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Abstract
Reactive glial cells are hallmarks of brain injury. However, whether these cells contribute to secondary inflammatory pathol-
ogy and neurological deficits remains poorly understood. Lipocalin-2 (LCN2) has inflammatory and neurotoxic effects in 
various disease models; however, its pathogenic role in traumatic brain injury remains unknown. The aim of the present 
study was to investigate the expression of LCN2 and its role in neuroinflammation following brain injury. LCN2 expression 
was high in the mouse brain after controlled cortical impact (CCI) and photothrombotic stroke (PTS) injury. Brain levels 
of LCN2 mRNA and protein were also significantly higher in patients with chronic traumatic encephalopathy (CTE) than 
in normal subjects. RT-PCR and immunofluorescence analyses revealed that astrocytes were the major cellular source of 
LCN2 in the injured brain. Lcn2 deficiency or intracisternal injection of an LCN2 neutralizing antibody reduced CCI- and 
PTS-induced brain lesions, behavioral deficits, and neuroinflammation. Mechanistically, in cultured glial cells, recombinant 
LCN2 protein enhanced scratch injury–induced proinflammatory cytokine gene expression and inhibited Gdnf gene expres-
sion, whereas Lcn2 deficiency exerted opposite effects. Together, our results from CTE patients, rodent brain injury models, 
and cultured glial cells suggest that LCN2 mediates secondary damage response to traumatic and ischemic brain injury by 
promoting neuroinflammation and suppressing the expression of neurotropic factors.
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Introduction

Traumatic brain injury (TBI), whereby mechanical forces 
on the head disrupt brain physiology and structure, is a 
leading cause of hospital utilization and disability world-
wide [1–4]. TBI is associated with an increased risk of 
psychiatric comorbidities [5–7] and neuropathology 
[8–10] that present and persist beyond the acute post-
injury window. Positron emission tomography and post-
mortem studies have shown that glial reactivity persists for 
over a decade after injury [11–14]. Thus, clinical innova-
tion will require the understanding of how processes initi-
ated at impact (primary injury) progress into long-term 
inflammation and neurodegeneration (secondary injury). 
Secondary injury is an indirect result of destructive immu-
nological, inflammatory, neurotoxic, and biochemical cas-
cades that are triggered by primary injury [15]. Although 
some neurological damage is caused by the primary injury, 
it is increasingly recognized that secondary inflammatory 
processes have an important pathological role [16]. How-
ever, the exact roles of neuroimmune and neuroinflam-
matory responses in the pathophysiological processes of 
secondary injury in TBI are largely unknown.

Neuroinflammation is a major pathological process 
in the secondary response after brain injury [17]. Neu-
roinflammatory responses in TBI are characterized by 
glial cell activation and upregulation of inflammatory 
mediators, which can have both beneficial and detrimen-
tal effects [18–21]. Resident immune cells in the central 
nervous system (CNS), such as astrocytes and microglia, 
are activated and subsequently form an area of contain-
ment between injured and healthy tissues, suggesting that 
acute activation of glial cells may represent the first line 
of defense following TBI [20, 22]. However, when glial 
cells become over-activated, they can induce detrimen-
tal neurotoxic effects by releasing cytotoxic molecules, 
such as proinflammatory cytokines and reactive oxygen 
and nitrogen species [20, 23]. These inflammatory media-
tors can further activate glial cells, significantly affecting 
the pathophysiology of TBI [24]. Thus, the intensity and 
duration of neuroinflammatory responses are critical in 
determining their destructive effects on the CNS after TBI.

Lipocalin-2 (LCN2) has been implicated in the regula-
tion of diverse cellular processes such as cell differentia-
tion, apoptotic cell death, and cellular uptake of iron [25, 
26]. We first reported that brain glial cells express LCN2, 
which may in turn regulate their own activation [27–31]. 
Under inflammatory and pathological conditions, LCN2 
plays a critical role as a chemokine inducer [32] and medi-
ator of neuronal cell death [33]. LCN2 has been linked to 
an experimental autoimmune encephalomyelitis model of 
multiple sclerosis [34], chronic inflammatory pain [35], 

neuropathic pain [36], Alzheimer’s disease [37], Parkin-
son’s diseases [38], and vascular dementia [39]. Moreo-
ver, previous studies have shown that LCN2 expression 
is increased in the brain following ischemic stroke [40], 
intracerebral hemorrhage [41], and stab wound injury [32], 
suggesting that an increase in LCN2 levels may be related 
to diverse forms of brain injury [25]. Although a few stud-
ies have reported serum and brain LCN2 levels in TBI 
patients [42, 43], the expression and function of LCN2 in 
TBI brains are poorly understood.

In the present study, we utilized postmortem brain tissues 
of chronic traumatic encephalopathy (CTE) patients and 
mouse models of brain injury induced by controlled cortical 
impact (CCI) and photothrombotic stroke (PTS) to study the 
expression and role of LCN2 in traumatic and ischemic brain 
damage. Here, we report that astrocytic LCN2 mediates neu-
roinflammatory pathways that contribute to secondary brain 
injury in CCI and PTS models, as well as in patients with 
TBI.

Methods

Animals

Male wild-type (WT) C57BL/6 mice (aged 8–12 weeks) 
were obtained from Samtako (Osan, Republic of Korea), 
and Lcn2‐knockout (KO) C57BL/6 mice (aged 8–12 weeks) 
were kindly provided by Dr. Kiyoshi Mori (Kyoto Univer-
sity, Kyoto, Japan) and Dr. Shizuo Akira (Osaka University, 
Osaka, Japan). All animal experiments were performed in 
accordance with approved animal protocols and guidelines 
established by the Animal Care Committee of Kyungpook 
National University (No. KNU 2022–0290). Mice were 
selected randomly for inclusion into various experimental 
groups, with the researchers performing experimental pro-
cedures blinded as to the identity of experimental groups.

