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Lipocalin-2 (LCN2) is a member of the highly heterogeneous secretory protein family of lipocalins and increases in its levels can contrib-
ute to neurodegeneration in the adult brain. However, there are no reports on the role of LCN2 in Parkinson’s disease (PD). Here, we
report for the first time that LCN2 expression is increased in the substantia nigra (SN) of patients with PD. In mouse brains, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) treatment for a neurotoxin model of PD significantly upregulated LCN2 expression, mainly in
reactive astrocytes in both the SN and striatum. The increased LCN2 levels contributed to neurotoxicity and neuroinflammation, resulting in
disruption of the nigrostriatal dopaminergic (DA) projection and abnormal locomotor behaviors, which were ameliorated in LCN2-deficient
mice. Similar to the effects of MPTP treatment, LCN2-induced neurotoxicity was also observed in the 6-hydroxydopamine (6-OHDA)-treated
animal model of PD. Moreover, treatment with the iron donor ferric citrate (FC) and the iron chelator deferoxamine mesylate (DFO) increased
and decreased, respectively, the LCN2-induced neurotoxicity in vivo. In addition to the in vivo results, 1-methyl-4-phenylpyridinium (MPP�)-
induced neurotoxicity in cocultures of mesencephalic neurons and astrocytes was reduced by LCN2 gene deficiency in the astrocytes and
conditioned media derived from MPP�-treated SH-SY5Y neuronal enhanced glial expression of LCN2 in vitro. Therefore, our results demon-
strate that astrocytic LCN2 upregulation in the lesioned DA system may play a role as a potential pathogenic factor in PD and suggest that
inhibition of LCN2 expression or activity may be useful in protecting the nigrostriatal DA system in the adult brain.
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Introduction
Parkinson’s disease (PD) is a common neurodegenerative disor-
der characterized by progressive degeneration of the dopaminer-

gic (DA) projection between the substantia nigra (SN) and the
striatum and by a decrease in striatal dopamine, which is associ-
ated with clinical movement disorders such as resting tremor,
limb rigidity, bradykinesia, and postural instability (Braak et al.,
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Significance Statement

Lipocalin-2 (LCN2), a member of the highly heterogeneous secretory protein family of lipocalins, may contribute to neuroinflam-
mation and neurotoxicity in the brain. However, LCN2 expression and its role in Parkinson’s disease (PD) are largely unknown.
Here, we report that LCN2 is upregulated in the substantia nigra of patients with PD and neurotoxin-treated animal models of PD.
Our results suggest that LCN2 upregulation might be a potential pathogenic mechanism of PD, which would result in disruption of
the nigrostriatal dopaminergic system through neurotoxic iron accumulation and neuroinflammation. Therefore, inhibition of
LCN2 expression or activity may be useful in protecting the nigrostriatal dopaminergic projection in PD.
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2003; Kim et al., 2011; Kim et al., 2015). These motor manifesta-
tions can be treated successfully for a limited period either with
drugs that restore DA function or, more recently, with deep-
brain stimulation. However, there is no treatment that forestalls
the deterioration attributable to progressive neurodegeneration,
suggesting that novel strategies to inhibit neurodegeneration
should also be considered as potential therapeutics for PD.

Although the etiology of PD is not fully understood, accumu-
lating evidence suggests that neuroinflammatory processes,
which are mainly mediated by activated microglia and astrocytes,
are crucial for the initiation and progression of PD (McGeer et al.,
2005; Hirsch and Hunot, 2009; Menza et al., 2010; Niranjan,
2014). Therefore, the control of glial activation may be useful in
prevention and treatment of the degeneration of the nigrostriatal
DA projection in the adult brain. Characterization of the action
mechanisms of the endogenous biomolecules involved in neuro-
inflammation may be necessary to find a novel therapeutic strat-
egy for PD based on such control.

Lipocalin-2 (LCN2), also known as 24p3 and neutrophil
gelatinase-associated lipocalin (Borregaard and Cowland, 2006),
is a member of the highly heterogeneous secretory protein family
of lipocalins and plays a variety of physiological roles such as
regulation of cell differentiation (Miharada et al., 2008; Shashid-
haramurthy et al., 2013; Ferreira et al., 2015), apoptotic cell death
(Chien et al., 2012; Lin et al., 2012), and cellular uptake of iron
(Devireddy et al., 2005; Lee et al., 2012; Jha et al., 2015). LCN2 has
been implicated in glial activation in the brain (Lee et al., 2007;
Lee et al., 2012; Zamanian et al., 2012) and its expression can be
increased in reactive astrocytes and microglia (Ferreira et al.,
2015; Jha et al., 2015). LCN2 gene knock-out (KO) exerted neu-
roprotective effects in animal models of ischemic stroke (Jin et al.,
2014) and experimental autoimmune encephalomyelitis (EAE)
(Nam et al., 2014). However, Berard et al. (2012) reported a
detrimental effect of LCN2 gene deficiency in the EAE model
(Berard et al., 2012). In the two previous studies, different
amounts of myelin oligodendrocyte glycoprotein were used to
induce EAE and animals in different disease conditions were
compared. Nevertheless, the role of LCN2 in EAE remains con-
troversial. Moreover, our group and others reported that reactive
astrocytes could secrete LCN2, resulting in neurotoxic effects in
vitro (Lee et al., 2012; Bi et al., 2013). Choy et al. (2015) showed
that LCN2 expression was increased in the SN after medial fore-
brain bundle (MFB) transection in vivo, suggesting that an in-
crease in LCN2 levels might be related to PD pathogenesis (Choy
et al., 2015). However, there are no studies of LCN2 expression in
the brains of PD patients or its role in animal models of PD.

In the present study, we investigated the following: (1)
whether LCN2 expression is altered in the SN of patients with PD
and in the nigrostriatal DA system of the 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-treated animal model of PD,
(2) whether the alteration of LCN2 expression contributes to
neurodegeneration, and (3) how LCN2 is involved in the patho-
physiological mechanisms of PD. Similar to MPTP-treated mice,
we found LCN2 expression to be upregulated and associated with
neurotoxicity in the 6-hydroxydopamine (6-OHDA)-treated an-
imal model of PD. Our results suggest that elevated LCN2 expres-

sion may be a universal mechanism of neurodegeneration in the
nigrostriatal DA system involved in PD.

Materials and Methods
Institutional review of human protocols
Human tissue experiments were approved by the Bioethics Committee,
Institutional Review Board of Kyungpook National University Industry
Foundation (IRB no. 2013-0016).

Human brain tissue
Frozen brain tissues were obtained from the Victorian Brain Bank Net-
work, supported by The Florey Institute of Neuroscience and Mental
Health and The Alfred and the Victorian Forensic Institute of Medicine,
and funded by Australia’s National Health and Medical Research Coun-
cil and Parkinson’s Victoria. The levels of tyrosine hydroxylase (TH) and
LCN2 expression in the human SN tissues (Table 1) were analyzed by
Western blotting.

Mice and animal care procedures
Male C57BL/6 mice (8 –12 weeks old) were obtained from Samtaco and
LCN2 KO mice in a C57BL/6 background were kindly provided by Drs.
Kiyoshi Mori (Kyoto University, Japan) and Shizuo Akira (Osaka Uni-
versity, Japan). All animal experiments were performed in accordance
with the approved animal protocols and guidelines established by the
Animal Care Committee at Kyungpook National University (no. KNU
2015-0010).

LCN2 KO mice
LCN2 KO mice were back-crossed for 8 –10 generations into a C57BL/6
background to generate homozygous and heterozygous animals, as de-
scribed previously (Flo et al., 2004). The deletion of the LCN2 gene was
confirmed by PCR analysis of genomic DNA (Nairz et al., 2009). Animals
used in the present study were acquired and cared for in accordance with
the Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health.

MPTP injection
For MPTP treatment, mice received four intraperitoneal injections of
MPTP (20 mg/kg free base; Sigma-Aldrich) dissolved in saline at 2 h
intervals and the brain tissues were analyzed at the indicated time points
for each experiment.

