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Orosomucoid (ORM) is an acute-phase protein that belongs to the immunocalin subfamily, a group of small-molecule-binding proteins
with immunomodulatory functions. Little is known about the role of ORM proteins in the CNS. The aim of the present study was to
investigate the brain expression of ORM and its role in neuroinflammation. Expression of Orm2, but not Orm1 or Orm3, was highly
induced in the mouse brain after systemic injection of lipopolysaccharide (LPS). Plasma levels of ORM2 were also significantly higher in
patients with cognitive impairment than in normal subjects. RT-PCR, Western blot, and immunofluorescence analyses revealed that
astrocytes are the major cellular sources of ORM2 in the inflamed mouse brain. Recombinant ORM2 protein treatment decreased
microglial production of proinflammatory mediators and reduced microglia-mediated neurotoxicity in vitro. LPS-induced microglial
activation, proinflammatory cytokines in hippocampus, and neuroinflammation-associated cognitive deficits also decreased as a result
of intracerebroventricular injection of recombinant ORM2 protein in vivo. Moreover, lentiviral shRNA-mediated Orm2 knockdown
enhanced LPS-induced proinflammatory cytokine gene expression and microglial activation in the hippocampus. Mechanistically,
ORM2 inhibited C-C chemokine ligand 4 (CCL4)-induced microglial migration and activation by blocking the interaction of CCL4 with
C-C chemokine receptor type 5. Together, the results from our cultured glial cells, mouse neuroinflammation model, and patient studies
suggest that ORM2 is a novel mediator of astrocyte–microglial interaction. We also report that ORM2 exerts anti-inflammatory effects by
modulating microglial activation and migration during brain inflammation. ORM2 can be exploited therapeutically for the treatment of
neuroinflammatory diseases.

Key words: astrocyte; CCR5; microglia; migration; neuroinflammation; Orm2

Introduction
Neuroinflammation is an essential component of the host response
to tissue injury or infection in the CNS. Therefore, it is essential that
its initiation and resolution are tightly controlled. Inadequate con-

trol of neuroinflammation can contribute to the pathogenesis of
neurodegenerative diseases and other CNS disorders, including
multiple sclerosis, stroke, traumatic brain injury, Parkinson’s dis-
ease, and Alzheimer’s disease (AD) (Akiyama et al., 2000; Morganti-
Kossmann et al., 2001; Lucas et al., 2006; Wang et al., 2007; Frischer
et al., 2009; Tufekci et al., 2012). Microglia, which are brain-resident
macrophages, play a central role in neuroinflammation by generat-Received Aug. 10, 2016; revised Jan. 24, 2017; accepted Feb. 3, 2017.
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Significance Statement

Neural cell interactions are important for brain physiology and pathology. Particularly, the interaction between non-neuronal
cells plays a central role in regulating brain inflammation, which is closely linked to many brain disorders. Here, we newly
identified orosomucoid-2 (ORM2) as an endogenous protein that mediates such non-neuronal glial cell interactions. Based on the
critical role of astrocyte-derived ORM2 in modulating microglia-mediated neuroinflammation, ORM2 can be exploited for the
diagnosis, prevention, or treatment of devastating brain disorders that have a strong neuroinflammatory component, such as
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, and multiple sclerosis.
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ing and releasing reactive oxygen species, cytokines, and growth
factors in response to neural injury (Hanisch and Kettenmann, 2007;
Kettenmann et al., 2011). Astrocytes, the most abundant cell type in
the CNS, become reactive in the presence of inflammatory stimuli,
changing both their protein expression and phenotype. For exam-
ple, enhanced expression of certain proteins, such as intermediate
filament proteins, cytokines, and chemokines, has been observed in
reactive astrocytes (Ridet et al., 1997). Interaction between activated
microglia and reactive astrocytes plays a pivotal role in shaping neu-
roinflammation. In previous studies, astrocytes have been shown to
influence microglial activation through secreted proteins. For exam-
ple, astrocyte-derived plasminogen activator inhibitor type-1
(PAI-1) regulates microglial migration and phagocytic activity (Jeon
et al., 2012). In relapsing-remitting multiple sclerosis, C-C chemo-
kine ligand 2 (CCL2) and C-X-C chemokine ligand 10 (CXCL10),
which are predominantly produced by reactive astrocytes, are major
activators of microglia (Tanuma et al., 2006; Claycomb et al., 2013).
Astrocyte-secreted factors also induce microglial expression of heme
oxygenase-1, preventing excessive neuroinflammation (Min et al.,
2006).

Orosomucoid-2 (ORM2), or � 1-acid glycoprotein, became
first known �100 years ago (Tokita and Schmid, 1963). It be-
longs to the immunocalin family, which is a lipocalin subfamily
with immunomodulatory functions (Fournier et al., 2000; Lögd-
berg and Wester, 2000). ORM2 is mostly synthesized by the liver
and is then secreted to plasma (Berger et al., 1977; Daveau et al.,
1994). The plasma concentration of ORM2 in mouse is 0.2– 0.4
mg/ml and increases 10- to 200-fold within 24 h in response to
various stressful stimuli, such as physical trauma and bacterial
infection (Petersen et al., 2004). It is thought that ORM2 func-
tions as an immunomodulator. For example, ORM2 reduces
lymphocyte proliferation and interleukin 2 (IL-2) secretion, in-
creases the secretion of IL-1ra, and inhibits chemotaxis and acti-
vation of neutrophils via unknown mechanisms (Elg et al., 1997).
ORM2 also regulates the macrophage-mediated inflammatory
response in adipose tissue (Lee et al., 2010). The expression and
function of ORM2 in brain are, however, poorly understood.

Here, we identify ORM2 as a novel mediator of astrocyte–
microglia interaction in the CNS. In vitro and in vivo studies
support that ORM2 derived from astrocytes controls microglia-
mediated neuroinflammation via its ability to bind and block the
function of C-C chemokine receptor 5 (CCR5).

Materials and Methods
Reagents
The following chemicals were obtained from Sigma-Aldrich: lipopoly-
saccharide (LPS) from Escherichia coli 0111:B4 ( prepared by phenolic
extraction and gel filtration chromatography) and �1-acid glycoprotein
(AGP or ORM2) from human plasma. Recombinant mouse interferon-�
(IFN-�) protein, maraviroc, and mouse CCL4 protein were purcha-
sed from R&D Systems. The bacterially expressed recombinant mouse
ORM2 protein was prepared as described previously (Lee et al., 2009).
Briefly, recombinant mouse ORM2 protein was expressed as a glutathi-
one S-transferase fusion protein in E. coli BL21. The protein was purified
using glutathione-Sepharose 4B beads (GE Healthcare).

Animals
C57BL/6 mice were supplied by Samtako Bio Korea. All animal experi-
ments were performed on adult male mice at 8 –10 weeks of age. Mice
were housed in the groups of three to five per cage under standard con-
dition and a 12 h light/dark cycle. All animal procedures were approved
by the Institutional Animal Care Committee of Kyungpook National
University and performed in accordance with the animal care guidelines
of National Institutes of Health. All efforts were made to minimize the
number of animals used and animal suffering.

Behavior tests
The sucrose preference tests were performed as described previously,
with mice having ad libitum access to both water and a sucrose solution
(Henry et al., 2008). The sucrose preference tests began after 2 d of
habituation. Two bottles, 1 filled with a 1% sucrose solution and 1 with
water, were replaced every 24 h for 3 d. Consumption was measured
daily and sucrose preference was expressed as follows: (� weight su-
crose)/(� weight sucrose � � weight water) � 100.

The Y-maze consisted of three arms (10 cm wide, 60 cm long, and 10
cm height) with a 120° angle between two adjacent arms. In this appara-
tus, the natural tendency of a mouse is to move from one arm of the maze
to another. During the test, mice were placed at the center of the maze
and the sequence of entries into the three arms was noted over a period of
3 min. Measured parameters were the total number of arm entries and
the spontaneous alternation score calculated as the number of alterna-
tions (i.e., entries in three different arms consecutively) divided by the
total possible number of alternations (i.e., total number of arm entries �
two) and multiplied by 100.

Cell culture
Established cell lines. BV-2 mouse microglial cells and HAPI rat microglial
cells were maintained in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 5% (v/v) heat-inactivated fetal bovine serum (FBS)
(Invitrogen) and gentamicin (50 �g/ml) (Lonza). RAW264.7 mouse
macrophage cells were maintained in DMEM supplemented with 10%
(v/v) FBS, 100 U/ml penicillin, and 100 �g/ml streptomycin (Invitro-
gen). Cells were maintained in a humidified atmosphere of 5% CO2 in an
incubator at 37°C.

