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The expression and function of psoriasin in the brain have been insufficiently characterized. Here, we show the induction of pso-
riasin expression in the central nervous system (CNS) after bacterial and viral stimulation. We used a pneumococcal meningitis
in vivo model that revealed S100A15 expression in astrocytes and meningeal cells. These results were confirmed by a cell-based
in vivo assay using primary rat glial and meningeal cell cultures. We investigated psoriasin expression in glial and meningeal
cells using polyinosinic-polycytidylic acid, a synthetic analog of double-stranded RNA that mimics viral infection. Furthermore,
previous results showed that antimicrobial peptides have not only bactericidal but also immunomodulatory functions. To test
this statement, we used recombinant psoriasin as a stimulus. Glial and meningeal cells were treated with recombinant psoriasin
at concentrations from 25 to 500 ng/ml. Treated microglia and meningeal cells showed phosphorylation of the extracellular sig-
nal-regulated kinase 1 (ERK1)/ERK2 (ERK1/2) signal transduction pathway. We demonstrated that this activation of ERK de-
pends on RAGE, the receptor for advanced glycation end products. Furthermore, microglia cells treated with recombinant pso-
riasin change their phenotype to an enlarged shape. In conclusion, our results indicate an occurrence of psoriasin in the brain.
An involvement of psoriasin as an antimicrobial protein that modulates the innate immune system after bacterial or viral stimu-
lation is possible.

Bacterial meningitis is a serious inflammatory disease of the
central nervous system (CNS) that is considered to be one of

the leading causes of infection-related death worldwide (1). Bac-
terial meningitis is characterized by an intense inflammatory re-
sponse of the meningeal cells and the subarachnoid space, and it
implies a breakdown of the blood-brain barrier (BBB) (2, 3). Glial
cells, e.g., astrocytes and microglia, are key regulators of the innate
immune response in the CNS. These cells are the primary re-
sponders to cellular stress and infection, which cause them to in-
duce, produce, and release molecular signals that initiate glial re-
sponses, leading to inflammation, neurodegeneration, and
apoptosis (4). Microglia cells are classified as specialized macro-
phages of the CNS because they release proinflammatory cyto-
kines and chemokines. A transformation of resting microglia to
reactive states in response to pathology has been previously re-
ported (5, 6). Astrocytes play a major role in inflammatory re-
sponse within the CNS, because they are also required for struc-
tural support and maintenance of the BBB (7). Meningeal cells as
well as glial cells respond to bacterial pathogens by secreting in-
flammatory mediators (8). These mediators include antimicrobial
peptides (AMP), which are a part of the innate immune system
and are involved in the first line of defense (9, 10). Previous studies
have suggested that AMPs play an important role in combating
bacterial infection of the CNS (11, 12). Brandenburg et al. (13)
have demonstrated that glial cells produce CRAMP, an AMP im-
portant in combating pathogens in the CNS. AMPs are also in-
volved in inflammation, wound healing, and angiogenesis as well
as in the regulation of the adaptive immune system and mainte-
nance of homeostasis (14). A diverse set of mammalian AMPs
have been described: defensins, cathelicidins, histatins, and neu-
roantimicrobial peptides such as proenkephalin and bombesin
(15, 16). But in recent years the S100 antimicrobial protein family

has received increasing scrutiny (17–19). Psoriasin (S100A7) is an
important member of the S100 family, which are EF-hand calci-
um-binding proteins (20). Psoriasin is upregulated in primary
keratinocytes (21) and is a major player in the local innate defense
of healthy skin against bacteria (22). Furthermore, it plays a role in
wound healing, a pathophysiological process associated with in-
flammation and involving its release by keratinocytes into wound
fluid. Psoriasin has been found to kill by sequestering trace ele-
ments, such as zinc, and by directly permeabilizing bacterial cell
membranes (23). Gene S100A15 (koebnerisin) in mice, also
known as the S100 calcium-binding protein A15 or A7A gene, is
closely related to its human ortholog (24). The sequence of
S100A15/koebnerisin is 95% identical with that of human psoria-
sin (25). Recently, expression of psoriasin not only in human skin
but also in the lung and on the ocular surface and as a marker of
cancerous tumorsin cancer has been described (26–28). Psoriasin
expression is known to increase after viral infection of human skin
or ocular surface (26, 29).

However, the antimicrobial activity and inducing effect of pso-
riasin in the CNS are still insufficiently understood. A recent study
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has found that psoriasin accumulates in the cerebrospinal fluid
(CSF) in the course of Alzheimer’s disease and in patients with
early mild cognitive impairment (18, 30), which supports the hy-
pothesis that psoriasin is associated with inflammatory processes
in the CNS.

Some, but not all, members of the S100 family are described as
ligands of the receptor for advanced glycation end products
(RAGE) (31). Shubbar et al. (32) have described psoriasin as in-
ducing cell proliferation in endothelial cells via RAGE, a member
of the immunoglobulin superfamily that is highly expressed in
and associated with inflammation-related disease (33). Within
this context, this study investigated the expression and antimicro-
bial activity of psoriasin and the orthologous psoriasin (S100A15)
in bacterial but also in viral infections of the CNS in rodents.

