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Background: Lipocalin-type prostaglandin D synthase (L-PGDS) is one of the most abundant proteins in the cerebrospinal
fluid with unknown function.
Results: L-PGDS regulates glial cell migration and morphology through myristoylated alanine-rich C-kinase substrate
(MARCKS)-dependent and prostaglandin D2-independent pathways.
Conclusion: L-PGDS may be involved in reactive gliosis and contribute to neuroinflammatory diseases.
Significance: L-PGDS could be a therapeutic target based on the pathological implications in neuroinflammatory diseases.

Prostaglandin D synthase (PGDS) is responsible for the con-
version of PGH2 to PGD2. Two distinct types of PGDS have
been identified: hematopoietic-type PGDS (H-PGDS) and
lipocalin-type PGDS (L-PGDS). L-PGDS acts as both a PGD2-
synthesizing enzyme and as an extracellular transporter of
various lipophilic small molecules. Although L-PGDS is one
of the most abundant proteins in the cerebrospinal fluid, lit-
tle is known about the function of L-PGDS in the central
nervous system (CNS). To better understand the role of
L-PGDS in the CNS, effects of L-PGDS on the migration and
morphology of glial cells were investigated. The L-PGDS pro-
tein accelerated the migration of cultured glial cells. Expres-
sion of the L-pgds gene was detected in glial cells and neurons.
L-PGDS protein also induced morphological changes in glia
similar to the characteristic phenotypic changes in reactive
gliosis. L-PGDS-induced cell migration was associated with
augmented formation of actin filaments and focal adhesion,
which was accompanied by activation of AKT, RhoA, and JNK
pathways. L-PGDS protein injected into the mouse brain pro-
moted migration and accumulation of astrocytes in vivo. Fur-
thermore, the cell migration-promoting effect of L-PGDS on
glial cells was independent of the PGD2 products. The
L-PGDS protein interacted with myristoylated alanine-rich
protein kinase C substrate (MARCKS) to promote cell migra-
tion. These results demonstrate the critical role of L-PGDS as
a secreted lipocalin in the regulation of glial cell migration
and morphology. The results also indicate that L-PGDS may
participate in reactive gliosis in an autocrine or paracrine

manner, and may have pathological implications in neuroin-
flammatory diseases.

Prostaglandin D synthase (PGDS)3 catalyzes the isomeriza-
tion of PGH2 to produce PGD2 (1, 2). Two distinct types of
PGDS have been purified and characterized; one is the lipoca-
lin-type PGDS (L-PGDS) that was previously known as the
brain-type enzyme or glutathione (GSH)-independent enzyme
(3, 4), and the other is hematopoietic PGDS, the spleen-type
enzyme or GSH-requiring enzyme (5, 6). L-PGDS is a member
of the lipocalin family, which binds and transports small lipo-
philic molecules such as retinal, retinoic acid (7), biliverdin,
bilirubin (8), gangliosides (9), as well as amyloid � peptides (10,
11). L-PGDS, also known as �-trace, is one of the most abun-
dant proteins in the cerebrospinal fluid (12, 13). L-PGDS is
expressed in the central nervous system (CNS), retina, melano-
cytes, heart, and reproductive organs (3). L-PGDS plays an
important role in diverse cellular processes, such as cellular apo-
ptosis/survival (14–16), cell differentiation (17), cell cycle progres-
sion (18), inflammation (19, 20), andmetabolic syndrome (18, 21).
Previously, L-PGDS has also been proposed as the endogenous
amyloid �-chaperone that prevents amyloid deposition in vivo
(10). Recently, L-PGDS-deficient mice exhibited an exacerbated
phenotype following transient or permanent ischemic brain
injury, indicating a critical role of L-PGDS in protection against
cerebral ischemia (22). L-PGDS has also been shown to play
important roles in spinal cord injury, multiple sclerosis, and
Alzheimer disease (10, 23–26). Despite numerous publications on
L-PGDS invariousperipheral tissues, little is knownabout the role
of L-PGDS in the CNS. Moreover, it has not been investigated
whether and how L-PGDS regulates cell migration andmorphol-
ogy of brain glial cells.
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The CNS consists of neurons and glial cells. Glial cells provide
structural and functional support and protection for neurons.
Microglia, astrocytes, and oligodendrocytes are themajor types of
CNS supporting glial cells. As a result of brain injury, glial cells
undergo rapid changes in their morphological phenotype and
migratory properties; the combination of which is known as reac-
tive gliosis. Reactive gliosis specifically refers to the accumulation
of enlarged glial cells, notably microglia and astrocytes, appearing
immediately after CNS injury has occurred. The release of inflam-
matory molecules by injured tissues and glial cells themselves
stimulates motility, directed migration, or a combination of both
to recruit glial cells toward the injury sites (27). Hence, integra-
tive understanding of glial cell migration and morphology
will provide insights into the molecular mechanisms of var-
ious brain injuries and pathologies.
In the present study, we attempted to determine the role of

L-PGDS in migration and morphological changes of glial cells
such as microglia and astrocytes. Our results indicate that
L-PGDS expressed in glia and neurons may induce glial cell
migration and morphological changes in a paracrine or auto-
crine manner. Additionally, the L-PGDS protein injected into
the mouse brain promoted astrocyte migration toward injury
sites in vivo. Last, the AKT-RhoA-JNK pathways appear to par-
ticipate in the actions of L-PGDS, which may be mediated
through myristoylated alanine-rich protein kinase C substrate
(MARCKS), a newly identified binding partner of L-PGDS.

EXPERIMENTAL PROCEDURES

Reagents and Cells—Prostaglandin D2 and polymyxin B were
obtained from Sigma. Specific small-molecule inhibitors, such
as AKT inhibitor (1L6-hydroxymethyl-chiroinositol-2-(R)-2-
O-methyl-3-O-octadecyl-sn-glycerocarbon), JNK inhibitor
(SP600125), MEK1 inhibitor (PD98059), and p38MAPK inhib-
itor (SB 203580) were purchased from Calbiochem (La Jolla,
CA). A specific Rho inhibitor (C3 transferase) was obtained
fromCytoskeleton, Inc. (Denver, CO). DP1 receptor antagonist
(BW A868C) and DP2 receptor antagonist (BAY-u3405) were
purchased from Cayman Chemical (Ann Arbor, MI). All other
chemicals, unless otherwise stated, were obtained from Sigma.
NIH3T3mouse fibroblast cells and the transformedmouse cer-
ebral endothelial cell line bEnd.3 (CRL-2299; ATCC,Manassas,
VA) (28)weremaintained inDulbecco’smodified Eagle’smedia
(DMEM) supplemented with 10% heat-inactivated fetal bovine
serum (FBS) (Invitrogen), 100 units/ml of penicillin, and 100
�g/ml of streptomycin (Invitrogen). The mouse primary astro-
cyte, microglia, or mixed glial cultures were prepared from the
brains of 0–3-day-old ICRmice (Samtako Co., Osan, Korea), as
previously described (29). Primary astrocyte and microglia cul-
tures were prepared from mixed glial cultures by differential
shaking (30) andmild trypsinizationmethods (31), respectively.
Primary cultures of dissociated cerebral cortical neurons were
prepared from embryonic day 20 (E20) ICR mice, as described
previously (32, 33). Briefly, mouse embryos were decapitated,
and the brains were rapidly removed and placed in a culture
dish with cold PBS. The cortices were isolated, and then trans-
ferred to a culture dish containing 0.25% trypsin/EDTA (Invit-
rogen) in PBS for 30 min at 37 °C. After two washes in serum-
free neurobasal media (Invitrogen), the cortical tissues were