Traditional reverse transcription PCR (RT-PCR) and
quantitative real time-PCR (qRT-PCR)
Total RNA from the ventral midbrain and striatum of saline or MPTP-
injected mice was isolated with QIAzol (QIAGEN). First-strand cDNA
was synthesized from total RNA using a first-strand cDNA synthesis kit
(MBI Fermentas) according to the manufacturer’s instructions. The
primers used in RT-PCR analyses of mouse LCN2 and GAPDH were as
follows: LCN2, 5�-ATGTCACCTCCATCCTGGTC-3� (forward) and 5�-
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Table 1. Human postmortem tissues used for Western blot analysis in Figure 1

Case no. Diagnosis PMI Age Tissue

V12/019 Control 25 81.2 SN
03/833 57 79.3
04/250 31.5 79.6
07/239 19 78.8
04/034 26.5 73.7
04/112 22 73.5
06/144 24 69.4
V12/008 PD 30 81.1 SN
09/292 59 79.9
10/002 39 79.5
V12/012 20 79.5
V11/073 65 80.1
05/413 45 72.7
08/319 32.5 70

PMI, Postmortem interval (h).
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CACACTCACCACCCATTCAG-3� (reverse); GAPDH, 5�-ACCACAGT
CCATGCCATCAC-3� (forward), 5�-TCCACCACCCTGTTGCTGTA-3�
(reverse). The primers used in qRT-PCR analyses of mouse LCN2 and
GAPDH were as follows: LCN2, 5�-CCCCATCTCTGCTCACTGTC-3�
(forward) and 5�-TTTTTCTGGACCGCATTG-3� (reverse); GAPDH, 5�-
TGGGCTACACTGAGCACCAG-3� (forward), 5�-GGGTGTCG-CTGT
TGAAGTCA-3� (reverse). Real-time RT-PCR was performed using the
One-step SYBR PrimeScript RT-PCR kit (Perfect Real Time; Takara Bio)
and the ABI Prism 7000 sequence detection system (Applied Biosystems)
according to the manufacturer’s instructions.

Western blotting analysis
Animal or human tissue samples were homogenized in a protein lysis
buffer (20 mM HEPES, pH 7.0, 20 mM NaCl, 10% glycerol, 0.5% Triton
X-100) containing protease and phosphatase inhibitor mixture (Roche)
and centrifuged at 4°C for 20 min at 14,000 � g. The supernatant was
transferred to a fresh tube and the concentration was determined using
the BCA kit (Thermo Scientific). An equal amount of protein for each
sample was loaded onto an SDS-PAGE gel (10 –12%). Proteins separated
by gel electrophoresis were transferred onto polyvinylidene difluoride
membranes (Millipore) using an electrophoretic transfer system (Bio-
Rad Laboratories) and the membranes were incubated overnight at 4°C
with the following primary antibodies: goat anti-LCN 2 (1:500; R&D
Systems), rabbit anti-TH (1:1000; Millipore), mouse anti-TNF-�, rabbit
anti-IL-1� (1:1000; Santa Cruz Biotechnology), mouse anti-�-tubulin
(1:2000; Sigma-Aldrich), and mouse anti-�-actin (1:2000; Thermo Sci-
entific). After washing, the membranes were incubated with horseradish
peroxidase-conjugated specific secondary antibodies (1:2000; Sigma-
Aldrich) for 1 h. The blots were developed with ECL Western-blotting
detection reagents (Thermo Scientific), and analyzed on the Micro-
Chemi system (DNR Bio-imaging Systems).

Intranigral injection of materials
After anesthetization with ketamine mixture, mice were placed in a ste-
reotaxic apparatus (Kopf Instruments). For the immunohistochemical
analysis of the SN shown in Figure 4, each mouse received an unilateral
injection of saline as a control, ferric citrate (FC, 2.5 mM), or deferox-
amine mesylate (DFO, 50 mM) into the left SN [anteroposterior (AP),
�2.9 mm; mediolateral (ML), 1.3 mm; dorsoventral (DV), �4.2 mm
relative to the bregma, according to the atlas of Paxinos and Watson]
using a 26-gauge Hamilton syringe attached to an automated microin-
jector and then received an unilateral injection of recombinant LCN2 (1
�g), a mixture of recombinant LCN2 and FC, or a mixture of recombi-
nant LCN2 and DFO into the right SN (AP, �2.9 mm; ML, �1.3 mm;
DV, �4.2 mm). For the immunohistochemical analyses of the SN and
behavioral test shown in Figure 3, each mouse received a bilateral injec-
tion of recombinant LCN2 protein or denatured LCN2 protein (1 �g) in
the right and left SN. Infusions were made at a rate of 0.2 �l/min for 10
min. After each injection, the needle was left in place for an additional 5
min before being retracted slowly. Animals were killed and analyzed at
the indicated time points for each experiment.

Intrastriatal injection of 6-OHDA
For the 6-OHDA-treated mouse model of PD, mice were anesthetized
using a ketamine mixture while immobilized in a stereotaxic frame (Kopf
Instruments). Each mouse was pretreated with an intraperitoneal injec-
tion of 20 mg/kg desipramine 30 min before 6-OHDA administration,
followed by a unilateral injection of 6-OHDA (Sigma-Aldrich; 5 �g/�l in
0.9% NaCl/0.02% ascorbate) into the right striatum (AP, �0.9 mm; ML,
�2.2 mm; DV, �2.5 mm) at a rate of 0.5 �l/min for a total dose of 15 �g
as described previously (Kim et al., 2012; Nam et al., 2015a; Kim et al.,
2016). After each injection, the needle was left in place for 5 min before
being retracted slowly.

Immunohistochemical staining
As described previously with some modifications (Kim et al., 2011; Kim
et al., 2015), animals were transcardially perfused and fixed and the brain
sections (30 �m thick) were rinsed in PBS and then incubated for 48 h
with the following primary antibodies: rabbit anti-TH (1:1000; Milli-
pore), goat anti-LCN2 (1:400; R&D Systems), rabbit anti-ionized

calcium-binding adapter molecule 1 (Iba-1, 1:400; Wako), rabbit anti-
glial fibrillary acidic protein (GFAP, 1:1000; Dako), rabbit anti-LCN2R
(1:200; Sigma-Aldrich), and rabbit anti-NeuN (Novus Biologicals). For
immunohistochemical staining, the sections were incubated with biotin-
conjugated secondary antibodies for 1 h at room temperature, followed
by an avidin-biotin complex kit (Vector Laboratories) for 1 h, and then
the signal was detected by a DAB kit (Vector Laboratories). For immu-
nofluorescence staining, the sections incubated with primary antibodies
were rinsed and incubated with FITC and Cy3-conjugated secondary
antibodies (1:200; Jackson Laboratories). The stained tissues were ana-
lyzed by confocal and bright-field microscopy (Axio Imager; Carl Zeiss).

Stereological estimation of TH-positive neurons and Iba-1- and
GFAP-positive cells
Stereological cell counting was performed as described previously (Kim
et al., 2011; Kim et al., 2015; Nam et al., 2015b; Shin et al., 2015). The total
numbers of TH-positive neurons in the various animal groups were de-
termined using the optical fractionator method under a bright-field mi-
croscope (Olympus, BX51) and Stereo Investigator software (MBF
Bioscience). This unbiased stereological method of cell counting is not
affected by either the reference volume or the size of the counted ele-
ments (neurons). For the numbers of Iba-1- and GFAP-positive cells,
sections stained with Iba-1 or GFAP antibodies were analyzed stereologi-
cally using the optical fractionator method as described above with some
modifications for the total area of the striatum in the mouse brain (Kim
et al., 2012). Microglia and astrocytes were expressed quantitatively as the
percentage of the number of Iba-1- and GFAP-positive cells, respectively,
relative to the control.

Quantitative determination of striatal TH-positive fibers
Densitometric analyses of the mouse striatum were performed as de-
scribed previously with some modifications (Kim et al., 2011; Nam et al.,
2015a). Briefly, an average of eight coronal sections of the striatum were
captured at 1.25� magnification and the fiber density was measured
using the Science Lab 2001 Image Gauge (Fujifilm). To clarify the results
of the measurement of striatal optical density after immunoperoxidase
staining, the quantitative data obtained by immunofluorescence staining
were added as supporting results. TH-positive fiber innervation in the
striatum was expressed quantitatively as the percentage of the optical
density and fluorescence intensity relative to the control.