Primary glial cultures. Neonatal astrocyte cultures and microglial cul-
tures were prepared from mixed glial cultures as described previously,
with minor modifications (McCarthy and de Vellis, 1980; Lee et al.,
2009). In brief, whole brains from 3-d-old C57BL/6 mice were chopped
and mechanically disrupted using a nylon mesh. The cells obtained were
seeded in culture flasks and grown at 37°C in a 5% CO2 atmosphere in
DMEM supplemented with 10% FBS, 100 U/ml penicillin, and 100
�g/ml streptomycin. Culture media were changed initially after 5 d and
then every 3 d. Cells were used after culture for 14 –21 d. Primary astro-
cytes were obtained by shaking mixed glial cultures at 250 rpm overnight.
Culture media were discarded and astrocytes were dissociated using
trypsin-EDTA (Invitrogen) and collected by centrifugation at 5000 � g
for 10 min. Primary astrocyte cultures were grown and maintained in
DMEM supplemented with 10% FBS and penicillin–streptomycin. Pri-
mary microglia were obtained by mild trypsinization from mixed glial
cultures. After in vitro culture for 14 –21 d in DMEM supplemented with
10% FBS, 100 U/ml penicillin, and 100 �g/ml streptomycin, mixed glial
cultures were incubated with a trypsin solution (0.25% trypsin, 1 mM

EDTA in Hank’s balanced salt solution) diluted 1:4 in PBS containing 1
mM CaCl2 for 30 – 60 min. This resulted in the detachment of the upper
layer of astrocytes in one piece, whereas microglia remained attached
to the bottom of the culture flask. The detached layer of astrocytes was
aspirated and the remaining microglia were used for experiments.

Primary cortical neuron cultures. Primary cultures of dissociated cere-
bral cortical neurons were prepared from embryonic day 20 mice, as
described previously (Ock et al., 2010; Lee et al., 2012b). Briefly, mouse
embryos were decapitated and brains were removed rapidly and placed in
a culture dish containing cold PBS. Cortices were isolated, transferred to
a culture dish containing 0.25% trypsin-EDTA in PBS for 30 min at
37°C, and washed twice in serum-free neurobasal medium (Invitro-
gen). Cortical tissue was dissociated mechanically by gentle pipetting
and the resulting dissociated cortical cells were seeded onto plates
coated with poly-D-lysine (Sigma-Aldrich) in neurobasal medium
containing 2 mM glutamine (Sigma-Aldrich), penicillin–streptomy-
cin, nerve growth factor (Invitrogen), N2 supplement (Invitrogen),
and B27 supplement (Invitrogen).

Microglia and neuron cocultures. For the cocultures of primary micro-
glia and primary cortical neurons, primary microglia were exposed to
ORM2 protein (1 �g/ml) for 2 h before LPS treatment for 8 h. Stimulated
microglia were then detached and added to primary neurons. The cocul-
tures of microglia and neurons were then incubated for 24 h. At the end
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of the cocultures, remaining cortical neurons were counted to assess
cell viability. Cortical neurons were labeled with CellTracker Green
5-chloromethylfluorescein diacetate (CMFDA) dye (Invitrogen) before
initiating the coculture.

Microglial conditioned media (MCM). To obtain MCM, primary mi-
croglia were stimulated with LPS for 6 h after pretreatment with recom-
binant ORM2 protein for 2 h. The cells were then washed with PBS and
cultured in fresh DMEM for an additional 24 h. Conditioned media were
collected and centrifuged to remove cellular debris. MCM were added to
primary neurons and then incubated for 24 h. The MTT assay was per-
formed to determine neuronal viability.

Traditional and real-time RT-PCR
Total RNA was extracted from cells cultured in six-well plates using
TRIzol reagent (Life Technologies) according to the manufacturer’s in-
structions. Reverse transcription was conducted using Superscript II (In-
vitrogen) and oligo(dT) primers. Traditional PCR amplification using
specific primer sets was performed at an annealing temperature of 55–
60°C over 25–30 cycles. PCR was performed using a C1000 Touch Ther-
mal Cycler (Bio-Rad). To analyze PCR products, 10 �l of each PCR was
electrophoresed on an agarose gel, which was then stained with ethidium
bromide and observed under ultraviolet light. Real-time PCR was per-
formed using the One-Step SYBR PrimeScript RT-PCR kit (Perfect Real
Time; Takara Bio), followed by detection using the ABI Prism 7000 Se-
quence Detection System (Applied Biosystems). Gapdh was used as the
internal control. The nucleotide sequences of the primers were based on
published cDNA sequences (Table 1).

Neuroinflammation model based on intraperitoneal LPS injection
A systemic injection of LPS was performed to evoke neuroinflammation
in mice, as described previously (Qin et al., 2007). Mice were adminis-
tered an intraperitoneal injection of vehicle or LPS (5 mg/kg). Animals in
the vehicle control group were administered the same volume of saline.
Animals were killed 24 or 48 h after injection under deep ether-induced
anesthesia.

Neuroinflammation model based on intracerebroventricular
LPS injection
Mice were anesthetized using an intraperitoneal injection of a mixture of
ketamine and Rompun (xylazine) (Bayer Pharma) at doses of 30 and 10
mg/kg, respectively, and secured in a stereotaxic instrument (Stoelting).
LPS (5 �g/mouse) was slowly injected (0.2 �l/min) using a 10 �l Ham-
ilton syringe into the lateral ventricle (anteroposterior, �0.02 mm; me-
diolateral, 1.0 mm; dorsoventral, �2.0 mm) 30 min after recombinant
ORM2 protein injection.

Western blot analysis
Cells were lysed in ice-cold RIPA lysis buffer (Thermo Scientific). Protein
concentration in cell lysates was determined using a Bradford protein
assay kit (Bio-Rad). An equal amount of protein (50 �g per sample) was
separated using 12% SDS PAGE and transferred to polyvinylidene fluo-
ride filter membranes (GE Healthcare). The membranes were blocked
using 5% skim milk and incubated sequentially with the following pri-
mary antibodies: goat monoclonal anti-�1-acid glycoprotein antibody
(R&D Systems); mouse anti-�-tubulin antibody (Sigma-Aldrich); and
the following horseradish peroxidase-conjugated secondary antibodies:
anti-goat IgG antibody (Santa Cruz Biotechnology) and anti-mouse
IgG antibody (Thermo Scientific), followed by ECL detection (Thermo
Scientific).

Immunohistochemistry
Mice were killed 24 – 48 h after LPS injection by inhalation of an overdose
of ether. Mice were subjected to intracardiac perfusion–fixation using
0.9% NaCl and 4% paraformaldehyde (PFA) dissolved in 0.1 M PBS, pH
7.4. Isolated brains were immersion-fixed in 4% PFA for 72 h. For cryo-
protection, the brains were incubated in 30% sucrose diluted in 0.1 M PBS
for 72 h, embedded in optimal cutting temperature compound (Tissue-
Tek; Sakura Finetek), and cut into 20-�m-thick coronal or sagittal sec-
tions. The sections were permeabilized in 0.1% Triton X-100 and
blocked using 1% bovine serum albumin and 5% normal donkey serum
for 1 h at room temperature. Brain sections were incubated with the
following primary antibodies: rabbit anti-glial fibrillary acidic protein
(GFAP) antibody (1:500 dilution; DakoCytomation), rabbit polyclonal
anti-Iba-1 antibody (1:500 dilution; Wako), mouse anti-inducible nitric
oxide (NO) synthase (iNOS) antibody (1:200 dilution; BD Transduction
Laboratories) at 4°C overnight, followed by incubation for 1 h at room
temperature with secondary antibodies (FITC-conjugated donkey anti-
rabbit IgG antibody and Cy3-conjugated donkey anti-mouse IgG anti-
body; Jackson ImmunoResearch Laboratories). Sections were then
mounted and counterstained using gelatin-containing 4�,6-diamidino-
2-phenylindole (DAPI). Tiled images of each section were captured using
a CCD color video camera (Ximea) through a 100� objective lens at-
tached to a microscope (Leica Microsystems). Photomicrographs from
three randomly chosen fields were obtained and the number of microglia
or astrocytes was counted in the unit area (in square millimeters). To
count activated microglia, at least three microscopic images were selected
in hippocampus. Iba-1 intensity was analyzed with ImageJ software. The
image was set with a binary threshold of 50% of the background level
and then the particles were converted to a subthreshold image area
with a size of 50 – 600 pixels, which was judged as the Iba-1-positive
activated microglia.

Production of ORM2 shRNA lentivirus
For gene silencing in vivo, the validated mouse Orm2 shRNA sequence
was cloned into the lentiviral pSicoR vector using XhoI/XbaI sites and
high-titer lentiviral vectors were produced by the Korea Institute of Sci-
ence and Technology virus facility (Seoul, Korea). Briefly, the lentiviral
vectors were produced by cotransfecting the 293FT packaging cell line
with the pSicoR vector and the ViraPower lentiviral packaging mix
(Invitrogen). The supernatants were collected and concentrated by
ultracentrifugation.

