 24-well companion plates and allowed to
settle at 37˚C in a 5% CO2 atmosphere for 7 d. Primary astrocytes were
plated separately at 2 3 105 cells/well in cell culture inserts (0.4 mm pore
size) and allowed to settle at 37˚C in a 5% CO2 atmosphere overnight.
They were then treated with LPS, IL-4, or IL-10 for 24 h and washed. Cell
culture inserts containing astrocytes were transferred to the wells con-
taining cortical neurons and incubated for 24 h, and neuronal cell viabil-
ities were measured.

Traditional and real-time RT-PCR

Total RNA was extracted from astrocytes cultured in six-well plates using
TRIzol reagent (Invitrogen), according to the manufacturer’s instructions.
Reverse transcription was conducted using Superscript II (Invitrogen) and
oligo(dT) primer. Traditional PCR amplification using specific primer sets
was carried out at an annealing temperature of 55–60˚C over 20–30 cycles.
PCR was performed using a DNA Engine Tetrad Peltier Thermal Cycler
(MJ Research, Waltham, MA). To analyze PCR products, 10 ml each PCR
reaction was electrophoresed on 1% agarose gel stained with ethidium
bromide and detected under UV light. Real-time PCR was performed using
the Perfect Real Time One Step SYBR PrimeScript RT-PCR Kit (Takara
Bio, Shiga, Japan), followed by detection using the ABI Prism 7000 Se-
quence Detection System (Applied Biosystems, Foster City, CA). Gapdh
was used as the internal control. The nucleotide sequences of the primers
were based on published cDNA sequences (Table I).

Assessment of cell viability by MTT assay

Primary astrocyte and cortical neuron cultures were treated with various
stimuli for specific times. After treatment, media were removed, and MTT
(0.5 mg/ml; Sigma-Aldrich) was added and incubated at 37˚C for 3 h in a
5% CO2 incubator. Insoluble formazan crystals were completely dissolved
in DMSO, and absorbance at 570 nm was measured using a microplate
reader (Anthos Labtec Instruments, Wals, Austria).

Nitrite quantification

Cells were stimulated in 96-well plates, and nitrite (NO2
2) levels in culture

media were measured using the Griess reaction, as previously described
(26), to assess NO production levels. Samples (50 ml) were mixed with
50 ml Griess reagent (1% sulfanilamide/0.1% naphthylethylene diamine
dihydrochloride/2% phosphoric acid) in 96-well plates and incubated at
25˚C for 10 min. Absorbances at 540 nm were measured using a micro-
plate reader (Anthos Labtec Instruments), and NaNO2 standards were used
to calculate nitrite levels.

TNF-a, CXCL10, and LCN2 ELISA

The levels of TNF-a and CXCL10 in culture media were measured by
sandwich ELISA using rat monoclonal anti-mouse TNF-a and CXCL10
Ab as capture Abs and goat biotinylated polyclonal anti-mouse TNF-a
and CXCL10 Ab as detection Abs (ELISA development reagent; R&D
Systems), as previously described (38, 39). Recombinant mouse TNF-a
and CXCL10 protein (R&D Systems) were used as standards. The levels
of LCN2 in culture media were measured by sandwich ELISA using
a goat polyclonal anti-mouse LCN2 Ab (R&D Systems) as the capture
Ab and rabbit polyclonal anti-mouse LCN2 Ab as a detection Ab (Santa
Cruz Biotechnology, Santa Cruz, CA). The polyclonal anti-mouse LCN2
Ab was detected by sequential incubation with HRP-conjugated anti-
rabbit IgG Ab (Pierce, Rockford, IL) and chromogenic substrates
(R&D Systems). Recombinant mouse LCN2 protein was used as a
standard.

Flow cytometric analysis

Primary astrocyte cultures (2 3 105) were pelleted, fixed, and incubated
with primary Abs (goat polyclonal anti-arginase 1 [ARG1] Ab [Novus,
Littleton, CO]; goat polyclonal anti-MRC1 Ab [R&D Systems]) for 20 min
on ice. Cells were then washed twice and incubated with FITC-labeled
secondary Ab (FITC-conjugated anti-goat IgG Ab; Millipore, Billerica,
MA). Alternatively, astrocytes were incubated directly with Alexa Fluor
488–labeled rat anti-F4/80 Ab (Serotec, Oxford, U.K.) or Alexa Fluor 647–
labeled mouse anti-GFAP Ab (BD Biosciences, San Jose, CA). Flow cyto-
metric analysis was performed using a FACSCalibur flow cytometer (BD
Biosciences). For background fluorescence, cells were stained with nonim-
mune goat IgG as a control Ab (Millipore). The fluorescence profiles of 1 3

104 cells were collected and analyzed. ARG1 expression was determined

The Journal of Immunology 5205
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after cell permeabilization using 90% ice-cold methanol by intracellular
flow cytometry.

Western blot analysis

Cells were lysed in triple-detergent lysis buffer (50 mM Tris-HCl [pH 8],
150 mM NaCl, 0.02% sodium azide, 0.1% NaDodSO4 [SDS], 1% Nonidet
P-40, 0.5% sodium deoxycholate, and 1 mM PMSF). Protein concentra-
tions in cell lysates were determined using a protein assay kit (Bio-Rad,
Hercules, CA). Equal amounts of protein were separated by 12% SDS-
PAGE and then transferred to Hybond ECL nitrocellulose membranes
(Amersham Biosciences, Piscataway, NJ). Membranes were blocked with
5% skim milk, sequentially incubated with primary Abs (rabbit polyclonal
anti-GFAP Ab, mouse monoclonal anti–a-tubulin [Sigma-Aldrich], rabbit
polyclonal anti–phospho-STAT6 at Tyr641 Ab [Cell Signaling Technology,
Beverly, MA], rabbit polyclonal anti-total STAT6 Ab [Abcam, Cambridge,
MA]) and HRP-conjugated secondary Abs (anti-rabbit and anti-mouse
IgG Ab; Amersham Biosciences), and proteins were detected by ECL
(Amersham Biosciences).

Mouse breeding and maintenance

Lcn2 knockout (KO) mice were generously donated by Dr. Kiyoshi Mori
(Kyoto University, Kyoto, Japan) and by Dr. Shizuo Akira (Osaka University,
Osaka, Japan). Wild-type (WT) and Lcn2 KO mice were backcrossed for
8–10 generations in a C57BL/6 background to generate homozygous and
heterozygous animals, as described previously (17, 40). Genotypes were
confirmed by PCR of genomic DNA (40). Age- and sex-matched Lcn2WT
and KO mice were used for all experiments. All animals used in this study
were acquired and cared for in accordance with guidelines published by the
National Institutes of Health for the care and use of laboratory animals.
The study protocol was approved by the Institutional Review Board of
Kyungpook National University School of Medicine.

Intracerebroventricular injection

Mice were anesthetized using an i.p. injection of a mixture of Zoletil
(tiletamine/zolazepam) (Virbac, Carros, France) and Rompun (xylazine)
(Bayer Pharma, Puteaux, France) at doses of 30 and 10 mg/kg, respectively,
and secured in a stereotaxic instrument (Stoelting, Wood Dale, IL). One
microliter of saline, LPS (5 mg), or IL-4 (100 ng) was injected intra-
cerebroventricularly (i.c.v.), using a 5-ml Hamilton syringe, into lateral
ventricles on both sides at the following coordinates: 0.5 mm posterior,
1 mm lateral to the bregma, and 1.75 mm below the skull surface at the
point of entry.