MATERIALS AND METHODS
CSF/serum sample preparation and psoriasin ELISA. Samples of human
cerebrospinal fluid (CSF) were provided by Oestern (Kiel, Germany).
Ethical approval was granted by the Ethics Committee of Schleswig Hol-
stein, Germany. CSF and serum samples were obtained from patients
suffering from bacterial meningitis, cytomegalovirus meningitis, and her-
pes simplex encephalitis and from control patients. The CSF and serum
samples were treated as described by Brandenburg et al. (13). The concen-
trations of psoriasin in the CSF and blood serum of patients with bacterial
meningitis and those of healthy controls were measured with the enzyme-
linked immunosorbent assay (ELISA) technique. An ELISA kit specific to
human psoriasin was purchased from CircuLex.

Pneumococcal meningitis model. The meningitis model was ap-
proved by the Animal Care and Experimentation Committee of the Can-
ton of Bern, Bern, Switzerland. The animal studies followed National
Institutes of Health guidelines for the performance of animal experi-
ments. An established rat model of pneumococcal meningitis was used
(3). Wistar rats were infected on postnatal day 11 by direct injection into
the cisterna magna of a saline solution containing a defined inoculum of
Streptococcus pneumoniae (serogroup 3). The animals were euthanized at
0, 12, or 24 h after infection. Uninfected control animals were injected
with sterile saline solution. To document the existence of meningitis, CSF
was obtained by puncturing the cisterna magna. For immunohistological
studies, the animals were sacrificed and injected with 4% paraformalde-
hyde–phosphate-buffered saline (PBS) via the left cardiac ventricle.

Fluorescence microscopy. Coronal brain sections, each 10 �m thick,
were cut on a cryostat and collected on Superfrost slides (Merck, Ger-
many). Slides were air-dried for 24 h and stored at �70°C. The sections
were fixed with 4% formalin and permeabilized with 0.1% Triton X–PBS
for 10 min at room temperature. Slices were incubated at 4°C with a pair
of antibodies. The following antibodies were used: anti-S100A15
(sc34076; Santa Cruz), anti-GFAP (anti-glial fibrillary acidic protein)
(ab10062; Abcam, Germany), anti-Thy-1 (anti-Thy-1 cell surface anti-
gen) (MCA47R; AbD Serotec), anti-Iba-1 (anti-ionized calcium-binding
adaptor molecule-1) (019-19741; Wako), and beta-actin (sc47778; Santa
Cruz). Finally, the slices were incubated with anti-goat Alexa 488
(A11055; Life Technologies), anti-mouse Cy3 (115165044; Dianova, Ger-
many), or anti-rabbit Cy3 (AP132C; Chemicon) for 1 h at room temper-
ature. Nuclear counterstaining was performed with diamidino-2-phe-
nylindole dihydrochloride (DAPI) (9542; Sigma, Germany). Cells were
digitally photographed using a Zeiss Axio Z1 imager (Zeiss, Germany).
Fluorescence images were analyzed and quantified using ImageJ, which
determined the area, integrated density, and mean gray value. To calculate
the fluorescence intensity, the corrected total cell fluorescence (CTCF)
was used, following this formula: CTCF � integrated density � (area of
selected cell � mean fluorescence of background readings). The ratio of
CTCF-treated cells to untreated cells was calculated. The microglia cell
area was calculated and analyzed as the ratio of the cell area of treated cells
to that of untreated cells.

Reagents. Bacterial supernatants were produced as described in detail
by Brandenburg et al. (34). In these experiments, bacterial supernatants of
Neisseria meningitidis (ATCC 13077), Pseudomonas aeruginosa (ATCC
11440), Streptococcus pneumoniae (ATCC 6303), and Staphylococcus au-
reus (ATCC 6538) were used, all at a dilution of 1:100. Lipopolysaccharide
(LPS) (L9516; Sigma-Aldrich) from Salmonella enterica serovar Typhi-
murium was subsequently stimulated at a concentration of 100 ng/ml.
Polyinosinic-poly(C) [poly(I·C)] (Invivogen) was used at a concentration
of 25 �g/ml (35). Psoriasin was recombinantly expressed as described by
Michalek et al. (23).