Behavioral testing
Pole test. The pole test for bradykinesia was performed as described pre-
viously (Kim et al., 2014; Kim et al., 2015). Briefly, mice were placed
head-upward at the top of a rough-surfaced pole (8 mm in diameter and
55 cm in height). Performance was measured as the total time it took each
mouse to arrive at the floor from the top. Before the actual test, mice were
trained in 5 trials/d for 3 d. The locomotor activity of each mouse was
evaluated as the average of 5 trials performed at 6 d after MPTP and
LCN2 administration.

Rotarod test. The rotarod test was performed as described previously
with slight modifications (Rozas et al., 1998). Mice were trained on the
rotarod apparatus (3 cm rod diameter; Ugo Basile) at a fixed speed of 10
rpm for 600 s once daily for 3 consecutive days. Six days after the injec-
tion, performance on the rod was evaluated at a constant acceleration
rate of 4 – 40 rpm in 300 s. Two consecutive trials were performed at 60
min intervals.

Open-field test. The open-field test was performed as described previ-
ously (Jang et al., 2013). In brief, 6 d after the injection, mice were placed
individually in the corner of an arena (40 � 40 � 40 cm) enclosed in
white acrylic walls. After a 1 min adaptation period, animal behaviors
such as the total distance traveled (in centimeters) and velocity (in cen-
timeters per second) were recorded for 5 min using a video camera con-
nected to a PC. Then, the alteration of locomotor activity was analyzed
offline by a video-tracking software (ABCLab). The arena was wiped
between trials with 70% ethyl alcohol. To minimize stress levels, tests
were performed under a low-illumination red light.

Cell culture
Primary mesencephalic DA neurons. Mesencephalic DA neurons were
isolated from the ventral midbrains of embryonic day 16.5 (E16.5) mice
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as described previously (Choi et al., 2013). Briefly, tissues were homog-
enized in Hank’s balanced salt solution (HBSS; Invitrogen) containing
collagenase/DNase (Sigma-Aldrich). Resulting homogenates were
passed through a nylon cell strainer and centrifuged at 500 � g for 10
min. The pellets were dissociated mechanically by gentle pipetting and
the dissociated cells were seeded onto plates coated with poly-D-lysine
(Sigma-Aldrich) in Neurobasal medium containing 2 mM L-glutamine
(Sigma-Aldrich), penicillin–streptomycin, nerve growth factor (Invitro-
gen), N2 supplement (Invitrogen), and B27 supplement (Invitrogen).
Cells were used for experiments after being cultured for 7 d. Cells were
plated in 24-well plates (2 � 10 5 cells/well) or 6-well plates (5 � 10 5

cells/well) and washed 1 h later to remove the unattached cells. The purity
of the mesencephalic neuron cultures was assessed using the TH anti-
body, with �90% of cells staining positive.

Mixed glial cultures. Mixed glial cultures were prepared as described
previously with minor modifications (Lee et al., 2009). In brief, the whole
brains of 2- or 3-d-old mice were chopped and disrupted mechanically
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 and 100 U/ml penicillin–streptomycin (Invitrogen). Culture
media were changed initially after 5 d and then every 3 d. The cells were
used after being cultured for 14 –21 d.

Primary astrocyte cultures. Primary astrocytes were obtained by shak-
ing mixed glial cultures at 200 rpm overnight. The culture media were
discarded and astrocytes were dissociated using trypsin-EDTA (Invitro-
gen) and collected by centrifugation at 1200 rpm for 10 min. Primary
astrocyte cultures were grown and maintained in DMEM supplemented
with 10% FBS and penicillin–streptomycin.

SH-SY5Y human neuroblastoma. SH-SY5Y cells were obtained from
the American Type Culture Collection and cultured in DMEM supple-
mented with 10% FBS and 100 U/ml penicillin/streptomycin at 37°C in a
humidified atmosphere of 5% CO2. Cell differentiation was induced by
the addition of 10 �M all-trans retinoic acid (RA; Sigma-Aldrich) dis-
solved in ethanol as a 10 mM stock solution. The cells were fed fresh

medium containing RA every other day. On day 5 of differentiation, the
cells were washed 3 times with DMEM and incubated with MPP � (1 �M)
at the indicated time points.

Astrocyte–neuron cocultures. Mesencephalic neurons were plated at a
density of 2 � 10 5 cells per well in 24-well companion plates and allowed
to settle at 37°C in a 5% CO2 atmosphere for 7 d. Primary astrocytes were
separately plated at a density of 2 � 10 5 cells per well in cell culture inserts
(0.4 �m pore size; BD Biosciences) and allowed to settle at 37°C in a 5%
CO2 atmosphere overnight. The mesencephalic neurons were pretreated
with MPP � (1 �M), and cell culture inserts containing astrocytes were
transferred into wells containing the mesencephalic neurons. After 24 h
of incubation, the cell culture inserts were removed and the viability of
neurons was measured.

Assessment of neuronal viability
Cocultures of mesencephalic neurons and astrocytes, which were pro-
duced by adding culture inserts containing astrocytes into wells of neu-
ronal cultures, were treated with MPP � (1 �M) for 24 h and the culture
inserts containing the astrocytes were removed 24 h after the MPP �

treatment. The neuronal viability was measured using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as
described previously (Lee et al., 2009). In brief, MTT (0.5 mg/ml; Sigma-
Aldrich) was added after removing the culture media and the neurons
were incubated at 37°C in a 5% CO2 incubator. Insoluble formazan
crystals induced by the MTT treatment were dissolved completely in
DMSO and the absorbance at 570 nm was measured using a microplate
reader (Molecular Devices). To clarify the results of the MTT assays, a
lactate dehydrogenase (LDH) release assay was also performed as de-
scribed previously (Hwang et al., 2010). For total LDH determination,
cells were incubated in 96-well plates with the indicated concentrations
of recombinant LCN2 (1, 2, or 4 �g/ml) or 100 �M MPP � for 4 d. The cell
suspension was centrifuged at 4000 � g for 5 min at 4°C and the super-
natant was collected. The LDH contents of supernatant aliquots were
determined using a cytotoxicity assay kit according to the manufacturer’s

Figure 1. LCN2 upregulation in the brains of patients with PD and MPTP-treated mice. A, Western blot analyses of TH and LCN2 in SN tissues from patients with PD and age-matched controls. TH
and LCN2 expression is significantly decreased and increased, respectively, in the SN of patients with PD compared with age-matched controls ( p � 0.024 for TH; p � 0.039 for LCN2; t test; n � 7
for each group). B, LCN2 mRNA levels in the striatum and SN of mouse brains after MPTP treatment were determined by qRT-PCR (top) and traditional RT-PCR (bottom). LCN2 expression is increased
significantly 24 h after MPTP administration compared with saline-treated controls. *p � 0.05 and **p � 0.01 (one-way ANOVA; n � 3 for each group). C, Western blot analysis of LCN2 protein
expression in the striatum (left) and SN (right) of mouse brains. Similar to the mRNA levels, the expression of LCN2 protein is significantly upregulated at 24 h compared with saline-treated controls.
*p � 0.05 and **p � 0.01 (one-way ANOVA; n � 3 for each group). D, Comparison of LCN2 mRNA levels in the SN, striatum (STR), hippocampus (HIP), and cerebral cortex (CC) after MPTP
administration in mice. The upregulation of LCN2 mRNA is more apparent in the nigrostriatal DA system than the HIP and CC. *p � 0.05 and **p � 0.01 versus saline-treated controls (one-way
ANOVA; n � 3 for each group; ns, not significant).
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instructions (Takara). Absorbance was read at 440 nm and LDH-
expressed cytotoxicity (%) was calculated using the following formula:
(supernatant value � blank value)/[(supernatant value � blank value) �
(upper control value � blank value)] � 100%.

Measurement of LCN2 protein levels
The levels of LCN2 protein in culture media were determined using the
mouse Lipocalin-2/NGAL DuoSet ELISA kit (R&D Systems) according
to the manufacturer’s instructions. The optical densities of the standards
and samples were measured by subtracting the readings at 540 nm from
the readings at 450 nm using Softmax software (Molecular Devices).