The LPS neuroinflammatory model

A peripheral injection (i.p.) of LPS (5 mg/kg) was given to evoke neuro-
inflammation in mice, as previously described (41). Controls were admin-
istered an equivalent volume of saline i.p. Behavioral and mRNA analyses
were conducted 24 h after injection.

Microglia/macrophage depletion

Mice were administered liposomal clodronate or control liposome (Clo-
phosome; Formumax, Palo Alto, CA) to eliminate macrophages and brain-
resident microglia (200 ml/mouse i.p. or 10 ml/mouse i.c.v., respectively)
72 h prior to IL-4 treatment (42, 43). Liposomal clodronate was injected
both i.p. and i.c.v. to completely remove microglia, as well as macrophages.

Open-field test

Open-field testing was performed to assess LPS-induced reduction of
motility (44). At 24 h after an i.p. injection of saline or LPS, mice were
placed individually at the corner of an arena (403 403 40 cm; with white
acrylic walls). After a 1-min adaptation period, animal behavior was recorded
for 30 min using a digital camera fixed 2 m above the arena floor. Total
distance traveled (cm) and speed (cm/s) were analyzed using a video-tracking
system (Smart; Panlab, Barcelona, Spain). The arena was wiped between
trials with 70% ethyl alcohol, and to minimize stress levels, tests were
performed under a low-illumination red light.

Object-recognition task

Two objects were used: a metal cylinder (diameter 7 cm, height 10 cm) and
a plastic rectangular cuboid filled with sand (5 3 5 3 10 cm). Mice were
first habituated to the testing arena for 5 min in the absence of objects.
During the training session, mice were exposed to two identical objects,
which were placed in opposite corners of the arena ∼3 cm away from the
walls, and allowed to explore them for 10 min. At 24 h after an i.p. injection
of LPS, mice were replaced in the arena containing a familiar object in its

previous location and a novel object in place of the object removed. The
total time spent exploring each object was recorded for 10 min. Explora-
tion was defined as being within 1 cm of an object or touching it with the
nose. Objects were thoroughly cleaned between trials to remove any
scents. Relative exploration time was measured using discrimination index
(DI) = (time spent at the novel object 2 time spent at the familiar object)/
(time spent at the novel object + time spent at the familiar object)]. Thus,
a positive DI value indicates that mice spent more time exploring the novel
object, whereas a DI of 0 indicates that mice spent equal time at the two
objects.

Tail-suspension test

The tail-suspension test was performed as previously described (45). In
brief, mice were suspended by the tail for 6 min using adhesive tape at-
tached along the distal half of the tail in a closed white acrylic box. The
free end of the tape was attached to a horizontal bar 35 cm above the floor.
Total duration of immobility was recorded.

Immunohistochemistry

Mice were sacrificed 24–48 h after administering saline, LPS, or IL-4 by
ether inhalation and subjected to intracardiac perfusion-fixation using
a solution of 0.9% NaCl and 4% paraformaldehyde in 0.1 M PBS (pH 7.4).
Isolated brains were immersion-fixed in 4% paraformaldehyde for 72 h.
For cryoprotection, brains were incubated in 30% sucrose diluted in 0.1 M
PBS for 72 h and embedded in OCT compound (Tissue-Tek; Sakura Finetek
USA, Torrance, CA), and frozen sections were cut sagittally at 12 mm.
Sections were permeabilized in 0.1% Triton X-100 and blocked with 1%
BSA and 5% normal donkey serum for 1 h at room temperature. Sections
were incubated with primary Abs (goat polyclonal anti-LCN2 [1:1000
dilution; R&D Systems], rabbit polyclonal anti-iNOS [1:200 dilution; BD
Transduction Laboratories, Lexington, KY], goat polyclonal anti-ARG1
[1:500 dilution; Novus], mouse anti-GFAP [1:500 dilution; BD Bio-
sciences], rabbit polyclonal anti-GFAP [1:500 dilution; DakoCytomation])
at 4˚C overnight, followed by incubation for 1 h at room temperature with
secondary Abs (Cy3-conjugated donkey anti-goat, rabbit IgG and FITC-
conjugated donkey anti-mouse, or rabbit IgG Abs; Jackson ImmunoR-
esearch). For some experiments, sections were incubated directly with
Alexa Fluor 488–labeled anti-F4/80 Ab (1:500; Serotec). Sections were
then mounted and counterstained using gelatin containing DAPI. Tiled
images of each section were captured with a CCD color video camera
(Olympus D70) through a 1003 objective lens attached to a fluorescence
microscope (Olympus BX51). Three squares (500 3 500 mm) were placed
in the primary motor cortex or hippocampus in the subthreshold images
of six independent sagittal sections. The cells in these three squares were
counted and statistically analyzed, as previously described, using the NIH
ImageJ program (46). Composite images of stained sections were filtered
to eliminate low-frequency drift (.20 pixels = 50 mm) and high-frequency
noise (,1 pixel). Images were binarily thresholded at 50% of the back-
ground level, and GFAP+, iNOS+, or ARG1+ cell particles were counted.
For diaminobenzidine immunohistochemistry, the sections were incubated
at 4˚C overnight with rabbit polyclonal Iba-1 Ab (1:500 dilution; Wako,
Tokyo, Japan) or rat monoclonal CD11b Ab (1:500 dilution; Serotec). The
sections were then incubated with biotinylated anti-rabbit or anti-rat IgG
Ab (1:200 dilution; Vector Laboratories, Burlingame, CA). Subsequently,
the sections were incubated with avidin–biotin complex reagents (Vector
Laboratories) for 30 min at room temperature, followed by detection with
diaminobenzidine.

Statistical analyses

Data are presented as the mean 6 SD of three or more independent
experiments, unless stated otherwise. Statistical comparisons between treat-
ments were made using the Student t test. The analysis was performed
using SPSS version 14.0K (SPSS, Chicago, IL). Statistical significance was
accepted for p values , 0.05.

Results
Classical or alternative activation of astrocytes in culture

To determine whether cultured astrocytes exhibit functionally polar-

ized phenotypes, we evaluated the expression profiles of several

genes in mouse neonatal astrocyte cultures following exposure

to classical or alternative activation stimuli (Table I). In microglia

and macrophages, LPS/IFN-g induces classical activation, whereas

IL-4, IC+LPS, and IL-10 induce three subsets of alternative ac-

tivation status (47). After cultured astrocytes were treated with
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these stimuli, real-time RT-PCR analysis was conducted to de-