Intracerebroventricular delivery of ORM2 protein and Orm2
shRNA lentivirus
Mice were anesthetized using an intraperitoneal injection of a mixture of
ketamine and Rompun (xylazine) (Bayer Pharma) at doses of 30 and 10

Table 1. DNA sequences of the primers used for RT-PCR and real-time PCR

Mouse
cDNAs

RT-PCR
methods Primer sequences

GenBank
accession no.

Il1b Traditional Forward, 5�-GCA ACT GTT CCT GAA CTC-3� NM_008361
Reverse, 5�-CTC GGA GCC TGT AGT GCA-3�

Il1b Real-time Forward, 5�-AGT TGC CTT CTT GGG ACT GA-3� NM_008361
Reverse, 5�-TCC ACG ATT TCC CAG AGA AC-3�

Nos2 Traditional Forward, 5�-CCC TTC CGA AGT TTC TGG CAG CAG C-3� NM_010927
Reverse, 5�-GGC TGT CAG AGC CTC GTG GCT TTG G-3�

Nos2 Real-time Forward, 5�-GCC ACC AAC AAT GGC AAC A-3� NM_010927
Reverse, 5�-CGT ACC GGA TGA GCT GTG AAT T-3�

Tnf Traditional Forward, 5�-CAT CTT CTC AAA ATT CGA GTG ACA A-3� NM_013693
Reverse, 5�-ACT TGG GCA GAT TGA CCT CAG-3�

Tnf Real-time Forward, 5�-ATG GCC TCC CTC TCA GTT C-3� NM_013693
Reverse, 5�-TTG GTG GTT TGC TAC GAC GTG-3�

Ccl4 Traditional and
real-time

Forward, 5�-GCC CTC TCT CTC CTC TTG CT-3� NM_013652
Reverse, 5�-GTC TGC CTC TTT TGG TCA GG-3�

Orm1 Traditional Forward, 5�-GCT GCA CAC GGT TCT TAT CA-3� NM_008768
Reverse, 5�-CCT CAG CAC TAT AAG GTG GGC-3�

Orm2 Traditional and
real-time

Forward, 5�-TTG TCA TGG TGA GCC TCC TG-3� NM_011016
Reverse, 5�-ATG AAG GCC CCA TGC ATC TT-3�

Orm3 Traditional Forward, 5�-AGA AGT AGA AAC CCT TCT CCA CC-3� NM_013623
Reverse, 5�-AAA GTG CAC AGG ATG GGG TA-3�

Il6 Traditional Forward, 5�-CGG CCT TCC CTA CTT CAC AA-3� NM_031168
Reverse, 5�-TAA CGC ACT AGG TTT GCC GA-3�

Il6 Real-time Forward, 5�-AGT TGC CTT CTT GGG ACT GA-3� NM_031168
Reverse, 5�-TCC ACG ATT TCC CAG AGA AC-3�

Gapdh Traditional Forward, 5�-ACC ACA GTC CAT GCC ATC AC-3� NM_008084
Reverse, 5�-TCC ACC ACC CTG TTG CTG TA-3�

Gapdh Real-time Forward, 5�-TGG GCT ACA CTG AGC ACC AG-3� NM_008084
Reverse, 5�-GGG TGT CGC TGT TGA AGT CA-3�
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mg/kg, respectively, and secured in a stereotaxic instrument (Stoelting).
Purified recombinant mouse ORM2 protein or Orm2 shRNA lentivirus
was slowly injected (0.2 �l/min) using a 10 �l Hamilton syringe into the
lateral ventricle (anteroposterior, �0.02 mm; mediolateral, 1.0 mm; dor-
soventral, �2.0 mm) 30 min or 4 d before LPS injection.

Nitrite quantification
Cells were treated with stimuli in 96-well plates, and nitrite (NO2

�) in the
medium was measured to assess NO production levels using the Griess
reaction, as described previously (Lee et al., 2009). Fifty microliters of
sample aliquots were mixed with 50 �l of Griess reagent (1% sulfanil-
amide/0.1% naphthylethylene diamine dihydrochloride/2% pho-
sphoric acid) in a 96-well plate. Absorbance at 550 nm was measured on
a microplate reader. NaNO2 was used as the standard to calculate NO2

concentrations.

Assessment of cell viability using an MTT assay
Primary cell cultures or BV-2 microglial cells were treated with various
stimuli for specific times. After treatment, media were removed, and
MTT (0.5 mg/ml; Sigma-Aldrich) was added and incubated at 37°C for
3 h in a 5% CO2 incubator. Insoluble formazan crystals were completely
dissolved in dimethyl sulfoxide, and absorbance at 570 nm was measured
using a microplate reader.

In vitro cell migration assay
Cell migration was determined in a 24-well Boyden chamber (NeuroProbe)
according to the manufacturer’s instructions (Lee et al., 2011). BV-2 micro-
glial cells (3 � 104 cells per well) were added to the upper chamber, which
was separated from the bottom wells by polyvinylpyrrolidone-free polycar-
bonate filters (8 �m pore size; 25 � 80 mm; BD Falcon). Cells were treated
with recombinant ORM2 protein (1 �g/ml) or maraviroc (CCR5 antago-
nist) (200 ng/ml) in the presence or absence of recombinant CCL4 protein
(R&D Systems) in the bottom wells for indicated time periods. At the end of
the incubation, nonmigrating cells on the upper side of the membrane were
removed with a cotton swab. Migrated cells on the lower side of the mem-
brane were fixed with 4% formaldehyde for 10 min and stained with Mayer’s
hematoxylin (DakoCytomation) for 20 min. Photomicrographs from five
randomly chosen fields were obtained (CK2; Olympus) and cells were enu-
merated to calculate the average number of cells that had migrated. All mi-
grated cells were counted and the results were presented as the mean � SD of
triplicates.

Stab wound injury and intracortical injection of recombinant
ORM2 protein
Mice were anesthetized using inhaled isoflurane (3%) and placed in a
stereotaxic device. A stab wound injury was made using a needle (30 G)
injection. Recombinant ORM2 protein (1.25 mg/ml), denatured ORM2
protein (1.25 mg/ml) boiled for 10 min at 100°C, or PBS were stereotaxi-
cally injected (flow rate, 0.1 �l/min) in a volume of 0.5 �l into the
prefrontal cortical area (anteroposterior, �2.5 mm; mediolateral, 1.5
mm; dorsoventral, �1.0 mm) through small craniotomies. The skin was
sutured after mounting the burr hole using sterile Bone-wax (Ethicon).
To assess microglial proliferation, bromodeoxyuridine (BrdU, 200 mg/
kg) was injected intraperitoneally after the surgery 3 times every 6 h. The
mice were killed 24 h after stab injury. Brain tissues were processed for
immunohistochemistry with anti-Iba-1 (DakoCytomation) and anti-
BrdU antibodies (Serotec). Data acquisition and immunohistological
intensity measurements were performed using ImageJ, as described pre-
viously (Lee et al., 2012a). In brief, tiled images of each section were
captured using a CCD color video camera (Ximea). A composite of the
images was then constructed for each section using Adobe Photoshop
CS3 version. The images were binary thresholded at 50% of the back-
ground level and the particles were then converted to a subthreshold
image. Areas smaller than 300 pixels and larger than 5 pixels were judged
to be Iba-1-positive cells. The quantification of Iba-1-positive microglial
cells around the needle injection site was performed using an adapted
version of Sholl analysis, as described previously, with slight modifica-
tions (Frautschy et al., 1998). Briefly, the number of Iba-1-positive mi-
croglial cells was counted in concentric circles starting from the center of
the injury site with a radius step size set at 200 �m. The final radius was

set where the cell density reached the normal distribution of Iba-1-
positive cells. Proliferating microglial cells were identified by merging
Iba-1 staining with BrdU staining.

ORM2 ELISA
Participants were recruited from patients who visited the Dementia
Clinic of Kyungpook National University Hospital (Daegu, South Korea)
as described previously (Choi et al., 2011). All of the participants’ char-
acteristics are summarized in Table 2. ORM2 levels in plasma samples of
the participants were measured using a commercially available Sandwich
ELISA Duo-set (R&D Systems). The assays were run in 96-well plates
(Corning) using 100 �l of plasma (1:10 6 dilution) per the manufacturer’s
instructions. Human recombinant ORM2 protein was used as standard
at concentrations ranging from 15.6 to 1000 pg/ml.

Statistical analyses
Statistical comparisons between different treatments were performed
using either a Student’s t test or a one-way ANOVA with Dunnett’s
multiple-comparisons test using SPSS (version 14.0K) and Pad Prism
(version 5.01) (GraphPad). Differences with p-values 	0.05 were con-
sidered to be statistically significant.