Cell culture. For one experiment (n � 1), a primary cell culture of 12
to 15 2-day-old Wistar rat pups was cultivated. Isolated cerebral cortices
and rostral mesencephali of the pups were stripped of the meninges. Cor-
tices and mesencephali were minced and dissociated enzymatically with
bovine pancreas trypsin (Sigma, Germany) in phosphate-buffered sa-
line–1 mg/ml DNase (Roche Molecular Biochemicals) for 30 min at 37°C
and crushed mechanically with scalpels. Astrocytes were cultivated in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum (FCS; Sigma, Germany) and 1% penicillin and streptomy-
cin (Sigma, Germany) according to McCarthy and Devellis (36). This
method achieves a nearly (�97%) pure culture of astrocytes. Microglia
were collected as free-floating cells from primary cultures of astrocytes
and cultivated as described by Slowik et al. (37). This procedure raised the
purity of the microglia preparation to �98%. To grow meningeal cells, pia
mater and arachnoid were carefully removed from the cortices of 2-day-
old Wistar rat pups. The tissue was dissociated, and the cells were plated
onto poly-L-lysin-coated culture flasks. Meningeal cells were cultivated in
DMEM supplemented with 10% FCS, 5% horse serum, and 1% penicillin
and streptomycin. Cell numbers and viability of astrocytes, microglia, and
meningeal cells were estimated by trypan blue exclusion. To test cell pu-
rity, cultures were stained with specific cell markers: for astrocytes, anti-
GFAP; for microglia, anti-Iba-1; and for meningeal cells, anti-Thy-1.

Stimulation with bacterial supernatants, LPS, poly(I·C) and recom-
binant psoriasin. Glial and meningeal cells were starved overnight by
adding FCS-free medium (Opti-MEM, Gibco, United Kingdom). The
cells were incubated for 0, 6, 12, or 24 h at 37°C.

HEK293 cells (American Type Culture Collection, Rockville, MD)
were cultivated in DMEM supplemented with 10% FCS and 1% penicillin
and streptomycin. The transfection and selection of HEK293 cells ex-
pressing FPRL1, hRAGE, or �RAGE were described previously (37, 38).
The pcDNA3.1-RAGE plasmid containing a neomycin resistance gene
was kindly provided by R. Donato (Perugia, Italy) (39). The insertion was
subcloned into a pcDNA3.1 expression vector containing a Zeocin resis-
tance gene (Invitrogen, Germany).

RNA isolation and real-time RT-PCR. Total RNA was isolated using
an MN kit (Macherey and Nagel, Germany). The quality of the RNA was
assessed with a NanoDrop ND-1000 spectrophotometer (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Absorbance ra-
tios of 1.8 to 2.0 for 260/280 or 260/230 nm indicated pure RNA samples.
RNA samples were reverse transcribed (RT) according to cDNA protocols
(Fermentas, Germany). The cDNA products were used immediately for
Sybr green (Applied Biosystems) real-time RT-PCR and RT-PCR. Real-
time RT-PCR was done using Step One Plus (Applied Biosystems) ac-
cording to the manufacturer’s protocol. The primer for S100A15 (Quan-
tiTec Primer) was manufactured by Qiagen. The housekeeping reference
primer was hypoxanthin-guanin-phosphoribosyltransferase (HPRT)
(forward primer, TCAGTCCCAGCGTCGTGATTAGTG; reverse primer,
CCTTCAGCACACAGAGGGCCAC; Eurofins MWG Operon, Ger-
many). The relative quantities of target gene expression and amplification
efficiencies were determined using a mathematical model previously de-
scribed by Pfaffl (40). Target gene expression was normalized to expres-
sion of the housekeeping reference genes for Sybr green real-time RT-
PCR. The experiments were performed in triplicate. The RT-PCR
procedure was performed as previously described in detail by Branden-
burg et al. (13). The S100A15 primer was also used for RT-PCR. As an
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internal control for the integrated cDNA, we used glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (forward primer, TCTACCCACGGCAA
GTTCAAC; reverse primer, TCTCGCTCCTGGAAGATGGT; Eurofins,
MWG Operon, Germany).

Western blotting. Cells were harvested in a lysis buffer (50 mM Tris
[pH 7.5], 100 mM NaCl, 5 mM EDTA, 1% Triton X, 2 mM sodium
orthovanadate, 2.5 mM sodium pyrophosphate, 1 mM phenylmethylsul-
fonyl fluoride). Proteins were detected with a bicinchoninic acid (BCA)
kit (Thermo Fisher Scientific). Proteins (5 �g) were resolved in SDS sam-
ple buffer, and a Western blotting procedure was performed. Membranes
were incubated overnight at 4°C with polyclonal primary antibodies
against phospho-extracellular signal-regulated kinase 1/2 (pERK1/2)
(sc7383; Santa Cruz) or ERK2 (sc1647; Santa Cruz) and detected with
peroxidase-labeled secondary antibodies. Antibody binding was detected
using enhanced chemiluminescence (Millipore, Germany). The density of
the bands was evaluated by Image J. The ratio of the protein to the corre-
sponding loading control bands (ERK2) was calculated. The experiments
were performed in triplicate.

CellTiter-Blue cell viability assay. A CellTiter-Blue assay (Promega,
Germany) was used to measure the viability of glial and meningeal cells
after treatment with recombinant psoriasin. The cells were seeded in 96-
well plates and starved overnight by adding FCS-free medium. The cells
were treated with various concentrations of recombinant psoriasin for 24
h. A CellTiter-Blue assay was used according to the manufacturer’s rec-
ommendations. Spectrophotometric evaluations were performed after 1,
2, and 4 h, and treated cells were compared with untreated cells. The
results are displayed in Fig. S1 in the supplemental material.