Gelatin zymography
Conditioned media were collected from differentiated SH-SY5Y cells
treated with MPP � (100 �M) for 24 h and gelatin zymography was per-
formed to measure the activities of matrix metalloproteinase (MMP)-2
and MMP-9. Twenty microliters of culture medium was loaded onto an
8% SDS-PAGE gel containing 1 mg/ml gelatin under nonreducing con-
ditions. After electrophoresis, the gel was washed 2 times in 2.5% Triton
X-100 for 20 min at 22–24°C to remove the SDS. The gel was washed
another 2 times in deionized water at 22–24°C and incubated in reaction
buffer (50 mM Tris, pH 7.5, 10 mM CaCl2, 150 mM NaCl, and 2 �M ZnCl2)
for 24 h at 37°C. After the reaction buffer incubation, the gel was stained
with 1% Coomassie Brilliant Blue R-250 for 1 h at 22–24°C, followed by
incubation in destaining buffer (10% MeOH, 5% AcOH). An MMP-9
standard was used at a concentration of 100 ng/ml (R&D Systems).
MMP-2 and MMP-9 activities were visualized as clear bands in the blue
background of stained undigested gelatin.

Statistical analysis
All data were analyzed using GraphPad Prism version 5.01 software. All
data are expressed as mean 	 SEM. The statistical analysis was performed
by comparing the means of different groups using the unpaired two-
tailed Student’s t test, one-way ANOVA with Tukey’s multiple-

comparisons test, and two-way ANOVA with the post hoc Bonferroni
test. P � 0.05 was considered significant.

Results
Upregulation of LCN2 expression in the SN of patients
with PD
To examine the alteration of TH and LCN2 expression in the SN
of patients with PD compared with that in age-matched controls,
we measured the TH and LCN2 protein levels by Western blot-
ting of SN samples obtained from postmortem PD and age-
matched control brains (Table 1). Our results showed that TH
expression was decreased significantly in the SN of patients with
PD compared with age-matched controls (Fig. 1A; p � 0.024),
whereas LCN2 expression was increased significantly in the SN of
patients with PD compared with age-matched controls (Fig. 1A;
p � 0.039). These observations suggest that the loss of DA neu-
rons might be associated with an increase in LCN2 expression in
the adult brain. However, further comparative analyses using
larger numbers of PD patients and age-matched controls will be
necessary to find any statistically significant correlations between
the level of LCN2 expression and the clinical history of each
patient (e.g., disease duration, cause of death, dementia score,
and family history). Such information on the limited number of
samples used in this study was incomplete (data not shown).

LCN2 upregulation in the MPTP-treated animal model of PD
The rodent model of PD using the neurotoxic substance MPTP,
which targets the nigrostriatal DA system specifically, has been
useful in establishing the possible cellular and molecular under-
pinnings of this neurodegenerative condition (Moretto and Co-

Figure 2. LCN2 upregulation in the glia after MPTP administration. A, Immunofluorescence staining of LCN2 in the striatum and SN of mouse brains at 24 h after MPTP treatment. Note that LCN2
expression is upregulated in both the striatum and SN of the MPTP-treated mouse. Scale bar, 50 �m. B, C, Colocalization of LCN2 expression with glial cells in the striatum (B) and SN (C) by double
immunofluorescence staining. LCN2 (red) upregulation after MPTP administration is mainly localized within GFAP-positive astrocytes (green) in both the striatum and SN and partially in the
Iba-1-positive microglia (green) at 24 h after injection. Scale bar, 50 �m. Arrows indicate colocalization of LCN2 and astrocytes/microglia.
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losio, 2013). To clarify whether the
MPTP-treated animal model of PD can
be used to determine the role of LCN2
upregulation in neurodegeneration, we
first examined the alteration of LCN2
expression in the nigrostriatal DA system
after intraperitoneal injections of MPTP
and saline as a control. Similar to the pa-
tient data, there were significant increases
in the LCN2 mRNA (Fig. 1B; *p � 0.05
and **p � 0.01 vs saline controls) and
protein (Fig. 1C; *p � 0.05 and **p � 0.01
vs saline controls) levels, which were de-
termined by PCR and Western blotting,
respectively, in both the SN and striatum
at 24 h after the first MPTP treatment.
Moreover, the LCN2 upregulation in-
duced by MPTP administration was more
apparent in the nigrostriatal DA system,
including the SN and striatum, than in
other brain areas such as the hippocam-
pus and cerebral cortex (Fig. 1D), suggest-

Figure 3. LCN2 upregulation induces disruption of the nigrostriatal DA projection in vivo. A, Double immunofluorescence staining for LCN2 receptor (LCN2R; green) and TH (red) in the SN of a
mouse brain reveals that the DA neurons express LCN2R. Scale bar, 50 �m. Arrows indicate colocalization of LCN2R and TH-positive neurons. B, Schematic diagram of the experimental design to
determine whether LCN2 upregulation by treatment with recombinant LCN2 induces disruption of the nigrostriatal DA projection in vivo. C, D, Disruption of the nigrostriatal DA projection (SN, C;
striatum, D) examined by TH staining is apparent at 6 d after LCN2 injection into the SN of the mouse brain. Denatured LCN2 (Denat. LCN2) has no neurotoxic effect. Scale bar, 500 �m. C, Histogram
results showing the number of TH-positive neurons counted using a stereological technique in the entire SN. **p � 0.01 and ##p � 0.01 versus saline-treated mice and LCN2-treated mice,
respectively (one-way ANOVA; n � 4 for untreated mice, n � 5 for other groups). D, Histogram showing the optical density of TH-positive fibers after immunoperoxidase staining in the striatum.
**p�0.01 and ##p�0.01 versus saline-treated mice and LCN2-treated mice, respectively (one-way ANOVA; n�4 for untreated mice, n�5 for other groups). Consistent with the results obtained
by immunoperoxidase staining, immunofluorescence staining for TH showed that LCN2 treatment induced a significant loss of TH-positive fibers in the striatum compared with controls. *p � 0.05
and #p � 0.05 versus saline-treated mice and LCN2-treated mice, respectively (one-way ANOVA; n � 4 for untreated mice, n � 5 for other groups). E, Locomotor deficits were assessed by pole test
performance. *p � 0.05 and #p � 0.05 versus saline-treated mice and LCN2-treated mice, respectively (one-way ANOVA; n � 5 for untreated mice, n � 8 for other groups). F, Motor deficits were
estimated by the latency to fall in the rotarod test. **p � 0.01 and ##p � 0.01 versus saline-treated mice and LCN2-treated mice, respectively (one-way ANOVA; n � 3 for untreated mice, n � 4
for other groups). G, Total distance traveled in 5 min and velocity were measured in the open-field test. #p � 0.05 versus LCN2-treated mice (t test; n � 3 for untreated mice, n � 4 for other groups).

Figure 4. Iron uptake upregulation enhances LCN2-mediated neurotoxicity in the SN. To clarify whether the function of LCN2 as
an iron transporter contributes to neurotoxicity in the SN, we injected LCN2, FC, DFO, a mixture of LCN2 and FC, or a mixture of LCN2
and DFO into the SN and measured neurotoxicity by TH immunostaining 6 d after each treatment. Scale bar, 500 �m. Similar to the
neurotoxicity in the SN shown in Figure 3, LCN2 treatment induced a significant decrease in the number of TH-positive neurons. In
addition, FC alone also induced a loss of DA neurons in the SN and its neurotoxicity was enhanced significantly by cotreatment with
FC and LCN2. However, LCN2-induced neurotoxicity was attenuated significantly by cotreatment with LCN2 and DFO, which
showed no neurotoxicity on their own. *p � 0.01 and **p � 0.001 versus saline-treated mice; #p � 0.05 between the indicated
group (one-way ANOVA; n � 5 for each group).
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ing that the animal model of PD induced by MPTP treatment can
be used to study the role of LCN2 in PD pathogenesis.

Localization of LCN2 protein in reactive astrocytes
To determine the cellular localization of LCN2 protein in the
striatum and SN of MPTP-treated mice, double immunofluores-
cence staining for LCN2 and GFAP or Iba-1 in the brain was
performed 24 h after the MPTP administration. Consistent with
the results of Western blotting, LCN2 upregulation was observed
in both the striatum and SN of the MPTP-treated mice (Fig. 2A).
The LCN2 staining was localized mainly within reactive astro-
cytes, even though some activated microglia also showed LCN2
overexpression (Fig. 2B,C). Consistent with the results in Figure
2A, saline treatment did not cause an increase in LCN2 expres-
sion or glial activation (Fig. 2B,C). Moreover, there was no LCN2
upregulation in neurons in the striatum and SN after MPTP
treatment (data not shown). These results suggest that LCN2
upregulation in the brains of MPTP-treated mice is associated
with glial activation and reactive astrocytes are the major cell type
expressing LCN2.