termine the mRNA levels of individual pro- or anti-inflammatory

genes previously associated with either classical (Il-1b, Inos,

Tnf-a, Cxcl10, Il-12, and Il-23) or alternative (Il-10, Arg1, Mrc1,

Il-1ra, Fizz1, and Ym1) activation (Fig. 1A). Representative phe-

notypic markers of classical (Il-1b, Inos, Tnf-a, and Cxcl10) or

alternative (Il-10, Arg1, Mrc1, Il-1ra, Fizz1, and Ym1) activation

were found to be strongly induced by the respective stimuli. LPS/

IFN-g stimulation induced most proinflammatory genes (Il-1b,

Inos, Tnf-a, and Cxcl10), but it did not affect the expression of

Il-12, Il-23, or anti-inflammatory genes. In contrast, alternative

activation stimuli (IL-4, IC+LPS, or IL-10) did not have signifi-

cant effects on proinflammatory genes, but they upregulated anti-

inflammatory genes to different extents. IL-4 induced all alternative

activation markers examined, whereas IC+LPS had no effect on

the expression of these genes. IL-10 had a significant effect on

Arg1 and Mrc1 only. Polarized classical versus alternative acti-

vation responses were also confirmed by the ratio of expressed

markers (Il-1b/Il-1ra, Inos/Arg1, and Tnf-a/Il-10) (Fig. 1B). The

ratio of classical/alternative activation markers was markedly in-

creased after LPS/IFN-g treatment. We next evaluated NO pro-

duction and the expression of some phenotypic markers at the

protein level (Fig. 2). LPS/IFN-g–activated astrocytes strongly

induced classical activation–related NO production, TNF-a, and

CXCL10 protein secretion (Fig. 2A). Flow cytometric analysis

revealed that ARG1 and MRC1 protein expression was increased

by IL-4 or IL-10 but not by IC+LPS (Fig. 2B). An increase in GFAP

expression is a hallmark of reactive astrocytes. Furthermore, LPS/

IFN-g treatment was shown to induce changes in astrocytes that

are similar to those that occur during reactive astrocytosis (48).

The effects of LPS/IFN-g or IL-4 on GFAP expression were

evaluated by traditional RT-PCR and Western blot analysis. GFAP

expression at both the mRNA and protein levels was increased by

LPS/IFN-g treatment, whereas IL-4 had no significant effect on

GFAP expression (Fig. 2C, 2D), and it reduced LPS/IFN-g–induced

GFAP expression (data not shown). These results indicate that

cultured astrocytes exhibit polarized phenotypes: those of classical

and alternative activation. However, the nature of the phenotypic

polarization of astrocytes might be different from those of microglia

or macrophages. Furthermore, subtypes of alternative activation

Table I. DNA sequences of the primers used for RT-PCR

Mouse cDNA RT-PCR Method Primer Sequences GenBank Accession No.

Il-1b Real-time Forward, 59-AAG TTG ACG GAC CCC AAA AGA T-39
Reverse, 59-TGT TGA TGT GCT GCT GCG A-39

NM_008361

Inos Real-time Forward, 59-GCC ACC AAC AAT GGC AAC A-39
Reverse, 59-CGT ACC GGA TGA GCT GTG AAT T-39

NM_010927

Tnf-a Real-time Forward, 59-ATG GCC TCC CTC TCA TCA GTT C-39
Reverse, 59-TTG GTG GTT TGC TAC GAC GTG-39

NM_013693

Cxcl10 Real-time Forward, 59-AAG TGC TGC CGT CAT TTT CT-39
Reverse, 59-GTG GCA ATG ATC TCA ACA CG-39

NM_021274

Il-12 Real-time Forward, 59-GCC CTC TCT CTC CTC TTG CT-39
Reverse, 59-GTC TGC CTC TTT TGG TCA GG-39

NM_013652

Il-23 Real-time Forward, 59-CGA CTG TTG CCT CTC GTA CA-39
Reverse, 59-AGG AGG TTC ACA GCC CTT TT-39

NM_016960

Il-10 Real-time Forward, 59-AGT GAA CTG CGC TGT CAA TG-39
Reverse, 59-TTC AGG GTC AAG GCA AAC TT-39

NM_009140

Arg1 Real-time Forward, 59-CGC CTT TCT CAA AAG GAC AG-39
Reverse, 59-CCA GCT CTT CAT TGG CTT TC-39

NM_007482

Mrc1 Real-time Forward, 59-TGG CTA CCA GGA AGT CCA TC-39
Reverse, 59-TGT AGC AGT GGC CTG CAT AG-39

NM_008625

Il-1ra Real-time Forward, 59-CCA GCT CAT TGC TGG GTA CT-39
Reverse, 59-TTC TCA GAG CGG ATG AAG GT-39

NM_031167

Fizz1 Real-time Forward, 59-TCC CAG TGA ATA CTG ATG AGA-39
Reverse, 59-CCA CTC TGG ATC TCC CAA GA-39

NM_020509

Ym1 Real-time Forward, 59-GGG CAT ACC TTT ATC CTG AG-39
Reverse, 59-CCA CTG AAG TCA TCC ATG TC-39

NM_009892

Gfap Traditional Forward, 59-AGG CAG AAG CTC CAA GAT GA-39
Reverse, 59-TGT GAG GTC TGC AAA CTT GG-39

NM_034407

Lcn2 Real-Time Forward, 59-CCC CAT CTC TGC TCA CTG TC-39
Reverse, 59-TTT TTC TGG ACC GCA TTG-39

NM_008491

Iba-1 Traditional Forward, 59- GAA GCG AAT GCT GGA GAA A -39
Reverse, 59- GAC CAG TTG GCC TCT TGT GT -39

NM_019467

Cx3cr1 Traditional Forward, 59-CAC CAT TAG TCT GGG CGT CT-39
Reverse, 59-GAT GAG GAA GTA GCA AAA GC-39

NM_009987

F4/80 Traditional Forward, 59-CTT TGG CTA TGG GCT TCC AGT C-39
Reverse, 59-GCA AGG AGG ACA GAG TTT ATC GTG-39

NM_010130

CD11c Traditional Forward, 59-CTG GAT AGC CTT TCT TCT GCT G-39
Reverse, 59-GCA CAC TGT GTC CGA ACT C-39

NM_021334

CD11d Traditional Forward, 59-TCA CTG CGA AAC AAT GAA GC-39
Reverse, 59-CTC AAA CGG GAA AGA AGC TG-39

NM_001029872

24p3R Traditional Forward, 59-AAT GAC TCT CAC GGG GAT TG-39
Reverse, 59-AGT GGT GGG GAT GAC TTC AG-39

NM_021551

Megalin Traditional Forward, 59-CCA GAA AAT GTG GAA AAC CAG-39
Reverse, 59-ACA AGG TTT GCG GTG TCT TT-39

NM_001081088

Gapdh Traditional Forward, 59-ACC ACA GTC CAT GCC ATC AC-39
Reverse, 59-TCC ACC ACC CTG TTG CTG TA-39

NM_008084

Gapdh Real-time Forward, 59-TGG GCT ACA CTG AGC ACC AG-39
Reverse, 59-GGG TGT CGC TGT TGA AGT CA-39

NM_008084

GenBank Web site: http://www.ncbi.nlm.nih.gov/.
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statuses, such as M2a, M2b, or M2c, may not be present in astro-

cytes or may not be as distinct in astrocytes as in microglia/

macrophages.

Functional polarization of astrocytes in culture:

neuroprotective versus neurotoxic phenotypes

Having found that astrocytes express the respective phenotypic

markers following treatment with classical or alternative activa-

tion stimuli, we sought to determine how polarizing stimuli affect

neurotoxic or neuroprotective activity. The critical role played by

classically activated astrocytes in neuronal cell death was dem-

onstrated previously (49, 50). To determine how classical or al-

ternative activation of astrocytes influences neuronal viability, we

used ACM (Fig. 3A) and astrocyte–neuron coculture (Fig. 3B). To

examine the effects of soluble factors secreted by classically or

alternatively activated astrocytes on neuronal survival/death, we

collected ACM after stimulating cultured astrocytes with LPS/

IFN-g, IL-4, or IL-10 and added these to cortical neuron cultures.