Statistical analysis. All measurements were performed at least in trip-
licate, and the values represent means � standard errors of the means
(SEM). The significance of the differences between test and control group
results was analyzed using Student’s t test procedures and analysis of vari-
ance (ANOVA), followed by Bonferroni’s multiple-comparison test. All
statistical data were analyzed using Graph Pad Prism 5.0 software.

RESULTS
Occurrence of psoriasin in the CSF of bacterial meningitis pa-
tients. A first set of experiments investigated the presence of pso-
riasin in human cerebrospinal fluid. To that end, the psoriasin
concentration in the CSF of patients suffering from bacterial men-
ingitis was analyzed using high-performance liquid chromatogra-
phy (HPLC) and ELISA techniques. Compared with the unin-
fected control psoriasin level of 3 ng/ml, we found much higher
(up to 25 ng/ml) psoriasin concentrations associated with bacte-
rial meningitis. To confirm these HPLC results, the concentration
of psoriasin protein in CSF was analyzed with a commercial ELISA
kit. The CSF of uninfected control patients showed a psoriasin
concentration of 2.5 ng/ml. After bacterial meningitis, the psoria-
sin concentration increased significantly to 32.1 � 5.6 ng/ml (Fig.
1). By comparison, CSF samples from patients who suffered from
viral meningitis showed no significantly increased psoriasin con-
centration, and neither were any significant psoriasin concentra-
tions detectable in blood serum samples.

S100A15 expression and cellular origin in an infant rat
model of pneumococcal meningitis. In the next step, an in vivo
model was used to analyze the induction and cellular origin of
S100A15 expression. S100A15 is the psoriasin ortholog found in
rodents (24). To examine whether glial cells or meningeal cells or
both are responsible for S100A15 expression, a pneumococcal
meningitis model was used in conjunction with a cell-specific
marker. To that end, juvenile rats were infected intracisternally
with Streptococcus pneumoniae and killed 12 or 24 h after infec-
tion, respectively. To examine the localization of S100A15 by dou-
ble-fluorescence microscopy, anti-GFAP, anti-Iba-1, and anti-

Thy-1 were used as cell-specific antibodies for astrocyte,
microglial, and meningeal cells, respectively (41–43). In unin-
fected rats, very little immunoreactivity to GFAP was measured,
and no immunoreactivity to S100A15 was measured (Fig. 2A).
Control brains showed very low levels of positive GFAP staining,
because GFAP is a specific marker for activated astrocytes. In con-
trast, a strong increase in S100A15 expression was detected 12 h
after infection with S. pneumoniae. We also observed colocaliza-
tion of S100A15 and GFAP in these coronal brain sections. At 24 h
after infection, coronal brain sections exhibited lower expression
of S100A15. The number of GFAP-positive cells strongly in-
creased 12 and 24 h after infection. In microglia cells, increased
S100A15 expression was not found. Much as in the case of astro-
cytes, a strong increase in S100A15 expression was detected in
meningeal cells 12 and 24 h after infection (Fig. 2C).

In vitro S100A15 protein expression in glial and meningeal
cells after bacterial or LPS stimulation. Next, an in vitro S100A15
protein expression experiment was performed to validate the pre-
vious in vivo findings. Primary rat astrocyte, microglia, and men-
ingeal cells were seeded on cover glasses and stimulated for 24 h
with the bacterial cell wall component lipopolysaccharide (LPS).
In addition to LPS, we used bacterial supernatants of the Gram-
negative bacteria Neisseria meningitidis and Pseudomonas aerugi-
nosa and supernatants of the Gram-positive bacteria Streptococcus
pneumoniae and Staphylococcus aureus. S100A15 expression was
monitored using fluorescence microscopy. As shown in Fig. 3A,
the astrocytes stimulated with N. meningitidis, S. pneumoniae, or
LPS exhibited increased S100A15 expression. In contrast, micro-
glia exhibited no increased S100A15 expression after bacterial
stimulation (Fig. 3B). Increased S100A15 expression in meningeal
cells was detectable for all bacterial supernatants and for LPS (Fig.
3C). To evaluate the increasing fluorescence, we calculated the
relative fluorescence intensity as the ratio of the respective fluo-
rescence intensities of the glial and meningeal cells compared to
that of the untreated controls. Significant increases in S100A15
expression in astrocytes were induced after treatment with N.
meningitidis (1.8- � 0.3-fold increase in fluorescence intensity), S.
pneumoniae (2.0 � 0.3), and LPS (2.4 � 0.2) (Fig. 3D). By the
same token, we found significantly increased induction of
S100A15 protein expression in meningeal cells after treatment

FIG 1 Increased psoriasin concentration in human cerebrospinal fluid from
patients suffering from bacterial meningitis. Immunoreactive psoriasin con-
centrations were measured in cerebrospinal fluid (CSF) and blood serum from
patients suffering from bacterial meningitis (bM) and viral meningitis (vM)
and from uninfected controls (c) using an ELISA technique. The experiment
was performed with five patients in triplicate. The graph represents means �
SEM. Statistical significance is marked as *** � P � 0.001 (ANOVA test fol-
lowed by Bonferroni’s multiple-comparison test).
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with N. meningitidis (1.8- � 0.2-fold increase in fluorescence in-
tensity), P. aeruginosa (1.9 � 0.1), S. pneumoniae (1.8 � 0.1), S.
aureus (2.2 � 0.2), and LPS (1.6 � 0.1) (Fig. 3F). In contrast to
astrocytes and meningeal cells, microglia did not show an increase
in S100A15 expression after bacterial or LPS treatment (Fig. 3E).