mechanically dissociated with gentle pipetting. Dissociated
cortical cells were seeded onto six-well plates coated with poly-
D-lysine (BDBiosciences), using neurobasalmedium containing
10%FBS (Invitrogen), 0.5mMglutamine, 100units/mlof penicillin
(Invitrogen), 100 �g/ml of streptomycin (Invitrogen), N2 supple-
ment (Invitrogen), and a B27 supplement (Invitrogen). Cultures
weremaintained by changing themedia every 2–3 days, andwere
grown at 37 °C in a 5%CO2 humidified atmosphere. The purity of
the glia and neuronal cultures was determined by immunocyto-
chemical staining, using antibodies against Iba-1,GFAP, ormicro-
tubule-associated protein 2 (MAP2; Promega). Animals used in
the current research were acquired and cared for in accordance
with guidelines published in the National Institutes of Health
Guide for theCare andUseof LaboratoryAnimals. This studywas
approved by the Institutional Review Board of the Kyungpook
National University School ofMedicine.
Purification of Recombinant Lipocalin-type ProstaglandinD2

Synthase Protein—The mouse L-pgds cDNA was subcloned
into the prokaryotic expression vector pET28a for bacterial
expression. Mouse recombinant L-PGDS protein was
expressed as a His6 fusion protein in the BL21(DE3) pLysS
strain of Escherichia coli. The expression of recombinant pro-
teins was induced with 0.1 mM isopropyl 1-thio-�-D-galactopy-
ranoside for 3 h, and then cells were lysed by sonication. The
protein was purified by using nickel-nitrilotriacetic acid beads
(Qiagen, Mississauga, Ontario, Canada), followed by elution
with imidazole. The purified protein was dialyzed using Slide-
A-Lyzer Dialysis cassettes (Pierce), and then concentrated
using centrifugal dialysis filtration tubes (Millipore).
Cell Migration Assays—Cell migration was determined by

either Boyden chamber assay (Transwell migration assay) or
wound healing assays. Transwell migration assay using a
48-well Boyden chamber (NeuroProbe, Gaithersburg,MD)was
done according to the manufacturer’s instructions. In brief,
cells were either transfected with L-pgds cDNA or treated with
L-PGDS protein (0–100 ng/ml) for 24 h. Cells were then har-
vested by trypsinization, resuspended in DMEM, and added to
the upper chamber at a density of 1 � 104 cells/well. Growth
media were placed into base wells separated from the top wells
by polyvinylpyrrolidone-free polycarbonate filters (8-�m pore
size; 25 � 80 mm; NeuroProbe). Cells were incubated at 37 °C
under 5%CO2 for 12–72 h to evaluate cellmigration. Zigmond-
Hirsch checkerboard analysis (34) was performed in triplicate
to distinguish between concentration-dependent cell migra-
tion (chemotaxis) and random migration (chemokinesis).
L-PGDS protein of varying concentrations was added to the
upper and/or lower wells of the Boyden chambers with cells
added to the upper chamber at a density of 2 � 104 cells/well,
and incubated for the indicated time period. At the end of the
incubation, non-migrating cells on the upper side of the mem-
brane were removed with a cotton swab. Migrated cells on the
lower side of the membrane were fixed with methanol for 10
min and stained with Mayer’s hematoxylin (Dakocytomation,
Glostrup, Denmark) for 20 min. Photomicrographs of five ran-
dom fields were taken (Olympus CK2; Olympus, Tokyo, Japan)
(original magnification �100), and cells were enumerated to
calculate the average number of cells that had migrated. All
migrated cells were counted, and the results presented as the
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mean� S.D. of triplicates. For the in vitrowound healing assay,
a scratch wound was created using a 200-�l pipette tip on con-
fluent cell monolayers in 24-well culture plates, and DMEM
containing 10% FBS (Invitrogen), 100 units/ml of penicillin
(Invitrogen), and 100 �g/ml of streptomycin (Invitrogen) was
added with or without pharmacological inhibitors, L-PGDS
protein, and PGD2 for 48 h. Cells were incubated at 37 °C under
5% CO2 duringmigration of monolayer into the cleared wound
area. The wound area was observed by microscopy (Olympus
CK2) (magnification, �100). Relative cell migration distance
was determined bymeasuring thewoundwidth and subtracting
this from the initial value as previously described: cellmigration
distance � initial wound width at day 0 � wound width at the
day of measurement (35). Three nonoverlapping fields were
selected and examined in each well (three wells per experimen-
tal group). The results are presented as a fold-increase of the
migration distance compared with control.
MorphologicalAnalysis of Cells—Themorphological analysis

of microglia was done with phase-contrast microscopy follow-
ing peroxidase-labeled isolectin B4 staining (1:500 dilution;
Sigma) (36). Deramification of microglia was quantified as pre-
viously described with a slight modification (37, 38). The per-
centage of ramified cells was determined from a minimum of
five randomly chosen fields containing at least 100 cells. The
morphological analysis of astrocytes was done with fluores-
cencemicroscopy (OlympusBX50). Cells were blockedwith 1%
BSA in PBS/Tween 20 for 10 min and incubated in PBS con-
taining 3% BSA and mouse anti-glial fibrillary acidic protein
(GFAP) antibody (1:30 dilution; Biogenex, San Ramon, CA).
After two washes in PBS/Tween 20, cells were incubated with
anti-mouse IgG-fluorescein isothiocyanate (FITC)-conjugated
secondary antibody (BDBiosciences). Astrocyte processeswere
quantified as previously described (29, 38). The number of
astrocytes processed was determined from a minimum of five
randomly chosen microscopic fields containing at least 100
cells. Vinculin or phalloidin staining of NIH3T3 cells or glial
cells was done as previously described (39). Briefly, cells were
cultured on sterile coverslips in 24-well plates, and then fixed
with 4% paraformaldehyde for 30 min and rinsed twice with
PBS. Cells were blocked with 1% BSA in PBS/Tween 20 for 10
min and incubated in PBS containing 3% BSA and a mouse
anti-vinculin antibody (1:30 dilution) or 0.12 �g/ml of TRITC-
conjugated phalloidin (Actin Cytoskeleton and Focal Adhesion
staining kit;Millipore BioscienceResearchReagents). After two
washes in PBS/Tween 20, cells were incubated with 0.1 �g/ml
of DAPI (Millipore Bioscience Research Reagents), followed by
incubation with anti-mouse IgG-FITC-conjugated secondary
antibody (BD Biosciences). The samples were mounted and
observed with confocal microscopy (LSM 510; Carl Zeiss, Jena,
Germany). Microscopic images were processed with the Meta-
Morph Imaging System (Molecular Devices, Sunnyvale, CA).
Transient Transfection with cDNA or siRNA—The full-