Results
Induction of ORM2 expression in brain after
inflammatory stimulation
To determine whether the expression of Orm is regulated during
neuroinflammation, we examined the mRNA expressions of
three isoforms of Orm in the brain after an intraperitoneal injec-
tion of LPS. Among the three isoforms, Orm2, but not Orm1 or
Orm3, expression was strongly induced in the brain 24 h after
LPS injection. As shown in Figure 1A, none of the three isoforms
was detected in normal brain tissue. However, Orm2 expression
levels were higher in LPS-injected brain tissue. Brain mRNA anal-
ysis revealed that Orm2 expression was induced 12 h after LPS
intraperitoneal injection and peaked 24 h after injection (Fig.
1B). Expression of proinflammatory cytokines, such as IL-1� and
IL-6, peaked early (2 h) after LPS injection compared with the
expression of Orm2 (Fig. 1B). In addition, the mRNA levels of
Orm2 were highly increased at 24 h after LPS injection in the
hippocampus, in contrast to other brain regions. Measurements
of Orm2 mRNA levels in individual brain regions were done at
24 h after LPS injection (Fig. 1C) because the Orm2 mRNA levels
in whole brain peaked at 24 h after LPS injection (Fig. 1B). LPS-
induced increases in Orm2 were also observed (24 and 48 h) at
the protein level in the hippocampus as determined by Western
blot analysis (Fig. 1D). Next, we investigated which cell types
express Orm2 in brain tissue using immunofluorescence analysis.
In hippocampal tissue sections, ORM2 colocalized with GFAP-
positive astrocytes, but not neurons or microglia. In addition, the
astrocytic expression of ORM2 increased at 24 h after LPS injec-
tion (Fig. 1E). Next, we confirmed the astrocytic expression of
ORM2 using cultured cells. A noticeable increase in Orm2
mRNA expression was observed in primary astrocytes treated
with LPS or LPS/IFN-� for 6 or 24 h, but not in primary microglia

Table 2. Patient demographics and clinical characteristics

Normal (n 
 22) MCI (n 
 28) AD (n 
 33)

Gender (M/F) 10/12 15/13 9/24
Age (years) 65.14 � 6.94 70.44 � 7.04* 71.44 � 8.25**
MMSE score 28.75 � 1.89 25.37 � 2.68 15.77 � 5.25***
CDR score 0.25 � 0.29 0.50 � 0.01 1.29 � 0.64***
Education (years) 10.75 � 2.50 8.83 � 5.22 3.31 � 3.64**
BMI 24.77 � 4.19 22.56 � 2.94 23.79 � 3.05

Values are mean � SD. *p 	 0.05, **p 	 0.001, *** p 	 0.0001 versus normal subjects.

MMSE, Mini-mental state examination; CDR, clinical dementia rate; BMI, body mass index.
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or primary neurons after LPS or LPS/IFN-� stimulation (Fig. 1F,
left). Protein levels of ORM2 were also increased in primary as-
trocytes at 24 h after inflammatory stimulation (Fig. 1F, right).
ORM2 protein was not detected in primary microglia or neuron
cultures (Fig. 1F, right). The results indicate that ORM2 is mainly
expressed in astrocytes and suggest that ORM2 may participate in
the intermediate or late phase of neuroinflammation.

Effect of recombinant ORM2 protein on microglial cells
in culture
To determine the role of Orm2 in neuroinflammation, we first
investigated the effect of ORM2 protein on inflammatory activa-
tion of microglia and astrocytes in culture. NO production and
proinflammatory cytokine expression were evaluated in cultured
glial cells exposed to LPS and E. coli-derived recombinant mouse

Figure 1. Induction of Orm2 and proinflammatory cytokine gene expression in the brain after inflammatory stimuli. A, After male C57BL/6 mice were injected intraperitoneally with LPS (5
mg/kg) or saline (control), they were killed at the indicated time points. Relative mRNA expressions of Orm1–3 in whole brain 24 h after LPS injection were determined by RT-PCR. B, Relative mRNA
expressions of Orm2 and proinflammatory cytokines and chemokines (IL-1�, IL-6, CCL4) 0, 2, 6, 12, 24, 48, and 72 h after LPS injection were determined by RT-PCR. Each lane indicates an individual
animal. Graphs represent quantitative analysis of gel images normalized to Gapdh. The results are presented as mean�SD (n
2–3), *p	0.05 versus control (Student’s t test). C, Orm2 expression
in different brain regions was also determined by RT-PCR 24 h after LPS injection. Each lane indicates an individual animal. D, Western blot analysis indicated upregulation of ORM2 protein expression
24 or 48 h after inflammatory stimulation in the hippocampus. An arrow indicates ORM2 protein band. E, Immunofluorescence staining revealed that Orm2 expression (green) was induced in the
hippocampus 24 h after LPS injection. Double-immunofluorescence staining for ORM2 and GFAP (astrocyte marker), NeuN (neuron marker), or Iba-1 (microglia marker) shows the localization of
ORM2 in astrocytes of hippocampus 24 h after LPS injection. Nuclei were stained with DAPI (blue). Scale bar, 50 �m. F, Primary glial cultures and primary neurons were treated with LPS (100 ng/ml)
or LPS (100 ng/ml) plus IFN-� (50 U/ml) for 6 or 24 h and total RNA was isolated for Orm2 mRNA expression measurements (left). Western blot analyses showed the upregulated expression of ORM2
protein after inflammatory stimulation in primary astrocytes, but not primary neurons or microglial cultures (right). *p 	 0.05 versus control (Student’s t test).
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ORM2 protein. Cotreatment of BV-2 microglial cells with ORM2
and LPS significantly decreased LPS-induced NO production
(Fig. 2A). Denatured ORM2 protein, however, had no effect.
Pretreatment (2 h) of microglial cells with ORM2 led to greater
inhibitory effects on NO production than cotreatment. The in-

hibitory effects of ORM2 pretreatment were observed even after
washing before LPS treatment, indicating that ORM2 influences
microglial activation without directly binding to LPS. This is in
contrast to previous reports that ORM2 blocks toll-like receptor 4
(TLR4) signaling by binding to the lipid A region of LPS (Moore

Figure 2. Effect of recombinant ORM2 protein on glial activation in culture. A, BV-2 microglial cells were subjected to pretreatment, cotreatment, or after treatment with E. coli-derived
recombinant mouse ORM2 protein (1 �g/ml). Effects of recombinant mouse ORM2 protein treatment on LPS (100 ng/ml)-induced NO production and cell viability in BV-2 microglial cells were
determined using the Griess assay and the MTT assay, respectively. Den. ORM2, Denatured ORM2 protein; ORM2 � LPS 
 cotreatment; ORM2 ¡ LPS 
 ORM2 pretreatment; LPS ¡ ORM2 

ORM2 posttreatment. B, C, Primary mouse microglia (B) and astrocyte cultures (C) were treated with LPS (100 ng/ml) or LPS plus IFN-� (50 U/ml) in the absence or presence of ORM2 protein
(1 �g/ml) for 24 h and NO production and cell viability were similarly assessed. D–E, HAPI rat microglial cells (D) and RAW 264.7 mouse macrophage cells (E) were treated with LPS or TNF-� (100
ng/ml) or LPS plus IFN-� (50 U/ml) in the absence or presence of ORM2 protein for 24 h and NO production and cell viability were analyzed. F, BV-2 microglial cells were treated with LPS (100 ng/ml)
in the absence or presence of human ORM protein (1 �g/ml) (hORM, pretreatment or cotreatment) for 24 h. After the treatment, a Griess assay and an MTT assay were performed. G, Alternatively,
relative mRNA expressions of proinflammatory cytokines (IL-1�, IL-6) and iNOS were determined after LPS and mouse ORM2 protein treatment for 6 h in BV-2 microglial cells using real-time PCR.
The results are presented as mean � SD (n 
 3). #p 	 0.05 versus control group; *p 	 0.05, **p 	 0.01 versus LPS-treated group; †p 	 0.05 versus TNF-�-treated group; ‡p 	 0.05 versus LPS
plus IFN-�-treated group (one-way ANOVA). NS, Not significant.
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et al., 1997; Huang et al., 2012). Posttreat-
ment (2 h) of microglial cells with ORM2
led to inhibitory effects similar to cotreat-
ment. The NO-inhibitory effect of ORM2
pretreatment was further confirmed using
primary microglial cultures (Fig. 2B).
However, no significant reduction of LPS-
or LPS/IFN-�-induced NO production
was observed in primary astrocytes (Fig.
2C). Another microglial cell line, HAPI,
displayed a reduction in LPS- and TNF-�-
induced NO production after ORM2
treatment (Fig. 2D). RAW264.7 macro-
phage cells showed a similar response
(Fig. 2E). We further assessed the effect of
ORM2 on microglial cells (BV-2 micro-
glial cells, HAPI microglia cells, and
primary microglia) after LPS/IFN-� treat-
ment. ORM2 did not have a significant
effect on LPS/IFN-�-induced NO pro-
duction in these cell types (data not
shown). These results indicate that
astrocyte-derived ORM2 inhibits inflam-
matory activation of microglia and mac-
rophages, but not astrocytes.

