
INTRODUCTION

Inflammation is a key component of  various acute and 
chronic central nervous system (CNS) disorders [1]. There is 
much evidence that inflammation and inflammatory mediators 
contribute to the pathogenesis of CNS injuries and neurological 
diseases [2], including stroke [3], traumatic brain injury [4], 
Alzheimer’s disease [5], Parkinson’s disease [6, 7], and multiple 
sclerosis [8]. Lipocalin-2 (LCN2) is a 25 kDa glycoprotein and a 
member of the lipocalin family [9, 10]. It plays a regulatory role 
in diverse cellular processes, such as cell death/survival [11], cell 

migration/invasion [12], cell differentiation [13], and iron delivery 
[14, 15]. Nevertheless, the role of LCN2 in the CNS is not well 
understood. We have recently reported that glial cells in the CNS 
express LCN2. LCN2 regulates glial cell death/survival, motility, 
morphology [16, 17], and functional polarization [18, 19]. It also 
has a critical role as a chemokine inducer [20] and a mediator of 
neuronal cell death in the CNS [21, 22]. LCN2 has been proposed 
to be linked to experimental autoimmune encephalomyelitis [23], 
intracerebral hemorrhage [24], spinal cord injury [25], chronic 
inflammatory pain [26], neuropathic pain [27], and ischemic 
stroke [28].

In the present study, we investigated the role of LCN2 in 
neuroinflammation by comparing inflammation-associated 
events in wild-type (WT) and LCN2-deficient mice after 
lipopolysaccharide (LPS) injection. Additional mechanistic studies 
were conducted using glia/neuron co-cultures. Our results suggest 
that LCN2 is a neuroinflammatogen that contributes to the 
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initiation and maintenance of CNS inflammation by activating 
glia cells and promoting neurotoxicity.

MATERIALS AND METHODS

Animals 

LCN2-knockout (KO) mice were provided by Dr. Kiyoshi Mori 
(Kyoto University, Japan) and Dr. Shizuo Akira (Osaka University, 
Japan). The genetic background of the LCN2-KO mice was 
C57BL/6 [14]. WT and LCN2-KO mice were backcrossed for 8-10 
generations onto a C57BL/6 background to generate homozygous 
and heterozygous animals free of background phenotypic effects. 
The absence of LCN2 was confirmed by PCR analysis of genomic 
DNA. 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 the 
National Institute of Health. All efforts were made to minimize 
the number of animals used as well as animal suffering. Mice 
were housed under specific pathogen-free conditions within the 
Kyungpook National University School of Medicine.

Neuroinflammation model based on an intraperitoneal 

LPS injection

A peripheral injection of LPS was administered to evoke 
neuroinflammation in mice as previously described [29]. Mice 
were administered an intraperitoneal (i.p.) injection of vehicle or 
LPS (5 mg/kg) (Sigma-Aldrich, St Louis, MO, USA). Animals in 
the vehicle control group were administered the same volume of 
saline. Animals were put under deep ether-induced anesthesia 24 
h after the i.p. injection and then killed. 

Reverse transcription-PCR

Mice were deeply anesthetized with an ether overdose and 
perfused through the aorta with DEPC-treated PBS in order to 
remove blood. Brains were rapidly excised and divided into two 
hemispheres, which were individually homogenized in Trizol 
(Invitrogen, Carlsbad, CA, USA). Total RNA (2 µg) from each 
sample was reverse transcribed into cDNA using a First Strand 
cDNA Synthesis Kit (MBI Fermentas, Hanover, Germany). Real-

time reverse transcription-PCR (RT-PCR) was performed using 
the One-step SYBR® PrimeScriptTM RT-PCR kit (Perfect Real 
Time; Takara Bio, Tokyo) and the ABI Prism® 7000 sequence 
detection system (Applied Biosystems, Foster City, CA, USA), 
according to the manufacturer’s instructions. The 2-ΔΔCT method 
was used to calculate relative changes in gene expression 
determined by real-time RT-PCR. GAPDH was used as a reference 
gene. Traditional PCR amplification using specific primer sets was 
carried out at an annealing temperature of 55~60oC for 25~32 
cycles. PCR was performed using a C1000 TouchTM Thermal 
Cycler (Bio-Rad, Hercules, CA, USA). For PCR product analysis, 
10 µL of the reaction was separated in agarose gel and detected 
under ultraviolet light following ethidium bromide staining. The 
nucleotide sequences of the primers used were based on published 
cDNA sequences (Table 1). 