length cDNA of mouse L-pgdswas fused withmyc and His6 tag
at the N-terminal, and subcloned into expression vector
pcDNA3.1. NIH3T3 fibroblast cells in 6-well plates were tran-
siently transfected with 4 �g ofmyc-tagged L-pgds cDNA using
Lipofectamine reagent (Invitrogen) according to the manufac-
turer’s instructions. An empty pcDNA3.1 vector was used as a

control for the transient expression of myc-L-pgds. Two days
after the transfection, cells were used for the experiments. The
expression of the myc-L-PGDS protein in the transient trans-
fectants was confirmed by Western blot using a myc tag anti-
body (Cell Signaling Technology, Beverly, MA). For the knock-
down of Marcks expression, mouse Marcks siRNA pool
(CCUUCAAGAAGUCCUUCAAtt, UUGAAGGACUUCUU-
GAAGGtt; GGCUUCUCCUUCAAGAAGAtt, UCUUCUU-
GAAGGAGAAGCCtt; GGAAGUAACGUUGCUUACAtt,
UGUAAGCAACGUUACUUCCtt; catalog number sc-35858)
and control siRNA (sc-37007) were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). The siRNA transfection of
NIH3T3 fibroblast cells or glial cells was done using Lipo-
fectamine (Invitrogen) according to the manufacturer’s
instructions. At 48 h after the transfection, cells were used for
the experiments.
L-PGDS ELISA—An indirect ELISA was used for the recom-

binant mouse L-PGDS protein measurements. Conditioned
media were collected from the mixed glial cultures, and centri-
fuged at 1,200 � g for 5 min to remove cell debris. Microtiter
plate wells were coated with conditioned medium overnight
(diluted 1:1 in 50 mM carbonate buffer, pH 9.6) (100 �l/well in
triplicate wells). Plates were washed with PBS-T and blocked
with PBS, 5% BSA for 1 h. Plates were emptied and tapped out
onto dry paper towels. Rabbit polyclonal anti-mouse L-PGDS
antibody was added (Cayman Chemical; 1 �g/ml) and incu-
bated for 5 h. Plates were washed 3 times with PBS-T to remove
unbound antibody. Horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG antibody (Pierce; 1:1000 dilution) was added
and incubated for 1 h. Plates were washed 3 times with PBS-T
and developed by the addition of 100 �l of chromogenic sub-
strate (R&D Systems). The purified recombinant mouse
L-PGDS protein was used as a standard.
Western Blot Analysis—Cells were lysed in triple detergent

lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.02%
sodium azide, 0.1% SDS, 1%Nonidet P-40, 0.5% sodium deoxy-
cholate, 1 mM phenylmethylsulfonyl fluoride). Protein concen-
tration in cell lysates was determined with the Bio-Rad protein
assay kit (Bio-Rad). An equal amount of protein from each sam-
ple was separated by 12% SDS-PAGE and transferred to
Hybond ECL nitrocellulose membranes (Amersham Biosci-
ences). The membranes were blocked with 5% skim milk and
sequentially incubated with primary antibodies (rabbit poly-
clonal anti-phospho-AKT at Ser473 antibody (Cell Signaling
Technology), rabbit polyclonal anti-total AKT antibody (Cell
Signaling Technology), rabbit polyclonal anti-phospho-JNK at
Thr183/Tyr185 antibody (Cell Signaling Technology), rabbit
polyclonal anti-total JNKantibody (Cell SignalingTechnology),
and monoclonal anti-�-tubulin clone B-5-1-2 mouse ascites
fluid (Sigma)), and HRP-conjugated secondary antibodies
(anti-rabbit or anti-mouse IgG; Amersham Biosciences), fol-
lowed by ECL detection (Amersham Biosciences).
Rho GTPase Activity Assay—Cells were treated with stimuli

in a 100-mm culture dish, washed with cold PBS, and lysed in a
lysis buffer (20 mM Tris-HCl, pH 7.6, 100 mM NaCl, 10 mM

MgCl2, 1% Nonidet P-40, 10% glycerol, and protease inhibitor
mixture (Roche Molecular Biochemicals)). Lysates were clari-
fied by centrifugation, protein concentrations were deter-
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mined, and the GTP-bound Rho in the lysates wasmeasured by
the effector pulldown assay using the EZ-Detect Rho activation
kit (Pierce). Briefly, cell lysates were incubated with agarose-
immobilized glutathione S-transferase (GST)-Rhotekin, and
the co-precipitates were subjected to anti-Rho Western blot
analysis to assess the amount of GTP-bound Rho proteins. The
anti-Rho antibody used in this study is known to recognize
RhoA, RhoB, and RhoC.
Assessment of Prostaglandin D2 Formation—Enzyme immu-

noassays were done to assess PGD2 formation. NIH3T3 fibro-
blast cells were either transfected with L-pgds cDNA (4 �g) or
treated with L-PGDS protein (100 ng/ml) for 24 h. The PGD2-
MOX kit (Cayman Chemical) was used according to the man-
ufacturer’s protocol. This kit is based on the conversion of
PGD2 to a stable methoxime derivative by treatment with
methoxamine hydrochloride. Medium from the cell culture
was sampled and analyzed.
Site-directed Mutagenesis—Point mutations of L-PGDS at

the enzymatic active site were created using the QuikChange�
Site-directed Mutagenesis Kit (Stratagene Cloning Systems) as
per the manufacturer’s instructions. A point mutation (C65A)
was created by exchanging Cys65 with an alanine residue. The
mutation was confirmed by sequence analysis, and the mutant
L-PGDS proteins were expressed and purified using nickel-ni-
trilotriacetic acid beads (Qiagen) in a manner similar to wild-
type protein. The C65A mutant without the enzymatic activity
has been previously reported (40).
Immunoprecipitation—NIH3T3 fibroblast or glial cells were

treated with the recombinant L-PGDS protein (1 �g/ml), and
then cross-linked with 1% formaldehyde for 1 h and rinsed
twicewith PBS.Cellswere lysed in triple-detergent lysis buffer (50
mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.02% sodium azide, 0.1%
SDS, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 1 mM

phenylmethylsulfonyl fluoride). The lysates were centrifuged for
20 min at 4 °C, and the supernatants were collected. The protein
concentration in the cell lysates was determined using the
Quant-iT Protein Assay kit (Molecular Probes). To remove non-
specificbindingproteins in the lysates, the sampleswere incubated
in a�30-�l packed volume of recombinant proteinG-agarose for
1hat4 °C.Afterabrief centrifugation, supernatantswerecollected
and then incubated with anti-L-PGDS antibody (Cayman Chem-
ical; 1 �g/ml) for 4 h at 4 °C. Protein G-agarose (30 �l) was then
added and incubated for 4 h. Afterward, L-PGDS�Ab�protein
G-agarose complexes were washed three times with wash buffer
(50 mM HEPES, 150 mM NaCl, 0.1% Triton X-100, and 10% glyc-
erol), and a sample buffer (20% glycerol, 6% SDS, and 10% 2-mer-
captoethanol) was added. The samples were boiled for 5 min and
centrifuged. Supernatants were subjected to SDS-PAGE (10% gel)
followed byWestern blot analysis.
Identification of Coimmunoprecipitated Proteins—Coimmu-