Because ORM2 is a highly glycosylated
protein, its glycosylation might be impor-
tant for its functions (Bories et al., 1990;
Higai et al., 2005). In the next experiment,
we tested the effects of glycosylated ORM2
protein purified from human plasma. The
glycosylated human ORM2 protein ex-
erted similar inhibitory effects on micro-
glial NO production to nonglycosylated
mouse recombinant ORM2 protein de-
rived from E. coli (Fig. 2F), suggesting that
the ORM2 effects seen in this study are
independent of glycosylation. None of the
conditions tested above affected cell via-
bility, excluding the possibility that the re-
duction in microglia or macrophage NO
production is due to the cytotoxicity of
ORM2 protein (Fig. 2A–F).

In the next set of experiments, the effects of ORM2 protein on
microglial expression of proinflammatory genes and neurotoxic-
ity were evaluated. Pretreatment of BV-2 microglial cells with
recombinant ORM2 protein decreased the LPS-induced expres-
sion of proinflammatory cytokines (IL-1� and IL-6) and iNOS in
BV-2 microglial cells, as determined by RT-PCR (Fig. 2G). Be-
cause excessively activated microglia can be toxic to neighboring
neurons by releasing neurotoxic molecules, such as proinflam-
matory cytokines and NO (Stoll and Jander, 1999), we investi-
gated the potential protective effects of ORM2 against microglial
neurotoxicity in a microglia/neuron coculture (Fig. 3A). In the
coculture of primary microglia and CMFDA-labeled primary
cortical neurons, ORM2 pretreatment for 2 h attenuated LPS-
stimulated microglial toxicity toward cortical neurons. MCM
were also toxic to cortical neurons and pretreatment of microglia
with recombinant ORM2 protein reduced MCM neurotoxicity
(Fig. 3B). Conversely, ORM2 did not protect neurons against the
direct toxicity of H2O2 (Fig. 3C). These results suggest that ORM2
might exert neuroprotective effects by suppressing proinflamma-
tory microglial activation.

Effect of ORM2 on LPS-induced neuroinflammation in vivo
Glial activation is one of the main events in neuroinflammation.
To determine the role of ORM2 during the inflammatory re-
sponse in the brain, we used an LPS-induced neuroinflammation
model. After intraperitoneal injection of LPS, we compared glial
activation in brain by immunohistochemistry in recombinant
ORM2 protein-injected mice (intracerebroventricular) and
saline-injected animals (Fig. 4A). First of all, we assessed the effect
of exogenous ORM2 protein on mRNA levels of IL-1� and IL-6 at
2 h after LPS injection, a peak time point of induction (Fig. 4B).
LPS-induced expression of these cytokines was substantially less-
ened in hippocampus of ORM2 protein-injected mice at 2 h after
LPS injection. Administration of ORM2 protein suppressed LPS-
induced microglial activation in the hippocampus (left) and the
cortex (right) because the numbers of activated microglia were
reduced in these regions 24 h after LPS intraperitoneal injection
(Fig. 4C). However, astrocyte activation was not significantly af-
fected by ORM2 protein administration (Fig. 4D). In this study,
microglial activation was assessed by counting Iba-1-positive
cells; however, this method does not exclude the possibility of

Figure 3. Effect of ORM2 protein on microglial neurotoxicity. A, To perform the microglia and neuron coculture, primary
microglia were pretreated with ORM2 for 2 h and the culture media were replaced with fresh media containing LPS (100 ng/ml).
After 8 h, microglia were detached and added to CMFDA-labeled primary cortical neurons and cultures for 24 h. At the end of the
coculture, images of CMFDA-positive neurons were obtained using a fluorescence microscope. A, Left, Microscopic images at the
end of the coculture are shown. A, Right, Results of neuronal cell viability (viable cell numbers) were expressed as a percentage of
control. Results are expressed as mean � SD (n 
 3). #p 	 0.05 versus control group; *p 	 0.05 versus LPS-treated group
(one-way ANOVA). B, Primary microglia were pretreated with ORM2 for 2 h and the culture media were replaced with fresh media
containing LPS (100 ng/ml). After 6 h of incubation, culture media containing LPS were replaced with fresh media and further
incubated for 24 h, followed by collection of microglial conditioned media. Primary cortical neurons were exposed to microglial
conditioned media for 24 h. MTT assay was performed to determine the neuronal viability. The results are expressed as mean � SD
(n 
 3). #p 	 0.05 versus control group; *p 	 0.05 versus LPS-treated group (one-way ANOVA). C, Primary cortical neurons were
treated with H2O2 in the absence or presence of recombinant mouse ORM2 protein for 24 h. The results are presented as mean �
SD for the MTT assay (n 
 3). #p 	 0.05 versus control group (one-way ANOVA). NS, Not significant.
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increases of Iba-1 intensity due to microglial activation, migra-
tion, or proliferation. We also assessed the effect of ORM2
protein administration on the expression of proinflammatory
cytokines in the hippocampus by RT-PCR analysis. ORM2 pro-
tein administration attenuated the expressions of IL-1�, IL-6,
and TNF-� induced by LPS for 24 h (Fig. 4E). Moreover, we
found that the iNOS immunoreactivity was mainly colocalized
with Iba-1, but not GFAP immunoreactivity. LPS-induced ex-

pression of iNOS in Iba-1-positive cells was reduced by ORM2
protein administration, confirming the inhibitory effect of
ORM2 on microglia, but not astrocytes (Fig. 4F). These results
indicate that ORM2 inhibits microglial activation during neuro-
inflammation in vivo, as it does in vitro.

To determine the effect of ORM2 on brain-initiated neuroin-
flammation, we measured microglial activation and the expres-
sions of proinflammatory cytokines in the hippocampus after

Figure 4. The effect of ORM2 protein on glial activation during neuroinflammation. A, Male C57BL/6 mice were intraperitoneally injected with LPS (5 mg/kg). Before LPS injection, recombinant
ORM2 protein (2.7 �g) was administered intracerebroventricularly as indicated. B, Relative mRNA expressions of IL-1� and IL-6 were determined by RT-PCR 2 h after ORM2 (i.c.v.) and LPS (i.p.)
injection. C, Brain hippocampus (left) or cortex (right) sections were stained with Iba-1 antibody (green) 24 h after LPS injection. Cells expressing Iba-1 were counted. D, Brain hippocampus sections
were stained with GFAP antibody (green) 24 h after LPS injection. GFAP-positive cells were similarly counted. Scale bar, 200 �m. E, Relative mRNA expressions of IL-1�, IL-6, and TNF-� were
determined by RT-PCR 24 h after ORM2 (i.c.v.) and LPS (i.p.) injection. F, Double-immunofluorescence staining for iNOS and Iba-1 (microglia marker) or GFAP (astrocyte marker) shows the
localization of iNOS mainly in hippocampal microglia 24 h after LPS injection. Nuclei were stained with DAPI (blue). Colocalization was indicated by arrows in merged images. Scale bar, 50 �m.
Results are presented as mean � SD (n 
 3). #p 	 0.05 versus control group; *p 	 0.05 versus LPS-injected control (one-way ANOVA). NS, Not significant.
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intracerebroventricular injection of LPS (Fig. 5A). Previous stud-
ies indicate that intracerebroventricular injection of LPS leads to
the adoption of reactive morphologic features by astrocytes and
microglia (Choi et al., 2008; Zhu et al., 2012). Administration of
ORM2 protein reduced the mRNA levels of IL-1�, IL-6, and
TNF-� compared with LPS-only injected mice (Fig. 5B). In
addition, microglial activation was significantly suppressed by
ORM2 protein injection, as indicated by reduced Iba-1-positive
microglial cell numbers (Fig. 5C). Astrocyte activation was, how-
ever, not significantly affected by ORM2 protein administration
(Fig. 5D). These results indicate that ORM2 inhibits microglial
activation during brain-initiated neuroinflammation, as well as
systemic inflammation-induced neuroinflammation.