Neuronal cell viabilities were assessed using an MTT assay. Com-

pared with control ACM-treated neurons, LPS/IFN-g ACM re-

duced neuronal viability. In contrast, although IL-4 or IL-10 ACM

alone did not affect neuronal viability, they did attenuate neuronal

cell death induced by excitotoxicity (glutamate) or oxidative stress

(H2O2). LPS/IFN-g ACM enhanced glutamate- or H2O2-induced

neuronal cell death. The concentrations of glutamate and H2O2

that reduced cortical neuron viability by ∼50% compared with

untreated neurons were used in this study. Our results indicate that

classically activated astrocytes are neurotoxic, but that alterna-

tively activated astrocytes protect neurons against excitotoxic or

oxidative injuries (Fig. 3A). Because TNF-a has been linked to

neuronal death, we determined the contribution of TNF-a to neuro-

toxicity of LPS/IFN-g–stimulated ACM. Neutralization of TNF-a

in the LPS/IFN-g–stimulated ACM using anti-TNF-a Ab reduced

the neurotoxicity, indicating an important role for TNF-a in the

neurotoxicity of classically activated astrocytes (neuronal viability

after treatment with LPS/IFN-g–stimulated ACM, 81.1 6 1.6%;

neuronal viability after treatment with LPS/IFN-g–stimulated ACM

plus anti–TNF-a Ab, 91.66 2.4%; p, 0.05). Based on the TNF-a

concentration in the astrocyte culture media as determined by

ELISA (Fig. 2A), 3-fold molar concentration of anti-TNF-a Ab

(400 ng/ml) was used for the neutralization experiment. To ex-

amine the neurotoxic and neuroprotective effects of phenotypi-

cally polarized astrocytes further, coculture of astrocytes and

neurons was performed using culture inserts (Fig. 3B). LPS/IFN-

g–stimulated astrocytes significantly reduced neuronal cell viabil-

ity in coculture for 24 h, and IL-4 or IL-10 stimulation of astro-

cytes did not significantly affect the viability of cocultured neurons.

The coculture of LPS/IFN-g2stimulated astrocytes and neurons

for 48–72 h further enhanced neuronal cell death (data not shown).

Taken together, our results indicate that classically or alternatively

activated astrocytes exert neurotoxic or neuroprotective activities,

respectively. Thus, functionally polarized astrocytes seem to dis-

play distinct gene-expression patterns, as well as different effector

functions.

Functional polarization of astrocytes in vivo

To confirm the classical or alternative activation of astrocytes

in vivo, the expression of phenotypic markers was assessed after

injecting LPS or IL-4 i.c.v. into mouse brain (Table II). After

injecting saline, LPS, or IL-4, adult astrocytes were isolated, and

the expression of classical and alternative activation markers was

analyzed. LPS or IL-4 injection induced the expression of genes

associated with classical or alternative activation in isolated astro-

cytes, respectively, suggesting the induction of functionally po-

larized phenotypes of astrocytes in vivo. Phenotypic polarization

of astrocytes was further investigated in vivo using a mouse neuro-

inflammation model, which is dominated by the proinflammatory

classical activation of astrocytes. We asked whether alternative

FIGURE 1. Identification of phenotypic

polarization in primary astrocyte cultures

based on gene-expression profiles. Primary

astrocyte cultures were treated with LPS

(100 ng/ml) plus IFN-g (50 U/ml), IL-4 (10

ng/ml), ICs (OVA [75 mg/ml] plus anti-

OVA Ab [150 mg/ml]) plus LPS (100 ng/

ml), or IL-10 (10 ng/ml) for 8 h, and total

RNAs were isolated. (A) The mRNA levels

of phenotypic markers (Il-1b, Inos, Tnf-a,

Cxcl10, Il-12, Il-23, Il-10, Arg1, Mrc1, Il-

1ra, Fizz1, and Ym1) were determined by

real-time RT-PCR. (B) Polarized classical

versus alternative activation was also as-

sessed by the ratio of expressed mRNA

markers (Il-1b/Il-1ra, Inos/Arg1, Tnf-a /Il-

10). Gapdh was used as an internal control.

Results are mean 6 SD (n = 3). *p , 0.05,

versus untreated control.
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activation would reduce proinflammatory gene expression in this

neuroinflammation model. A peripheral injection of LPS (5 mg/

kg) was used to induce neuroinflammation in mice, as previously

described (41). A preinjection of IL-4 (i.c.v.) was given to induce

the alternative activation of astrocytes directly. Twelve hours after

the i.c.v. injection of saline or IL-4, LPS was injected i.p.; mice

were sacrificed 24 h later, and astrocytes were isolated for gene-

expression analysis. Compared with saline preinjection, IL-4 pre-

injection into brain reduced the expression of proinflammatory

genes associated with the classical activation of astrocytes (Il-1b,

Inos, Tnf-a, and Cxcl10) in the LPS-induced neuroinflammation

model (Fig. 4A). LPS-induced neuroinflammation and the effect

of IL-4 were also determined by histological analyses (Supple-

mental Fig. 2). Injection (i.p.) of LPS induced glial activation and

inducible NO synthase (iNOS) expression, which was attenuated

by IL-4 preinjection (i.c.v.). In a previous study, preinjection of

IL-4 reduced LPS-induced sickness behavior (51), which suggests

that animal behavior may reflect the functional polarization of

astrocytes. Open-field testing showed that the locomotive activi-

ties of LPS-injected mice were lower than those of saline-injected

controls (Fig. 4B). IL-4 preinjection ameliorated LPS-induced

locomotive impairment (i.e., IL-4 preinjection partly abolished

LPS-induced reduction of total distance traveled and movement

speed). These results support that the functional and phenotypic

dichotomy of activated astrocytes (classical or alternative activation)

exist in vivo. To exclude the potential contributions of microglia/

macrophages to behavioral changes, clodronate was injected i.p.

and i.c.v. to eliminate microglia/macrophage populations in the

FIGURE 2. Assessment of NO pro-

duction, TNF-a/CXCL10 secretion, ex-

pression of ARG1/MRC1 proteins, and

GFAP levels following exposure to ei-

ther classical or alternative activation

stimuli. Primary astrocyte cultures were

treated with LPS (100 ng/ml) plus IFN-

g (50 U/ml), IL-4 (10 ng/ml), IC (OVA

[75 mg/ml] plus OVA Ab [150 mg/ml])

plus LPS (100 ng/ml), or IL-10 (10 ng/

ml) for 24 h. (A) Concentrations of ni-

trite, TNF-a protein, and CXCL10 pro-

tein in culture media were measured

using Griess reagent or specific ELISA.

(B) ARG1 and MRC1 protein expres-

sion was detected by flow cytometry

using Abs specific for ARG1 or MRC1.