LCN2 neurotoxicity in the nigrostriatal DA system
As described in a previous study, LCN2 binds to a cell surface
receptor (LCN2R, also known as 24p3R) to regulate cell death

and survival (Devireddy et al., 2005; Lee et al., 2012; Jha et al.,
2015). As shown in Figure 3A, we confirmed that nigral DA neu-
rons expressed LCN2R, suggesting that glial LCN2 upregulation
might contribute to the degeneration of DA neurons. Therefore,
we evaluated the neurotoxic effects of recombinant LCN2 pro-
tein in the nigrostriatal DA system of the mouse brain (Fig. 3B). A
significant loss of the nigrostriatal DA projection was observed
6 d after an intranigral injection of LCN2 protein, but not in the
untreated or saline-treated controls (Fig. 3C,D). The administra-
tion of 1 �g of LCN2 protein was found to significantly reduce the
number of DA neurons and the optical density/fluorescence in-
tensity of DA fibers. These were expressed as the number of TH-
positive neurons and the percentage of the optical density and
fluorescence intensity relative to the control in the SN and stria-
tum, respectively (*p � 0.05 and **p � 0.01 vs saline controls).
There was no neurotoxicity caused by treatment with denatured
LCN2 protein (Fig. 3C,D; #p � 0.05 and ##p � 0.01 vs LCN2-
treated mice, but no significance vs controls). Consistent with the
disruption of the DA projection, LCN2-injected mice showed
significant behavioral impairments as demonstrated by the pole
test (Fig. 3E; *p � 0.05 vs saline-injected controls) and rotarod
test (Fig. 3F; **p � 0.01 vs saline-injected controls), but not in
denatured LCN2-treated mice (Fig. 3E,F; #p � 0.05 and ##p �
0.01 vs LCN2-treated mice, but no significance vs controls).

Figure 5. LCN2 deficiency protects the nigrostriatal DA projection in the MPTP-treated model of PD. A, Diagram of the experimental design to determine whether LCN2 gene ablation affects MPTP
neurotoxicity. B, Representative images of TH immunoreactivity in SN sections and the number of TH-positive neurons. Scale bar, 500 �m. **p � 0.001 and ##p � 0.01 versus saline-treated WT
mice and MPTP-treated WT mice, respectively (two-way ANOVA; n � 8 for each group). C, Representative images of TH-positive fibers in striatum sections, their optical density, and fluorescence
intensity. Scale bar, 500 �m. **p � 0.001 and ##p � 0.01 in immunoperoxidase staining versus saline-treated controls and MPTP-treated WT mice, respectively (two-way ANOVA; n � 5 for each
group). **p � 0.001 and #p � 0.05 in immunofluorescence staining versus saline-treated controls and MPTP-treated WT mice, respectively (two-way ANOVA; n � 5 for each group). D, Ablation
of the LCN2 gene alleviates the MPTP-induced behavioral deficit, which was measured by pole test performance. *p �0.01 and #p �0.05 versus saline-treated WT mice and MPTP-treated WT mice,
respectively (two-way ANOVA; n � 9 for each group). E, Motor deficits were measured using the rotarod test. *p � 0.01 and #p � 0.05 versus saline-treated WT mice and MPTP-treated WT mice,
respectively (two-way ANOVA; n � 4 for saline-treated WT mice, n � 5 for other groups). F, Total distance traveled in 5 min and velocity were measured using the open-field test. ##p � 0.01 versus
MPTP-treated WT mice (t test; n � 3 for saline-treated WT mice, n � 4 for other groups).
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Moreover, the open-field test showed that there was a significant
difference as demonstrated by Student’s t test between LCN2-
and denatured LCN2-treated mice (Fig. 3G; #p � 0.05 vs LCN2-
treated mice). These data suggest that LCN2-induced neurotox-
icity could lead to abnormal locomotor activities associated with
the lesioned DA system.

LCN2 plays a role in transferring iron into cells (Devireddy et
al., 2005). Moreover, intracellular iron accumulation is involved
directly in PD pathogenesis (Zecca et al., 2004; Hare et al., 2013;
Ward et al., 2014; Ayton et al., 2015; Hare et al., 2015). Therefore,
to investigate whether LCN2 upregulation contributes to neuro-
degeneration through intracellular iron accumulation in DA
neurons, we evaluated the neurotoxic effects of recombinant
LCN2 protein in the presence of an iron supplement or an iron
chelator in the nigrostriatal DA system of mouse brains. Intrani-
gral cotreatment with the iron donor FC and LCN2 enhanced the
LCN2-induced loss of DA neurons in the SN significantly (#p �
0.05 vs LCN2 alone), whereas LCN2-induced neurotoxicity was
attenuated by cotreatment with the iron chelator DFO (Fig. 4;
#p � 0.05 vs LCN2 alone). Together, these results suggest that
LCN2 upregulation contributes to neurodegeneration in the ni-
grostriatal DA system and intracellular iron accumulation may
be an important mechanism underlying LCN2 neurotoxicity in
the adult brain.

LCN2 deficiency protects the nigrostriatal DA projection
against MPTP neurotoxicity in vivo
To determine whether the control of LCN2 expression might be
useful in protecting the nigrostriatal DA system in the adult
brain, we evaluated MPTP-induced neurotoxicity in LCN2-
deficient mice compared with normal mice. At 7 d after treatment
with saline or MPTP, MPTP-injected WT mice showed an
apparent loss of the nigrostriatal DA projection compared with
saline-treated controls, which was attenuated significantly in
LCN2-deficient (KO) mice (Fig. 5B,C). MPTP treatment re-
duced the number of DA neurons (**p � 0.001) and the optical
density/fluorescence intensity of the DA fibers (**p � 0.001) sig-
nificantly when the number of TH-positive neurons and the den-
sity/intensity of the TH-positive fibers were quantified. These
were expressed as the percentage of the optical density and fluo-
rescence intensity relative to the control in the SN and striatum,
respectively. However, LCN2-deficient mice were protected sig-
nificantly against the MPTP-induced TH-neuronal loss and ter-
minal loss in the SN and striatum, respectively (#p � 0.05 and
##p � 0.01, respectively, vs MPTP-treated WT mice). Consistent
with the results of immunohistochemical staining, the abnormal
locomotor behaviors induced by MPTP neurotoxicity were ame-
liorated significantly in LCN2-deficient mice as demonstrated by
the pole test (Fig. 5D; #p � 0.05 vs MPTP-treated WT mice),

Figure 6. MPTP-induced glial activation is attenuated in LCN2-deficient mice. A, Images of striatal immunohistochemical staining with anti-Iba-1 and anti-GFAP antibodies for microglia and
astrocytes, respectively, after saline or MPTP treatment. Scale bars, 100 and 25 �m (higher-magnification images). The histograms indicate the number of microglia (top) and astrocytes (bottom)
in the striatum. **p�0.001 versus saline-treated WT mice; ###p�0.001 and #p�0.05 versus MPTP-treated WT mice (two-way ANOVA; n�4 for saline groups, n�5 for MPTP groups). B, Nigral
immunohistochemical images of staining with anti-Iba-1 and anti-GFAP antibodies after saline or MPTP treatment. Scale bars, 100 and 25 �m (higher-magnification images). Similar to the results
in the striatum, increases in the numbers of microglia and astrocytes are observed in the SN of the WT mouse brains after MPTP treatment compared with the saline-treated controls. However, those
increases are reduced significantly in LCN2-deficient mice. **p � 0.001 versus saline-treated WT mice; #p � 0.05 and ##p � 0.01 versus MPTP-treated WT mice (two-way ANOVA; n � 4 for saline
groups, n � 5 for MPTP groups). C, Western blot analysis of TNF-� and IL-1� expression in the SN of mouse brains 3 d after MPTP treatment. Representative gel images show that MPTP
administration induces significant increases in TNF-� and IL-1� expression in the SN of WT mice ( p � 0.01 vs saline-treated WT mice). However, the upregulation of the cytokine levels in the SN
of WT mice is attenuated in the SN of LCN2-deficient mice. *p � 0.01 versus saline-treated WT mice; #p � 0.05 versus MPTP-treated WT mice (two-way ANOVA; n � 3 for each group).
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Figure 7. LCN2 deficiency protects the nigrostriatal DA projection in the 6-OHDA-treated animal model of PD. A, Diagram of the experimental design to determine whether intrastriatal injection
of 6-OHDA induces LCN2 upregulation in the nigrostriatal DA system in the adult brain. B, Western blot analyses of the levels of LCN2 expression in the striatum and SN of mouse brains. ***p � 0.001
and **p � 0.01 in the striatum and SN, respectively, versus vehicle controls (one-way ANOVA; n � 4 for each group). C, Colocalization of LCN2 expression with (Figure legend continues.)
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rotarod test (Fig. 5E; #p � 0.05 vs MPTP-treated WT mice), and
open-field test (Figure 5F; ##p � 0.01 vs MPTP-treated WT mice,
t test). There was no significant difference in the baseline perfor-
mance between WT mice and LCN2-deficient mice (data not
shown). Therefore, these results suggest that the control of LCN2
upregulation in pathophysiological conditions may be used to
protect the nigrostriatal DA system in the adult brain. The
results also support an important role of LCN2 in PD
pathogenesis.