Immunofluorescence staining

Mice were killed by ether inhalation, and intracardiac 
perfusion-fixation was performed using 0.9% NaCl and 4% 
paraformaldehyde (PFA) dissolved in 100 mmol/L PBS (pH 7.4). 
Isolated brains were immersion-fixed in 4% PFA for 72 h and 
cryoprotected by incubation in 30% sucrose diluted in 0.1 M PBS 
for 72 hr. The brains were then embedded in OCT compound 
(Tissue-Tek, Torrance, CA, USA). Frozen brains were cut into 20-
µm–thick coronal sections, which were permeabilized in 0.1% 
Triton X-100 and blocked with 1% BSA and 5% normal donkey 
serum for 60 min at room temperature. Brain sections were then 
incubated with primary antibodies (goat anti-LCN2 [1:500], 
mouse anti-NeuN [1:200; Millipore, Billerica, MA, USA], rabbit 
anti-GFAP [1:500; DakoCytomation, Glostrup, Denmark], rat 
anti-CD31 [1:200; BD, Franklin Lakes, NJ, USA], and rabbit anti-
Iba-1 [1:500; Wako, Tokyo, Japan]) overnight at 4°C. The next day, 
sections were washed in PBS containing 0.1% Tween 20 and then 
incubated with FITC- or Cy3-conjugated secondary antibodies 
(1:200; Jackson ImmunoResearch, West Grove, PA, USA). Sections 
were then mounted and counterstained using gelatin containing 
DAPI. Tiled images of each section were captured with a CCD 
color video camera (Olympus D70) through a 200×objective lens 
attached to a fluorescence microscope (Olympus BX51). Three 

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

Mouse cDNA Primer-sequences GenBank accession no.

Gapdh

Lcn2

Forward, 5’-TGGGCTACACTGAGCACCAG-3’
Reverse, 5’-GGGTGTCGCTGTTGAAGTCA-3’
Forward, 5’-CCCCATCTCTGCTCACTGTC-3’
Reverse, 5’-TTTTTCTGGACCGCATTG-3’

NM_008084

NM_008491
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squares (500 μm×500 μm) were placed in the subthreshold images 
of six independent coronal sections. Cells in these three squares 
were counted and statistically analyzed using the NIH Image J 
program as previously described [30]. 

Cell cultures 

Neonatal astrocyte cultures were prepared from mixed 
glial cultures, as previously described [17]. Primary cultures 

of dissociated cerebral cortical neurons were prepared from 
embryonic day 15 (E15) mice, as described previously [22, 31]. 

Astrocyte/neuron co-cultures

For astrocyte/neuron co-cultures, cortical neurons were plated 
at a density of 2×105 cells per well in 24-well companion plates, 
and allowed to settle at 37oC in a 5% CO2 atmosphere for 7 days. 
Primary astrocytes were separately plated at 2×105 cells per 

Fig. 1. Induction of  the LCN2 
protein in the brain after systemic 
administration of LPS. (A) Immu
nofluorescence staining showed 
that LCN2 protein expression (red) 
was upregulated in distinct brain 
regions 24 h after an intraperitoneal 
injection of LPS. Scale bar=200 
μm. BF=basal forebrain. (B) LCN2 
mRNA expression was upregulated 
in the whole brain 24 h after LPS 
injection. Results are displayed as 
mean±SD (n=3), **p<0.01.
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well in cell culture inserts (0.4-μm pore size; BD) and allowed 
to settle at 37oC in a 5% CO2 atmosphere overnight. Astrocytes 
were pretreated with LPS (100 ng/ml) plus IFN-γ (50 U/ml) for 
24 h and subsequently washed. Cell culture inserts containing 
astrocytes were then transferred into wells containing cortical 
neurons. After a 24~72-h incubation, the viability of neurons was 
measured. 