Mean fluorescence intensity (MFI) val-

ues are also shown. Negative control is

the measurement without specific Ab

or with a control Ab. GFAP mRNA or

protein levels were evaluated by RT-

PCR (C) or Western blotting (D), re-

spectively. Gapdh or a-tubulin was used

as an internal control. Results are mean

6 SD (n = 3). *p , 0.05, versus un-

treated control.
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periphery, as well as in the CNS (Fig. 5A). Reduction of microglia

and macrophage counts in brain and liver was confirmed by Iba-1

immunohistochemistry (Supplemental Fig. 3). In clodronate-

injected mice, LPS induced classical astrocyte activation, which

was attenuated by IL-4 pretreatment (Fig. 5B). The LPS-induced

impairments in locomotion and hippocampus-dependent memory

were also alleviated by IL-4 preinjection of clodronate-treated

mice in the open-field test and the object-recognition task, re-

spectively (Fig. 5C, 5D). The tail-suspension test was performed

to determine the effect of IL-4 on LPS-induced depression-like

behavior, and LPS-induced immobility was significantly dimin-

ished by IL-4 preinjection (Fig. 5E). The elimination of microglia/

macrophages did not affect astrocyte polarization or related ani-

mal behavior.

The association between LCN2 expression and the classical

activation of astrocytes in culture

LCN2 is a member of the lipocalin family that has the conserved

b-barrel structure. LCN2 acts as a potent bacteriostatic agent by

sequestering iron. In addition to its role in iron delivery, LCN2

FIGURE 3. Neurotoxic or neuroprotective ef-

fects of phenotypically polarized astrocytes. (A)

Primary cortical neurons were exposed to LPS/

IFN-g–, IL-4–, or IL-10–stimulated ACM in the

presence or absence of glutamate (100 mM) or

H2O2 (250 mM), as indicated, for 24 h. MTT

assays were performed to determine the viabilities

of cortical neurons. (B) Alternatively, primary

astrocytes and cortical neurons were cocultured

using culture inserts. After treating primary

astrocytes with diverse stimuli for 24 h, culture

inserts containing astrocytes were transferred to

companion plates containing cortical neurons and

cocultured for 24 h. MTT assays were performed

to determine the viabilities of cortical neurons.

Results are mean 6 SD (n = 3). *p , 0.05.

ACM–IL-4, ACM after IL-4 (10 ng/ml) treat-

ment; ACM–IL-10, ACM after IL-10 (10 ng/ml)

treatment; ACM-LPS/IFN, ACM after LPS (100

ng/ml)/IFN-g (50 U/ml) treatment; ACM-none,

untreated ACM.

Table II. Astrocyte polarization in vivo and the role of LCN2 in classical activation

LPS IL-4

Lcn2 WT Lcn2 KO Lcn2 WT Lcn2 KO

Classical activation-related genes
Il-1b 5.59 6 0.98* 1.03 6 0.11** 1.08 6 0.66 1.39 6 0.48
Inos 10.41 6 0.84* 1.59 6 0.26** 1.56 6 0.22 0.96 6 0.10
Tnf-a 16.44 6 0.95* 1.54 6 0.43** 0.95 6 0.56 1.23 6 0.31
Cxcl10 12.65 6 0.83* 1.14 6 0.11** 0.93 6 0.12 1.24 6 0.11
Il-12 1.08 6 0.31 1.17 6 0.18 1.17 6 0.42 1.45 6 0.24
Il-23 1.43 6 0.48 0.89 6 0.09 1.14 6 0.23 1.01 6 0.13

Alternative activation-related genes
Il-10 1.25 6 0.20 1.20 6 0.18 3.88 6 1.19* 4.04 6 0.48*
Arg1 1.36 6 0.15 1.33 6 0.21 2.36 6 0.51* 2.37 6 0.36*
Mrc1 1.32 6 0.46 1.07 6 0.20 4.71 6 0.24* 3.96 6 1.16*
Il-1ra 1.10 6 0.17 1.06 6 0.11 3.34 6 0.25* 3.48 6 0.36*
Fizz1 1.36 6 0.43 1.41 6 0.50 4.89 6 0.16* 5.33 6 0.74*
Ym1 1.01 6 0.05 1.50 6 0.34 3.21 6 0.16* 3.44 6 0.08*

Lcn2 WT or KO mice were administered an i.c.v. injection of saline (n = 4), LPS (5 mg; n = 5), or IL-4 (100 ng; n = 5). After
24 h, adult astrocytes were isolated from animal brains to determine the mRNA levels of proinflammatory or anti-inflamma-
tory genes by real-time RT-PCR. Gapdh was used as an internal control.

Data are mean (6 SD) fold change of specific mRNA expression versus saline-treated controls.
*p , 0.05, versus saline-treated controls; **p , 0.05, Lcn2 WT versus KO mice.
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takes part in angiogenesis, febrile response, insulin resistance, and

inflammation as an acute-phase protein. LCN2 regulates diverse

cellular processes, including cell death/survival, cell migration, and

cell differentiation. In a previous study, proinflammatory stimuli

induced the expression of LCN2 in astrocytes, which acted as an

autocrine mediator of reactive astrocytosis (26); thus, we set out to

determine how the expression of LCN2 is regulated by classical or

alternative activation stimuli in astrocytes. The gene expression

and secretion of LCN2, as determined by real-time RT-PCR and

ELISA, respectively, were strongly enhanced by LPS/IFN-g in

primary astrocyte cultures (Fig. 6A, 6B). However, no alternative

activation stimuli (IL-4, IC+LPS, or IL-10) significantly affected

LCN2 expression, indicating that LCN2 expression is elevated in

classically activated, but not in alternatively activated, astrocytes.

We next sought to determine whether LCN2 secreted by classi-

cally activated astrocytes influences the phenotypic polarization of

cultured astrocytes (Fig. 6C). LCN2-treated astrocytes expressed

phenotypic markers representative of classical activation (Il-1b,

Inos, Tnf-a, and Cxcl10), but not those of alternative activation

(Il-10, Arg1, Mrc1, Il-1ra, Fizz1, and Ym1), at high levels. Proin-

flammatory Il-12 and Il-23 levels were not induced by LCN2,

which was consistent with the effect of LPS/IFN-g. rGST protein,

which was purified during the process of LCN2 preparation (26),

was used as a control for LCN2 (Fig. 6C). LCN2 protein purified

from mammalian cells (M-LCN2) showed similar effects on the

proinflammatory gene expression (Fig. 6D). The possibility of

endotoxin contamination of recombinant LCN2 was ruled out by

multiple means: treatment of LCN2 preparation with polymyxin

B, neutralization of LCN2 activity using anti-LCN2 Ab, and use

of denatured LCN2 protein. LCN2 was reported to induce NO

production in astrocytes (26), and, in the current study, this LCN2-

induced NO production was not abolished by polymyxin B treat-

ment (Supplemental Fig. 4). LCN2-induced NO production was

significantly reduced by LCN2 Ab neutralization. Denatured LCN2

preparation had no significant effect on NO production (Supple-

mental Fig. 4). These results indicate that the effects of LCN2

observed in this study are not due to endotoxin contamination.

Taken together, our results support the notion that LCN2 promotes

the classical activation of astrocytes in an autocrine manner. The

expression of astrocytic LCN2 receptors (24p3R andMegalin) (13,

52) was not significantly influenced by either classical or alter-

native activation (Fig. 6E).

