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Background: In the central nervous system, the role of LCN2 as a chemokine inducer has been previously reported.
Results: Peripheral nerve injury increased LCN2 expression. Lcn2 deficiency attenuated pain hypersensitivity, microglial acti-
vation, and chemokine production. Chemokine expression and pain behavior were induced by LCN2.
Conclusion: The LCN2-chemokine axis plays a critical role in the pathogenesis of neuropathic pain.
Significance: LCN2 can be targeted for treatment of neuropathic pain.

Lipocalin 2 (LCN2), which is also known as 24p3 and neutro-
phil gelatinase-associated lipocalin (NGAL), binds small, hydro-
phobic ligands and interacts with cell surface receptor 24p3R to
regulate diverse cellular processes. In the present study, we
examined the role of LCN2 in the pathogenesis of neuropathic
pain using a mouse model of spared nerve injury (SNI). Lcn2
mRNA levels were significantly increased in the dorsal horn of
the spinal cord after SNI, and LCN2 protein was mainly local-
ized in neurons of the dorsal and ventral horns. LCN2 receptor
24p3R was expressed in spinal neurons andmicroglia after SNI.
Lcn2-deficientmice exhibited significantly lessmechanical pain
hypersensitivity during the early phase after SNI, and an intrath-
ecal injection of recombinant LCN2 protein elicitedmechanical
pain hypersensitivity in naive animals. Lcn2 deficiency, how-
ever, did not affect acute nociceptive pain. Lcn2-deficient mice
showed significantly less microglial activation and proalgesic
chemokine (CCL2 and CXCL1) production in the spinal cord
after SNI than wild-type mice, and recombinant LCN2 protein
induced the expression of these chemokines in cultured neu-
rons. Furthermore, the expression of LCN2 and its receptor was
detected in neutrophils and macrophages in the sciatic nerve
following SNI, suggesting the potential role of peripheral LCN2
in neuropathic pain. Taken together, our results indicate that
LCN2 plays a critical role in the development of pain hypersen-
sitivity following peripheral nerve injury and suggest that LCN2
mediates neuropathic pain by inducing chemokine expression
and subsequent microglial activation.

Neuropathic pain is a severe chronic pain caused by nerve
damages such as nerve compression, nerve trauma, diabetes,
infectionwith herpes zoster virus, autoimmune disease, or can-
cer (1). Growing evidence suggests that the activation of glial
cells, such as astrocytes and microglia, in the central nervous
system (CNS) plays critical roles in the pathogenesis of neuro-
pathic pain (2, 3). Activated spinal microglia release a variety of
proinflammatory mediators, such as, cytokines, chemokines,
prostaglandins, and nitric oxide (NO) in the dorsal spinal cord
(4–7). These mediators can enhance neuronal excitability and
increase pain-associated neurotransmitter release from sen-
sory afferents, leading to pain enhancement or central sensiti-
zation (8–11). In fact, it has been well demonstrated that
chemokines play a critical role in the development of neuro-
pathic pain (6, 12).
Lipocalin-2 (LCN2),2 also known as 24p3 or neutrophil gela-

tinase-associated lipocalin (NGAL), is a 25-kDa glycoprotein
that was initially identified in neutrophil granules (13). LCN2
has various functions; for example, it is involved in the trans-
port of fatty acids and iron and in the regulation of cell death/
survival and innate immunity (14). LCN2 also protects against
bacterial infections (15, 16) and kidney injury (17) and is an
acute phase protein induced by injury, infection, or other
inflammatory stimuli (18). Brain-type organic cation trans-
porter (24p3R) has been shown to be a cell surface receptor for
LCN2 (19). In one study, LCN2 was increased in the prefrontal
cortex during inflammatory pain (20), and in another, LCN2
was found to regulate stress-induced changes in spine mor-
phology, neuronal excitability, and anxiety (21). We previously
reported that LCN2 protein is secreted by glial cells in culture
and that it regulates cell death/survival, motility, and morphol-
ogy of glia (22, 23) as well as neurons (24). More recently, we
reported that LCN2 plays an important role as a chemokine
inducer under inflammatory conditions of the CNS (25). Thus,
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based on these previous findings, we hypothesized that LCN2
might be involved in the development of pain hypersensitivity.
This hypothesis was tested using a spared nerve injury (SNI)
model. Our results based on Lcn2-deficientmice, an intrathecal
injection of LCN2 protein, and cultured neurons suggest that
the spinal LCN2-chemokine axis may contribute to the patho-
genesis of neuropathic pain.

EXPERIMENTAL PROCEDURES

Animals—Wild-type C57BL/6mice and Lcn2-deficient mice
were obtained from Samtaco Inc. (Osan, South Korea) and Dr.
Shizuo Akira (Osaka University, Japan), respectively. The
absence of Lcn2 was confirmed by PCR analysis of genomic
DNA. Animal experiments were approved by the Institutional
Animal Care Committee of Kyungpook National University
and were performed in accordance with the animal care guide-
lines of the National Institutes of Health. All efforts were made
to minimize the number of animals used and to minimize ani-
mal suffering.
Animal Surgery—Surgery was performed on the left sides of

mice under 2% isoflurane anesthesia; contralateral sides were
left intact. For SNI, the three peripheral branches (the sural,
common peroneal, and tibial nerves) of the sciatic nerve were
exposed. The common peroneal and tibial nerves were then
tightly ligated with 6-0 silk thread, and an �2-mm segment of
the two nerves was removed (26, 27). Care was taken to avoid
damage to the nearby sural nerve. After surgery, all wounds
were irrigated with sterile saline and closed in layers. Non-op-
erated animals were used as naive controls. The day of surgery
was set as day 0.
Behavioral Testing—Animals were habituated to the experi-