Effect of lentiviral shRNA-mediated Orm2 knockdown
on neuroinflammation
To further investigate the potential anti-inflammatory role of
ORM2 in neuroinflammation, we used lentiviral shRNA to
knock down Orm2 mRNA levels in the brain. Four days after
intracerebroventricular delivery of Orm2 shRNA lentivirus,
animals were intraperitoneally injected with LPS to induce neu-

roinflammation (Fig. 6A). The shRNA-mediated knockdown of
Orm2 mRNA was confirmed by RT-PCR. The LPS-induced in-
crease in Orm2 mRNA levels was markedly attenuated by Orm2
shRNA lentivirus infection, but not by the control shRNA lenti-
virus. The LPS-induced expression of proinflammatory media-
tors (IL-1�, TNF-�, and IL-6) in the hippocampus was enhanced
by Orm2 knockdown, supporting the anti-inflammatory role of
ORM2 in neuroinflammation (Fig. 6B). Again, control shRNA
lentivirus did not significantly influence the expression of these
genes. We also observed that the levels of IL-1� in hippocampus
of Orm2 knocked-down mice were higher than control animals,
not only 24 h, but also 48 h after LPS injection (Fig. 6C). Given
that the expression of these proinflammatory cytokines peaks
around 2 h and declines to basal levels 24 – 48 h after LPS injec-
tion, we expect that knockdown of ORM2 may prolong the
expression of these cytokines. Similarly, immunofluorescence
analysis revealed that lentiviral shRNA-mediated Orm2 knock-
down enhances microglial activation in the hippocampus both 24
and 48 h after intraperitoneal LPS injection (Fig. 6D). In contrast,
the number of reactive astrocytes in the inflamed hippocampus
was not significantly altered by Orm2 knockdown (Fig. 6E). In

Figure 5. Effect of recombinant ORM2 protein on brain-initiated neuroinflammation. A, Male C57BL/6 mice were intracerebroventricularly injected with LPS (5 mg/kg), as indicated. Before LPS
injection, recombinant ORM2 protein (2.7 �g) was administered intracerebroventricularly. B, Relative mRNA expressions of IL-1�, IL-6, and TNF-� in the hippocampus were determined by RT-PCR
24 h after LPS injection. C, Brain hippocampus sections were stained with Iba-1 antibody (green) 24 h after LPS injection. Cells expressing Iba-1 were counted. Scale bar, 200 �m. D, GFAP-positive
cells were similarly counted. Scale bar, 200 �m. The results are presented as mean � SD (n 
 3). #p 	 0.05 versus control group; *p 	 0.05 versus LPS-injected control (one-way ANOVA). NS, Not
significant.
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addition, after animals were injected with both Orm2 shRNA
lentivirus and ORM2 protein, microglial activation and expres-
sion of proinflammatory cytokines (TNF-� and IL-1�) were
assessed (Fig. 6F,G). The administration of ORM2 protein
dampened the effect of ORM2 knockdown, confirming that the
shRNA acts via ORM2 knockdown. These results support the
idea that ORM2 specifically acts on microglia to control their
excessive activation status during brain inflammation.

Inhibition of microglial migration by ORM2
Migration is an important component of the microglial re-
sponse to inflammatory stimuli. We determined whether
ORM2 affects microglial migration in vivo after the intracor-
tical injection of ORM2 protein with a concurrent needle
injury (Fig. 7A). Twenty-four hours after injection, accumu-
lation of microglia was immunohistochemically evaluated by
counting Iba-1-positive cells around the injection site. ORM2
protein decreased the number of microglia in circle 1 while
increasing microglial numbers in circles 2 and 3 (Fig. 7B),
indicating that ORM2 protein inhibited microglial migration
toward the site of inflammation. Denatured ORM2 protein
did not have such an effect. The total number of microglial
cells in the concentric circles was not significantly different
between the treatment groups (Fig. 7C). BrdU-positive cells
were mostly detected around the injection site (Fig. 7D), sug-
gesting that the assessment of microglial cell migration was
not greatly affected by cell proliferation. Together, our results
indicate that ORM2 inhibits microglial migration toward the
inflammatory site during the course of neuroinflammation.

CCR5 as a target of ORM2 action in neuroinflammation
Multiple functions for ORM2 have previously been suggested: (1)
transport of numerous basic and neutral lipophilic drugs (Kre-
mer et al., 1988); (2) inhibition of human neutrophil aggregation,
migration, and superoxide anion generation (Costello et al.,
1984; Lainé et al., 1990); (3) platelet aggregation inhibitory activ-
ity (Libert et al., 1994); (4) modulation of microvessel permea-
bility (Zhang and Mark, 2012); and (5) binding of cell surface
protein CCR5, which is associated with cell migration and in-
flammation (Atemezem et al., 2001). To determine whether
ORM2 inhibits neuroinflammation through CCR5, we first con-
firmed the expression of CCR5 and its major ligand CCL4 in
brain and cultured cells (Fig. 8A–C). CCL4 has been previously
reported to be expressed in astrocytes, microglia, and neuronal
cells (McManus et al., 1998; Guo et al., 2003; Kan et al., 2012).
Low levels of CCR5 and CCL4 mRNA expression were detected
both in the hippocampus and in BV-2 microglial cells, primary
astrocytes, microglia, and cortical neurons. The expression levels
of these mRNAs were increased by LPS injection or stimulation.
We then performed a chemotaxis assay using Boyden chambers
to determine the roles of ORM2 and the CCL4 –CCR5 interaction
in microglial cell migration. CCL4, when added to the lower
chamber, induced microglial cell migration, whereas ORM2 in
the upper chamber suppressed the CCL4-induced migration
(Fig. 8D). Maraviroc, an effective CCR5 receptor antagonist, sim-
ilarly suppressed the CCL4-induced microglial migration (Fig.
8D). The results indicate that ORM2 inhibits microglial cell mi-
gration by blocking the CCL4 –CCR5 interaction. Next, we tested
whether ORM2 affects CCL4-induced proinflammatory cytokine
expression. When primary microglial cultures were stimulated
with CCL4 for 6 h in the absence or presence of ORM2 protein,
ORM2 effectively reduced the mRNA levels of proinflammatory
cytokines such as TNF-� and IL-1� (Fig. 8E), supporting the idea

that ORM2 inhibits neuroinflammation through the blockade of
CCL4 –CCR5-mediated microglial migration and inflammatory
activation. ORM2 inhibition of CCL4-induced microglial activa-
tion was further investigated by analyzing intracellular signal
transduction pathways. CCL4 is known to induce cell migration
and proinflammatory responses in microglial cells through the
ERK signaling pathway (Cheung et al., 2009). ORM2 significantly
inhibited the CCL4-induced phosphorylation of ERK and AKT
(Fig. 8F), indicating that ORM2 inhibits microglial activation
signaling pathways initiated by the CCL4 –CCR5 interaction.
Next, we assessed the effect of ORM2 on CCL4 mRNA levels in
primary astrocytes and BV-2 microglial cells. ORM2 protein
treatment did not have significant effects on CCL4 mRNA ex-
pression under these conditions (Fig. 8G). Although CCL4 is
produced by various cell types of brain during neuroinflamma-
tion, it primarily acts on microglia and this seems to be inhibited
by ORM2 through competitive antagonism. ORM2 seemed to
antagonize CCL4 effects competitively in the experiment in
which microglia were treated with increasing concentrations of
CCL4 in the absence or presence of ORM2 and proinflammatory
cytokine expression was measured (data not shown).

Relationship between ORM2 and cognitive deficits in the
inflamed animal brain and in patients with cognitive decline
Systemic inflammation induced by intraperitoneal injection of LPS
is reported to cause cognitive impairments (Camara et al., 2015).
The Y-maze test was used as a measure of spatial recognition mem-
ory 3 d after LPS injection (Fig. 9A). A significant decrease in spatial
recognition memory was observed in LPS-injected mice, while
ORM2 intracerebroventricular injection was able to alleviate cogni-
tive impairments after systemic inflammation (Fig. 9B). The
number of total entries was similar between LPS-injected mice and
saline-injected animals, suggesting that motor functions were not
affected under these conditions (Fig. 9C). The results are consistent
with the observation that ORM2 inhibits microglial activation in the
inflamed hippocampus (Fig. 4C). Systemic inflammation also causes
a set of behavioral changes known as sickness behavior, which in-
cludes fatigue, anhedonia, and depressed mood (Henry et al., 2008).
The LPS-induced anhedonic behavior was significantly attenuated
by ORM2 protein injection, as assessed using the sucrose preference
test (Fig. 9D). Because ORM2 expression was induced and was re-
lated to cognitive function in the inflamed animal brain, we hypoth-
esized that there might be a significant difference in the levels of
ORM2 protein in patients with mild cognitive impairment (MCI)
and AD compared with healthy controls. The demographic charac-
teristics of normal subjects and patients with MCI or AD are de-
scribed in Table 2. The plasma levels of ORM2 protein were
significantly higher in patients with MCI (p 
 0.0053) and AD (p 

0.0026) with cognitive decline compared with healthy normal sub-
jects (Fig. 9E, left), suggesting a strong clinical relationship between
plasma levels of ORM2 and cognitive deficit. Although there is a
male/female ratio difference in control and AD population in our
study, the plasma levels of ORM2 were not significantly different in
male versus female AD patients (Fig. 9E, right), arguing against the
possibility that higher ORM2 levels in the AD patients may be due to
gender differences.