noprecipitated proteins were identified as described previously
(41). Briefly, immunoprecipitation samples were separated by
electrophoresis on a 10% polyacrylamide gel and visualized by
silver staining. The protein band of interest was excised from
the silver-stained gel for in-gel tryptic digestion. The excised gel
slices were destained and shrunk by dehydration in acetonitrile
anddried inavacuumcentrifuge.Proteinswithin the shrunkengel
slices were then digested overnight with trypsin at a substrate/

enzyme ratio of 10:1 (w/w) in 25mM ammoniumbicarbonate (pH
8.0). The enzyme reaction was terminated by the addition of 0.1%
formic acid in water. Peptides from gel pieces were extracted by
sonication for 10 min, and the supernatants containing the pep-
tides were transferred to new tubes. Peptides were analyzed using
a liquid chromatography (LC) and tandem mass spectrometry
(MS/MS) systemwith reverse-phase LC,which consisted of a Sur-
veyor MS pump (Thermo Electron, San Jose, CA), a Spark
autosampler (Spark Holland, Emmen, The Netherlands), and a
Finnigan LTQ linear ion-trap mass spectrometer (Thermo Elec-
tron) equipped with nanospray ionization sources. All MS/MS
data were searched against the IPI mouse protein data base (ver-
sion 3.16) using the SEQUEST algorithm (Thermo Electron)
incorporated into BioWorks software (version 3.2).
Reverse Transcription-PCR—Total RNA was extracted from

cells in 6-well plates by using TRIzol reagent (Invitrogen),
according to the manufacturer’s protocol. Reverse transcrip-
tion was done using SuperScript II (Invitrogen) and oligo(dT)
primer. Traditional PCR amplification using primer sets spe-
cific for lipocalin-type prostaglandin D synthase (L-pgds) was
done as follows: 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 1min
for 23 cycles followed by an extension step at 72 °C for 7 min.
The nucleotide sequences of the primers were based on pub-
lished cDNA sequences of the mouse L-pgds,Marcks, or �-ac-
tin: L-pgds forward, TCC GGG AGA AGA AAG CTG TA;
L-pgds reverse, CAT AGT TGG CCT CCA CCA CT; Marcks
forward, GTC GCC TTC CAA AGC AAA T; Marcks reverse,
GCA GCC TCA TCC TTT TCG; �-actin forward, ATC CTG
AAA GAC CTC TAT GC; �-actin reverse, AAC GCA GCT
CAG TAA CAG TC. The PCR was done with a DNA Engine
Tetrad Peltier Thermal Cycler (MJ Research, Waltham, MA).
For the analysis of the PCR products, 10 �l of each PCR was
electrophoresed on 1% agarose gel and detected under UV light
following ethidium bromide staining. �-Actin was used as an
internal control.
Assessment of Cytotoxicity by 3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium Bromide Assay—NIH3T3 cells or glial
cultures (5 � 104 cells in 200 �l/well) were seeded in 96-well
plates and treated with various stimuli for the specific time
periods. After treatment, the medium was removed and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (0.5
mg/ml)was added, followedby incubationat 37 °C for2h inaCO2
incubator. After insoluble crystals were completely dissolved in
DMSO,absorbanceat570nmwasmeasuredbyusingamicroplate
reader (Anthos Labtec Instruments,Wals, Austria).
Intrastriatal Injection of L-PGDS Protein—Twelve-week-old

male C57BL/6 mice (n � 3) weighing about 30 g (Koatech,
Pyeongtaek, Korea) were used for the experiments. Mice were
housed andmaintained at 22 °C on a 12-h day/night cycle. Free
access to food and water was allowed. Mice were anesthetized
by intraperitoneal injection of Zoletil (Tiletamine/Zolazepam;
30 mg/kg) and Ropum (10 mg/kg), and positioned in a stereo-
taxic apparatus (Stoelting, Wood Dale, IL). The mice were
placed on a homeothermic heat blanket (Harvard Apparatus
Co., South Natick, MA) at 37 °C to maintain normal body tem-
perature during surgery. The skull was exposed by a skin inci-
sion, and a small hole was drilled through the skull. To avoid
passing through the ventricles, the guide cannula was
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implanted at the stereotaxic coordinates of 1-mm anterior to
the bregma, 2-mm lateral to the bregma, and 4-mm below the
skull using a 22-gauge needle and cemented. Intrastriatal injec-
tion of the vehicle or recombinant L-PGDS protein (1 �l; 1
mg/ml) was done using a 26-gauge needle. The flow rate of the
injection was 0.1 �l/min maintained by a microsyringe pump
(Harvard Apparatus Co.). After removing the needle, the skin
was sutured with 6.0-mm silk thread. Forty-eight hours after
the injection, themice were sacrificed. For immunohistochem-
ical analysis, animals were anesthetized by ether and transcar-
dially perfused with 4% paraformaldehyde in PBS. Brains were
post-fixed and cryoprotected with 30% sucrose solution for 1

day. The fixed brains were embedded in OCT compound (Tis-
sue-Tek) for frozen sections and then cut into 12-�m thick
coronal sections. The tissueswere permeabilized in 0.1%Triton
X-100 and blocked with 1% BSA and 5% normal donkey serum.
After washing with PBS, the sections were incubated at 4 °C
overnight with the mouse monoclonal antibody against GFAP
(1:500 dilution; BD Biosciences). The sections were then incu-
bated with donkey Cy3-conjugated anti-mouse IgG antibody
(1:200 dilution; Jackson ImmunoResearch Laboratories, West
Grove, PA). The sections were mounted on DAPI-containing
gelatin solution. Data acquisition and immunohistological
intensity measurement of GFAP staining was performed with a

FIGURE 1. Recombinant L-PGDS protein promotes the migration of microglia and astrocytes. Histidine-fused L-PGDS protein was expressed in bacteria,
and separated by SDS-PAGE (A). Primary microglia cultures (1 � 104 cells/upper well) (B) or primary astrocyte cultures (1 � 104 cells/upper well) (C) were treated
with recombinant L-PGDS protein (10 –100 ng/ml) and placed in the Boyden chambers for incubation at 37 °C for 12– 48 and 24 –72 h, respectively, to evaluate
cell migration. A representative microscopic image for each condition is shown (magnification �100). The quantification of cell migration was done by
enumerating the migrated cells as described under “Experimental Procedures.” The results are the mean � S.D. (n � 3). *, p � 0.05 compared with the untreated
control at the same time point.