Animal Model of TBI

CCI injury was induced as previously described [44]. The 
mice were anesthetized with 2–5% isoflurane and placed in 
a stereotaxic frame. A 4-mm diameter craniotomy window 
was created over the right hemisphere, centered 1.5 mm lat-
eral from the midline. The bone flap was removed to expose 
the dura mater, and a CCI injury was delivered to the ani-
mals in the TBI group using an electromagnetically driven 
impactor (Impact One Stereotaxic Impactor for CCI, Leica 
Microsystems, Wetzlar, Germany) with a cylindrical, 2.5-
mm diameter tip. The impact parameters were as follows: 
impact velocity, 2 m/s; penetration depth, 2.5 mm; and dwell 
time, 300 ms. Sham animals received identical anesthesia 
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and craniotomy; however, the injury was not induced. After 
the impact or sham procedure was completed, the bone flap 
was replaced over the craniotomy window and the scalp was 
sutured. The CCI-induced mRNA expression in the brain 
was measured by reverse transcription polymerase chain 
reaction (RT-PCR) at 24 h and 7–14 days after impact. 
Immunohistochemistry analyses were performed 7 days 
after impact. Behavioral tests were performed 6–7 days after 
impact.

Reverse Transcription Polymerase Chain Reaction

Total RNA was extracted from contralateral and ipsilateral 
brain tissues or cultured cells using the QIAzol reagent 
(QIAGEN), according to the manufacturer’s protocol. For 
conventional RT-PCR, reverse transcription was conducted 
using Superscript II (Invitrogen) and oligo(dT) primers. 
PCR amplification using specific primer sets was carried out 
at an annealing temperature of 55–60 °C for 20–30 cycles. 
PCR was performed using the C1000 Touch Thermal Cycler 
(Bio-Rad, Foster City, CA). For analysis of PCR products, 
10 µl of each PCR was electrophoresed on 1% agarose gel 
and detected under UV light. Quantitative RT-PCR (qPCR) 
assay was performed using the one-step  SYBR® Prime-
Script™ RT-PCR kit (Perfect Real Time; Takara Bio Inc., 
Tokyo, Japan) according to the manufacturer’s instructions, 
followed by detection using the ABI  Prism® 7000 sequence 
detection system (Applied Biosystems, Foster City, CA). 
Relative changes in gene expression determined by the 
qPCR were calculated using the  2−ΔΔCT method [45]. The 
primers used for RT-PCR analyses of mouse Lcn2, Tnf, Il1b, 
Gdnf, and Gapdh were as follows: Lcn2, 5′-ATG TCA CCT 
CCA TCC TGG TC-3′ (forward), 5′-CAC ACT CAC CAC 
CCA TTC AG-3′ (reverse); Tnf, 5′-CAT CTT CTC AAA 
ATT CGA GTG ACA A-3′ (forward), 5′-ACT TGG GCA 
GAT TGA CCT CAG-3′ (reverse); Il1b, 5′-AGT TGC CTT 
CTT GGG ACT GA-3′ (forward), 5′-TCC ACG ATT TCC 
CAG AGA AC-3′ (reverse); Gdnf, 5′-GCA CCC CCG ATT 
TTT GC-3′ (forward), 5′-AGC TGC CAG CCC AGA GAA 
TT-3′ (reverse); and Gapdh, 5′-TGG GCT ACA CTG AGG 
ACC AG-3′ (forward), 5′-GGG AGT TGC TGT TGA AGT 
CG-3′ (reverse).

Immunofluorescence Staining

The animals were anesthetized using diethyl ether and tran-
scardially perfused first with saline and then with 4% para-
formaldehyde diluted in 100 mM PBS. The brains were fixed 
in 4% paraformaldehyde for 3 days and then cryoprotected 
using a 30% sucrose solution for an additional 3 days. The 
fixed brains were embedded in OCT compound (Tissue-Tek, 
Sakura Finetek, Tokyo, Japan) and sectioned into 20-μm-thick 
slices. For double or triple immunofluorescence analysis, 

tissue sections were incubated with mouse anti-GFAP (BD 
Biosciences, San Diego, CA, Catalog number: 556330), rab-
bit anti-GFAP (Dako, Glostrup, Denmark; Catalog number: 
Z0334), rabbit anti-Iba-1 (Wako, Osaka, Japan, Catalog num-
ber:019–19,741), goat anti-Iba-1 (Novus Biologicals, Centen-
nial, CO, Catalog number: NB100-1028), rabbit anti-NeuN 
(Millipore, Catalog number: ABN78), and goat anti-LCN2 
(R&D systems, Minneapolis, MN, catalog number: AF1857) 
antibodies. Sections were visualized by incubation with Cy3- 
and FITC-conjugated anti-mouse, rabbit, or goat IgG antibod-
ies (The Jackson Laboratory, Bar Harbor, ME; Cy3-mouse; 
catalog number: 715–165-151, Cy3-rabbit; catalog number: 
711–165-152, Cy5-rabbit; catalog number: 711–175-152, 
FITC-rabbit; catalog number: 711–096-152, FITC-goat; 
catalog number: 705–095-147) and examined under a fluo-
rescence or confocal microscope. Fluorescence intensities 
were quantified using ImageJ software version 1.44 (National 
Institutes of Health (NIH)). For quantitative analysis, images 
were obtained from three non-overlapping fields within the 
ipsilateral brain area.

Human Brain Tissues

Neuropathological processing of normal and CTE human 
brain samples was performed according to procedures pre-
viously established by Boston University’s CTE Center. 
Institutional review board approval for ethical permission 
was obtained from the CTE Center [46, 47]. This study 
was reviewed by the Boston University School of Medicine 
Institutional Review Board (Protocol H-28974) and was 
approved as an exemption because the study involved only 
tissue collected from postmortem individuals, which are 
not classified as human subjects. The next of kin provided 
informed consent for participation and brain donation. The 
study was performed in accordance with the institutional 
regulatory guidelines and the principles of human subject 
protection within the Declaration of Helsinki. All participant 
characteristics are summarized in Supplementary Table 1.