mental room for at least 1 h before behavioral testing, which
was performed by two investigators. To quantify foot mechan-
ical sensitivity, mice were placed under a transparent plastic
box on ametalmesh floor, and a logarithmic series of calibrated
Semmes-Weinstein monofilaments (von Frey hairs; Stoelting,
WoodDale, IL) was applied to left and right hind paws to deter-
mine the stimulus intensity threshold stiffness required to elicit
hind paw withdrawal responses. The 50% paw withdrawal
threshold was measured using Dixon’s up-and-down method
(28, 29). The time course of response was determined by stim-
ulating the lateral region of left and right hind paws before and
after SNI surgery or an intrathecal injection of recombinant
LCN2 protein. Sensitivity of response to noxious mechanical
stimuli was assessed using the withdrawal frequency method
(30) by calculating the frequency of paw withdrawal for each
monofilament (2.0 or 4.0 g). Thermal pain sensitivity was
assessed using the tail immersion test. Mice were gently
restrained in a 50-ml conical tube, and the distal third of the tail
was immersed into a water bath at 50 or 55 °C. The tail flick
latencies to response as indicated by vigorous tail flexion were
calculated by averaging three measurements. A cutoff time of
15 s was used to prevent tissue damage. Open field test was
conducted as described previously (31).
Purification of Recombinant LCN2 Protein—Bacterially

expressed recombinant mouse LCN2 protein was prepared as
described previously (23). In brief, recombinant mouse LCN2
protein was expressed as a glutathione S-transferase (GST)

fusion protein in BL21 strain Escherichia coli, which does not
synthesize siderophore. LCN2 protein was purified using glu-
tathione-Sepharose 4B beads (GE Healthcare) by elution with
either thrombin or glutathione. Denatured LCN2 protein,
whichwas incubated for 10min at 100 °C, was used as a control.
The bacterially expressed LCN2 protein was used only for the
cortical neuron culture experiment.
Primary Culture of Microglia and Cortical Neurons—Pri-

mary microglia cultures were prepared as described previously
(32). Primary cultures of dissociated cerebral cortical neurons
were prepared from embryonic day 20 ICR mice, as described
previously (33, 34). Briefly, mouse embryos were decapitated,
and brains were rapidly removed and placed in a culture dish
containing cold phosphate-buffered saline (PBS). Corticeswere
then isolated and transferred to a culture dish containing 0.25%
trypsin-EDTA (Life Technologies) in PBS for 30 min at 37 °C.
After two washes in serum-free Neurobasal medium (Life
Technologies), cortical tissues were mechanically dissociated
by gentle pipetting. Dissociated cortical cells in Neurobasal
medium containing 10% FBS, 0.5 mm glutamine, 100 units/ml
penicillin, 100�g/ml streptomycin, N2 supplement (Life Tech-
nologies), and a B27 supplement (Life Technologies) were then
seeded onto 6-well plates coatedwith poly-D-lysine (Falcon; BD
Biosciences). The cells were cultured at 37 °C in a 5% CO2
humidified atmosphere; media were changed every 2–3 days.
Intrathecal Injection of LCN2 Protein—A single intrathecal

injection was performed by direct lumbar puncture between
the L5 and L6 vertebrae using a 25-�l Hamilton syringe with a
30-gauge needle, as described previously (35). Recombinant
mouse LCN2 protein expressed in mammalian cells was pur-
chased from R&D Systems (Minneapolis, MN) and diluted in
PBS. Mice were injected intrathecally with 0.1 or 1 �g of LCN2
protein in a volume of 10 �l. Correct intrathecal localization
was confirmed by a tail flick upon penetration. PBS was used as
the vehicle control.
Immunohistochemistry—Mice were deeply anesthetized and

perfused through the aorta with 0.1 M PBS followed by 4% para-
formaldehyde fixative. The L4/5 spinal cord and the sciatic
nerve were dissected out and postfixed in the same fixative
overnight before specimens were cryoprotected in 30% sucrose
in 0.1 M PBS overnight at 4 °C. A cryostat was used to prepare
10-�m sections of sciatic nerve, which were mounted on gela-
tin-coated slides, and 30-�m sections of spinal cord, which
were placed in PBS and stained with immunoperoxidase, as
described previously (36). Cryostat sections were blocked with
4% normal serum in 0.3% Triton X-100 for 1 h at room temper-
ature and then hybridized with primary antibodies (rabbit anti-
mouse Iba-1 antibody (1:1000; Wako, Osaka, Japan) and rabbit
anti-phospho-p38 mitogen-activated protein kinase (MAPK)
antibody (1:1000; Cell Signaling Technology, Beverly, MA))
overnight at 4 °C. Sections were then washed in PBS containing
0.1% Tween 20 (PBS-T) and incubated at room temperature
with biotinylated secondary antibodies (Vector Laboratories,
Burlingame, CA) for 2 h at a dilution of 1:200. After several
washes in PBS-T, sections were incubated for 1 h at room tem-
perature in avidin-biotin-peroxidase complex (1:100 dilution;
ABC Elite; Vector Laboratories). The horseradish peroxidase
reaction was developed in 0.1 M Tris-buffered saline (pH 7.4)
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containing 0.05% 3,3�-diaminobenzidine. Sections were then
dehydrated, mounted onto glass microscope slides, and cover-
slipped. For immunofluorescence staining, sections were incu-
bated with primary antibodies against LCN2 (goat, 1:500; R&D
Systems), 24p3R (rabbit, 1:200; Sigma-Aldrich), NeuN (mouse,
1:200; Millipore, Billerica, MA), phospho-p38 MAPK (rabbit,
1:200; Cell Signaling Technology), GFAP (mouse, 1:200; BD
Biosciences), Iba-1 (mouse, 1:200; Wako), or Ly6G (rat, 1:200;
BD Biosciences) overnight at 4 °C. They were then incubated
with FITC- or Cy3-conjugated secondary antibodies (1:200;
Jackson ImmunoResearch Laboratories, West Grove, PA).
Slides were washed, cover-slipped with VECTASHIELD
mountingmedium (Vector Laboratories), and visualized under
a fluorescence microscope.
Traditional Reverse Transcription-PCR and Real-time PCR—