LCN2 deficiency inhibits glial activation in the MPTP-treated
model of PD
Glial activation is a well known pathological feature of the brains
of PD patients and animal models of PD (Teismann et al., 2003;

Hirsch and Hunot, 2009; Rappold and
Tieu, 2010; Cabezas et al., 2014). To inves-
tigate whether LCN2 deficiency in the
MPTP-treated model of PD inhibits glial
activation and subsequent production of
neurotoxic proinflammatory cytokines,
we evaluated the total number of micro-
glia and astrocytes in both the striatum
and SN after MPTP administration. We
also examined the changes in interleukin-
1-� (IL-1�) and tumor necrosis factor-�
(TNF-�) expression in the brains of
LCN2-deficient mice compared with WT
mice. At 3 d after the MPTP injection,
brain sections were immunostained with
anti-Iba-1 and anti-GFAP antibodies to
label the microglia and astrocytes,
respectively. As shown in the high-
magnification images of Figure 6, A and B,
MPTP-induced neurotoxicity was accom-
panied by morphological changes in mi-
croglia and astrocytes. In addition, we
observed that the numbers of microglia
and astrocytes were increased signifi-
cantly in both the striatum and SN of
MPTP-treated WT mice (Fig. 6A,B;
**p � 0.001 vs saline-treated WT mice).
However, consistent with the mild mor-
phological changes in the glia, the in-
creases in the numbers of microglia and
astrocytes were attenuated significantly in
the MPTP-treated LCN2-deficient mice
compared with the MPTP-treated WT
mice (Fig. 6A,B; #p � 0.05, ##p � 0.01,

and ###p � 0.001 vs MPTP-treated WT mice). Moreover, West-
ern blot analyses of TNF-� and IL-1� expression showed that the
significant increases in the levels of both neurotoxic cytokines in
the SN of WT mice after MPTP treatment (Fig. 6C; *p � 0.01 vs
saline-treated WT mice) were absent in the LCN2-deficient mice
(Fig. 6C; #p � 0.05 vs MPTP-treated WT mice). These data sug-
gest that LCN2 might be an important trigger of glial activation
and neuroinflammation in the MPTP-treated model of PD.

LCN2 deficiency protects against 6-OHDA neurotoxicity
in vivo
To confirm the upregulation of LCN2 in the lesioned DA system
and its contribution to neurodegeneration in the nigrostriatal DA
system of the adult brain, we examined the neuroprotective ef-
fects of LCN2 deficiency against 6-OHDA-induced neurotoxicity
in the nigrostriatal DA projections of LCN2-null mice. Similar to
the upregulation of LCN2 expression after MPTP treatment,
Western blot analyses of WT brains showed that an intrastriatal
injection of 6-OHDA induced a significant increase in LCN2
expression in both the striatum and SN compared with intact and
vehicle-injected controls (Fig. 7B; **p � 0.01 and ***p � 0.001 vs
vehicle controls) and double immunofluorescence staining for
LCN2 and GFAP or Iba-1 showed that the increases in LCN2
expression after 6-OHDA treatment were localized within astro-
cytes and microglia (Fig. 7C), suggesting that LCN2 upregulation
in the brain might be associated with glial activation. The neuro-
toxicity and movement impairments after 6-OHDA treatment
were attenuated significantly in LCN2-deficient mice (Fig. 7D–
G). These results suggest that the neurotoxicity in the nigrostria-

4

(Figure legend continued.) glial cells in the striatum and SN by double immunofluorescence
staining 48 h after 6-OHDA treatment. Scale bar, 10 �m. Arrows indicate colocalization of LCN2
and astrocytes/microglia. D, Number of TH-positive neurons in the SN. Scale bar, 200 �m.
***p � 0.001 and **p � 0.01 versus vehicle controls; ###p � 0.001 versus 6-OHDA-treated
WT mice (one-way ANOVA; n � 4 for each group). CON, Contralateral control side; EXP, ipsilat-
eral injected side. E, Optical densities (ODs) of TH-positive fibers in the striatum. Scale bars, 1000
�m (top) and 500 �m (bottom). ***p � 0.001 in immunoperoxidase staining versus vehicle
controls; ###p � 0.001 in immunoperoxidase staining versus 6-OHDA-treated WT mice;
***p � 0.001 in immunofluorescence staining versus vehicle controls; ##p � 0.01 in immu-
nofluorescence staining versus 6-OHDA-treated WT mice (one-way ANOVA; n � 4 for each
group). F, G, Movement impairment analyses by the rotarod and open-field tests. **p � 0.01
and #p � 0.05 in the results of the rotarod test (F) versus vehicle-treated mice and 6-OHDA-
treated WT mice, respectively (one-way ANOVA; n � 4 for each group). #p � 0.05 and ##p �
0.01 in the results of the open-field test (G) versus 6-OHDA-treated WT mice (t test; n � 4 for
each group).

Figure 8. LCN2 contributes to neurotoxicity in the MPP �-treated model of PD in vitro. A, Astrocytes isolated from WT or
LCN2-deficient mice were cocultured with mesencephalic neurons treated with MPP � for 24 h. Neuronal viability was measured
using the MTT assay after 24 h of coculture. MPP � induced significant neurotoxicity at 48 h after the treatment in mesencephalic-
neuron-enriched cultures and the neurotoxicity was increased significantly in the cocultures with WT astrocytes. However, the
addition of LCN2-deficient astrocytes induced lower neurotoxicity compared with cocultures of mesencephalic neurons and WT
astrocytes. *p � 0.01 and **p � 0.001 versus untreated mesencephalic DA neurons; #p � 0.05 and ##p � 0.01 between the
indicated groups. B, LCN2 treatment induces direct neurotoxicity in SH-SY5Y cultures. SH-SY5Y cells were differentiated by treat-
ment with 10 �M RA for 5 d and then the cells were treated with LCN2 (1, 2, or 4 �g/ml) or MPP � (100 �M) as a positive control
for neurotoxicity. Cell viability was evaluated by MTT and LDH assays 4 d after the LCN2 or MPP � treatment. *p � 0.05 and **p �
0.01, significantly different from untreated control (one-way ANOVA; n � 3).
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tal DA projection induced by elevated
LCN2 expression might be a common fea-
ture of animal models of PD and the in-
creased LCN2 levels in the lesioned DA
system might be a potential pathogenic
factor in PD.