Immunohistochemistry Analysis of Human 
Postmortem Brain Tissue

LCN2 Staining Paraffin-embedded tissues were sectioned in 
a coronal plane at 10 to 20 μm as previously described [48]. 
The tissue sections were rehydrated, blocked with blocking 
solution (1%  H2O2), and incubated with goat polyclonal anti-
body to LCN2 (1:200 dilution; R&D Systems, catalog num-
ber: AF1857) for 24 h. After washing three times, the slides 
were processed with Vector ABC Kit (Vector Laboratories, 
Inc., Burlingame, CA). The immunoreactive signals were 
developed with DAB chromogen (Thermo Fisher Scientific, 
Meridian, Rockford, IL).
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GFAP Staining Endogenous alkaline phosphatase was 
blocked using 3%  H2O2 in TBS. Sections were blocked with 
2.5% normal horse serum (Vector Laboratories) before incu-
bation for 24 h with a rabbit polyclonal anti-GFAP antibody 
(1:200 dilution; Sigma Aldrich, catalog number: AB5804). 
After washing, the sections were incubated with Imm-
PRESS-AP anti-rabbit IgG (alkaline phosphatase) polymer 
detection reagent (Vector Laboratories) for 30 min at room 
temperature. Colors were developed using a Vector Red 
Alkaline Phosphatase Substrate Kit (Vector Laboratories). 
Slides were subsequently counterstained with hematoxylin 
(Vector Laboratories), and processed back to xylene using 
an increasing ethanol gradient (70%, 80% and 95% (1 time), 
and 100% (2 times)) and then mounted. Images were ana-
lyzed using a bright field microscope.

Image Analysis of Human Tissue Sections

Semi-quantitative assessment of immunohistochemistry sig-
nals and co-localization patterns was performed using CellS-
ens Imaging Software (Olympus Korea Co.). Co-localized 
areas (regions of interest) in merged images from two over-
lapping chromogenic dyes were selected by drawing a trans-
verse line. The signal intensity of interest on the selected line 
was automatically calculated by the software module and 
transferred to a Microsoft Excel file to generate statistics 
and representative graphs. To measure the morphological 
and structural change of GFAP-positive astrocytes, we per-
formed Sholl analysis using bright-field images immuno-
stained with GFAP antibody. The image of the GFAP immu-
noreactivity in the cortex was adopted for analysis. In brief, 
the Sholl analysis manually draws serial concentric circles at 
5-μm intervals from the center of the GFAP-positive astro-
cyte to the end of the most distant process in each single 
astrocyte, and analyzes the number of intersections of GFAP 
processes in each circle. The Sholl analysis was done by 
using NIH ImageJ software (version 1.44).

RNA Sequencing

To determine human LCN2 mRNA levels, RNA sequencing 
data (European Nucleotide Archive database under acces-
sion no. ERP015139) from normal postmortem brains and 
those with CTE were analyzed [49]. Relative LCN2 mRNA 
levels were calculated as fold changes in fragments per kilo-
base of exon per million reads.

Quantification of Brain Lesion Volume

Brain damage was visualized using Cresyl violet staining. 
Frozen sections were cut (20 μm thick) in the coronal plane 
and thaw-mounted onto Superfrost plus slides. Sections were 
stored at −20 °C. Cresyl violet staining was performed to 

delineate brain damage as follows. Cresyl violet staining 
images were obtained. The lesion was clearly delineated as 
a region of pallor within the injured brain. A calibration 
standard was used for each image. The assessor outlined the 
damaged area using Image J (NIH, version 1.41) on nine 
standard coronal planes from each brain. The damage vol-
umes were derived by calculating the average damage area 
between the slices and multiplying it by the distance between 
the slices. Edema corrections were calculated by dividing 
the ipsilateral hemisphere volume by the contralateral hemi-
sphere volume.

Behavioral Testing

Pole Test The pole test was performed by modifying the 
method described by Abe et al. [50]. Mice were positioned 
head downwards near the top of a rough-surfaced wood pole 
(10 mm in diameter and 50 cm in height), and the time taken 
for the mice to reach the floor was recorded. The test was 
repeated three times at 30-s time intervals, and behavioral 
changes were evaluated according to the average of the three 
descending times.

Adhesive Removal Test The adhesive removal test was per-
formed as previously described, with slight modifications 
[51]. Two adhesive tapes (0.3 × 0.4  cm2) were applied with 
equal pressure on each animal paw. The mouse was then 
placed in a Perspex box, and the time to contact and remove 
each adhesive tape was recorded, with a maximum of 120 s.

Y‑maze Test The Y-maze test was conducted as previously 
described with slight modifications [52]. Spatial cognition 
was evaluated using a spontaneous alternation task in the 
Y-maze apparatus. The Y-maze is a three-arm horizontal 
maze (40 cm long and 3 cm wide, with 12-cm high walls) 
in which the arms are at 120° angle to each other. Animals 
were initially placed within the center, and the sequence 
and number of arm entries were recorded manually for 
each animal over a 7-min period. Spontaneous alternation 
was defined as entry into all three arms upon consecutive 
choices. The maze arms were thoroughly cleaned with water 
between and after the consecutive placement of the animals 
to remove residual odors. The total number of arm entries 
was used as an indicator of locomotor activity.

Passive Avoidance Test The passive avoidance test was con-
ducted as previously described with slight modifications 
[53]. This test began with training in which a mouse was 
placed in a light chamber; when the mouse crossed over 
to the dark chamber, it received a mild (0.25 mA/s) elec-
tric shock on the foot. The initial latency to enter the dark 
(shock) compartment was used as a baseline measure. Dur-
ing the probe trials, 24 h after training, the mouse was again 
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placed in the light compartment and the latency to return to 
the dark compartment was measured as an index of passive 
fear avoidance.

Cylinder Test The cylinder test was conducted as previously 
described with slight modifications [54]. To perform this 
test, mice were placed individually in a transparent cylinder 
(11.5-cm diameter) and video recorded for 5 min to record 
the laterality of forelimb use of the animals when exploring 
the cylinder wall. A mirror was placed behind the cylinder 
at an angle to allow recording of the forelimb movements 
along 360°. The videos were analyzed in slow motion and 
frame-by-frame to score the rears, and the number of wall 
contacts performed independently with the left and right 
forepaws was counted to a total number of 20 wall contacts 
per mouse and per session.