S100A15 mRNA expression in primary glial and meningeal
cells after stimulation with bacterial supernatants or LPS. Based
on the protein expression results of in vivo and in vitro experi-
ments, real-time RT-PCR was used to investigate the level of
S100A15 mRNA expression in glial and meningeal cells. The cells
were incubated with different bacterial supernatants or LPS for 6,
12, or 24 h. In astrocytes, S100A15 mRNA levels were elevated
after a treatment of 6 h (for N. meningitidis, a 9.8- � 1.2-fold
increase in the mRNA level; for S. pneumoniae, a 12.1- � 1.7-fold
increase; and for LPS, a 44.7- � 7.4-fold increase). Significantly
increased S100A15 mRNA levels were measured after 12 and 24 h
of treatment with LPS (5.7- � 0.6-fold and 6.8- � 0.6-fold, respec-
tively) (Fig. 4A). Compared with astrocytes, microglia did not
exhibit significantly increased S100A15 mRNA levels after treat-
ment with bacterial supernatants or LPS (Fig. 4B). As expected,
meningeal cells showed a significant increase in S100A15 mRNA
levels after 6 h of the respective treatments (for N. meningitidis,
19.9- � 4.2-fold; for P. aeruginosa, 14.2- � 4.5-fold; for S. pneu-
moniae, 6.2- � 1.4-fold; and for LPS, 70.7- � 3.0-fold) (Fig. 4C).
After 12 h of treatment, significant increases in S100A15 mRNA
levels were likewise observed for N. meningitidis (2.8- � 0.2-fold),
P. aeruginosa (3.3- � 0.4-fold), S. pneumoniae (3.1- � 0.2-fold),
and LPS (30.6- � 1.7-fold). After 24 h of treatment, the S100A15
mRNA level had declined (for LPS, 2.6- � 0.4-fold).

S100A15 m RNA expression in primary glial and meningeal
cells after stimulation with poly(I·C). Polyiosinic-polycytidylic
acid [poly(I·C)] was used to investigate the level of S100A15
mRNA expression after a viral infection. Poly(I·C) is a synthetic
analog of double-stranded RNA, a molecular pattern associated
with viral infection. Glial and meningeal cells were incubated with
25 �g/ml of poly(I·C) for 6, 12, or 24 h. Significant increases were
detected in S100A15 mRNA levels in astrocytes after treatments of
6 h (60.8- � 3.2-fold) and 12 h (37.9- � 2.4-fold) (Fig. 5A). Men-
ingeal cells also exhibited significant increases in S100A15 mRNA
expression after 6 h of treatment (66.6 � 3.4) and 12 h of treat-
ment (42.8 � 3.4) with poly(I·C) (Fig. 5C).

No significant S100A15 mRNA expression was observed in mi-
croglia cells after treatment with poly(I·C) (Fig. 5B).

Recombinant psoriasin induced ERK1/2 phosphorylation in
glial and meningeal cells. Our first results demonstrated an in-
duction of expression of S100A15 in astrocytes and meningeal
cells after bacterial meningitis or bacterial/viral stimulation. Be-
sides their antimicrobial activity, AMPs have immunomodulatory
functions (44). Hence, we studied the immunomodulatory effect
of psoriasin as a signal protein for glial and meningeal cells. Glial
cells and meningeal cells were stimulated with various concentra-
tions of recombinant psoriasin ranging from 25 to 500 ng/ml. To

FIG 2 S100A15 expression and colocalization in an infant rat model of pneu-
mococcal meningitis. Rat S100A15 expression in glial and meningeal cells was
detected through immunohistochemistry in the infant rat model of pneumo-
coccal meningitis. Juvenile rats were infected intracisternally with Streptococ-
cus pneumoniae and sacrificed after 0, 12, or 24 h. The uninfected controls were
injected with sterile saline. Coronal brain sections were fixed and immunola-
beled with specific antibodies and examined with double-fluorescence micros-
copy. (A) Coronal brain sections were immunolabeled using anti-S100A15