Astrocytic LCN2 contributes to MPP�-
induced neurotoxicity in vitro
To clarify further whether astrocytic LCN2
contributes to neurotoxicity in DA neurons,
we compared MPP�-induced neurotoxic-
ity in cocultures of mesencephalic neu-
rons and normal astrocytes with toxicity
in cocultures of mesencephalic neurons
and astrocytes obtained from LCN2-
deficient mice. MPP� at a concentration
of 1 �M induced significant neuronal
death in mesencephalic-neuron-enriched
cultures at 48 h after the treatment com-
pared with untreated controls (Fig. 8A;
*p � 0.01). We cocultured neurons with
astrocytes by transferring culture inserts
containing astrocytes into wells with
neuron-enriched cultures at 24 h after the
MPP� treatment. We measured neuronal
viability using the MTT assay after cocul-
turing the cells for another 24 h. Our re-
sults showed that the reduction in neuronal viability was greater
in the cocultures of mesencephalic neurons and normal astro-
cytes than in the pure neuron-enriched cultures (Fig. 8A; ##p �
0.01). However, the decrease in neuronal viability was attenuated
significantly in the cocultures of mesencephalic neurons and
LCN2-deficient astrocytes (Fig. 8A; #p � 0.05 vs cocultures of
mesencephalic neurons and normal astrocytes). Therefore, these
results suggest that astrocyte-derived LCN2 contributes to the
death of DA neurons in vitro. In addition, we confirmed the direct
neurotoxicity of LCN2 by treatment of SH-SY5Y neuronal cul-
tures differentiated by 10 �M RA and expressing DA markers with
recombinant LCN2 protein (1, 2, or 4 �g/ml) or MPP� (100 �M)
as a positive control for neurotoxicity. Cell viability was evaluated
by the MTT and LDH assays at 4 d after treatment with LCN2 or
MPP� (Fig. 8B; *p � 0.05 and **p � 0.01 vs untreated group).
Moreover, we observed that treatment with conditioned medium
(CM) derived from RA-differentiated SH-SY5Y neuronal cul-
tures pretreated with MPP� induced a significant increase in
LCN2 release from mixed glial cultures compared with CM de-
rived from untreated SH-SY5Y cultures (Fig. 9A,C). Further-
more, we observed that LCN2 expression, at both the mRNA
(Fig. 9D) and protein (Fig. 9E) levels, was significantly upregu-
lated in the glial cultures treated with CM derived from SH-SY5Y
neuronal cultures after MPP� treatment compared with CM de-
rived from untreated SH-SY5Y cultures. MPP� treatment alone
had no effect on LCN2 release in SH-SY5Y neuronal cultures
(Fig. 9B). These results indicate that the secretory factors released
from MPP�-damaged DA neurons may induce glial LCN2 ex-
pression and secretion.

It has been reported previously that MMP-9 is released from
damaged DA neurons (Lorenzl et al., 2004) and induces glial
activation (Annese et al., 2015). Similar to these reports, we ob-
served that MPP� treatment induced an increase in MMP-9 ac-
tivity, as measured by gelatin zymography, in SH-SY5Y neuronal
cultures (Fig. 10A). Moreover, consistent with the increase in

LCN2 release in glial cultures after treatment with CM derived
from SH-SY5Y neuronal cultures after MPP� treatment (Fig.
9C), MMP-9 treatment induced an increase in LCN2 release in
mixed glial cultures (Fig. 10B) and astrocyte-enriched cultures
(Fig. 10C). These results suggest that MMP-9 derived from the
damaged neurons may stimulate the production of glial LCN2
further to amplify neurotoxicity (Fig. 11).

Discussion
Neurodegenerative movement disorders such as PD are the result
of a progressive loss of neurons and axons in the CNS, leading to
motor dysfunction (Kim et al., 2011; Kim et al., 2012). Although
the main cause of PD remains elusive, it is well known that CNS
inflammation and immune activation play major roles in the
pathophysiology of PD. Neuroinflammatory activities resulting
in neurodegeneration are mostly mediated by resident innate
immune cells such as activated microglia and reactive astrocytes,
which are able to produce reactive oxygen intermediates, nitric
oxide, and inflammatory cytokines (McGeer et al., 2005; Hirsch
and Hunot, 2009; Menza et al., 2010; Niranjan, 2014). Therefore,
an understanding of the neuroinflammatory mechanisms and
key biomolecules that control glial activation is indispensable for
developing a novel therapeutic strategy for the protection of the
nigrostriatal DA projection in the PD brain.

Astrocytes are the most abundant glial cells in the mammalian
brain (Chung et al., 2010) and play both beneficial and detrimen-
tal roles in PD (Teismann et al., 2003; McGeer and McGeer, 2008;
Rappold and Tieu, 2010; Cabezas et al., 2014). Astrocytes play
important roles in multiple brain processes such as the promo-
tion of neurovascular coupling, glutamate uptake and release, pH
control, dopamine metabolism, and production of glutathione
and superoxide dismutases with antioxidant effects (Danbolt,
2001; Teismann et al., 2003; Cabezas et al., 2014). In addition,
astrocytes provide the optimal microenvironment for neuronal
function by exerting active control of the cerebral blood flow
(Mulligan and MacVicar, 2004; Gordon et al., 2008) and the ex-

Figure 9. Conditioned media derived from MPP �-treated neuronal cultures induce an increase in LCN2 expression in glial
cultures. A, Diagram of the experimental design. B, SH-SY5Y neurons differentiated by treatment with 10 �M RA for 5 d were
exposed to 100 �M MPP � and the levels of LCN2 expression in the culture medium were measured by ELISA at 24 h after the
MPP � treatment (t test; n � 3). C, Mixed glial cultures including astrocytes and microglia were treated with CM derived from
untreated or MPP �-treated neuronal cultures and the levels of LCN2 protein in the culture medium were measured by ELISA at
24 h after the CM treatment. **p � 0.01, significantly different from the untreated CM control (t test; n � 3). D, E, Increased levels
of LCN2 mRNA and protein in the mixed glia were confirmed by traditional RT-PCR (D) and Western blotting (E), respectively, 24 h
after the CM treatment.
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tracellular concentrations of neurotransmitters (Danbolt, 2001).
Moreover, astrocytes promote the survival and maintenance of
DA neurons through secretion of various neurotrophic factors in
the SN (Teismann et al., 2003; McGeer and McGeer, 2008). How-
ever, the presence of reactive astrocytes in the brains of patients
with PD is one of the key features of the disease (Teismann et al.,

2003; Rappold and Tieu, 2010; Cabezas et
al., 2014). In experimental models of PD
using neurotoxic substances such as
6-OHDA and MPTP, reactive astrocytes
have been implicated in causing oxidative
stress and releasing cytokines that trigger
degeneration of DA neurons (Liberatore
et al., 1999; Rappold and Tieu, 2010; Laz-
zarini et al., 2013). At the same time, reac-
tive astrocytes also display beneficial
characteristics in these models of PD
(Voutilainen et al., 2009; Rappold and
Tieu, 2010; Yokoyama et al., 2011). In ad-
dition, LCN2 produced by activated as-
trocytes in response to neurodegeneration
contributes to neurotoxicity in vitro, sug-
gesting that reactive astrocytes might have
neurotoxic properties such as secretion of
neurotoxic molecules (Lee et al., 2012; Bi
et al., 2013). Reactive astrocytes also contrib-
ute to neuronal impairment through induc-
tion of neurotoxic factors in �-amyloid-
treated astrocytic/neuronal cocultures
(Malchiodi-Albedi et al., 2001). Together,
these results indicate that, even though
the crosstalk between damaged neurons
and reactive astrocytes remains poorly
understood, reactive astrocytes may play
detrimental roles in PD under specific
pathological conditions. Such conditions
include gliosis induced by neuronal injury
or toxic insults (Rappold and Tieu, 2010)
and the simultaneous loss of neuroprotec-
tive functions and gain of neurotoxic prop-
erties (Bi et al., 2013). Moreover, reactive
astrocytes can produce soluble factors that
stimulate microglial activation, resulting in
neurodegeneration (Rohl and Sievers, 2005;
Ovanesov et al., 2008). Therefore, the char-
acterization of the action mechanisms of
reactive-astrocyte-derived molecules in-
volved in neurotoxicity and neuroinflam-
mation may be important for finding a
novel therapeutic strategy for PD.