Animal Model of Ischemic Brain Injury

A PTS model was used to assess cerebral ischemic injury. 
The animals were anesthetized using isoflurane. Rose Bengal 
was injected intraperitoneally at a dose of 100 mg/kg body 
weight. After 10 min, a green light laser (540 nm, 20 mW) 
giving an illumination with 2-mm diameter was positioned 
on the sensorimotor cortex (1.5 mm right from bregma) 
through the intact skull for 20 min. The PTS-induced pro-
tein and mRNA expression in the brain was measured by 
Western blot and RT-PCR at 0, 3, 18, 24, 48, and 72 h after 
laser illumination. Immunohistochemistry analyses were 
performed 3 days after illumination. Behavioral tests were 
performed 2–3 days after illumination.

Western Blot Analysis

The tissues were lysed in ice-cold RIPA lysis buffer (Thermo 
Fisher Scientific, Waltham, MA). Protein concentrations in 
the tissue lysates were determined using the Pierce™ BCA 
assay kit (Thermo Fisher Scientific). Equal amounts of pro-
tein were separated by 12% SDS-PAGE and transferred to 
polyvinylidene difluoride membranes (Bio-Rad, Hercules, 
CA). Membranes were blocked using 5% skim milk and 
incubated sequentially with the following primary anti-
bodies: goat anti-LCN2 antibody (R&D Systems), mouse 
anti-α-tubulin antibody (Sigma-Aldrich), and the following 
horseradish peroxidase-conjugated secondary antibodies: 
anti-goat IgG antibody (Santa Cruz Biotechnology) and 
anti-mouse IgG antibody (Thermo Fisher Scientific). The 
blots were developed with ECL Western blotting detection 
reagents (Thermo Fisher Scientific) and analyzed using the 
Amersham™ ImageQuant™ 800 biomolecular imager sys-
tem (General Electric, Boston, MA). Full and uncropped 
western blotting bands were uploaded as “Supplementary 
Material-Original Western Blotting Bands.”

Cell Cultures

Mixed glial culture (MGC) was obtained as previously 
described with some modifications for the present study 
[55]. Whole brains of mice (3 days old) were chopped 
and mechanically disrupted using a nylon mesh. The cells 
obtained were seeded in culture flasks and grown at 37 °C 
in a 5%  CO2 atmosphere in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS) and 100 U/ml penicillin–streptomycin. Cul-
ture media were changed initially after 7 days and then 
every 3 days, and cells were used after being cultured for 
14–21 days. For WT or Lcn2-KO astrocyte cultures, MGC 
was mechanically agitated at 200 rpm overnight. The cul-
ture media containing cells that were detached from the 
substratum were discarded, and astrocytes were dissociated 
using trypsin–EDTA (Invitrogen) and then collected by 
centrifugation at 1200 rpm for 10 min. Primary astrocytes 
were cultured in DMEM supplemented with 10% FBS and 
penicillin–streptomycin. Primary microglia were obtained 
from MGC using a mild trypsinization method [56] and 
maintained in DMEM supplemented with 10% FBS and 
penicillin–streptomycin. For the co-cultures of microglia 
and astrocytes, the cells were mixed and incubated for 48 h.

Intracisternal Injection of LCN2 Neutralizing 
Antibody

After anesthetization with isoflurane, mice were placed in 
a stereotaxic apparatus (Kopf Instruments, Tujunga, CA). 
An incision was made on the scalp by using an operating 
microscope. Median dissection of the neck muscles exposed 
the atlanto-occipital membrane that covered the cisterna 
magna. Using a 30G Hamilton syringe, within 30 s, 5 µg of 
LCN2 monoclonal antibody (R&D systems, Minneapolis, 
MN, catalog number: MAB1857) or isotype IgG control 
antibody (R&D systems, catalog number: MAB006) was 
injected into the cisterna magna of mice after CCI injury. 
The syringe was left in place for 5 min and then removed. 
To avoid leakage, the atlanto-occipital membrane was imme-
diately covered with a tissue adhesive. The skin was closed 
using 4–0 absorbable sutures.

Scratch Injury Model

The scratch injury was performed as an in vitro model of 
TBI [57]. Briefly, confluent cell cultures were manually 
scratched using a sterile pipette tip (200 µL), which pro-
duced a linear teat across the culture wells. In each well of 
the 6-well culture plates, 4 × 4 scratches were induced, pro-
ducing a 3-mm grid. Non-scratched cells were used as the 
controls. The cells were exposed to PBS, recombinant LCN2 
protein, or LCN2 antibody for 72 h after scratch injury.
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Fig. 1  Induction of LCN2 expression in mouse brain following con-
trolled cortical impact injury. A Experimental timeline. B The expres-
sion of Lcn2 mRNA in the injured brain at days 1, 7, and 14 follow-
ing controlled cortical impact (CCI) injury as assessed by qPCR. 
The mRNA expression profiles are displayed as the fold increase of 
gene expression normalized to Gapdh (n = 5). *p < 0.05 versus sham 
groups (ipsilateral side); #p < 0.05 between the indicated groups; n.s., 
not significant (one-way ANOVA followed by Tukey’s post-hoc test). 
C Immunofluorescence staining of LCN2 in the brain at day 7 after 
CCI injury. The expression of LCN2 (green) was markedly induced 
in GFAP-positive astrocytes (red) in injured brain area (ipsilateral). 

Nuclei were stained with DAPI (blue). Scale bar, 2 mm or 100 μm. 
White arrowheads indicate co-localization of LCN2 and GFAP. Yel-
low arrows indicate ipsilateral brain. High magnification images cor-
responding to the dotted square are shown on the right. Quantification 
of LCN2 immunoreactivity or LCN2-positive astrocytes is shown 
in the adjacent graphs (right) (n = 6). D The expressions of Tnf and 
Il1b mRNA in the injured brain at day 7 following CCI injury were 
assessed by qPCR. The mRNA expression profiles are displayed as 
the fold increase of gene expression normalized to Gapdh (n = 5). 
Results are expressed as mean ± SEM. *p < 0.05 versus sham groups 
(Student’s t-test)
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Statistical Analysis

All data are expressed as the mean ± SEM or mean ± SD, as 
indicated in the figure legends. Data collection and analysis 
were randomly assigned and performed blind to both experi-
mental conditions and animal genotypes. Quantitative data 

were statistically analyzed with Student’s t-test or ANOVA 
with post hoc test using GraphPad Prism (version 8.0; San 
Diego, CA) as indicated. Statistical significance was set at 
p < 0.05. The sample size for the experiments was chosen to 
ensure adequate statistical power based on calculations using 
the G*power 3.1 software [58].