(green) and anti-GFAP (red) to identify astrocytes and with DAPI for nuclear
counterstaining (blue). (B) Coronal brain sections were immunolabeled using
anti-S100A15 (green) and anti-Iba-1 (red) to identify microglia and with
DAPI for nuclear counterstaining (blue). (C) Coronal brain sections were
immunolabeled using anti-S100A15 (green) and anti-Thy-1 (red) to identify
meningeal cells and with DAPI for nuclear counterstaining (blue). Coronal
brain sections of three animals in triplicate were examined. Scale bar � 20 �m.
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determine the cytotoxicity of recombinant psoriasin, we used a
cell viability assay which revealed that glia and meningeal cells
treated with recombinant psoriasin are viable cells (see Fig. S1 in
the supplemental material). First, the induction of the ERK (ex-
tracellular signal-related kinase) signal transduction pathway was
analyzed using Western blot analysis. The ERK1/2 signal trans-
duction pathway is involved in cell proliferation and differentia-
tion (45). Data from one of our three independent experiments
are displayed in Fig. 6C. The results from the Western blot analysis
were analyzed by densitometric quantification (Fig. 6D to F). As-
trocytes showed no increase of ERK1/2 phosphorylation after
treatment with psoriasin at the various concentrations (Fig. 6A
and D). In microglia, significant ERK1/2 phosphorylation (a
8.0- � 0.9-fold increase), caused by psoriasin treatment in the
range of 100 to 500 ng/ml, was observed (Fig. 6B and E). As shown
in Fig. 6C and F, psoriasin treatment at up to 100 ng/ml activated
the ERK1/2 signal transduction pathway in meningeal cells (re-
sulting in a 6.5- � 0.9-fold increase in ERK1/2 phosphorylation).

Treatment with recombinant psoriasin induced a phenotype
change in primary rat microglia. When activated, microglia rap-
idly change their phenotype and contribute to pathophysiological
situations, including inflammation, tissue remodeling, and neu-
rogenesis (46). We therefore tested the change in microglia phe-

notype after treatment with various concentrations of recombi-
nant psoriasin. Microglia were seeded on cover glasses and
stimulated with psoriasin concentrations of between 25 and 500
ng/ml for 24 h. To examine the morphology of the treated micro-
glia compared with untreated controls, we performed double-fluo-
rescence microscopy (Fig. 7A). Microglia seemed to be enlarged
after psoriasin treatment at 100 and 200 ng/ml. Subsequently, the
phenotype change was quantified by measuring and calculating
the microglial cell area (Fig. 7B). We calculated significantly larger
areas for microglia treated with 100 and 200 ng/ml of psoriasin
(2.1- � 0.1-fold and 1.6- � 0.1-fold increases in cell area) com-
pared to untreated cells. Treatment with 300 and 500 ng/ml of
psoriasin, respectively, showed no significant effect.

RAGE-mediated psoriasin-induced ERK1/2 phosphoryla-
tion in transfected HEK293 cells. Previous studies suggested that
the pattern recognition receptor (PRR) RAGE mediates the cellu-
lar effects of members of the S100 family (31). To confirm these
results, psoriasin-induced ERK1/2 phosphorylation was tested in
different HEK293 cells, including untransfected HEK293 cells,
HEK/FPRL1 cells (cells transfected with formyl-peptide-receptor-
like-1 [FPLR1]), HEK/RAGE cells (transfected with RAGE), and
HEK/�RAGE cells (the inactive RAGE receptor). HEK/�RAGE
cells served as a control. FPRL1 is a chemotactic G protein-cou-

FIG 3 In vitro S100A15 protein expression in rat glial and meningeal cells after bacterial stimulation. (A to C) Astrocytes (A), microglia cells (B), and meningeal
cells (C) were incubated with supernatants of Neisseria meningitis (Nm), Pseudomonas aeruginosa (Pa), Streptococcus pneumoniae (Sp), or Staphylococcus aureus
(Sa) or with lipopolysaccharide (LPS) for 24 h. After incubation, glial and meningeal cells were fixed and immunolabeled using anti-S100A15 antibody (green)
and DAPI for nuclear counterstaining (blue) and examined with double-fluorescence microscopy. Panels A to C show representative results from one of three
independent experiments. Scale bar � 20 �m for panels A and C; scale bar � 10 �m for panel B. (D to F) Fluorescence intensity was calculated as the ratio of
untreated control cells (c) to the treated astrocytes (D), microglia cells (E), and meningeal cells (F). The experiment was performed in triplicate. These results were
calculated from 20 separate cells. Statistical significance is marked as * � P � 0.05 and *** � P � 0.0005 (ANOVA test followed by Bonferroni’s multiple-
comparison test).
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pled receptor that recognizes pathogen-associated molecular pat-
terns (47). Our previous results showed that FPRL1 is involved in
bacterial meningitis (12), and we used it as a receptor control.
Additionally, we used transfected HEK�RAGE cells. This is a
transfected cell line with an inactive RAGE receptor. Untrans-
fected HEK293 cells, transfected HEK/FPRL1, HEK/RAGE cells,
and HEK/�RAGE cells were treated with various concentrations
of recombinant psoriasin for 5 min. The results of one of our three
independent Western blot experiments are shown in Fig. 8A to D.