LCN2 inhibition of alternative activation pathway in cultured

astrocytes

Having found that LCN2 promotes the classical activation of

astrocytes, we examined whether LCN2 regulates alternative ac-

tivation signaling in astrocytes. Because IL-4–STAT6 is a canoni-

cal pathway of alternative activation (53, 54), we investigated the

effect of LCN2 on this pathway. The phosphorylation status of

STAT6 at tyrosine residue 641 was assessed by Western blot

analysis to determine whether LCN2 affects IL-4–induced STAT6

FIGURE 4. Inhibition of astrocyte

classical activation by IL-4 in a neuro-

inflammation model. IL-4 (100 ng) was

injected (i.c.v.) into WT mice 12 h

prior to LPS (5 mg/kg, i.p.). At 24 h

after the LPS injection, adult astro-

cytes were isolated from animal brains

for RNA analysis (A), or mice were

subjected to the open-field test (see

Materials and Methods for details)

(B). The mRNA levels of classical ac-

tivation-related genes were determined

by real-time RT-PCR, and Gapdh was

used as an internal control (A). Total

distance traveled in 30 min and speed

were measured using the open-field

test (B). Black lines represent the paths

of animals in the arena, as determined

using a video-tracking system (lower

panels). The results shown are mean 6

SD (n = 5 for each experimental group).

*p , 0.05, versus saline-injected (i.c.v.

and i.p.) controls, #p , 0.05, versus

LPS-injected (i.p.) mice.
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signaling associated with the alternative activation of astrocytes.

The phosphorylation of STAT6 was observed at 30 min after IL-4

stimulation, and LCN2 significantly inhibited IL-4–induced STAT6

phosphorylation in primary astrocytes (Fig. 7A). LCN2 also in-

hibited the expression of genes (Il-10, Arg1,Mrc1, Il-1ra, Fizz1, and

Ym1) downstream of IL-4–STAT6 (Fig. 7B). Leflunomide, a phar-

macological inhibitor of JAK3/STAT6, was used as a control (Fig.

7B). Flow cytometric analysis indicated that IL-4–induced expres-

sion of ARG1 and MRC1 proteins was similarly decreased by

LCN2 (Fig. 7C).

Pivotal role of LCN2 in the classical activation of astrocytes

To confirm the role of LCN2 in the classical activation of astro-

cytes, we compared the gene-expression profiles of astrocytes

isolated from Lcn2 WT and KO mice by comparing classical and

alternative activation–related gene expression in primary astro-

cytes isolated from WT and KO mice exposed to LPS/IFN-g, IL-4,

IC+LPS, or IL-10. In Lcn2-deficient astrocytes, the LPS/IFN-g

induction of genes associated with classical activation (Il-1b, Inos,

Tnf-a, and Cxcl10) was completely abolished (Fig. 8A). Fur-

thermore, the induction of genes associated with alternative acti-

vation (Il-10, Arg1, Mrc1, Il-1ra, Fizz1, and Ym1) in response to

IL-4 or IL-10 was not significantly affected (or slightly increased)

by Lcn2 deficiency (Fig. 8B). We next investigated the in vivo role

of LCN2 in the functional polarization of astrocytes in the brains

of WT or Lcn2 KO mice following an i.c.v. injection of LPS or

IL-4, which directly induced the classical or alternative activation

of astrocytes, respectively (Table II). Animals were administered

an i.c.v. injection of saline, LPS, or IL-4; mice were sacrificed

24 h later, and adult astrocytes were isolated from whole brains

to evaluate the expression of classical or alternative activation-

related genes. In WT mice, LPS or IL-4 administration induced

the genes associated with classical or alternative activation, re-

spectively, in astrocytes (Table II). However, in Lcn2-deficient

mice, the LPS induction of classical activation genes was com-

pletely abrogated, whereas the induction of alternative activation

genes by IL-4 was not significantly influenced, which further sup-

ported the pivotal role played by LCN2 in the classical activation of

astrocytes. LCN2 induction and its role in classically activated

astrocytes were investigated further by immunohistochemical

analysis of brain sections from Lcn2 WT and KO mice after an

i.c.v. injection of LPS or IL-4 (Figs. 9, 10). In LPS-injected WT

mice, the expression of GFAP, LCN2, and iNOS was induced in

the cortex, and GFAP expression was partly colocalized with LCN2

FIGURE 5. Functional polariza-

tion of astrocytes in the absence of

microglia/macrophages. (A) Mice were

injected with liposome-encapsulated

clodronate (i.p. and i.c.v.) to remove

macrophages and microglia. At 72 h

after clodronate injection, IL-4 (100

ng, i.c.v.) was injected, followed 12 h

later by an LPS injection (5 mg/kg,

i.p.). At 24 h after the LPS injection,

adult astrocytes were isolated from

animal brains for RNA analysis (B),

or mice were subjected to the open-

field test (C), object-recognition task

(D), or the tail-suspension test (E).

(B) The mRNA levels of classical

activation-related genes were deter-

mined by real-time RT-PCR, and

Gapdh was used as an internal con-

trol. (C) Total distances traveled in

30 min were measured using the open-

field test. (D) Hippocampus-dependent

cognitive deficits were detected us-

ing the object-recognition task. Ex-

ploration times are expressed as DIs,

defined as (N 2 F)/(N + F), where N

is the time spent at the novel object,

and F is the time spent at the famil-

iar object. (E) Immobility times were

determined using the tail-suspension

test, as described in Materials and

Methods. Results are mean6 SD (n =

3). *p , 0.05 versus saline-injected

(i.c.v. and i.p.) controls, #p , 0.05,

versus LPS-injected (i.p.) mice.
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and iNOS expression at 24 h after LPS injection, demonstrating the

induction of LCN2 and the classical activation of GFAP+ astrocytes

(Fig. 9). We previously showed that LPS or IL-4 injection induced

microglial polarization in vivo (47). Unlike astrocytes, microglial

expression of iNOS was observed at 48 h, but not at 24 h, after

LPS injection (47). Thus, astrocytes and microglia seem to show

distinct time kinetics with respect to the expression of iNOS and

other proinflammatory mediators in vivo. The LPS-induced phe-

notypic changes of astrocytes were markedly attenuated in Lcn2

KO mice; numbers of GFAP-expressing and iNOS-expressing cells

were reduced by Lcn2 deficiency. A similar increase in GFAP ex-

pression was observed in hippocampus after LPS injection, whereas

a decrease was observed in Lcn2 KO mice (Fig. 9). Furthermore,

DAPI staining showed that LPS injection induced hippocampal

injury and that this was attenuated by Lcn2 deficiency. Because LPS

injection induced the expression of iNOS (a representative classical

activation marker) in the cortex, we next sought to determine whether

the injection of IL-4 induces the expression of alternative activation

markers in the cortex. As expected, the alternative activation marker

ARG1 in astrocytes was induced 48 h after IL-4 injection (Fig.

10). In microglia, IL-4 injection induced ARG1 expression at 24 h

(47). However, in astrocytes, ARG1 expression was detected at

48 h after IL-4 injection. The induction of ARG1 in cortical astro-

cytes was not significantly influenced by Lcn2 deficiency (Fig. 10).

Furthermore, numbers of GFAP+ cells were not significantly changed

by Lcn2 deficiency. These histological findings confirm that the

functional polarization of astrocytes can be induced in experi-

mental animals, as well as that LCN2 plays a central role in the

classical activation of astrocytes.