Assessment of cell viability using an MTT assay

Cortical neurons were co-cultured with astrocytes. After the 
indicated times, culture inserts containing astrocytes were remo
ved and neuronal viability was measured using a MTT assay. In 
brief, after culture media were removed, MTT (0.5 mg/ml; Sigma-
Aldrich) was added, and neurons were incubated at 37oC in a 
5% CO2 incubator. Insoluble formazan crystals were completely 

dissolved in DMSO, and absorbance at 570 nm was measured 
using a microplate reader (Anthos Labtec Instruments, Wals, 
Austria). 

Statistical analyses

Data are presented as the mean±standard deviation (SD) of three 
or more independent experiments, unless otherwise stated. Two-
group comparisons were analyzed using a two-tailed Student’s 
t-test. Multiple comparisons were analyzed with one-way ANOVA 
followed by a Dunnett’s test. The statistical analysis was performed 
using SPSS version 17.0K (SPSS; Chicago, IL, USA). Statistical 
significance was accepted for p values of ≤0.05. Power calculations 
were performed to estimate proper sample size using G*Power 3.1 
[32]. 

Fig. 2. Immunolocalization of 
LCN2 within distinct brain regions 
after LPS injection. Double-immu
nofluorescence staining for LCN2 
with GFAP (astrocyte marker), 
CD31 (endothelial cell marker), 
Iba-1 (microglia marker), or NeuN 
(neuron marker) revealed the 
localization of LCN2 in astrocytes 
(A), endothelial  cells  (B), and 
microglia (C) 24 h after LPS injec
tion. LCN2 expression was not 
localized in neurons 24 h after 
LPS injection (D). Scale bar=200 
μm. BF=basal forebrain. Results 
are representative of more than 
three independent experiments. 
Co-localization is indicated by 
arrowheads.
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RESULTS

LCN2 expression in the brain after i.p. injection of LCN2

We examined the protein expression of LCN2 in the brain 
following an i.p. injection of LPS. A significant LCN2 expression 
was not detected in the brain of saline-injected mice (Fig. 1A; left). 
However, 24 h after LPS injection, LCN2 expression was strongly 
upregulated in the cortex, striatum, and basal forebrain (Fig. 1A; 
right). LCN2 mRNA expression was also upregulated in the whole 
brain of the LPS-treated animals, as confirmed by real-time PCR 
(Fig. 1B). These results suggest that LCN2 might participate in 
neuroinflammation.

Localization of LCN2 after LPS injection

To determine the cellular distribution of LCN2 in the brain 
after LPS injection, we performed double-immunostaining for 
LCN2 and different cell-type specific markers at 24 h after LPS 
injection. Glial fibrillary acidic protein (GFAP), CD31, and ionized 
calcium-binding adapter molecule (Iba-1) were used as markers 
for astrocytes, endothelial cells, and microglia, respectively. LCN2 
expression was colocalized with astrocytes and endothelial cells 
within the cortex and striatum (Fig. 2A, B). On the other hand, 
LCN2 expression was colocalized with microglia within basal 
forebrain (Fig. 2C). LCN2 was not colocalized with neurons (Fig. 

2D).

Effect of LCN2 deficiency on LPS-induced neuroinflam­

mation

Glial activation is one of the main events in neuroinflammation. 
To determine the role of  LCN2 during the inflammatory 
response seen in the brain after LPS stimulation, we compared 
glial activation by immunofluorescence staining in LCN2-KO 
mice and WT animals. LCN2 deficiency reduced the number of 
amoeboid microglia (representing activated microglia) after LPS 
injection. The number of activated astrocytes was also significantly 
lower in LCN2-KO mice compared to WT mice (Fig. 3). 