Mice were deeply anesthetized and perfused with PBS
through the aorta to remove blood, and the lumbar spinal cord
anddorsal root ganglion (DRG)were then rapidly dissected out.
To isolate the dorsal horn of the spinal cord, the portion corre-
sponding to segments L4–L6 was divided into four constituent
quadrants; dorsal right, dorsal left, ventral right, and ventral
left. These were then immediately frozen in liquid nitrogen and
immediately homogenized in TRIzol reagent (Life Technolo-
gies) for total RNA isolation. Total RNA (2 �g) from each sam-
ple was reverse-transcribed into cDNA using a First Strand
cDNA synthesis kit (MBI Fermentas, Hanover, Germany). PCR
was performed by using a DNA Engine Tetrad Peltier thermal
cycler (MJ Research,Waltham,MA). To analyze PCR products,
10 �l of each PCR was electrophoresed in 1% agarose gel and
detected under UV light. GAPDH was used as an internal con-
trol. Real-time PCR was performed using the one-step SYBR�
PrimeScriptTMRT-PCR kit (Perfect Real Time; Takara Bio Inc.,
Tokyo) and the ABI Prism� 7000 sequence detection system
(Applied Biosystems, Foster City, CA) according to the manu-
facturer’s instructions. The 2���CT method was used to calcu-

late relative changes in gene expression determined by real-
time PCR experiments (37). GAPDH was used as an internal
control. The nucleotide sequences of the primers used are listed
in Table 1.
LCN2 ELISA—The levels of LCN2 protein weremeasured by

indirect ELISA using a goat anti-mouse LCN2 antibody as the
capture antibody and HRP-conjugated anti-goat IgG antibody
as a secondary antibody, respectively, followed by colorimetric
detection.
Quantification and Statistical Analysis—The numbers of

cells showing Iba-1 or phospho-p38 MAPK immunoreactivity
in superficial laminae (100 � 100-�m2 rectangular field for
laminae I–III) were quantified in three consecutive sections
(taken at 200-�m intervals) per L4/L5 spinal segment. An
observing field of 104 �m2was placed on the areas of the lateral,
central, andmedial dorsal horn, and cells that stained positively
for each marker were counted. All results are presented as
means � S.E. The effects of different treatments were com-
pared using Student’s t test. Differences with p values of � 0.05
were considered statistically significant.

RESULTS

LCN2Expression in the Spinal Cord after SNI—Todetermine
the role of LCN2 in neuropathic pain, we first examined the
expression of LCN2 in the spinal cords of SNI-injured mice by
RT-PCR. Lcn2mRNA levels in the ipsilateral dorsal horn of the
spinal cord were significantly increased at 1 or 3 days after SNI
(Fig. 1A), and the levels of Lcn2 mRNA expression in the ipsi-
lateral side at 3 days after SNI were higher than those in the
contralateral side (Fig. 1B). Lcn2 mRNA expression was not
significantly induced by SNI in dorsal root ganglia (DRGs) (Fig.
1C). We then examined the localization of LCN2 protein in
spinal cords after SNI using an immunohistochemical method
(Fig. 2). In the spinal cords of naive control mice, minimal
LCN2 immunoreactivity (IR) was detected in the deep layer of

TABLE 1
Nucleotide sequences of the primers used in RT-PCR
F, forward primer; R, reverse primer.

Mouse cDNA RT-PCR methods Primer sequences

BDNF Real-time F, 5�-CGG CGC CCA TGA AAG AAG TA-3�
R, 5�-AGA CCT CTC GAA CCT GCC CT-3�

Ctss (cathepsin S) Real-time F, 5�-CCG AAG CTT TCC AGT ACA TCA-3�
R, 5�-TGA GTT ATA GTG ACA CTT TTC ATC CA-3�

CCL2 Real-time F, 5�-TCA GCC AGA TGC AGT TAA CG-3�
R, 5�-GAT CCT CTT GTA GCT CTC CAG C-3�

CCL3 Real-time F, 5�-ACT GCC TGC TGC TTC TCC TAC A-3�
R, 5�-AGG AAA ATG ACA CCT GGC TGG-3�

CCL5 Real-time F, 5�-CTC ACC ATC ATC CTC ACT GCA-3�
R, 5�-GCA CTT GCT GCT GGT GTA GAA A-3�

CXCL1 Real-time F, 5�-CAC ACT CAA GAA TGG TCG CGA-3�
R, 5�-TTG TCA GAA GCC AGC GTT CAC-3�

CXCL10 Real-time F, 5�-AAG TGC TGC CGT CAT TTT CT-3�
R, 5�-GTG GCA ATG ATC TCA ACA CG-3�

GAPDH Real-time F, 5�-TGG GCT ACA CTG AGC ACC AG-3�
R, 5�-GGG TGT CGC TGT TGA AGT CA-3�

GAPDH Traditional F, 5�-ACC ACA GTC CAT GCC ATC AC-3�
R, 5�-TCC ACC ACC CTG TTG CTG TA-3�

IL-1� Real-time F, 5�-AAG TTG ACG GAC CCC AAA AGA T-3�
R, 5�-TGT TGA TGT GCT GCT GCG A-3�

IL-6 Real-time F, 5�-AGT TGC CTT CTT GGG ACT GA-3�
R, 5�-TCC ACG ATT TCC CAG AGA AC-3�

LCN2 Traditional F, 5�-ATG TCA CCT CCA TCC TGG TC-3�
R, 5�-CAC ACT CAC CAC CCA TTC AG-3�

TNF-� Real-time F, 5�-ATG GCC TCC CTC TCA GTT C-3�
R, 5�-TTG GTG GTT TGC TAC GAC GTG-3�
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the spinal dorsal horn and inmotor neurons of the ventral horn.
However, at 3 days after SNI, LCN2 IR was markedly increased
in the motor neurons of the ipsilateral ventral horn, whereas
LCN2 IR in the ipsilateral dorsal horn was slightly increased
(Fig. 2). The SNI-induced increase in the LCN2 protein levels in
the spinal cordwas confirmed by ELISA: naive animals, 10.51�
4.46 ng/ml; 1 day after SNI, 23.77� 3.46 ng/ml; 3 days after SNI,
20.87 � 0.90 ng/ml (n � 3, p � 0.05). To determine the cellular
distribution of LCN2, we performed double immunostaining
for LCN2 using different cell markers at 3 days after SNI. LCN2
IR in the dorsal and ventral horns after SNI was found to be
co-localized with the neuronal marker NeuN (Fig. 2A), but not
with the microglia marker Iba-1 or the astrocyte marker GFAP
(Fig. 2B).
Inhibition of Mechanical Nociceptive Behavior in Lcn2-defi-

cient Mice—To investigate the role of LCN2 in the pathogene-
sis of pain hypersensitivity after peripheral nerve injury, we
compared the pain behaviors of Lcn2-deficient mice and wild-
type mice following SNI. Sensitivity to mechanical stimuli was

measured in injured ipsilateral and uninjured contralateral
hind paws before and for 10 days after surgery. Following SNI,
wild-type mice developed pain hypersensitivity in the ipsilat-
eral side as compared with either the contralateral side or
the base-line values before surgery. However, SNI-induced
mechanical allodynia was significantly attenuated at 1–3 days
after SNI in Lcn2-deficient mice (Fig. 3A). The behavioral dif-
ference between wild-type and Lcn2-deficient mice was con-
firmed using the littermates obtained frommating of heterozy-
gous animals (data not shown). To investigate the effect of
exogenous LCN2 on pain sensitivity, we injected recombinant
LCN2 protein (0.1 or 1�g) intrathecally intowild-typemice. At
the higher dose, a significant reduction in paw withdrawal
threshold was detected within 3 h of injection, and this reduc-
tion was maintained throughout the 3-day testing period,
whereas the paw withdrawal threshold of mice treated with the
lower dose (0.1 �g) was reduced at 3 h to 1 day after injection
and then returned to base-line values (Fig. 3B). No significant
difference in pain sensitivity was detected in vehicle-injected

FIGURE 1. Expression of Lcn2 mRNA in the spinal cord after SNI. A–C, the expression of Lcn2 mRNA in the spinal cord or DRG after SNI was assessed using
traditional RT-PCR (A, left, and B and C) or real-time PCR (A, right). Lcn2 mRNA levels in ipsilateral region of the dorsal horn of the spinal cord were significantly
increased at 1–3 days after SNI and then decreased to basal levels (A). The mRNA levels of Lcn2 in ipsilateral dorsal horn were significantly higher than those in
contralateral sides in three animals (contra- or ipsi-1, -2, and -3) at 3 days after SNI (B). The mRNA levels of Lcn2 in the DRG were not significantly changed by SNI
at any time point (C). Results are representative of either three independent experiments or means � S.E. *, p � 0.05 versus the control group or contralateral
versus ipsilateral side, n � 3. Results of densitometric analyses normalized to GAPDH are shown either below or to the right of the gels.
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control mice throughout the experiment. Intrathecal injection
of LCN2 (1 �g) also induced pain behavior in Lcn2-deficient
mice. As compared with wild-type animals, KO mice showed
delayed LCN2-induced pain hypersensitivity (data not shown).
To determine whether acute nociceptive pain behavior is
altered inLcn2-deficientmice, we compared responses ofLcn2-
deficient mice and the wild type to acute mechanical and ther-
mal stimuli. In the von Frey filament test, no significant differ-
ence in pawwithdrawal frequency aftermechanical stimulation
(2.0 and 4.0 g) was found between the two groups. Similarly, the
tail immersion test revealed no significant difference in laten-
cies to thermal stimuli at 50 or 55 °C between wild-type and
Lcn2 knock-out mice (data not shown). Given the expression
of LCN2 in the ventral horn, we examinedwhether intrathecal
LCN2 administration or genetic deletion of LCN2 affected
locomotion. No significant differencewas found in the locomo-
tive activity in the open field test between WT and Lcn2 KO
mice after SNI, excluding potentially confounding effects of
LCN2on locomotion thatmight affect reflexive responses (data
not shown).