Here, we report that LCN2 upregula-
tion is observed in the SN of patients with
PD (Fig. 1A). Moreover, we demonstrate
that an increase in astrocytic LCN2 in the
nigrostriatal DA system may be a poten-
tial pathogenic mechanism in PD. MPTP
administration significantly upregulated
LCN2 expression, mainly in the activated
astrocytes, in the SN and striatum of the
mouse brain (Fig. 2) and its upregulation
was more apparent in the nigrostriatal DA
system than in any other brain areas, such
as the hippocampus and cerebral cortex

(Fig. 1D). LCN2 upregulation was also observed in the 6-OHDA-
treated animal model of PD (Fig. 7), suggesting that its upregu-
lation might be a universal feature of PD models. In addition to
the observations of LCN2 upregulation, LCN2 neurotoxicity was
confirmed by the intranigral injection of recombinant LCN2 pro-
tein, resulting in the disruption of the nigrostriatal DA projection

Figure 10. Increases in LCN2 expression in mixed glial cultures and astrocyte-enriched cultures after treatment with MMP-9. A,
SH-SY5Y neurons differentiated by treatment with 10 �M RA for 5 d were exposed to 100 �M MPP � and the levels of MMP-9
zymogen in the culture medium were measured by gelatin zymography 24 h after the MPP � treatment. The levels of MMP-9 were
increased significantly in the SH-SY5Y neuronal cultures treated with MPP � compared with normal controls. *p � 0.05, signifi-
cantly different from untreated controls (t test; n � 4). B, C, Mixed glia and astrocyte-enriched cultures were treated with MMP-9
(100 and 500 ng/ml) and the levels of LCN2 protein in the culture medium were measured by ELISA 24 h after the MMP-9
treatment. The levels of LCN2 were increased significantly in both glial cultures (B) and astrocyte-enriched cultures (C) treated with
MMP-9 compared with normal controls. *p � 0.05, significantly different from untreated controls (one-way ANOVA; n � 3).
Lipopolysaccharide (LPS; 100 ng/ml) and interferon gamma (IFN-�; 50 units/ml) were used as positive controls for LCN2 induction.
**p � 0.01 and *p � 0.05, significantly different from the untreated control (one-way ANOVA; n � 3).

Figure 11. Schematic representation of LCN2-mediated neurotoxicity in PD. Damaged DA neurons may release biomolecules
such as MMP-9, which contributes to glial activation, resulting in LCN2 upregulation in reactive astrocytes and activated microglia.
In addition to glial activation, which can produce neurotoxic cytokines such as TNF-� and IL-1�, the upregulation of LCN2 may
induce direct neurotoxicity via excessive iron delivery into DA neurons, resulting in the disruption of the nigrostriatal DA system in
the adult brain.

Kim et al. • LCN2 Neurotoxicity in PD J. Neurosci., May 18, 2016 • 36(20):5608 –5622 • 5619



in vivo (Fig. 3), and by reductions in neurotoxicity and move-
ment impairments induced by MPTP (Fig. 5) and 6-OHDA (Fig.
7) in LCN2-deficient mice. These results suggest that LCN2 may
be an important pathogenic biomolecule involved in PD. The
results are consistent with a recent report showing an increase in
LCN2 expression in the SN after MFB transection in vivo (Choy et
al., 2015). However, the precise role of LCN2 in PD is still largely
unknown.

LCN2 can play a role as an iron transport protein, regulating
intracellular iron accumulation by binding to its receptor,
LCN2R (Devireddy et al., 2005; Lee et al., 2012; Jha et al., 2015).
We show that DA neurons express LCN2R (Fig. 3A). Moreover,
intracellular iron accumulation is a well characterized feature of
the SN of patients with PD (Zecca et al., 2004; Ward et al., 2014;
Ayton et al., 2015) and animal models of PD (Hare et al., 2013).
To evaluate a possible link between LCN2-induced neurotoxicity
and intracellular iron accumulation, we investigated whether
treatment with an iron donor or an iron chelator could alter the
neurotoxicity induced by LCN2 upregulation. As described in
Figure 4, the LCN2-induced neurotoxicity increased in the
presence of the iron donor, FC, but decreased in the presence
of the iron chelator, DFO, in the mouse brain (Fig. 4). These
results suggest that an increase in the labile iron pool, at least
in part, might be associated with the LCN2-induced neurotox-
icity in vivo.

In addition to demonstrating LCN2 upregulation in the
MPTP-treated model of PD and its neurotoxicity in the nigrostri-
atal DA projection in vivo, we investigated whether LCN2 defi-
ciency in the MPTP-treated model of PD prevented glial
activation and the ensuing production of neurotoxic cytokines
such as IL-1� and TNF-�. LCN2 upregulation has been shown to
mediate glial activation, resulting in neurodegeneration (Lee et
al., 2007; Ferreira et al., 2015; Jha et al., 2015). Previous immu-
nohistochemical studies have shown that numerous activated
microglia, characterized by enlarged cell bodies with short pro-
cesses, are present in the neurotoxin-treated SN of various animal
models of PD (Choi et al., 2003; Whitton, 2007; Kim et al., 2011)
and in the SN of patients with PD (Hirsch et al., 1998). Further-
more, under neuropathological conditions, activated microglia
produce a spectrum of potentially neurotoxic molecules, includ-
ing reactive oxygen species, which contribute to the oxidative
stress and death of DA neurons (Choi et al., 2003; Block and
Hong, 2005; Kim et al., 2010). Similar to microglial activation,
reactive astrocytes could produce neurotoxic cytokines such as
IL-1� and TNF-� in animal models of PD (Hunot et al., 1999;
Yokoyama et al., 2011). Therefore, the characterization of endog-
enous biomolecules associated with glial activation, resulting in
neurodegeneration through oxidative stress and proinflam-
matory mechanisms, is important for the development of PD
therapies. Our experiments showed that glial activation in the
MPTP-treated model of PD was ameliorated in LCN2-deficient
mice (Fig. 6A,B). Consistent with the morphological activation
of glia, Western blot analyses showed that the significant in-
creases in the levels of neurotoxic inflammatory cytokines such as
TNF-� and IL-1� were inhibited in LCN2-deficient mice (Fig.
6C). These findings show that an increase in LCN2 levels may be
involved in the glial activation and production of neurotoxic in-
flammatory cytokines, suggesting that LCN2 upregulation after
neurotoxicity in the brain may be a key trigger of neuroinflam-
mation contributing to further severe disruption of the nigrostri-
atal DA system.

To investigate further whether lesioned neurons affect LCN2
expression in glia, we measured the LCN2 protein levels in the

culture media of mixed glial cultures after treatment with CM
derived from SH-SY5Y neuronal cultures. Our results showed
that treatment with CM from MPP�-treated SH-SY5Y cultures
induced glial expression and secretion of LCN2 (Fig. 9). More-
over, MPP�-induced neurotoxicity was significantly greater in
cocultures of mesencephalic neurons and WT astrocytes than in
cocultures of mesencephalic neurons and LCN2-deficient astro-
cytes (Fig. 8A). Therefore, these results suggest that the damaged
neurons stimulate the production of glial LCN2; however, LCN2-
inducing factors derived from the damaged neurons remain to be
determined in vivo. It has been reported previously that MMP-9
can be released from damaged DA neurons (Lorenzl et al., 2004)
and induce glial activation involved in PD (Annese et al., 2015).
Moreover, LCN2 protein is known to interact directly with
MMP-9, resulting in an LCN2/MMP-9 protein complex (Yan et
al., 2001). We therefore investigated whether glial LCN2 expres-
sion is altered by treatment with MMP-9 in vitro. Our data sug-
gest that MMP-9 is a strong candidate for the activator of glial
LCN2 expression in the adult brain because MMP-9 treatment
induced an increase in the LCN2 protein levels in glial cultures
(Fig. 10B,C). Therefore, our results suggest for the first time that
endogenous factors such as MMP-9 released from damaged DA
neurons may induce astrocytic LCN2 expression and secretion in
the PD brain, which may have a direct neurotoxicity with the
induction of neurotoxic inflammation, thereby playing a central
role in PD pathogenesis (Fig. 11).

In conclusion, LCN2 upregulation in the SN of patients with
PD might be a potential pathogenic mechanism leading to fur-
ther disruption of the nigrostriatal DA system through neuro-
toxic iron accumulation and neuroinflammation in PD.
Astrocytes, possibly stimulated by MMP-9 released from dam-
aged DA neurons, are the major source of LCN2 in the nigrostri-
atal DA system of the adult brain. Therefore, the control of LCN2
expression or its activity in the adult brain may be important for
the protection of the nigrostriatal DA projection in PD and the
development of inhibitors of LCN2-induced neurotoxicity and
neuroinflammation will be useful for the treatment of PD.
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