Fig. 2  Upregulation of LCN2 expression in the brain of patients with 
chronic traumatic encephalopathy. A Comparison of LCN2 mRNA 
expression in the normal and chronic traumatic encephalopathy 
(CTE) patient brain based on RNA-seq data (n = 6). B Human LCN2 
immunoreactivity in GFAP-positive astrocytes of normal controls and 
patients with CTE (red, GFAP; brown, LCN2). LCN2 was detected 
using anti-LCN2 antibody and DAB chromogen. GFAP was detected 
using anti-GFAP antibody and a red alkaline phosphatase substrate 
kit. GM, gray matter; WM, white matter. Yellow arrowheads indicate 
the cell magnified in the inset. Scale bars: 20 μm (black) and 10 μm 

(green). Image analysis: LCN2 signal (brown line) was elevated in 
GFAP-positive astrocytes (red line) in the cortical region of patients. 
Quantification of LCN2 intensity in GFAP-positive astrocytes is 
shown in the adjacent bar graph (n = 30). C Sholl analysis for immu-
nostained GFAP signals. Starting radius, 10 μm; interval between each 
concentric circle, 5  μm. The sum of intersections of immunostained 
GFAP signals crossing the concentric circles is shown in the adjacent 
bar graph (n = 20). Results are expressed as mean ± SEM. *p < 0.05 
versus normal groups (Student t-test)
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Fig. 3  Lcn2-deficiency attenu-
ates the controlled cortical 
impact-induced brain lesion, 
behavioral deficit, gliosis, and 
proinflammatory cytokines in 
mice. A Experimental timeline. 
B Stereological quantification 
of the brain lesion volume in 
the ipsilateral hemisphere in 
WT and Lcn2 KO brains at 
day 7 after controlled cortical 
impact (CCI) injury. Lesion 
volume was expressed as the 
average of brain areas between 
bregma − 3.0 and − 0.2, normal-
ized to respective values meas-
ured on the contralateral side 
(n = 18). Representative images 
(left) and quantification (right). 
Scale bar, 1 mm. Yellow arrows 
indicate ipsilateral brain. C–D 
Motor and sensory impairment 
in mice was measured using 
the pole test (C) and adhesive 
removal test (D), respectively, 
at day 6 post CCI injury. The 
descend time (n = 3) (C) and 
adhesive removal time (n = 5) 
(D) are shown. E–F Cognitive 
impairment in CCI mice was 
measured using the passive 
avoidance test (n = 3) (E), and 
spatial memory deficit was 
assessed using the Y-maze test 
(n = 3) (F), respectively, at day 6 
post CCI injury. The number of 
alternations (left) and total arm 
entries (right) were compared. 
G Immunofluorescence staining 
revealed that GFAP and Iba-1 
immunoreactivity was increased 
in the ipsilateral brain of WT 
mice at day 7 post CCI injury, 
whereas Lcn2 deficiency attenu-
ated this increase in immuno-
reactivity. Scale bar, 100 μm. 
The quantification of relative 
intensity of GFAP or Iba-1 is 
presented adjacent to the micro-
scopic images (n = 6). H The 
expression levels of Tnf and Il1b 
mRNA in the ipsilateral brain at 
day 7 of CCI injury were evalu-
ated by qPCR (n = 3). Results 
are expressed as mean ± SEM. 
*p < 0.05 versus WT sham con-
trol groups; #p < 0.05 between 
the indicated groups; n.s., not 
significant (one-way ANOVA 
followed by Tukey’s post hoc 
test)
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Results

Traumatic Brain Injury Induces LCN2 Expression 
in Astrocytes

To investigate the involvement of LCN2 in TBI, we used 
CCI, a widely used model to study the mechanism of TBI 
[59] (Fig. 1A). The ipsilateral and contralateral hemispheres 
of the CCI brain were isolated and used for mRNA analysis. 
The expression of Lcn2 mRNA was induced at day 1 in the 
ipsilateral brain after CCI injury in contrast to the contralat-
eral side, and peaked at day 7 (Fig. 1B). Based on the high 
expression of LCN2 on day 7 after CCI injury, this condition 

was used for further analyses. We conducted immunofluores-
cence analysis to investigate which cell types express LCN2 
in CCI brain tissue. In mouse brain tissue sections, LCN2 
co-localized with GFAP-positive astrocytes in the peri-
contusional area (Fig. 1C) but not in neurons or microglia 
(Fig. S1). Overall, LCN2 protein expression also increased 
in the CCI brain (Fig. 1C). In addition, the mRNA levels of 
Tnf and Il1b were highly increased on day 7 in the CCI brain 
compared with the sham control (Fig. 1D).

We next evaluated LCN2 (also known as neutrophil 
gelatinase-associated lipocalin (NGAL) in humans) 
mRNA and protein expression in postmortem brain tis-
sue of patients with CTE. RNA sequencing data revealed 

Fig. 4  Induction of LCN2 expression in the brain of photothrombotic 
stroke mice. A Experimental timeline. B The expressions of LCN2 
protein in the ipsilateral cerebral hemisphere at 3, 18, 24, 48, and 72 h 
post photothrombotic stroke (PTS) were assessed by Western blot 
analysis. Quantification is shown in the adjacent graph (n = 3). C The 
expression levels of Lcn2, Tnf, and Il1b mRNA in the brains (ipsi-

lateral hemisphere) of PTS mice were measured by conventional RT-
PCR analysis. Representative gel images (left) and quantification are 
shown in the adjacent graph (right) (n = 3). Results are expressed as 
mean ± SEM. *p < 0.05 versus control (0 h) groups; n.s., not signifi-
cant (one-way ANOVA followed by Tukey’s post hoc test)
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that the mRNA levels of LCN2 were significantly 
increased in the postmortem brain tissue of patients with 
CTE (Fig. 2A). Moreover, we evaluated the expression 
of LCN2 protein in the postmortem brain tissue of CTE 
patients [49]. Similar to the CCI animal models, signifi-
cant LCN2 protein expression was detected in reactive 
astrocytes and upregulated in the brains of patients with 
CTE (Fig. 2B). To assess the detailed morphometric char-
acteristics of hypertrophied astrocytes, we performed 
Sholl analysis of astrocytes using GFAP signals. There 
was a significantly higher sum of intersections in cor-
tical regions of the brain of patients with CTE than in 
the normal brain, indicating that reactive astrocytes have 
processes with more branches than the astrocytes of the 
normal brain (Fig. 2C). Altogether, the results indicate 
that LCN2 is mainly expressed in astrocytes under TBI 
conditions and suggest that it may be a key contributor to 
secondary brain damage after TBI, considering the strong 
pro-inflammatory role of LCN2 in other brain disorders 
[60, 61].