Attenuation of Microglial Activation and p38 MAPK Phos-
phorylation in Lcn2-deficient Mice after SNI—We previously
reported LCN2 protein is secreted by glial cells in culture and
that it promotes their migration and causes morphological
changes (22, 23). In the present study, we investigated the effect
of LCN2 on the activation of spinal microglia in neuropathic
pain states. Iba-1 IR was higher in the ipsilateral spinal cord at 3
days after SNI as comparedwith the contralateral side (Fig. 4A).
However, this induction of Iba-1 IR in the ipsilateral spinal cord
was significantly attenuated in Lcn2-deficient mice (Fig. 4A),
whereas in the contralateral side, no significant difference in
Iba-1-positive cell number was observed between Lcn2-defi-
cient and wild-type mice (Fig. 4, A and B). p38MAPK has been
shown to be activated in spinal microglia after peripheral nerve
injury (38, 39), and thus,we examined the effect of LCN2onp38
MAPK activation in the spinal cord after SNI. As was observed
for Iba-1-positive cell number, increased activation of p38
MAPKwas detected in the ipsilateral spinal cord at 3 days after
SNI (Fig. 4A), and this was significantly attenuated in Lcn2-
deficient mice (Fig. 4A). Lcn2-deficient mice also showed less
p38 MAPK activation in contralateral sides as compared with
the wild type (Fig. 4,A andC). Furthermore, the co-localization
of Iba-1 and p38 MAPK was confirmed by double immuno-
staining (data not shown), indicating that spinal microglia are
indeed activated by peripheral nerve injury concurrent with the
phosphorylation of p38 MAPK. Because p38 MAPK in micro-
glia is known to drive the release of signaling molecules that
play a key role in the development of neuropathic pain follow-
ing peripheral nerve injury, we further explored the cellular
consequence of LCN2-mediated activation of p38 MAPK for
microglia-to-neuron signaling. Recombinant LCN2 protein
induced the expression of TNF-� and IL-1�, but not IL-6,
BDNF, or cathepsin S in primary microglia cultures (data not
shown).
Our previous studies suggested that LCN2 is a chemokine

inducer in the brain (25), and therefore, we investigated how
LCN2 participates in the regulation of the expression of the
pain-associated chemokines, CCL2, CXCL1, CCL3, and CCL5,
in the spinal cord following SNI (Fig. 5). Two days after SNI, the
expression of CCL2 and CXCL1 was significantly increased in
the ipsilateral spinal cords of wild-type mice (Fig. 5), but no
such difference was observed in the expression of CCL3 or
CCL5 (data not shown). Furthermore, the induction of CCL2
and CXCL1 following SNI was significantly reduced in Lcn2-
deficient mice as compared with wild-type mice after SNI
(Fig. 5). However, no significant difference was observed
between the contralateral expression of CCL2 and CXCL1 in
Lcn2-deficient and wild-type mice. To further examine the
role of proalgesic chemokine CCL2 in the LCN2-induced
pain hypersensitivity, we employed anti-CCL2-neutralizing
antibody. Intrathecal injection of anti-CCL2 antibody (1 �g)
significantly reduced the pain behavior following recombinant
LCN2 protein administration, as determined by paw with-
drawal threshold (n � 3, p � 0.05).
LCN2 Receptor (24p3R) Expression in the Spinal Cord after

SNI—We next examined the expression of 24p3R in spinal
cords after SNI (Fig. 6). 24p3R was detected at high levels in the
spinal cords of naive control mice, mainly on neuron cell sur-

FIGURE 2. Immunolocalization of LCN2 in the spinal cord after SNI. A, a low
level of LCN2 immunoreactivity was detected in the spinal cord of naive con-
trol mice (panels a and g). At 3 days after SNI, LCN2 immunoreactivity was
detected in the contralateral (Contra) dorsal and ventral horn (panels b and h)
and in the ipsilateral (Ipsi) dorsal and ventral horn (panels c and i). Scale bars,
100 �m. Double immunostaining showed that LCN2 (green) in the dorsal
(panels d–f) and ventral horn (panels j–l) of the spinal cord was co-localized
with NeuN (red), a neuronal marker. Arrows indicate examples of doubly
labeled cells. Inset in panel f, high magnification image showing doubly
labeled cells in the ipsilateral dorsal horn. Scale bars, 100 �m. B, double immu-
nostaining showed that LCN2 (green) in the ipsilateral dorsal horn of the spi-
nal cord at 3 days after SNI was not co-localized with Iba-1 (red) (panel a) or
GFAP (red) (panel b). Scale bars, 100 �m. Results are a representative of more
than three independent experiments.
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faces (Fig. 6, A and G). Following SNI, 24p3R expression was
slightly different in control and SNI-injured mice. To deter-
mine the cellular distribution of 24p3R at 3 days after SNI, we
performed double immunostaining for 24p3R using different
cellmarkers. 24p3R IR in the dorsal horn of the spinal cord after
SNI was co-localized with NeuN or Iba-1, but not with GFAP
(Fig. 6, D–F). Similarly, in the ventral horn, 24p3R was
expressed in NeuN- or Iba-1-positive cells (Fig. 6, J–L). To
determine whether neurons co-express 24p3R and LCN2, dou-
ble immunostaining was also performed for these two proteins.
24p3R and LCN2 were found to be co-localized in dorsal and
ventral horns (data not shown). The results indicate that 24p3R
is mainly expressed in LCN2-expressing neurons or microglia
in the spinal cord. Alternatively, LCN2may be made elsewhere
and then taken up by endocytosis once it has bound to 24p3R
target cells. This possibility has yet to be tested.
LCN2 Induction of Chemokine Expression in Primary Corti-

cal Neuron Cultures—We determined whether LCN2 affected
the expression of pain-associated chemokines, such as CCL2,
CXCL1, CCL3, CCL5, and CXCL10, in primary cultures of cor-
tical neurons (Fig. 7). Cultured neuronal cells were incubated
with recombinant LCN2 protein (1 and 10 �g/ml) for 3, 6, or
12 h, and the mRNA levels of these chemokines were assessed
by real-time RT-PCR. ThemRNA levels ofCcl2 andCxcl1were
dose- and time-dependently increased by LCN2 protein, and
the expression of Ccl3, Ccl5, and Cxcl10 was up-regulated in
cultured neuronal cells at 12 h after treatment. Denatured
LCN2 protein (the control) had no effect.
LCN2 Expression in the Sciatic Nerve after SNI—We next