The Western blot results were analyzed by densitometric quanti-
fication (Fig. 8E to H). In untransfected HEK293 cells, none of the
treatments led to an increase in ERK1/2 phosphorylation. HEK/
FPRL1 cells also showed no increase in ERK1/2 phosphorylation
after treatment with psoriasin (Fig. 8B and F). The HEK/RAGE
cell group was the only one to show a significant increase in
ERK1/2 phosphorylation, found after treatment with 300 and 500
ng/ml of psoriasin (2.2- � 0.2-fold and 2.6- � 0.2-fold increases in
ERK1/2 phosphorylation, respectively) (Fig. 8C and G). The con-

FIG 4 In vitro S100A15 mRNA expression in primary rat glial and meningeal cells after stimulation with bacterial supernatants or LPS. (A) Astrocytes; (B)
microglia cells; (C) meningeal cells. Primary cells were stimulated with Neisseria meningitis (Nm), Pseudomonas aeruginosa (Pa), Streptococcus pneumoniae (Sp),
or Staphylococcus aureus (Sa) or with lipopolysaccharide (LPS) for 6, 12, or 24 h. S100A15 mRNA expression was analyzed using SYBR green real-time RT-PCR,
and results were compared to untreated sample results (c). The housekeeping gene hypoxanthin-guanin-phosphoribosyltransferase (HPRT) was used as an
internal control. The experiment was performed with five animals in triplicate. Statistical significance is marked as * � P � 0.05, ** � P � 0.006, and *** � P �
0.0007 (representing the significance of the results of comparisons between control and corresponding bacterial supernatant or LPS determined using the t test).

FIG 5 In vitro S100A15 mRNA expression in primary rat glial and meningeal cells after stimulation with poly(I·C). (A) Astrocytes; (B) microglia cells; (C)
meningeal cells. Primary cells were stimulated with poly(I·C) for 6, 12, or 24 h. S100A15 mRNA expression was analyzed using SYBR green real-time RT-PCR,
and results were compared to the untreated sample results (c). The housekeeping gene hypoxanthin-guanin-phosphoribosyltransferase (HPRT) was used as an
internal control. The experiment was performed with five animals in triplicate. Statistical significance is marked as *** � P � 0.0001 [representing the
significance of the results of comparisons between control and poly(I·C) treatment determined using the t test].
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trol group using HEK/�RAGE cells showed no phosphorylation
of ERK (Fig. 8D and H). These results clearly show that the recep-
tor RAGE mediates the activity of psoriasin. In addition, the ex-
pression of RAGE in untreated glial and meningeal cells was mon-
itored by RT-PCR (see Fig. S2 in the supplemental material). We
were able to detect a RAGE cDNA amplification product in astro-
cytes that represented expression at a level that was weaker than
that in microglia or meningeal cells.

DISCUSSION

Astrocytes are likely the major contributor to bacterial or viral
responses within the CNS (7). They are heavily involved in the
development and integrity of the blood brain barrier.

Brandenburg et al. (13) have demonstrated that astrocytes ex-

press the rat cathelicidin rCRAMP, a homologue of human LL-37,
after bacterial treatment. In addition, recent studies have demon-
strated that defensins expressed in astrocytes are linked to antiviral
and or antimicrobial defense (15, 48, 49). One study suggested
that released AMPs may also modify the host inflammatory astro-
cyte response (50). In the present study, we found an increased
S100A15 mRNA level in astrocytes after bacterial and viral stimu-
lation. Our CSF samples showed no increased psoriasin level after
viral stimulation. Unfortunately, we did not know exactly when
the liquor samples were harvested. Liquor harvesting is highly
variable and is determined by the stage of the disease, so it is
possible that the CSF samples show a decreased psoriasin level.

In addition, our results demonstrated that S100A15 is induced
in meningeal cells after both bacterial and viral stimulation. Men-

FIG 6 Psoriasin-induced ERK1/2 phosphorylation in rat glial and meningeal cells. (A to C) For analysis of ERK1/2 phosphorylation, astrocytes (A), microglia
cells (B), and meningeal cells (C) were treated with recombinant psoriasin at concentrations ranging from 25 to 500 ng/�l or with LPS. Cells were lysed in buffer,
and 5 �g of protein was separated by SDS-PAGE followed by immunoblotting of ERK1/2. The results of a Western blot analysis of three independent experiments
are displayed. (D to F) The means � SD of the results of three independent experiments were evaluated by densitometric quantification. (D) Astrocytes; (E)
microglia cells; (F) meningeal cells. The ratio of the protein to the corresponding loading control bands (ERK2) was calculated. The experiment was performed
with eight animals in triplicate. Statistical significance is marked as * � P � 0.05, ** � P � 0.003, and *** � P � 0.0006 (ANOVA test followed by Bonferroni’s
multiple-comparison test).