Discussion
In this study, we have demonstrated for the first time that Orm2
is highly expressed in reactive astrocytes in the inflamed brain
and that elevated levels of ORM2 protein reduce microglia-
mediated neuroinflammation (Fig. 9F). Orm2 is a common
plasma protein that accounts for 1–3% of total plasma protein. This
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Figure 6. Lentiviral shRNA-mediated Orm2 knockdown enhances proinflammatory cytokine gene expression and microglial activation. A, Male C57BL/6 mice were intracerebroventricularly
injected with Orm2 shRNA or scrambled shRNA lentivirus. Four days after virus injection, LPS (5 mg/kg) or saline was administered intraperitoneally, as indicated. B, Relative mRNA expressions of
Orm2 or proinflammatory cytokines (IL-1�, IL-6, and TNF-�) in the hippocampus were determined by real-time PCR 24 h after LPS injection. C, Relative mRNA expression of IL-1� in the
hippocampus was determined by real-time PCR 24 and 48 h after LPS injection. The results are presented as mean � SD (n 
 3). *p 	 0.05; **p 	 0.01. D, Brain hippocampus sections were stained
with Iba-1 antibody (green) 24 h (left) or 48 h (right) after LPS injection. Cells expressing Iba-1 were counted. Scale bar, 200 �m. E, GFAP-positive cells were similarly counted. Scale bar, 200 �m.
The results are presented as mean � SD (n 
 3). #p 	 0.05 versus control group; *p 	 0.05 versus LPS-injected mice (one-way ANOVA). NS, Not significant. F, G, Male C57BL/6 mice were
intracerebroventricularly injected with Orm2 shRNA lentivirus. Four days after virus injection, LPS (5 mg/kg) or saline was administered intraperitoneally. Before LPS injection, recombinant ORM2
protein (2.7 �g) was administered intracerebroventricularly for one group of animals. F, Brain hippocampus sections were stained with Iba-1 antibody (Figure legend continues.)
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protein is mainly synthesized and secreted by hepatocytes and adi-
pocytes in the periphery. Because the levels of ORM2 protein in
plasma are markedly increased in several pathological conditions,

including infection, inflammation, tumors, tissue injury, and sepsis,
Orm2 has been suggested to be a biological marker that can be used
in clinical practice (Baraniuk et al., 2005). However, the expression
of Orm2 in the brain under pathologic conditions and the major
brain cell types expressing Orm2 has been unclear until now. Here,
we show that, during neuroinflammation, ORM2 mRNA and pro-
tein are detected in the brain, especially in the hippocampus. ORM2
appears to be expressed at very low levels in control brain, which may
or may not be detected depending on experimental methods used.
Moreover, ORM2 expression levels may well be different temporally
and spatially in the inflamed brain. Based on the data obtained from

4

(Figure legend continued.) (green) 24 h after LPS injection. Cells expressing Iba-1 was
counted. Scale bar, 200 �m. G, Relative mRNA expressions of proinflammatory cytokines
(IL-1� and TNF-�) in the hippocampus were determined by RT-PCR 24 h after LPS injection.
The results are presented as mean � SD (n 
 3). #p 	 0.05 versus control group; *p 	 0.05
versus LPS-injected group; †p 	 0.05 versus animals injected with both Orm2 shRNA lentivirus
and LPS (one-way ANOVA). KD, Knockdown.

Figure 7. Recombinant ORM2 protein inhibits microglial cell migration in vivo. A, Male C57BL/6 mice were intracortically injected with recombinant ORM2 protein or vehicle. BrdU was
administered intraperitoneally every 6 h after ORM2 protein injection, as indicated. B, C, Quantification of Iba-1-positive microglial cells around the ORM2-injected site in the prefrontal cortex was
performed after immunofluorescence staining. Cell numbers in each concentric circle (B) or all concentric circles (circles 1–5) (C) were analyzed. The results are presented as mean � SD (n 
 5).
*p 	 0.05 versus vehicle group (one-way ANOVA). NS, Not significant. D, Representative immunofluorescence images are shown. Colocalization of BrdU-positive cells (red) and Iba-1-positive cells
(green) was indicated by arrows in merged images. Scale bar, 400 �m. Den. ORM2, Denatured ORM2.
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Figure 8. Recombinant ORM2 protein inhibits CCL4-mediated microglial migration and activation. A, Male C57BL/6 mice were intraperitoneally injected with LPS (5 mg/kg). Relative
mRNA expressions of CCR5 and CCL4 in the hippocampus 24 h after LPS injection were determined by RT-PCR. B, BV-2 microglial cells were treated with LPS (100 ng/ml) for 6 h and relative
mRNA expressions of CCL4 and CCR5 were determined by RT-PCR. Graphs represent quantitative analyses of gel images normalized to Gapdh. The results are presented as mean � SD
(n 
 3). #p 	 0.05 versus control group (Student’s t test). C, Primary glial cultures and primary neurons were treated with LPS (100 ng/ml) or LPS (100 ng/ml) plus IFN-� (50 U/ml) for
24 h and total RNA was isolated for CCL4 mRNA expression measurements. D, BV-2 microglial cells (3 � 10 4 cells per well) were seeded onto transwell culture inserts. BV-2 microglial
cells in the upper chamber were treated with recombinant ORM2 protein (1 �g/ml) or maraviroc (200 ng/ml) in serum-free medium. In the lower chamber, serum-free medium
containing recombinant CCL4 protein (100 ng/ml) was added. After 16 h-incubation in the Transwell migration assay, cells that migrated through the membrane were stained and
counted to evaluate the relative cell migration. E, Primary microglia were treated with CCL4 (500 ng/ml) in the absence or presence of ORM2 protein (1 �g/ml, pretreatment for 2 h) for
6 h. Relative mRNA expressions of TNF-� and IL-1� were determined by RT-PCR. Gapdh was used as an internal control. Adjacent graphs indicate quantitative analyses (n 
 3). F, BV-2
microglial cells were treated with CCL4 (100 ng/ml) for 2 or 10 min in the absence or presence of ORM2 protein (1 �g/ml, pretreatment for 2 h). The phosphorylation levels of ERK and
AKT were quantified by Western blot analysis and normalized to total ERK and total AKT. Results are presented as the mean � SD (n 
 3). #p 	 0.05 versus control group; *p 	 0.05
versus CCL4-treated group (one-way ANOVA). NS, Not significant. G, BV-2 microglial cells and primary astrocytes were treated with ORM2 protein (1 �g/ml) for 6 h and total RNA was
isolated for CCL4 mRNA expression measurements. Results are presented as the mean � SD (n 
 3). NS, Not significant.
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Figure 9. The effect of recombinant ORM2 protein on cognitive impairment and anhedonia during neuroinflammation (A–D) and the assessment of plasma ORM2 levels in patients with cognitive
deficit by ELISA (E). A–D, Male C57BL/6 mice were intraperitoneally injected with LPS (5 mg/kg) or saline. Before LPS injection, recombinant ORM2 protein (2.7 �g) was administered intracere-
broventricularly. Three days after LPS injection, mice were subjected to the Y-maze test and the sucrose preference test (A). Spontaneous alternation (Figure legend continues.)
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primary cell cultures and immunohistochemistry, however, astro-
cytes were identified as the cell type that predominantly expresses
Orm2.

Astrocytes are highly specialized glial cells that outnumber neu-
rons by �5-fold and comprise between 20% and 40% of all glia.
Astrocytes execute a variety of supportive roles needed for neuronal
health, metabolism, and other neuronal functions. Microglia, which
comprise another subtype of glial cells, are the mediators of immune
defense in the CNS. During neuroinflammation, the inflammatory
response is mainly mediated by activated microglia, which are the
hallmarks of brain pathology. The chronic and excessive activation
of microglia causes neuronal damage through the release of cyto-
toxic molecules, such as proinflammatory cytokines, chemokines,
and reactive oxygen/nitrogen intermediates (Streit et al., 2004;
Dheen et al., 2007). Therefore, maintaining the proper level of mi-
croglial activation is critical in determining the progress of either
disease or tissue repair. In this study, we identified ORM2 as a novel
intrinsic molecule that mediates the astrocyte–microglia interaction.
During the late phase of neuroinflammation, ORM2 protein se-
creted from reactive astrocytes controls the proinflammatory activ-
ity of microglia. In previous studies, astrocytes were shown to
modulate microglial activity through several astrocyte-derived fac-
tors, such as ATP, Ca2�, cytokines, chemokines, and other inflam-
matory mediators (Verderio and Matteoli, 2001; Schipke et al., 2002;
Davalos et al., 2005; Tanuma et al., 2006; Jeon et al., 2012). For
example, complement factor C3 secreted from astrocytes interacts
with C3a receptors on microglia to mediate amyloid pathology and
neuroinflammation in AD (Lian et al., 2016). Astrocytes perform
many functions by interacting with different cell types in the CNS.
These include endothelial cells, neurons, oligodendrocytes, and as
microglia. The interactions of astrocytes with these cells are involved
in: (1) the regulation of local CNS blood flow by bidirectional inter-
actions with blood vessels and the release of various molecular me-
diators, such as prostaglandins, arachidonic acid, and NO (Gordon
et al., 2007; Iadecola and Nedergaard, 2007); (2) modulation of syn-
aptic transmission through the regulated release of synaptically ac-
tive molecules, including glutamate, GABA, purines (adenosine and
ATP), and D-serine (Nedergaard et al., 2003; Halassa et al., 2007;
Shigetomi et al., 2008; Perea et al., 2009); (3) promotion of myelinat-
ing activity of oligodendrocytes by secreting leukemia inhibitory fac-
tor, a regulatory protein that promotes the myelinating activity of
oligodendrocytes (Shigetomi et al., 2008); and, most importantly,
(4) regulation of microglia-mediated neuroinflammation via PAI-1,