Role of LCN2 in glial neurotoxicity

In previous studies, astrocytes were identified as one of the 
major cell types expressing LCN2 [16, 17, 26]. It is also known 
that LCN2 contributes to neuronal cell death [21]. Thus, to 
determine whether LCN2 directly mediates neuronal cell death, 
we performed astrocyte/neuron co-cultures after LPS/IFN-γ 
stimulation. Absence of LCN2 reduced the neurotoxicity of LPS/
IFN-γ-stimulated astrocytes in co-culture at the 48-hr time point. 
This observation suggests that glia-derived LCN2 promotes 
neurotoxicity under inflammatory conditions (Fig. 4A). In 
addition, the absence of LCN2 in neurons also reduced neuronal 

Fig. 3. The role of LCN2 during 
LPS-induced glial activation. Mic
roglia and astrocytes were visu
alized in brain sections using anti-
Iba-1 and anti-GFAP antibodies, 
respectively. Numbers of  cells 
expressing GFAP and Iba-1 in 
the cortices were counted in WT 
and LCN2-KO mice after LPS 
injection (n=5 per group). Results 
are representative of more than 
three independent experiments and 
are expressed as mean±SD, Scale 
bar=200 μm, *p<0.05.
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cell death. Similar results were obtained after co-culturing LPS/
IFN-γ-stimulated astrocytes and neurons for 24 or 72 h (Fig. 
4B). These results indicate that LCN2 plays a critical role in glial 
neurotoxicity under prolonged inflammatory conditions.

DISCUSSION

In the present study, we examined the role of LCN2 in the brain 
after systemic LPS administration. After an i.p. LPS injection, the 
LCN2 protein was highly expressed in several brain regions. This 
upregulation was further confirmed at mRNA level from whole 
brain lysates. The LCN2 protein was detected in endothelial cells, 
astrocytes, and microglia within various brain regions after LPS 
injection. LCN2 deficiency attenuated the activation of astrocytes 
and microglia after LPS injection. In astrocyte/neuron co-cultures, 

LCN2 deficiency reduced neuronal cell death. These results 
indicate that LCN2 can be considered as a neuroinflammatogen. 

LCN2 participates in the pathogenesis of chronic kidney disease 
[33], cancer [34], obesity [35], cardiovascular disease [36], and 
acute endotoxemia [36]. However, the role of LCN2 in the CNS 
is poorly defined. Recent studies indicate that LCN2 is closely 
associated with CNS injuries, such as chronic inflammatory pain 
[26], spinal cord injury [25], and ischemic stroke [28]. Here, we 
used a systemic inflammation model to investigate the role of 
LCN2 in brain inflammation. Using this model, we observed a 
prominent induction of LCN2 expression after LPS injection, a 
marked reduction of glial activation in LCN2-KO mice, and an 
abolishment of glial neurotoxicity in LCN2-KO mice. Together, 
these data indicate that LCN2 mediates neuroinflammatory 
responses and contributes to harmful neurotoxicity. In the 

Fig. 4.  Neurotoxicity of  glia-
derived LCN2. Astrocytes isolated 
from WT or LCN2-KO mice were 
stimulated with LPS (100 ng/ml) 
and IFN-γ (50 U/mL) for 24 h and 
then co-cultured with neurons 
isolated from WT or LCN2-KO 
mice. Neuronal viabilities were 
measured using a MTT assay after a 
co-culture period of 48 h (A), 24 h, 
or 72 h (B). Results are displayed as 
mean±SD (n=3), *p<0.05, **p<0.01. 
Co-culture scheme is illustrated in 
the left panel.
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previous study, LCN2 mediated apoptosis through its receptor 
24p3R [15], and 24p3R was also detected on the surface of 
neurons [21, 22]. Thus, we speculate that LCN2 may exert 
neurotoxic effects through 24p3R in neuroinflammation. Our 
results are consistent with previous findings showing that the 
recombinant LCN2 protein was toxic to neurons in culture [22] 
and the astrocytic LCN2 protein promoted neuronal death [21]. 
LCN2 deficiency in neurons reduced neuronal cell death. It has 
been reported that neurons are also the cellular source of LCN2 
in the CNS [27, 37]. Thus, neuron-derived LCN2 may have 
neurotoxic effects in an autocrine manner. This is, however, the 
subject of further investigation in our laboratory. 

In summary, using a LPS-induced inflammation model, 
we suggest that LCN2 may act as a neuroinflammatogen in 
the inflamed brain. Here, LCN2 might be responsible for 
the amplification of an undesirable glial activation with the 
unintended consequence of neuronal death. LCN2 can, therefore, 
be considered a novel therapeutic target for future treatment of 
various CNS injuries and neurological disorders.
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