FIGURE 2. The effect of recombinant L-PGDS protein on the morphology of microglia and astrocytes. The addition of recombinant L-PGDS protein (100
ng/ml) or PGD2 (100 ng/ml) induced morphological changes in primary microglia cultures (A) and primary astrocytes (B) after 24 h. Primary microglia were
stained with the peroxidase-labeled isolectin B4, followed by incubation with diaminobenzidine tetrahydrochloride (DAB) (magnification �100 or 200).
Primary astrocytes were stained with GFAP antibody (magnification �400), followed by incubation with anti-mouse IgG-fluorescein isothiocyanate (FITC)-
conjugated secondary antibody. Scale bar, 25 �m. The percentage of ramified microglia, the length of the longest process, or the number of process in each
astrocyte was assessed by examining several randomly chosen microscopic fields. The results are the mean � S.D. (n � 3). *, p � 0.05; compared with the
untreated control (None).
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NIH Image J program. Composite images of the stained sec-
tions were FFT band-pass filtered to eliminate low-frequency
drifts (�20 pixels � 50 �m) and high-frequency noises (�1
pixel � 2.5 �m). The images were binary thresholded at 50% of
the background level, and the particles were then converted to
a subthreshold image area with a size less than 300 and larger
than 5 pixels, which was judged as GFAP-positive cells. The
range (5–300 pixels) was obtained from the analyzed size of
GFAP-positive cells from six sections of each animal. To count
the GFAP positive cells, five squares (500 � 500 �m) were
placed in the region of the injection in the subthreshold image
of the six independent sections. The cells in the five squares
were counted and statistically analyzed.
Intracortical Injection of L-PGDS Protein—The intracerebral

injection of the vehicle or recombinant L-PGDS protein (1�l; 1
mg/ml) was done at the stereotaxic coordinates of 1-mm ante-

rior to the bregma, 3-mm lateral to the bregma, and 3-mm
below the skull using a 26-gauge needle. The flow rate of the
injection was 0.1 �l/min maintained by a microsyringe pump
(Harvard Apparatus Co.). Horizontal brain sections were
immunohistochemically stained with GFAP antibody at 48 h
after intracerebral injection. For quantification, the images
were converted into binary images by theNIH Image J program.
Twelve-week-old male C57BL/6 mice (n � 3) weighing about
30 g (Koatech) were also used.
Statistical Analysis—All data are presented as themean�S.D.

from three or more independent experiments, unless stated oth-
erwise. Statistical comparisons between different treatments were
done by either a Student’s t test or one-way analysis of variance
withDunnett’smultiple comparison tests using the SPSSprogram
(version 18.0K) (SPSS Inc., Chicago, IL). Differences with a p �
0.05 were considered statistically significant.

FIGURE 3. L-PGDS promotes the migration of NIH3T3 fibroblast cells. NIH3T3 fibroblast cells were transiently transfected with either pcDNA3.1 empty
vector or myc-tagged L-pgds, and the expression of L-pgds in the transfectants was confirmed by Western blot analysis using anti-MYC tag antibody (WB: MYC
tag) (A). NIH3T3 fibroblast cells were either transfected with L-pgds or treated with PGD2 (100 ng/ml) or L-PGDS protein (100 ng/ml), and then either the Boyden
chamber assay (IB) or wound healing assay (C) was done to evaluate cell migration. A representative microscopic image for each condition is shown (magni-
fication �100) (upper). The quantification of cell migration was done by either measuring the degree of wound closure (the wound healing assay) or enumer-
ating the migrated cells (the Boyden chamber assay) as described under “Experimental Procedures” (lower). The results are the mean � S.D. (n � 3). *, p � 0.05
compared with the untreated control (None) at the same time point.
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RESULTS

L-PGDS-induced Glial Cell Migration and Morphological
Changes—Todetermine the effects of L-PGDSonglial cellmigra-
tion, glial cultures were treated with different concentrations of
recombinant L-PGDS protein (10–100 ng/ml) for the indicated
time periods, and cell migration was then assessed using the Boy-
den chamber assay. For this purpose, the recombinant L-PGDS
protein was expressed in bacteria and purified (Fig. 1A). The cell
migration-promoting activity of L-PGDS was found in primary
microglia and astrocyte cultures, where themigration of L-PGDS-
treated glial cells across themembranewas greater than that of the
untreated cells after 12–72 h (Fig. 1,B andC). Checkerboard anal-
ysis indicated that the L-PGDS-induced glial migration was che-
motaxis (directedmovement), rather than chemokinesis (random
movement) (supplemental Fig. S1).Glial cellmigration toward the
lower chamberwasproportional to the concentrations of L-PGDS
protein placed in the lower chamber, but not upper chamber,
thereby indicating that the L-PGDS protein was chemotactic to
glial cells. These results led us to hypothesize that L-PGDS may
mediate phenotypic changes of the glia that occur during reactive

gliosis in the CNS. Reactive gliosis involves glial migration as well
as morphological changes (42–45). To determine whether
L-PGDS is responsible for the morphological features of reactive
gliosis phenotype, we next evaluated the effect of recombinant
L-PGDS protein on glial cell morphology. Treatment with the
recombinant L-PGDS protein induced distinct morphological
changes in themicroglia andastrocytes: amoeboid transformation
of the microglia was induced by L-PGDS protein treatment (Fig.
2A), whereas cellular process extension was observed for astro-
cytes (Fig. 2B).Thesemorphological changes andenhancedmotil-
ity reflect the phenotypic alterations that occur during reactive
gliosis. A similar pattern of structural changes in gliawas observed
after treatment with PGD2 (Fig. 2), which has been previously
shown to influence glial activation (46) and inflammatory cell
migration (47, 48). PGD2, as a product of PGDS enzyme, was used
for comparison purposes. The expression of L-pgds mRNA was
detected in primary microglia, astrocytes, or cortical neuron cul-
tures, butnot inmicrovascular endothelial cells (supplemental Fig.
S2), indicating the widespread expression of L-pgds in the CNS.
The recombinant L-PGDS protein showed a modest toxicity

FIGURE 4. L-PGDS regulates actin stress fibers and focal adhesion. NIH3T3 fibroblast cells (A) or mixed glial cells (B) were placed onto coverslips and
incubated at 37 °C for 24 h with recombinant L-PGDS protein (100 ng/ml) or PGD2 (100 ng/ml). Cells were then fixed and stained with vinculin antibody for the
detection of focal adhesion (green) or rhodamine-labeled phalloidin for the detection of stress fibers (red) (A). Cy5-conjugated secondary antibody was used for
vinculin detection. Images were taken by confocal microscopy (magnification �400). Scale bar, 25 �m. Cells were also examined by DAPI staining (blue).
Relative fluorescence intensity of the stress fibers (red) and vinculin (green) in the different subcellular regions (inset) were quantified with the LSM 5 Exciter 4.2
software (Carl Zeiss). *, p � 0.05; compared with the untreated control (None).
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toward the primary microglia cultures after long-term exposure,
and the toxicitywas insignificant in the astrocyte cultures (supple-
mental Fig. S3). Polymyxin B did not affect the L-PGDS protein
activity in microglia and astrocytes, arguing against LPS contami-
nation in the L-PGDSprotein (supplemental Fig. S4,A andB). For
the direct quantification of L-PGDS protein levels in the condi-
tioned media of glial cultures, L-PGDS-specific ELISA was per-
formed. The L-PGDS concentration in the conditioned media of
mixed glial cultures was �36 ng/ml. L-PGDS concentration used
in thecurrent study isbasedon this andprevious studies (2),which
has shown that L-PGDSprotein concentrations in the cerebrospi-
nal fluid and blood were �25 and �0.4 �g/ml, respectively.
L-pgds cDNA Transfection and Protein Treatment-induced

NIH3T3 Cell Migration—To further investigate the molecular
mechanisms of L-pgds-induced cellular migration, NIH3T3
fibroblast cells were utilized as amodel. Themyc-tagged L-pgds
cDNAwas introduced into NIH3T3 fibroblast cells to generate
a cell line that overexpressed L-pgds (Fig. 3A). Cell migration
assays such as the Boyden chamber assay (Fig. 3B) and wound

healing assay (Fig. 3C) revealed that both L-pgds cDNA trans-
fection and L-PGDS protein treatment induced cell migration
(Fig. 3,B andC). In thewound healing assay, NIH3T3 fibroblast
cells that were either transfected with L-pgds cDNA or treated
with L-PGDS protein or PGD2 became confluent at 48 h (Fig.
3C). Polymyxin B did not affect L-PGDS protein activity in
NIH3T3 cells, arguing against LPS contamination in the
L-PGDS protein (supplemental Fig. S4C).
L-PGDS Modulated Distribution of Focal Adhesion and