examined the localization of LCN2 protein in the sciatic nerve
after SNI (Fig. 8). Three sites of the sciatic nervewere examined:
the site of ligature; a site 2 mm proximal to the ligature; and a
site about 20 mm distal to the ligature at the peripheral branch
(common peroneal and tibial nerves) of the sciatic nerve. No
LCN2 IR was detected in the sciatic nerve of control animals
(data not shown). LCN2 IRwasmarkedly increased at the site of
ligature of the ipsilateral sciatic nerve 3 days after SNI (Fig. 8,A
and E), whereas LCN2 IR in the contralateral side of the sciatic
nerve was not significantly different from that of control ani-

mals (data not shown). To determine the cellular distribution of
LCN2, we performed double immunostaining for LCN2 using
different cell type-specificmarkers at 3 days after SNI. LCN2 IR
in the sciatic nerve after SNI was co-localized with the neutro-
phil marker Ly6G (Fig. 8, C,G, and K), but not with the macro-
phage marker Iba-1 (Fig. 8, B, F, and J). These results suggest
that neutrophils are the major cellular source of LCN2 in the
injured sciatic nerve. We also examined the expression of
24p3R in the sciatic nerve after SNI (Fig. 8,D,H, and L). 24p3R
was detected at low levels in the sciatic nerve of naive control
mice, whereas 24p3R expression was markedly increased at the
site of ligature in the sciatic nerve 3 days following SNI (Fig. 8).
24p3R IR in the injured sciatic nerve was co-localized with
Iba-1 or partlywith Ly6G (data not shown), indicating that both
macrophages and neutrophils express LCN2 receptor in the
periphery.

DISCUSSION

In the present study, we investigated whether LCN2 is
involved in the pathogenesis of neuropathic pain following
peripheral nerve injury. After SNI, Lcn2 mRNA was up-regu-
lated in the spinal cord, and LCN2 protein was localized in
spinal neurons. SNI-inducedmechanical allodyniawas remark-
ably attenuated during the early stage in the Lcn2-deficient
mice as compared with wild-type mice. In addition, an intra-
thecal injection of recombinant LCN2 protein elicited mechani-
cal hypersensitivity. Furthermore, the activation of microglia
and p38 MAPK and the expression of proalgesic chemokines
(CCL2 and CXCL1) were lower in Lcn2-deficient mice. These
results strongly suggest that LCN2 in the spinal cord plays a
pivotal role in the development of neuropathic pain following
peripheral nerve injury (Fig. 9). Moreover, our subsequent
studies revealed that the LCN2 receptor 24p3R is mainly
expressed in spinal neurons or microglia. In a previous study
and in the present study, recombinant LCN2 protein was found
to induce chemokine expression in cultured neurons and
microglia (25). Our results suggest that LCN2 expressed in spi-
nal neurons contributes to the development of pain hypersen-

FIGURE 3. Effect of LCN2 on mechanical allodynia. A, SNI induced a significant decrease in paw withdrawal threshold in wild-type (WT) mice, whereas
SNI-induced mechanical allodynia was significantly inhibited at 1–3 days in Lcn2-deficient (KO) mice. Data are means � S.E. *, p � 0.05 as compared with the
ipsilateral hind paw of wild-type mice, n � 5– 6. Intrathecal injection of LCN2 protein (0.1 and 1 �g) into naive mice induced mechanical allodynia. Contra,
contralateral side; Ipsi, ipsilateral side. B, mechanical allodynia increased rapidly 3 h after LCN2 (1 �g) administration and was maintained for 3 days. The results
shown are means � S.E. *, p � 0.05 versus the vehicle (PBS) group, n � 4 –5.
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sitivity following peripheral nerve injury by inducing the
expression of proalgesic chemokines.
Following SNI, mice exhibited robust and prolonged

mechanical allodynia as represented by decreases in paw with-
drawal thresholds (Fig. 3), and this effect persisted for about 2
weeks after SNI.Lcn2mRNAexpression in the ipsilateral dorsal
horn of the spinal cord was significantly increased for up to 3
days after SNI and then declined, despite the marked persis-
tence of mechanical allodynia-like behavior. Furthermore,
Lcn2-deficient mice exhibited significantly less mechanical
allodynia in ipsilateral hind paws during the early phase after
SNI. These results suggest that endogenous LCN2 plays an

important role in the development of neuropathic pain, rather
than in the maintenance of neuropathic pain. In addition, we
also observed elevated LCN2 expression in the contralateral
dorsal horn of spinal cord after SNI. Explanation for these
observations remains to be done, but previous studies indicate
that peripheral nerve injury can affect contralateral non-in-
jured neurons, and thus, elicit mechanical allodynia in con-
tralateral regions (29, 40). In the present study, immunofluores-
cence staining indicated elevated LCN2 levels in the neurons of
the ipsilateral ventral horn. Because LCN2 is a secreted protein
that is elevated in the cerebrospinal fluid of patients with neu-
roinflammatory disorders (41), LCN2produced by ventral horn