Role of LCN2 in Brain Damage, Neurologic Deficit, 
and Neuroinflammation After TBI

To determine the contribution of LCN2 to brain damage, 
subsequent motor and cognitive deficits, and neuroin-
flammation, both Lcn2 KO and WT mice were subjected 
to CCI injury, and brain lesions were measured by Cresyl 
violet staining (Fig. 3A). Lcn2 deficiency was found to 
reduce brain lesion volumes at day 7 after CCI (Fig. 3B) 
compared to WT CCI animals. In addition, the reduction 
in NeuN immunoreactivity (reflecting brain damage) in the 
peri-contusional brain region was ameliorated in Lcn2 KO 
mice (Fig. S2A). Furthermore, CCI-induced motor, sensory 
(Fig. 3C, D), and cognitive deficits (Fig. 3E, F) were also 
attenuated in Lcn2 KO mice. These observations indicate 

that LCN2 contributes to brain damage and neurological 
deficits following TBI.

Glial activation is one of the main events involved in 
neuroinflammation. Immunofluorescence analyses were 
performed to determine the immunoreactivity of GFAP 
and Iba-1 in the peri-contusion area. The results indicate 
a heightened level of astrocytic and microglial activation 
under these conditions. These activated astrocytes and 
microglia showed hypertrophic morphology with thick 
processes. Importantly, such gliosis has been observed pre-
dominantly in the peri-contusional regions of the cortex 
(Fig. S2B) and hippocampus (Fig. 3G) of CCI mice but is 
reduced in Lcn2-deficient mice. Moreover, the CCI-induced 
expressions of proinflammatory cytokines, such as Tnf and 
Il1b, were substantially diminished by Lcn2 deficiency 
(Fig. 3H). These results suggest that CCI injury-induced 
LCN2 expression contributes to neuroinflammation.

Lcn2 Deficiency Attenuates Brain Damage, 
Behavioral Deficits, and Inflammatory Responses 
After Ischemic Brain Injury

We used a PTS model of ischemic brain injury to further 
evaluate the role of LCN2 in secondary brain damage 
(Fig. 4). In humans, ischemic brain damage is observed 
in TBI survivors [62]. We investigated the expression of 
LCN2 and inflammatory cytokines in the brains of the PTS 
mice (Fig. 4A). Western blot analysis of ipsilateral cer-
ebral hemisphere revealed that LCN2 protein expression 
was induced 18 h after PTS and peaked at 48 h (Fig. 4B), 
and proinflammatory cytokines were increased 18 h after 
PTS (Fig. 4C). We further examined the role of LCN2 in 
PTS-induced brain injury and neuroinflammation in Lcn2 
KO mice (Fig. 5A). The Lcn2-deficient PTS mice showed 
lower levels of brain damage (Fig. 5B), motor and sensory 
deficits (Fig. 5C), glial activation (Fig. 5D), and proinflam-
matory cytokines (Fig. 5E) than WT PTS animals on day 
3 after injury. These findings imply that LCN2 plays an 
important role in injury-induced neuroinflammation follow-
ing ischemic brain injury.

Antibody‑Mediated LCN2 Neutralization Attenuates 
CCI Injury‑Induced Brain Damage, Behavioral 
Deficits, and Neuroinflammation

Since LCN2 expression was induced in astrocytes after brain 
injury (Fig. 1), we explored the possibility of neutralizing 
brain LCN2 as a therapeutic strategy for the prevention or 
treatment of secondary inflammatory brain injury in TBI. 
LCN2-neutralizing antibody was administered intracister-
nally to mice immediately after CCI injury, and the brain 
lesion area, motor and cognitive behaviors, and neuroinflam-
mation were measured, as described in the experimental 

Fig. 5  Lcn2-deficiency attenuates the brain damage, motor function 
deficit, gliosis, and proinflammatory cytokines in photothrombotic 
stroke mice. A Experimental timeline. B Representative images of 
Cresyl violet-stained brain sections from WT or Lcn2 KO mice at day 
3 post photothrombotic stroke (PTS) (left). The quantification of brain 
lesion volume calculated from Cresyl violet-stained brain sections 
(right) (n = 6). Scale bar, 3  mm. Yellow arrows indicate ipsilateral 
brain. C Motor impairment in mice was measured using the cylinder 
test at days 2 and 3 post PTS (n = 4). D Immunofluorescence stain-
ing of GFAP and Iba-1 was increased in the ipsilateral cerebral hemi-
sphere of WT mice at day 3 post PTS injury, whereas Lcn2 deficiency 
attenuated this increase in immunoreactivity. The quantification of 
relative intensity of GFAP or Iba-1 is presented adjacent to the micro-
scopic images (n = 4). Scale bar, 100 μm. E The expression levels of 
Tnf and Il1b mRNA in the ipsilateral cerebral hemisphere at day 3 
of PTS injury were evaluated by qPCR (n = 3). Results are expressed 
as mean ± SEM. *p < 0.05 versus WT sham control groups; #p < 0.05 
between the indicated groups; n.s., not significant (one-way ANOVA 
followed by Tukey’s post hoc test)
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timeline (Fig.  6A). On the ipsilateral side, CCI injury 
reduced NeuN immunoreactivity, and this effect was attenu-
ated in the LCN2-neutralized mice (Fig. 6B). Control mice 
received an isotype control IgG injection. Notably, injection 
of LCN2 antibody into the CCI group significantly improved 

motor and sensory abilities (Fig. 6C, D), cognitive function 
(Fig. 6E, F), glial activation (Figs. 6G and S3), and pro-
inflammatory cytokine expression (Fig. 6H) compared to 
the IgG-treated CCI group. These results are consistent with 
those of genetic ablation of Lcn2.
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Astrocytes Secrete LCN2 to Promote Inflammatory 
Activation of Microglia, While Inhibiting Their 
Neurotrophic Effects