Organization of Actin Stress Fibers, Role of RhoA, AKT, and JNK
Pathways in the L-PGDS-induced Cell Migration—Because the
cytoskeleton has been previously implicated in the regulation of
cellmigration andmorphology (49–54), a possible involvement

FIGURE 5. RhoA is involved in the L-PGDS-induced cell migration. After
NIH3T3 fibroblast cells were treated with recombinant L-PGDS protein (100
ng/ml) or PGD2 (100 ng/ml) for 24 h, active RhoA was assessed by the effector
pulldown assay followed by Western blot with a RhoA-specific antibody. The
level of RhoA activity in each sample is proportional to the amount of RhoA pre-
cipitated in the pulldown assay (A). NIH3T3 fibroblast cells were either transiently
transfected with L-pgds or treated with recombinant L-PGDS protein (100 ng/ml)
or PGD2 (100 ng/ml) for 24 h. Cells were treated with C3 transferase (RhoA-spe-
cific inhibitor, 0.2 �g/ml) for 30 min, and then either the Boyden chamber assay
(B) or wound healing assay (C) was done to evaluate cell migration. The quantifi-
cation of the cell migration was done by either measuring the degree of wound
closure (the wound healing assay) or enumerating the migrated cells (the Boy-
den chamber assay). The results are the mean � S.D. (n � 3). *, p � 0.05; com-
pared with the treatments without inhibitors.

FIGURE 6. Role of AKT and JNK in the L-PGDS-induced cell migration. After
NIH3T3 fibroblast cells were treated with recombinant L-PGDS protein (100
ng/ml) or PGD2 (100 ng/ml) for 24 h, cells were lysed and subjected to immu-
noblotting with antibodies against AKT, phosphorylated AKT (Ser-473)
(p-Akt), JNK, or phosphorylated JNK (p-Jnk) (A). Alternatively, NIH3T3 fibroblast
cells were either transiently transfected with L-pgds cDNA or treated with recom-
binant L-PGDS protein (100 ng/ml) for 24 h. Cells were treated with 1L6-hydroxy-
methyl-chiroinositol-2-(R)-2-O-methyl-3-O-octadecyl-sn-glycerocarbon (AKT-
specific inhibitor, 5 �M) and SP600125 (JNK-specific inhibitor, 5 �M) for 30 min,
and then either the Boyden chamber assay (B) or wound healing assay (C) was
done to evaluate cell migration. The results are the mean � S.D. (n � 3). *, p �
0.05; compared with the treatments without inhibitors.
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of focal adhesion and actin stress fibers in the L-PGDS-induced
cell migration and morphological change was investigated in
NIH3T3 cells. Formation of actin filaments increased in the
recombinant L-PGDS protein-treated cells compared with
untreated control cells as determined by phalloidin staining
(Fig. 4A). In addition, recombinant L-PGDSprotein augmented
vinculin staining in the peripheral region of the cell, suggesting
an increase in vinculin distribution at the focal adhesion (Fig.
4A). PGD2 showed similar effects on focal adhesion and actin
cytoskeleton organization, but to a lesser degree (Fig. 4A).
L-PGDS-induced morphological change was also observed in
glial cells: L-PGDS increased phalloidin and vinculin staining in
glial cells in amanner similar to those inNIH3T3 cells (Fig. 4B).
RhoA (55–57), phosphatidylinositol 3-kinase (PI3K)/AKT (58,
59), andmitogen-activated protein kinase (MAPK) (60, 61) sig-
naling pathways play a critical role in cell migration, the possi-
ble involvement of these pathways in the L-PGDS-induced cell
migration was next determined in NIH3T3 cells. The recombi-
nant L-PGDS protein and PGD2 increased the amount of active
RhoA (Fig. 5A). Pharmacological inhibition of RhoA using C3
transferase significantly attenuated L-PGDS-induced cell
migration as determined by the Boyden chamber assay (Fig. 5B)
and wound healing assay (Fig. 5C). The C3 transferase similarly
reduced L-pgds transfection- or PGD2-induced cell migration.
The levels of phospho-AKT and phospho-JNK increased in
NIH3T3 fibroblast cells treated with recombinant L-PGDS
protein (Fig. 6A). The AKT-specific inhibitor (1L6-hydro-
xymethyl-chiroinositol-2-(R)-2-O-methyl-3-O-octadecyl-sn-
glycerocarbon) and JNK-specific inhibitor (SP600125) signifi-
cantly attenuated L-PGDS-induced cell migration as
determined by the Boyden chamber assay (Fig. 6B) and wound
healing assay (Fig. 6C). PGD2, however, did not significantly

induce either AKT or JNK phosphorylation, suggesting that the
L-PGDS protein and PGD2may use distinct signaling pathways
to promote cell migration. L-PGDS-induced cell migration was
not affected by either SB203580 (p38-specific inhibitor) or
PD98059 (MEK-specific inhibitor), arguing against the role of
p38 MAPK or ERK pathway in the L-PGDS action (data not
shown). C3 transferase, AKT-specific inhibitor, SP600125,
SB203580, and PD98059 did not affect cell viability at the con-
centrations used in the current study (supplemental Fig. S5A).
Moreover, specific inhibition of RhoA using C3 transferase re-
duced phospho-JNK, but not phospho-AKT levels, suggesting
that RhoA is in the upstream of JNK (supplemental Fig. S5B).
Taken together, the results indicate the importance of AKT,
RhoA, and JNK pathways in L-PGDS-induced cell migration.
L-PGDSPromoted theCellMigration in a PGD2-independent

Manner—PGDS catalyzes the isomerization of PGH2, a com-
mon precursor of various prostanoids, to produce PGD2 (1, 3).
Dissection of the signaling pathways showed that L-PGDS and
PGD2 used partly different pathways to promote cellmigration.
This led to the hypothesis that L-PGDS may act independently
of PGD2 production. PGD2 binds to two membrane receptors,
D prostanoid receptor 1 (DP1) andDP2 (62, 63). The DP recep-
tor antagonists, BW A868C (DP1-specific antagonist) and
BAY-u3405 (DP2-specific antagonist) were used to examine
the role of the PGD2 receptor in the actions of the L-PGDS. BW
A868C and BAY-u3405 did not significantly attenuate the
L-PGDS-induced NIH3T3 cell migration as determined by the
Boyden chamber assay (Fig. 7A) and wound healing assay (Fig.
7B and supplemental Fig. S6C). On the contrary, both receptor
antagonists inhibited the PGD2 effects on cell migration. BW
A868C and BAY-u3405 did not affect cell viability at the con-
centrations used in the current study (supplemental Fig. S6, A