FIG 7 Treatment with recombinant psoriasin induced a phenotype change in primary rat microglia. Microglia were incubated with recombinant psoriasin for
24 h. The concentrations of psoriasin ranged from 25 ng to 500 ng/ml. After incubation, microglia were fixed and immunolabeled using beta-actin antibody (red)
and DAPI for nuclear counterstaining (blue) and examined with double-fluorescence microscopy. (A) Representative results from one of three independent
experiments. Scale bar � 10 �m. (B) Cell area was measured and calculated as the ratio of untreated control cells (c) to treated cells. The experiment was
performed with 10 animals in triplicate. These results were calculated for 20 separate cells. Statistical significance is marked as * � P � 0.05 and *** � P � 0.0001
(ANOVA test followed by Bonferroni’s multiple-comparison test).
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ingeal cells treated with different bacterial components, including
Streptococcus pneumoniae or Neisseria meningitis, induce secretion
of various inflammatory mediators such as interleukin-1 (IL-1) or
interleukin-6 (IL-6) as well as of tumor necrosis factor alpha
(TNF-	) (8). Furthermore, meningeal cells exhibit an increase in
rCRAMP expression in vitro and in vivo after bacterial infection
(34). The study demonstrated that meningeal cells incubated with
bacterial or viral components exhibit antimicrobial activity (34).
This shows that meningeal cells have direct antibacterial activity
after inflammation, e.g., meningitis.

Interestingly, microglia show no increase in S100A15 expres-
sion after bacterial or viral treatment. Our previous findings dem-
onstrated that the level of rCRAMP is greatly increased in primary
rat microglial cells in an early phase after bacterial treatment (50).
Such early induction is consistent with their functioning in the
innate immune system, and this early AMP expression might ac-
tivate other brain or immune cells in the CNS to modulate the
immune response.

To confirm the hypothesis that psoriasin is involved in immu-
nomodulatory functions, we analyzed the ERK signal pathway. A
large variety of cellular activities, such as proliferation, cellular
differentiation, and cellular activation, have been shown to in-
volve ERK activation (45, 51). In neutrophils, psoriasin induces

phosphorylation of ERK1/2 (52). Our results reveal an activating
of ERK1/2 in microglia and meningeal cells after psoriasin treat-
ment.

In the presence of LPS and psoriasin, the phenotype of the
microglia cells is enlarged. Recent studies have reported that mi-
croglia rapidly change their phenotype and contribute to various
processes, including inflammation and neurogenesis (46). This
appearance of rod-shaped cells is a classic example of microglia
activation after a neurological infection (53). Block et al. reported
that microglia change their phenotype into an enlarged phagocy-
totic microglial subtype after a neurodegenerative disease (54).
For this reason, a treatment with LPS led to a change of phenotype
to a large, circular flat shape in microglia (55). Microglia activa-
tion implicated a release of cytokines such as TNF-	 and IL-1 (56).

Interestingly, our results show that microglia change their phe-
notype into a large, flat shape after treatment with LPS or psoria-
sin. We assume that treatment of microglia with psoriasin effects a
change in their phenotype into an active shape. Further studies
must determine the cytokine expression.

One previous study has shown that RAGE mediates cellular
effects in some members of the S100 family. RAGE is a member of
the immunoglobulin superfamily, is one of the pattern recogni-
tion receptors (PRR), and has a broad range of ligands (57). We

FIG 8 RAGE-mediated psoriasin-induced ERK1/2 phosphorylation in transfected HEK293 cells. (A to D) For analysis of ERK1/2 phosphorylation, untrans-
fected HEK293 cells (A), transfected HEK/hFPRL1 cells (B), HEK/RAGE cells (C), and HEK/� RAGE cells (D) were treated with recombinant psoriasin at
concentrations ranging from 100 to 500 ng/ml. Cells were lysed in buffer, and 5 �g of protein was separated by SDS-PAGE, followed by immunoblotting of
ERK1/2. The results of a Western blot analysis of three independent experiments are shown. (E to H) The means � SD of the results of three independent
experiments were evaluated by densitometric quantification. (E) HEK293 cells; (F) transfected HEK/hFPRL1 cells; (G) HEK/RAGE cells; (H) HEK/� RAGE cells.
The ratio of the protein to the corresponding loading control bands (ERK2) was calculated. The experiments were performed in triplicate. One representative
Western blot is shown. Statistical significance is marked as * � P � 0.05 and ** � P � 0.005 (ANOVA test followed by Bonferroni’s multiple-comparison test).
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demonstrated in this study that psoriasin is a ligand of RAGE. Its
binding to RAGE leads to phosphorylation of ERK1/2. In contrast,
the cell line transfected with an inactive RAGE receptor showed no
phosphorylation. Therefore, RAGE must mediate the psoriasin-
induced cellular effects in glial cells. These findings indicate that
psoriasin and its receptor, RAGE, probably play an important role
in the innate immune system in the CNS. RAGE transduces in-
flammatory responses and is involved in the pathogenesis of sev-
eral diseases, including neurodegeneration and inflammation
(58). Yan et al. (33) demonstrated that the S100-RAGE interaction
leads to an infiltration of the CNS by immune and inflammatory
cells. Further studies must clarify the importance of RAGE in the
course of infection (31, 59).

These results provide initial evidence that psoriasin/S100A15
may have a dual function in the brain in inflammatory situations
such as meningitis or viral infections. It may be that psoriasin is
involved as an antimicrobial protein that modulates the immune
system after a bacterial or viral infection.
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