The additional role of LCN2 in the regulation of the polarized

phenotypes of astrocytes

We previously demonstrated that the length and number of cel-

lular processes were increased in classically activated astrocytes.

FIGURE 6. Association between

classical astrocyte activation and LCN2.

The expression of LCN2 mRNA and

protein were assessed by real-time RT-

PCR (A) or ELISA (B) after primary

astrocytes were treated with classical

or alternative activation stimuli for

8–24 h (8 h for real-time RT-PCR;

24 h for ELISA). Primary astrocyte

cultures were treated with recombi-

nant LCN2 protein (10 mg/ml), GST

protein (10 mg/ml) (C), or LCN2 pro-

tein prepared from mammalian cells

(M-LCN2) (10 mg/ml) (D) for 8 h, and

the mRNA levels of different polari-

zation markers were measured by real-

time RT-PCR. (E) Levels of LCN2 re-

ceptor (24p3R and Megalin) mRNA in

the primary astrocytes were compared

by traditional RT-PCR after LPS/IFN-g

or IL-4 treatment (8 h). The results are

mean6 SD (n = 3). *p, 0.05, versus

untreated controls.
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Furthermore, in the current study, ACM transfers and astrocyte–

neuron cocultures revealed that classically activated astrocytes are

neurotoxic (Fig. 3). In addition, alternatively activated astrocytes

showed distinct phenotypes with neuroprotective activity. To de-

termine the role played by LCN2 in the regulation of these func-

tional phenotypes, the phenotypes of astrocytes derived from WT

and Lcn2 KO mice were compared. In Lcn2-deficient astrocytes

in culture, the LPS/IFN-g–induced increase in GFAP expression

was diminished (Fig. 11A). Furthermore, the neurotoxicity of clas-

sically activated astrocytes was reduced by Lcn2 deficiency (Fig.

11B, 11C). The neurotoxic effects exerted by the transfer of ACM

following LPS/IFN-g stimulation (Fig. 11B) and by coculture of

LPS/IFN-g–stimulated astrocytes with cortical neurons (Fig. 11C)

were attenuated by Lcn2 deficiency in astrocytes. The effects of

IL-4 were unchanged by the presence or absence of Lcn2 in

astrocytes.

Discussion
Astrocytes support neuronal functions in many ways (e.g., by

providing guidance cues and neurotrophic factors); thus, impaired

astrocytic function has major consequences on neuronal function.

Activated astrocytes can express diverse cytokines, chemokines,

and their receptors and, thus, have pivotal roles in the neuroin-

flammatory process. Furthermore, the changes caused by astrocyte

FIGURE 7. LCN2 inhibition of IL-

4–induced STAT6 phosphorylation

and its downstream gene expressions in

astrocytes. Primary astrocyte cultures

were treated with IL-4 (10 ng/ml),

recombinant LCN2 protein (10 mg/ml),

or leflunomide (10 mM) (30 min for

Western blot analysis; 8 h for real-time

RT-PCR; and 24 h for flow cytometric

analysis). (A) Levels of phosphorylated

STAT6 (pSTAT6 at Tyr641) and total

STAT6 protein were evaluated by

Western blotting. (B) The mRNA lev-

els of alternative activation-related genes

were quantified by real-time RT-PCR.

Gapdh was used as an internal control.

(C) ARG1 and MRC1 protein expres-

sion was evaluated by flow cytometry.

Mean fluorescence intensity (MFI) val-

ues are also shown. Negative control is

the measurement without specific Ab or

with a control Ab. Results are mean 6

SD (n = 3). *p , 0.05, versus untreated

controls or between the treatments in-

dicated, #p , 0.05, versus IL-4 alone.
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activation can beneficially or deleteriously impact neuronal function

and survival (55). Functional and structural heterogeneity of astro-

cytes was reported (56, 57). Astrocytes exhibited functional hetero-

geneity with respect to membrane conductance (58, 59), expression

of transmitter receptors (60), extent of gap junction coupling (61),

glutamate transporter expression (62), and Ca2+ signaling (63).

Diverse astrocyte morphologies across various regions of the CNS

also were observed, hinting at an extensive reservoir of astrocyte

molecular heterogeneity (64). Comparison of gene signature of

astrocytes supported astrocyte heterogeneity (65, 66). However,

the existence of functionally polarized phenotypes of astrocytes

under immune and inflammatory condition has not been clearly

established. Moreover, little is known about the regulatory

mechanism underlying the phenotypic polarization of astrocyte

activation. In this study, we demonstrate that astrocytes activated

under neuroinflammatory conditions show classical or alterna-

tive activation and that LCN2 promotes their classical inflam-

matory activation.

It is well established that the expression of proinflammatory

genes in astrocytes is increased by LPS/IFN-g, and it was dem-

onstrated that robust increases in GFAP expression and process

extension are induced by LPS/IFN-g (67). In agreement with these

previous findings, LPS/IFN-g–activated astrocytes showed in-

creased expression of classical activation-related genes and GFAP.

NO production and TNF-a and CXCL10 protein secretions were

also increased in classically activated astrocytes. Moreover, LPS/

IFN-g–activated astrocytes were toxic to neurons in this study,

which is consistent with previous reports in which LPS/IFN-g–

activated astrocytes killed neurons by inducing inflammatory

mediators like IL-1b and TNF-a in vitro (68, 69). In contrast to

the classical activation condition, alternative activation stimuli,

such as IL-4 and IL-10, induced the expression of distinct phe-

notypic markers in astrocytes. The opposing roles of LPS/IFN-g

and IL-4/IL-10 in the functional regulation of astrocytic phenotypes

has been documented extensively. For instance, LPS led to a

significant increase in GFAP expression in glia, but IL-4 had no

effect (70), and although LPS and proinflammatory cytokines

reduced levels of brain-derived neurotrophic factor in astrocytes,

IL-4 increased them (71). Moreover, glucose use was increased in

classically activated astrocytes, but it was attenuated by IL-10

(72). Furthermore, under neuroinflammatory disease conditions, IL-4

and IL-10 downregulated the expression of glial iNOS, TNF-a,

and ICAM-1 (73, 74).

In a model of experimental autoimmune encephalomyelitis, ex-

pression of the alternative activation marker ARG1 protein was

increased in infiltrating astrocytes during the remitting phase of

the disease, which suggests that alternatively activated astrocytes

play an anti-inflammatory or neuroprotective role (75). IL-4 was

reported to induce the release of neuroprotectants from astrocytes

exposed to oxidative stress and, thus, to limit proinflammatory

neurotoxic responses (76). In the current study, IL-4– and IL-10–

activated astrocytes also mediated neuroprotective effects against

excitotoxic or oxidative insults. The neuroprotective factors re-

leased by IL-4– or IL-10–activated astrocytes have not been pre-

cisely characterized. Nevertheless, STAT6 is a key component of

the intracellular pathway downstream of IL-4 signaling, and the

IL-4–STAT6 axis is likely to orchestrate various phenotypes of

alternatively activated astrocytes, including the expression of spe-

cific phenotypic markers and neuroprotective molecules. A recent

study found that phosphorylation of STAT6 was induced by IL-4 in

astrocytes (77), which concurs with our finding that STAT6 was

phosphorylated in IL-4–activated astrocytes. In addition, we present

evidence that LCN2 targets IL-4–STAT6 signaling to inhibit the

alternative activation of astrocytes (see later discussion). However,

LCN2 inhibition of the IL-4–STAT6 pathway is not highly un-

expected because of the known cross-inhibitory ability of NF-kB

FIGURE 8. Essential role of LCN2

in the classical, but not in the alterna-

tive, activation of cultured astrocytes.