We used a cell scratch injury model, an in vitro model of 
TBI, to study the role of LCN2 in TBI. Scratch injury reca-
pitulates certain aspects of TBI in that the injury is initiated 
by physical primary damage, followed by secondary dete-
rioration mediated by proinflammatory cytokines released 
from reactive glial cells [59]. First, we confirmed cell 
purity in individual or co-culture of astrocytes and micro-
glia (Fig. S4). Next, we assessed the expression of LCN2 in 
these cultured glial cells after scratch injury. A noticeable 
increase in Lcn2 mRNA expression was observed in pri-
mary astrocytes and co-culture (astrocytes and microglia) 
72 h after scratch injury, but not in primary microglia after 
scratch injury (Fig. 7A). These results were consistent with 
the results in vivo (Fig. 1). These results also suggest that 
LCN2 secreted from astrocytes may act on microglia to 
influence neuroinflammation in TBI.

In the next set of experiments, primary astrocytes iso-
lated from WT or Lcn2 KO mice were co-cultured with WT 
microglia to evaluate the effects of astrocyte-derived LCN2 
on microglia in the scratch injury model (Fig. 7B). Scratch 
injury induced inflammatory cytokine expression in the co-
culture of WT astrocytes and WT microglia but not in the 
co-culture of Lcn2-deficient astrocytes (KO) and WT micro-
glia. Similarly, treatment with LCN2 antibody reduced the 
effect of scratch injury in the co-culture of WT astrocytes 
and WT microglia (Fig. 7B). These results indicate that 

astrocytic LCN2 plays a critical role in microglial activa-
tion and neuroinflammation during brain injury.

Glial cell–derived neurotrophic factor (GDNF) was first 
characterized as a potent neurotrophic factor in neurons [63, 
64]. To date, several studies have revealed the neuroprotec-
tive effects of GDNF against various toxic challenges [65]. 
Recently, it has been suggested that GDNF also modulates 
neuronal death induced by acute brain injury [66–68]. 
Based on these studies, we speculated a potential interaction 
between LCN2 and GDNF in secondary inflammatory brain 
injuries. First, we evaluated Gdnf mRNA levels in cultured 
astrocytes, microglia, and a co-culture of astrocytes and 
microglia. We found a significant increase in Gdnf mRNA 
expression in primary microglia, but not in primary astro-
cytes or in the co-culture following scratch injury (Fig. 8A). 
To further determine the role of astrocyte-derived LCN2 in 
scratch injury, the expressions of proinflammatory cytokines 
and Gdnf mRNA were evaluated in cultured microglial cells 
exposed to recombinant mouse LCN2 protein and scratch 
injury. Treatment of microglial cells with recombinant 
LCN2 protein enhanced the effects of scratch injury on the 
expression of Tnf and Il1b mRNA, whereas recombinant 
LCN2 protein reduced scratch injury–induced Gdnf mRNA 
expression (Fig.  8B). However, denatured recombinant 
LCN2 protein had no effect. In contrast, co-culture with 
Lcn2 KO astrocytes or LCN2 antibody treatment augmented 
the microglial expression of Gdnf mRNA (Fig. 8C). These 
results indicate that astrocyte-derived LCN2 inhibits Gdnf 
mRNA expression in the microglia.

Finally, we evaluated Gdnf mRNA expression in the 
CCI brain. Interestingly, Gdnf mRNA levels were higher 
in Lcn2 KO (Fig. S5A) or LCN2 antibody-injected animals 
(Fig. S5B) after CCI injury compared with WT mice or the 
control IgG-treated group. These results support the hypoth-
esis that LCN2 negatively regulates Gdnf mRNA expression 
in brain injury.

Discussion

In this study, we investigated the role of LCN2 in the patho-
genesis of TBI using the CCI and PTS rodent models. The 
results obtained from in vivo rodent models indicate that 
upregulation of LCN2 expression, mainly in astrocytes, 
plays a critical role in the secondary neuroinflammatory 
response to brain injury. Upregulation of LCN2 expres-
sion was also confirmed in the postmortem brain tissues of 
patients with CTE. Genetic ablation of Lcn2 attenuated TBI-
induced neuroinflammation as well as cognitive and motor 
function deficits in mice. Similarly, in cultured glial cells, 
astrocytic Lcn2 deficiency lowered microglial proinflamma-
tory cytokine expression, while elevating microglial GDNF 
expression following scratch injury. Altogether, our results 

Fig. 6  LCN2 neutralizing antibody administration ameliorates brain 
damage, behavioral deficit, and neuroinflammation after TBI. A 
Experimental timeline. B The brain lesion area in the ipsilateral hem-
isphere was expressed as the average of the brain area normalized to 
the respective values measured on the contralateral side. Representa-
tive images of controlled cortical impact (CCI) brains at day 7 after 
isotype control IgG or LCN2 neutralizing antibody (Ab) injection 
(left) and their quantification (right) (n = 4). Scale bar, 1 mm. Yellow 
arrows indicate ipsilateral brain. C–D Motor and sensory impairment 
in mice was measured using the pole test (C) and adhesive removal 
test (D), respectively, at day 6 post CCI (n = 5). The descend time 
(C) and adhesive removal time (D) are shown in the graphs. E–F 
Cognitive impairment in CCI mice was measured using the passive 
avoidance test (E) and spatial memory deficit was assessed using the 
Y-maze test (F), respectively, at day 6 post CCI (n = 5). The number 
of alternations (left) and total arm entries (right) were compared. G 
Immunofluorescence analysis revealed that GFAP and Iba-1 immu-
noreactivity was increased in the ipsilateral brain at day 7 post 
CCI injury, whereas LCN2 Ab injection attenuated this increase in 
immunoreactivity. Scale bar, 100  μm. The quantification of relative 
intensity of GFAP or Iba-1 is presented adjacent to the microscopic 
images (n = 4). H The expression levels of Tnf and Il1b mRNA in 
the ipsilateral brain at day 7 of CCI injury were evaluated by qPCR 
(n = 3). Results are expressed as mean ± SEM. *p < 0.05 versus sham 
control groups; #p < 0.05 between the indicated groups; n.s., not sig-
nificant (one-way ANOVA followed by Tukey’s post hoc test)
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indicate that LCN2 is a critical mediator of neuroinflamma-
tion involved in the secondary brain damage caused by TBI. 
We propose dual pathological roles for astrocyte-derived 
LCN2 in TBI (Fig. S6): LCN2 promotes neuroinflammation 
through activation of microglia, and LCN2 can potentiate 
brain damage by inhibiting neurotrophic GDNF expression.