FIGURE 4. Effect of LCN2 on the activations of microglia and p38 MAPK after SNI. A, Iba-1 and phospho-p38 MAPK immunoreactivities were detected in the
spinal dorsal (panels a– d) and ventral horn (panels i–l) of wild-type (WT) mice and in the spinal dorsal (panels e– h) and ventral horn (panels m–p) of Lcn2-
deficient (KO) mice at 3 days after SNI. Scale bar, 100 �m. Results are representative of more than three independent experiments. B and C, quantified
immunohistochemical data for Iba-1 and phospho-p38 MAPK IR are shown in the bar graphs, which display the number of Iba-1-positive cells (B) or phospho-
p38 MAPK-positive cells (C) in the dorsal and ventral horn of the spinal cord at 3 days after SNI. Results are presented as means � S.E. *, p � 0.05 versus the
contralateral side; #, p � 0.05, the ipsilateral side of WT versus KO mice, n � 3. Contra, contralateral side; Ipsi, ipsilateral side.
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neuronsmay diffuse to the dorsal horn, and thus, influence pain
hypersensitivity. Alternatively, LCN2-induced chemokines in
the ventral horn may travel across the spinal cord to induce
central sensitization in the dorsal horn. However, there is no
direct evidence to support the “LCN2/chemokine diffusion”
model yet. Furthermechanistic studies are required to precisely
understand the role and mechanism of LCN2 actions in pain.
Wepreviously reported that LCN2protein is secreted by glial

cells in vitro and that it regulates glial cell death/survival, motil-
ity, andmorphological phenotypes in an autocrine or paracrine
manner (22, 23). In the present study, Lcn2-deficient mice
showed markedly less microglial activation in the spinal cord
after SNI. In the presence of neuropathic pain, microglia are
activated by neurotransmitters and proinflammatory media-

tors, such as glutamate, ATP, and substance P, which are
released from spinal neurons or peripheral afferent terminals
(2, 4), and these activatedmicroglia then help initiate andmain-
tain enhanced pain signaling by releasing pro-nociceptive
mediators (42, 43). However, the factors that activate spinal
microglia in the neuropathic pain have not been clearly identi-
fied. p38 MAPK is activated in microglia after peripheral nerve
injury and enhances proinflammatory cytokine production,
and thus, promotes neuropathic pain (38, 44). In the present
study, we found that after SNI spinal microglia and p38MAPK
in microglia were activated, the activation was significantly
lower in Lcn2-deficient mice. These results strongly suggest
that LCN2 contributes to the development of neuropathic pain
by regulating microglial activation.
In addition, our observations that the expression of CCL2

and CXCL1 in the injured spinal cord was down-regulated in
Lcn2-deficient animals and that recombinant LCN2 protein
up-regulated the expression of these chemokines in cultured
neurons indicate that LCN2 regulated the expression of CCL2
and CXCL1 in the spinal cord after SNI. CCL2 has been previ-
ously documented to trigger the activation of spinal astrocytes
and microglia after peripheral nerve injury (45, 46), and treat-
ment with anti-CCL2-neutralizing antibody or CCL2 receptor
(CCR2) deficiency has been reported to reduce microglial acti-
vation after peripheral nerve injury (46–48). Consistently,
anti-CCL2-neutralizing antibody administration reduced
the LCN2-induced pain sensitivity in our study. CXCL1 exhib-
ited potent chemotactic activity for the recruitment of neutro-
phils into both the CNS and the peripheral tissues (49, 50).
Furthermore, several lines of evidence indicate that neutrophils
infiltrate sites of peripheral nerve injury and contribute to the
development of neuropathic pain (2, 51). Thus, chemokines,
such as CCL2 and CXCL1, may be produced in response to
LCN2 in the spinal cord and mediate microglial activation and
ensuing neuropathic pain after peripheral nerve injury.
Consistent with this notion, our in vitro studies showed that

treatment with LCN2 protein enhanced the expression of an
array of chemokines, including CCL2, CCL3, CCL5, CXCL1,
and CXCL10, in cultured neuronal cells. LCN2 has been
reported to act as a chemokine inducer in glia and neurons in
culture (25), and chemokines are known to have a role in the
development and trafficking of leukocytes during immune and
inflammatory responses (52, 53). Recent evidence indicates that

FIGURE 5. Effect of LCN2 on chemokine expression after SNI. A and B, relative mRNA expression of Ccl2 (A) and Cxcl1 (B) in the contralateral or ipsilateral side
of the spinal cord at 2 days after SNI was evaluated by real-time RT-PCR. The expression of both chemokines was significantly attenuated in the spinal cord of
Lcn2-deficient (KO) mice after SNI. Results are presented as means � S.E. *, p � 0.05 versus the contralateral side (Contra); #, p � 0.05, the ipsilateral side (Ipsi)
of WT versus KO mice, n � 3.

FIGURE 6. Immunolocalization of 24p3R (the LCN2 receptor) in spinal
cord after SNI. A–C and G–I, 24p3R immunoreactivity in naive control animals
(A and G), in the contralateral (Contra) dorsal and ventral horn of the spinal
cord (B and H) and in the ipsilateral (Ipsi) dorsal and ventral horn (C and I) of the
spinal cord at 3 days after SNI. Scale bars, 100 �m. D–F and J–L, double immu-
nostaining showed that 24p3R (green) in the dorsal (D--F) and ventral horn
(J–L) of the spinal cord was co-localized with NeuN (red) or Iba-1 (red), but not
with GFAP (red). High magnification images (insets in D, E, and K) indicate
doubly labeled cells in the ipsilateral dorsal (D and E) or ventral horn (K),
respectively. Arrows indicate examples of doubly labeled cells. Scale bars, 100
�m. Results are representative of more than three independent experiments.
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chemokines can act as pro-nociceptivemediators following tis-
sue injury and disease in the nervous system (54). After nerve
injury, chemokines are released from injured nerve fibers and
nearby immune cells (2) and from the DRGs of injured nerves
(55). Within the spinal cord, the central terminals of primary
afferents and spinal neurons are known to release chemokines,
such as CCL2 and CX3CL1, which play important roles in the
regulation of nociceptive response and in the establishment of
neuropathic pain (46, 56, 57). CCL3 is also up-regulated in the
macrophages and Schwann cells of injured sciatic nerves (58,
59), and the intraplantar injection of CCL3 or CCL5 induced
tactile allodynia (60). These findings suggest that many differ-
ent types of chemokines are involved in pain behavior and fur-
ther support that the LCN2-chemokine axis contributes to the
pathogenesis of neuropathic pain.
Recently, LCN2 and its receptor 24p3R were shown to be