FIGURE 7. L-PGDS promotes cell migration through a PGD2-independent pathway. NIH3T3 fibroblast cells were treated with the PGD2 (100 ng/ml) or
recombinant L-PGDS protein (100 ng/ml) in the presence or absence of BW A868C (DP1-specific receptor antagonist, 10 nM) and BAY-u3405 (DP2-specific
receptor antagonist, 10 nM) as indicated. Either the Boyden chamber assay (A) or the wound healing assay (B) was done to evaluate cell migration. The
quantification of cell migration was done by either measuring the degree of wound closure (the wound healing assay) or enumerating the migrated cells (the
Boyden chamber assay) as described under “Experimental Procedures.” The results are the mean � S.D. (n � 3). *, p � 0.05; compared with the treatments
without antagonists under the same condition.
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and B). When the myc-tagged L-pgds was introduced into
NIH3T3 cells, the amount of PGD2 in the culture media was
increased �160.5 times compared with the control cells (Fig.
8A). Treatment with recombinant L-PGDS protein, however,
exerted little effect on the PGD2 levels, as determined by a
PGD2-MOX kit (Fig. 8A). No significant increase in cell migra-
tion occurred after exposure to PGD2 at concentrations lower
than 10 ng/ml (Fig. 8, B andC, and supplemental Fig. S7). Thus,
�50 pg/ml of PGD2 present in the culture media following
L-PGDS treatment may not influence cell migration. These
results indicate that L-PGDS may act through a PGD2-inde-
pendent pathway. The PGD2-independent effect of L-PGDS
on cell migration was similarly observed in glial cells (sup-
plemental Fig. S8). DP receptor antagonists significantly
attenuated the PGD2-induced glial migration, but not

L-PGDS effects on glial cells. To further determine the role
of PGD2 in the L-PGDS effects, we employed the L-PGDS
protein with a point mutation at the active site of the
enzyme. The mutant L-PGDS protein (C65A) without the
ability to catalyze the conversion of PGH2 to PGD2 (40), also
promoted cell migration of glia as well as NIH3T3 cells (Fig.
9), supporting that L-PGDS enhanced cell migration in a
manner independent of PGD2 production.
L-PGDSWas an Inducer of Astrocyte Migration in Vivo—To

confirm whether L-PGDS can act as an inducer of astrocyte
migration in vivo, coronal brain sections were immunohisto-
chemically stained with GFAP antibody at 48 h after intrastria-
tal injection of the vehicle or L-PGDS (Fig. 10A). The vehicle or
L-PGDS protein was stereotaxically injected into the striatum
of the mouse brain. The total number of GFAP-positive astro-
cytes in the periregion of the L-PGDS-injected site was almost

FIGURE 8. Effects of L-PGDS treatment on the production of PGD2. NIH3T3
fibroblast cells were either transfected with L-pgds cDNA or treated with
L-PGDS protein (100 ng/ml) for 24 h. Concentrations of PGD2 in medium were
measured by PGD2 electroimmunoassay (A). The results are the mean � S.D.
(n � 3). NIH3T3 fibroblast cells were treated with different concentrations of
PGD2, and then either the Boyden chamber assay (B) or the wound healing
assay (C) was done to evaluate cell migration. The quantification of cell migra-
tion was done as described above. The results are the mean � S.D. (n � 3). *,
p � 0.05; compared with the untreated control at the same time point.

FIGURE 9. Effects of the mutant L-PGDS protein on cell migration. A point
mutation at the enzymatic active site (Cys65) was created by exchanging
Cys65 with an alanine residue in L-PGDS. Primary microglia cultures (A), pri-
mary astrocytes (B), or NIH3T3 fibroblast cells (C) were treated with the
mutant L-PGDS protein (10 –100 ng/ml; L-PGDS (C65A)) or L-PGDS protein
(100 ng/ml), and then either the Boyden chamber assay (A and B) or wound
healing assay (C) was done to evaluate cell migration. The results are the
mean � S.D. (n � 3). *, p � 0.05 compared with the untreated control (None)
at the same time point.
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3-fold higher compared with the vehicle injection. For more
details, the accumulated astrocytes were counted as previously
described with a slight modification (64). Counting the GFAP-
positive cell numbers in the fivemedial and lateral squares indi-
cated that reactive astrocytes were mainly distributed within
the injection site of L-PGDS but not the vehicle injection site
(Fig. 10B). In a separate experiment, astrocytemigration-promot-
ing activity of L-PGDS was confirmed by GFAP immunohisto-
chemistry and quantification of horizontal brain sections follow-
ing intracortical injection of L-PGDS (supplemental Fig. S9).
Thesedatademonstrate thatL-PGDSenhances themigration and
accumulation of astrocytes in brain.
L-PGDS InteractedwithMARCKS to Promote CellMigration—

In an attempt to gain a better understanding of themechanisms
of L-PGDS-induced cell migration, L-PGDS-interacting pro-
teins were identified by coimmunoprecipitation followed by
LC-MS/MS analysis. Because we were mainly interested in the
proteins on or near the cell surface, intact NIH3T3 cells were
treated with L-PGDS protein, washed, and subjected to form-
aldehyde-mediated cross-linking. Afterward, L-PGDS-treated
NIH3T3 fibroblast cells were lysed and immunoprecipitated
using the anti-L-PGDS antibody. The proteins coimmunopre-
cipitated with L-PGDS were separated by SDS-PAGE and visu-
alized by silver staining, which were then identified using LC-
MS/MS analysis. The major protein coimmunoprecipitated
was MARCKS (Fig. 11A). MARCKS is an actin cytoskeleton-
binding protein that is localized to the plasmamembrane.Next,
the interaction between MARCKS and L-PGDS was indepen-

dently confirmed by immunoprecipitation and Western blot
analysis in a separate experiment (Fig. 11B). NIH3T3 fibroblast
cells or glial cells were treated with recombinant L-PGDS pro-
tein, lysed, and immunoprecipitated with the L-PGDS anti-
body, followed by Western blot detection of MARCKS. This
experiment verified that MARCKS and L-PGDS interact with
each other in vitro. To determine the role of L-PGDS-MARCKS
interaction in cell migration, the migration-promoting activity
of L-PGDSwas tested inNIH3T3 fibroblast cells, whereMarcks
expression was knocked down using siRNA. The wound heal-
ing assay revealed that Marcks siRNA transfection diminished
the migration-inducing activity of the L-PGDS protein (Fig.
12A). The siRNA-mediated knockdown of Marcks expression
was confirmed byWestern blot analysis (Fig. 12B). TheMarcks
siRNA also inhibited the L-PGDS-induced phosphorylation of
AKT (Fig. 12C). Marcks knockdown, however, did not com-
pletely abolish either L-PGDS-induced cell migration or down-
stream signaling, indicating the existence ofMarcks-independent
pathways. Expression of the Marcks mRNA was detected in pri-
mary microglia and astrocyte cultures (supplemental Fig. S10). In
mixed glial cells, inhibitors of AKT, RhoA, and JNK attenuated
L-PGDS-induced cell migration, indicating that the AKT-RhoA-
JNK axis similarly governs L-PGDS-induced glial migration (Fig.
13A). The role ofMarcks in the L-PGDS-induced glial cell migra-
tion was again demonstrated using siRNA-mediated knockdown
(Fig. 13, B and C). Taken together, these results suggest that
L-PGDS may interact with MARCKS to induce cell migration
through AKT and JNK pathways.