CCL2, CXCL10, ATP, C3, and heme oxygenase 1 (Verderio and
Matteoli, 2001; Schipke et al., 2002; Min et al., 2006; Tanuma et al.,
2006; Lee et al., 2011; Jeon et al., 2012; Lian et al., 2016). We detected
Orm2 expression at high levels in astrocytes. In addition, intracere-
broventricular ORM2 injection attenuated microglial activation
during LPS-induced neuroinflammation. Moreover, lentivirus-
mediated knockdown of Orm2 enhanced microglial activation and
increased the levels of proinflammatory cytokines. These effects were
seen 24–48 h after inflammatory stimulation, which is considered
the peak time of glial activation in the LPS injection model (Fig. 6D).
This time period is indeed when inflammatory responses may need
to be resolved. These results are consistent with the previously
characterized immune-modulating activities of ORM2 in the
periphery, such as the inhibition of leukocyte rolling, adhe-
sion, and migration to inflammatory regions and the reduc-
tion of superoxide production in sepsis (Pos et al., 1990). Our
results suggest that astrocyte-derived ORM2 might be a new
anti-inflammatory factor that mediates astrocyte–microglia
interactions during neuroinflammation.

In this study, we examined the migration of microglia using a
stab injury model. In this model, ORM2 inhibited the accumula-
tion of microglia at the injury site. Microglia play a prominent
role in the neuroinflammatory response to injury or infection by
migrating to the affected locations, secreting inflammatory
molecules, and phagocytosing damaged tissue (Hanisch and
Kettenmann, 2007). ORM2 inhibition of microglial migration is
consistent with the finding that exogenous ORM2 decreases the
number of activated microglia in the hippocampus in LPS-
induced neuroinflammation. Our findings therefore suggest that
ORM2 may diminish neuroinflammation by reducing inflam-
matory cell migration, as well as their activation.

Our results showed the expression and anti-inflammatory ef-
fect of ORM2 in the hippocampus during neuroinflammation.
The hippocampus is a critical region for cognitive processes and
is often damaged in diseases such as herpes encephalitis and tem-
poral lobe epilepsy (Eichenbaum, 2004). In addition, it is one of
the first brain areas to be damaged in AD and is the most vulner-
able region during systemic inflammation (Semmler et al., 2005).
It has been found previously that astrocytes in different brain
regions show diverse phenotypes (Hu et al., 2016). Astrocytes, as
the main cellular source of ORM2 protein, in the hippocampus
might be functionally distinct from astrocytes in other brain re-
gions. Therefore, under systemic inflammatory condition, only
hippocampal astrocytes appear to produce ORM2 protein in
brain. Previous studies have indicated that microglia are critically
involved in AD progression. Microglia detect extracellular A�42
and degrade it by phagocytosis. However, prolonged A�42 and
proinflammatory cytokine stimulation impairs microglial clear-
ance functions and their ability to regulate inflammation. Anti-
inflammatory molecules, such as adiponectin and progranulin,
affect microglial activation and are thus associated with AD
pathogenesis (Piccio et al., 2013; Minami et al., 2014). Similarly,
ORM2 modulates microglial activation. The plasma levels of
ORM2 were significantly higher in patients with MCI and AD
than in healthy normal subjects. In the experimental animal
model of neuroinflammation based on LPS injection, which is an
“acute” neuroinflammatory model, the expression of Orm2 and
other cytokines and inflammatory molecules was decreased a few
days after LPS injection. In contrast, MCI and AD are likely to
result from persistent injury or stimulation with prolonged
exposure to a toxic environment, which are “chronic” neuroin-
flammatory conditions. Continuous stimuli can cause an imbal-
ance between the proinflammatory response and the anti-

4

(Figure legend continued.) behavior (B) and total numbers of arm entries (C) were measured
in the Y-maze test. In the sucrose preference test, sucrose consumption was measured daily and
sucrose preference was expressed as follows: (� weight sucrose)/(� weight sucrose �
�weight water)�100 (D). The results are presented as mean�SD (n
4). #p	0.05 versus
control group; *p 	 0.05 versus LPS-injected group (one-way ANOVA). E, Plasma ORM2 levels
were measured by sandwich ELISA. The middle horizontal bar in each column indicates the
mean ORM2 level, with statistically significant differences between the groups as indicated. The
ORM2 values (mean and range in �g/ml) are normalized to the total protein content: normal
subjects (male, n 
 10; female, n 
 12); patients with MCI (male, n 
 15; female, n 
 13);
patients with Alzheimer’s disease (male, n 
 9; female, n 
 24). Statistical comparisons
between groups are reported with p-values. F, Schematic representation of the functions of
ORM2 during neuroinflammation. During early neuroinflammation, reactive astrocytes and
activated microglia release proinflammatory cytokines and chemokines, including CCL4, which
is the ligand of CCR5. These proinflammatory molecules further activate microglia, induce the
migration of microglia into inflammatory sites, and may cause neuronal damage (left). In the
meantime, ORM2 is expressed and released by reactive astrocytes during the late phase of
neuroinflammation. ORM2 inhibits binding of CCL4 to CCR5, which is expressed on the micro-
glial membrane and as a result reduces the activation and migration of microglia to inflamma-
tory sites (right). NS, Not significant.
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inflammatory response and eventually lead to chronic diseases
despite the fact that anti-inflammatory genes such as Orm2 in-
crease in expression in inflammatory brain regions. ORM2,
which was initially increased during acute neuroinflammation as
a regulatory mechanism, may persist in chronic disease condi-
tion. Therefore, ORM2 can be an indicator of neuroinflamma-
tory diseases. Previously, patients with multiple sclerosis and
glioblastoma multiforme were shown to have increased ORM2
plasma levels (Dowling and Cook, 1976; Matsuura and Naka-
zawa, 1985). These findings are consistent with our results and
indicate that brain-initiated inflammation can influence periph-
ery and may be extended to systemic inflammation. In other
words, increased immunologically active mediators may be re-
leased from the brain into the systemic circulation, which could
contribute to the development of systemic inflammatory re-
sponses. In addition, the levels of ORM2 in the CSF of patients
with AD were higher than in that of healthy control subjects
(control subjects, 457.37 � 54.2 ng/ml; patients with AD,
1784.67 � 152.65 ng/ml). Further studies are required to confirm
the elevated CSF levels of ORM2 in patients with AD.

It has been reported previously that ORM binds to CCR5
expressed on the membranes of macrophages. CCR5 expression
is also detected in microglia, monocytes, and neutrophils. CCR5
and its ligands may participate in amplifying proinflammatory
responses, such as IL-1 and TNF-� release. In addition, the levels
of NO are enhanced by CCL4 in human macrophages (Lee et al.,
2010). Based on these previous reports, we hypothesized that
ORM2 may inhibit microglial activation and migration through
CCR5 and its ligand CCL4. In the in vitro cell migration assay,
CCL4-induced microglial migration was clearly inhibited by
ORM2 and a CCR5 antagonist. Furthermore, CCL4-induced mi-
croglial expression of TNF-�, IL-1�, and the corresponding sig-
naling pathways were inhibited by ORM2. These results suggest
that ORM2 may inhibit microglial activation and migration by
blocking CCL4 –CCR5 interaction. Our results, however, do not
exclude the possibility of the existence of other mechanisms of
action for the anti-inflammatory effects of ORM2 in the brain.

In summary, we present evidence that secreted acute phase
protein ORM2 diminishes inflammatory activation of microglia.
ORM2 is mainly expressed and secreted by brain astrocytes upon
inflammatory stimulation. Astrocytic ORM2 may play a role as
an intrinsic regulator of neuroinflammation by modulating mi-
croglial activation and migration and may be exploited for the
treatment of neuroinflammatory disease.
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