expressed in the neutrophils, astrocytes, microglia/macro-

phages, and neurons of the spinal cord following experimental
autoimmune encephalomyelitis or spinal cord injury (61, 62).
24p3R, which was initially described as a brain type organic
cation transporter (BOCT), is a cell surface receptor for LCN2
and is expressed in various organs (19, 25). Furthermore, 24p3R
mediates the cellular uptake of LCN2 and diverse physiological
processes (19). Here, we found that 24p3R was present at high
levels in the normal spinal cord and localized to the neuronal
cell surfaces. However, after SNI, 24p3Rwas expressed in spinal
cord microglia as well as neurons. We also found that 24p3R
was largely localized in spinal neurons that expressed LCN2
after SNI. In a recent study, it was suggested that 24p3R-ex-
pressing spinal neuronsmight be sensitive to LCN2 (62), and in
a previous in vitro study, we suggested that LCN2 is capable of
regulating diverse phenotypes of neurons in culture by acting
on 24p3R (24). Together, these findings show that 24p3R, pre-
dominantly expressed in neurons and to some extent in micro-

FIGURE 7. LCN2 induction of chemokine gene expression in primary cortical neurons. Primary cortical neurons were incubated with recombinant
LCN2 protein (1 or 10 �g/ml) for 3, 6, or 12 h, and total RNA was isolated for real-time RT-PCR. A–E, the mRNA levels of chemokines, such as Ccl2 (A), Ccl3
(B), Ccl5 (C), Cxcl1 (D), and Cxcl10 (E) were determined. Results are means � S.E. *, p � 0.05 versus the denatured LCN2 protein-treated group (Control)
at each time point (n � 3).
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glia, may mediate the actions of LCN2 under the neuropathic
pain condition. Furthermore, in our preliminary study, we
found that 24p3R was also expressed in astrocytes in the white
matter of the spinal cord,3 which suggests that 24p3R expres-
sion is rather widespread and occurs in the glia of gray and
white matter of the spinal cord as well as in neurons.
Neutrophils infiltrating into the damaged peripheral nerves

participate in the development of neuropathic pain and can
release various inflammatory mediators such as lipoxygenase
products, nitric oxide, cytokines, and chemokines (51, 63–65).
Recently, locally accumulated neutrophils have been shown to
exacerbate neuronal injury and to increase neuronal activity
and excitability (66). In the present study, LCN2, also known as
neutrophil gelatinase-associated lipocalin (NGAL) (13), was
markedly increased in neutrophils in the damaged sciatic
nerves, suggesting that LCN2 may also be involved in the early
inflammatory response in the peripheral tissues after nerve
injury. In addition, 24p3R was expressed in the infiltrated neu-
trophils and macrophages in the damaged sciatic nerve. Taken
together, LCN2 expression in the damaged peripheral nerve
may also contribute to the initiation of neuropathic pain and
may play an important role in the recruitment of neutrophils
and macrophages.
In conclusion, our results suggest that LCN2 synthesized by

and secreted from spinal neurons and peripheral neutrophils
following nerve injury is critically involved in the development
of pain hypersensitivity by acting on its receptor, 24p3R, which
is widely expressed in the spinal cord and peripheral tissues.
Furthermore, our mechanistic studies indicate that LCN2
appears to cause spinal microglial activation by inducing the
expression of proalgesic chemokines. These findings indicate
that the LCN2-chemokine axis should be regarded a target for
the treatment of neuropathic pain.

3 S. Jeon, M. K. Jha, J. Ock, J. Seo, M. Jin, H. Cho, W.-H. Lee, and K. Suk, unpub-
lished data.

FIGURE 8. Immunolocalization of LCN2 in the sciatic nerve after SNI. A–L, LCN2 immunoreactivity was examined at the site of ligature (A–D) or proximal
(E–H) and distal (I–L) sites of the sciatic nerve injury at 3 days after SNI. High magnification image (inset in E) indicates LCN2-positive cells in the sciatic nerve.
Double immunostaining showed that LCN2 (green or red) in the sciatic nerve was co-localized with Ly6G (green; C, G, and K), but not with Iba-1 (red; B, F, and J)
or 24p3R (red; D, H, and L). High magnification image (inset in G) indicates doubly labeled cells in the sciatic nerve. S.N, sciatic nerve. Scale bars, 100 �m. Results
are representative of more than three independent experiments.

FIGURE 9. The involvement of LCN2 in the development of pain hyper-
sensitivity following peripheral nerve injury. LCN2 synthesized in spi-
nal neurons after peripheral nerve injury may be released into the extra-
cellular space and bind to 24p3R, which is expressed on the surfaces of
neurons and microglia (and astrocytes) in the spinal cord. We surmise that
after binding to its receptor, LCN2 could induce the expression and
release of chemokines from spinal neurons or other cell types. These
chemokines may in turn activate spinal microglia, and thus, facilitate neu-
roinflammation and the trafficking of other glial and inflammatory cells,
ultimately leading to pain sensitization in the spinal cord. Taken together,
our findings suggest that the LCN2-chemokine axis plays a central role in
the development of pain hypersensitivity under conditions such as neu-
ropathic pain.
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