FIGURE 10. L-PGDS induces astrocyte migration in vivo. At 48 h after intras-
triatal injection of the vehicle or L-PGDS protein (1 �l; 1 mg/ml), brain sections
were stained with anti-GFAP antibody. Asterisks indicate the injection sites
(inj.). Guide cannula was stereotaxically located in the intrastriatal region (dot-
ted line). Boxes indicate the 500 � 500-�m squares placed for cell counting.
Immunofluorescence analysis showed that the GFAP-positive cells were
recruited into the injection site following L-PGDS protein injection. A repre-
sentative microscopic image for each condition is shown (A). Values are the
mean � S.D. from three different animals and six independent sections per
animal (B). *, p � 0.05; between the treatments indicated. n.s. � not signifi-
cantly different. Scale bars, 500 �m.

FIGURE 11. Molecular interaction between L-PGDS and MARCKS. NIH3T3
cells were treated with buffer as a control or L-PGDS protein (1 �g/ml) for 24 h,
and cross-linked using 1% formaldehyde. Proteins cross-linked with L-PGDS were
immunoprecipitated followed by SDS-PAGE separation and silver staining (A).
Coimmunoprecipitated proteins with anti-L-PGDS antibody were identified by
LC-MS/MS. In a separate experiment, NIH3T3 fibroblast cells or mixed glial cells
treated with L-PGDS protein (100 ng/ml) were immunoprecipitated with anti-L-
PGDS antibody. Immunoprecipitates were run on a SDS-PAGE gel and analyzed
for the expression of MARCKS by Western blot analysis (B). �-Tubulin in input was
also detected as a control. Immunoprecipitation with recombinant protein
G-agarose alone without L-PGDS antibody was also used as a control, where no
specific band was detected (data not shown). The results are representative of
more than three independent experiments. WB, Western blot.
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DISCUSSION

Here, we report that L-PGDS may induce the phenotypic
changes of glia in reactive gliosis throughMARCKS/AKT/Rho/
JNK, but not PGD2 (Fig. 14). This is supported by several lines of
evidence: 1) L-PGDS stimulated glial cell migration and mor-
phological changes in vitro; 2) these effects were mediated by
AKT, RhoA, and JNK pathways and the focal adhesion mole-
cules, such as vinculin; 3) these effects were not attenuated by
PGD2 receptor antagonists, and the enzymatically inactive
mutant L-PGDS protein induced glial migration; 4) L-PGDS-
induced glial migration was confirmed in rodent brain; and 5)
L-PGDS interacted with MARCKS to induce cell migration,
and knockdown of MARCKS expression suppressed AKT/JNK
and cell migration.
Although L-PGDS is one of the most abundant proteins in

the cerebrospinal fluid, little is known about its role in the CNS.
Our results show that L-PGDS induces glial motility and mor-
phological changes, which are associated with reactive gliosis.
We further demonstrate that L-pgdsmRNA is expressed in glial
cells and neurons in culture, consistent with previous reports
(2, 3, 65–68). Thus, L-PGDS produced in the CNS may partic-
ipate in reactive gliosis by promoting glial cell migration and
morphological changes in an autocrine or paracrine manner.
Previously, L-PGDS was involved in peripheral inflammation.
The expression and secretion of L-PGDS increased under
inflammatory conditions inmacrophages (20). In the CNS, glial
cells often participate in inflammatory responses, and activated
glial cells have been identified in a broad spectrum of neuroin-
flammatory and neurodegenerative disorders including
Alzheimer disease (69), Parkinson disease (70), amyotrophic
lateral sclerosis (71), multiple sclerosis (72), and inherited pho-

toreceptor dystrophies (73). L-PGDS secreted under these
inflammatory conditions in the CNS may mediate the pheno-
typic changes associated with glial activation.
L-PGDS is not only a PGD2-producing enzyme, but also a

member of lipocalin family. Our results indicate that the cell
migration-promoting activity of L-PGDS does not depend on
PGD2 production. Several experiments based on PGD2 recep-
tor antagonists, PGD2 measurement, and the enzymatically
inactive mutant form of the L-PGDS protein (C65A) suggest that
L-PGDS may act on glia as a lipocalin-like ligand, rather than a
PGD2-producing enzyme. When cells were transfected with
L-pgds cDNA, theymayproducebothL-PGDSprotein andPGD2.
However, exogenously added L-PGDS protein can only exert its
effects through the cell surface events and ensuing intracellular
signaling pathways. These results suggest that extracellularly
secreted L-PGDSproteins present in the cerebrospinal fluidmod-
ulate glial phenotypes likemotility and shape as a secreted lipoca-
lin, which is independent of PGD2 production.

This study demonstrated the molecular interaction between
L-PGDS and MARCKS in NIH3T3 fibroblast cells and glial
cells. The physical interaction of these two proteins appeared to
induce cell migration via the AKT/JNK pathway. MARCKS is a
key PKC substrate thought to regulate cellular adhesion and
spreading, migration, proliferation, and fusion through its inter-
actionwith the cytoskeleton (74–76).MARCKS is localized to the
plasma membrane and is an actin filament cross-linking protein.
MARCKS phosphorylation and translocation are associated with
alterations in the actin cytoskeleton (77) andmay lead to changes
in cell motility (78). Recently, MARCKS-induced cell migration
was associated with the regulation of phospholipids and actin
cytoskeleton in vascular endothelium (79). These previous reports

FIGURE 12. L-PGDS promotes cell migration through MARCKS. NIH3T3 fibroblast cells were transfected with control siRNA or Marcks siRNA. After 48 h,
transfected cells were incubated with L-PGDS protein (100 ng/ml), and the wound healing assay was done to evaluate cell migration (A). A representative
microscopic image for each condition was shown (magnification �100) (upper). The quantification of the cell migration was done by measuring the degree of
wound closure (lower). The results are the mean � S.D. (n � 3). *, p � 0.05; between the treatments indicated. The efficiency of Marcks knockdown by siRNA was
confirmed by Western blot analysis (B). �-Tubulin was detected to confirm equal loading of the samples. Similarly, after siRNA transfection, L-PGDS protein-
treated cells were lysed, and p-AKT and AKT protein levels were measured by Western blot analysis (C). The results are representative of more than three
independent experiments.
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are in agreement with the cell migration-inducing effects of
MARCKS observed in the current study. Thus, L-PGDS may
either directly or indirectly interact with MARCKS in glia to
induce structural and functional changes in actin cytoskeleton,
thereby promoting glial motility.
In summary, we present evidence that L-PGDS promotes the

migration of microglia and astrocytes. Our results suggest that
the L-PGDS-induced cell migration may be associated with
augmented formation of actin stress fibers and focal adhesion,
which may be mediated through MARCKS/AKT/Rho/JNK

pathways. Furthermore, the cell migration-inducing effect of
L-PGDS on glial cells appears to be independent of PGD2. Our
findings in vitro were supported by animal studies, where
L-PGDS induced astrocyte recruitment into the injury site in
themouse brain. These results clearly establish an essential role
of L-PGDS as a cell migration inducer in the CNS. Further-
more, as cell migration plays a central role in embryonic devel-
opment, wound repair, inflammatory response, and tumor
metastasis (80–82), the effects of L-PGDS on cell migration
and morphology identified in this study may broaden our
understanding of these biological processes.
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