Primary astrocyte cultures prepared from

Lcn2 WT (n = 3) or KO (n = 3) mice

were treated with LPS (100 ng/ml) plus

IFN-g (50 U/ml), IL-4 (10 ng/ml), ICs

(OVA [75 mg/ml] plus OVA Ab [150

mg/ml]) plus LPS (100 ng/ml), or IL-10

(10 ng/ml) for 8 h, and the mRNA

levels of classical activation-related

genes (A) or alternative activation-related

genes (B) were compared by real-time

RT-PCR. Gapdh was used as an inter-

nal control. Results are mean6 SD (n =

3). *p, 0.05, versus untreated controls,
#p , 0.05, Lcn2 WT versus KO mice.
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and STAT6. IL-4 appears to inhibit the classical activation of

astrocytes in vivo. In our neuroinflammation model, pretreat-

ment with IL-4 abolished LPS-induced gene expression and im-

proved motor impairment in vivo, which is in line with previous

findings that IL-4 attenuated LPS-induced proinflammatory cyto-

kines and sickness behaviors (51). Therefore, classical or alter-

native activation stimuli seem to induce respective phenotypic

changes and inhibit opposite phenotypes in astrocytes. Re-

cently, IRF-3 was suggested to be a regulator of the astrocyte

activation phenotype. It suppressed proinflammatory astrocytic

activation by regulating immunomodulatory microRNA ex-

pression (78); however, the effect of LCN2 on IRF-3 has yet to

be examined.

LCN2 has been implicated in several inflammatory pathologies

of the CNS (23–25, 27–30, 32, 79–81). In mouse models of ce-

rebral ischemia and neuroinflammation, LCN2 was found to be

prominently induced in astrocytes (81). In a previous study, we found

that LCN2 promotes morphological changes and cell migration of

astrocytes in an autocrine manner (26, 37), and increasing evi-

dence now suggests that LCN2 is a key regulator of brain inflam-

mation. In the current study, LCN2 was induced by classically, but

not by alternatively, activated astrocytes, and LCN2 promoted the

classical activation of astrocytes but suppressed the alternative ac-

tivation phenotype by inhibiting STAT6 phosphorylation, a canoni-

cal pathway of alternative activation. Furthermore, LCN2 caused

the expression of classical activation-related genes and GFAP in

astrocytes. The expression of phenotypic markers of classical acti-

vation and GFAP was reduced in astrocytes derived from Lcn2 KO

mice, and Lcn2 deficiency in astrocytes attenuated the neurotoxic

effects of LPS/IFN-g in astrocytes. The LCN2 receptors (24p3R

FIGURE 9. Immunohistochemical analysis of

LCN2 expression and astrocyte classical acti-

vation. Brain cortex or hippocampus sections

were stained with Abs against GFAP (green),

LCN2 or iNOS (red), or DAPI (nuclei; blue)

24 h after injecting Lcn2 WT (n = 5) or KO

mice (n = 5) with saline or LPS (5 mg, i.c.v.).

LCN2 and iNOS expression increased signifi-

cantly in cortices 24 h after LPS administration

and colocalized with GFAP (colocalization is in-

dicated by the arrowheads), showing that astro-

cytes expressed LCN2 and iNOS following LPS

exposure. Scale bars, 100 mm (cortex), 200 mm

(hippocampus). Numbers of cells expressing

iNOS or GFAP were counted and compared

between Lcn2 WT and KO mice. Results are

mean 6 SD (n = 5). *p , 0.05.
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and Megalin) were expressed in both classically and alternatively

activated astrocytes, indicating that LCN2 may act on these

receptors to evoke classical activation and to inhibit alternative

activation of astrocytes. In addition, injection of LPS or IL-4 into

brain markedly increased the expression of classical or alternative

activation-related genes, respectively, in brain astrocytes. In con-

trast, LPS-induced classical activation of astrocytes was notably

reduced in Lcn2-deficient mice, indicating that LCN2 is a key

regulator of astrocyte classical activation in vivo. In our immuno-

histochemical study, GFAP+ cells colocalized with LCN2 expres-

sion, indicating that i.c.v. LPS injection induced LCN2 expression in

astrocytes (Fig. 9). Levels of the representative classical activation

marker iNOS were also increased by LPS injection in astrocytes;

however, in Lcn2 KO mice, LPS-induced iNOS expression in

astrocytes was not observed. The injection of LPS induced clas-

sical activation of astrocytes in both the hippocampus and cortex

(Fig. 9), which is consistent with previous observations (37).

Taken together, our results strongly support the proposition that

LCN2 facilitates the classical proinflammatory activation of

astrocytes.

In summary, astrocytes exhibit M1/M2-like functional polari-

zation, and the polarized astrocytes probably play distinct roles in

neuroinflammation and neurodegeneration. The secreted protein

LCN2 of the lipocalin family promotes the proinflammatory

phenotype of astrocytes, which suggests that LCN2 can be

therapeutically targeted to modulate astrocyte phenotype and

related diseases. Nevertheless, further studies are needed to

elucidate the precise mechanisms responsible for astrocyte

polarization and to better understand the role played by LCN2 in

this process.

FIGURE 10. Identification of astrocyte alter-

native activation in brain tissues by immuno-

histochemistry. GFAP (green) and ARG1 (red)

expression was assessed by immunohistochem-

istry in brain cortex 48 h after injecting Lcn2

WT mice (n = 5) or KO mice (n = 5) with saline

or IL-4 (100 ng, i.c.v.). Scale bar, 100 mm.

Arrowheads indicate the colocalization of GFAP

and ARG1. Numbers of cells expressing GFAP

or ARG1 were counted and compared between

Lcn2 WTand KO mice. Results are mean 6 SD

(n = 5). *p , 0.05.

FIGURE 11. Role of LCN2 in phenotypic

changes of activated astrocytes. (A) Primary as-

trocytes isolated from Lcn2 WT or KO mice

were treated with LPS (100 ng/ml) plus IFN-g

(50 U/ml) or IL-4 (10 ng/ml) for 8 h, and GFAP

mRNA levels were evaluated by traditional RT-

PCR using Gapdh as a control. (B and C) Al-

ternatively, ACMs and astrocyte–neuron cocul-

tures were used to assess the neurotoxic effects

of activated astrocytes. After stimulating the as-

trocytes of WT or KO mice with LPS/IFN-g or

IL-4 for 24 h, ACMs (B) or astrocytes (in culture

inserts) (C) were transferred to cortical neurons.

Neuronal viabilities were measured using an MTT

assay 24 h later. (B) Neurons were exposed to

ACMs, with or without glutamate (100 mM), as

indicated. Results are mean 6 SD (n = 3).

*p , 0.05. ACM-LPS/IFN, ACM after LPS

(100 ng/ml)/IFN-g (50 U/ml) treatment; ACM-

none, untreated ACM.
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