LCN2 Is a Key Regulator of Neuroinflammation 
in Secondary Brain Injury in TBI

Following CCI- and PTS-induced brain injury, the expression 
of LCN2 was significantly upregulated in the mouse brain. 
The unique LCN2 expression pattern in the peri-contusional 
brain region might correlate with the TBI pathology observed 
in the early phase of secondary brain injury, such as neuro-
inflammation. Increasing evidence suggests that secondary 
brain injury, particularly neuroinflammation, is a common 

pathological feature of TBI [60, 69]. In addition, microglia 
and astrocytes following inflammatory activation play cru-
cial roles in the pathophysiology of TBI [70]. Higher lev-
els of astrocyte and microglial activation and proliferation 
have been observed in TBI-rodent models, with augmented 
expression of proinflammatory cytokines [60, 69, 70]. We 
observed that genetic deletion or antibody-mediated neutrali-
zation of LCN2 significantly reduced CCI- and PTS-induced 
brain damage, pro-inflammatory cytokines, glial activation, 
and neurological deficits. This suggests that LCN2 plays a 
pivotal role in inflammatory secondary brain injury follow-
ing TBI.

An additional direction for this study is to look at sex dif-
ferences in the role of LCN2 in the secondary inflammatory 
response to TBI and stroke. Most of research in the field 
uses male rodents, with a few research groups employing 
male and female rodents pooled together [71, 72]. Previous 

Fig. 7  Lcn2-deficient astro-
cytes attenuates scratch 
injury-induced proinflamma-
tory cytokine expression in 
co-culture with microglia. A 
The expression levels of Lcn2 
mRNA in the astrocytes, micro-
glia, and co-culture (astrocyte 
and microglia) at 72 h after 
scratch injury were evaluated 
by qPCR (n = 3). Results are 
expressed as mean ± SEM. 
*p < 0.05 versus control groups; 
n.s., not significant (Student’s 
t-test). B Astrocytes isolated 
from WT or Lcn2-deficient 
mice were co-cultured with WT 
microglia. The co-cultures were 
then subjected to scratch injury 
and LCN2 neutralizing antibody 
treatment, followed by mRNA 
analysis. The mRNA expression 
of Tnf and Il1b was measured 
using qPCR at 72 h after scratch 
injury (n = 3). Ast, astrocytes; 
Mg, microglia. Results are 
expressed as mean ± SEM. 
*p < 0.05 versus control groups; 
#p < 0.05 between the indicated 
groups; n.s., not significant 
(one-way ANOVA followed by 
Tukey’s post hoc test)
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Fig. 8  LCN2 upregulates scratch injury-induced proinflammatory 
cytokines, while reducing GDNF levels in microglia. A The expres-
sion levels of Gdnf mRNA in the astrocytes, microglia, and co-culture 
(astrocyte and microglia) at 72 h after scratch injury were evaluated 
by qPCR (n = 4). Results are expressed as mean ± SEM. *p < 0.05 
versus control groups; n.s., not significant (Student’s t-test). B Pri-
mary microglia cultures were subjected to scratch injury and treat-
ment with PBS, denatured recombinant LCN2 protein (dLCN2, 
1  μg/ml), or recombinant LCN2 protein (LCN2, 1  μg/ml), followed 
by mRNA analysis. The mRNA levels of Tnf, Il1b, and Gdnf were 
determined by qPCR (n = 3). Results are expressed as mean ± SEM. 
*p < 0.05 versus control PBS groups (without scratch injury); 

#p < 0.05 between the indicated groups; n.s., not significant (one-way 
ANOVA followed by Tukey’s post hoc test). C Astrocytes isolated 
from WT or Lcn2-deficient mice were co-cultured with WT micro-
glia. The co-cultures were subjected to scratch injury and LCN2 neu-
tralizing antibody (Ab) treatment, followed by mRNA analysis. The 
mRNA expression of Gdnf was measured using qPCR at 72 h after 
scratch injury (n = 3). Ast, astrocytes; Mg, microglia. Gapdh was 
used as an internal control. Results are expressed as mean ± SEM. 
*p < 0.05 versus control groups; #p < 0.05 between the indicated 
groups; n.s., not significant (one-way ANOVA followed by Tukey’s 
post hoc test)
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studies have suggested sex differences in the brain’s response 
to injury [73–75]. It remains to be better established whether 
differential outcomes following brain injury in males and 
females are due to sex hormone differences, given the con-
flicting but growing body of literature documenting gender 
influences on injury outcome in humans and rodents [76]. 
It is important to recognize that human gender is not a sim-
ple binary [77, 78]; it is rather complex combinations of 
social and biological factors that will have to be carefully 
considered [79]. Because the current studies included only 
male animals, further research is needed to address potential 
gender differences in injury outcomes.

LCN2 Is a Potential Biomarker and Therapeutic 
Target for Secondary Brain Injury in TBI

Our TBI mouse model and CTE patient studies revealed a 
significant increase in LCN2 expression in injured brains. 
Previously, LCN2 was reported to be upregulated in the CNS 
of animal models of brain injury such as intracranial hemor-
rhage [41]. More recent animal studies have shown increased 
LCN2 expression in the hippocampus after lateral fluid per-
cussion, with peak elevation at day 1 [80]. In a subsequent 
human trial, serum LCN2 levels increased in patients with 
TBI [42, 43]. These findings were partially corroborated by 
clinical studies in patients with stroke. A prospective study 
by Elneihoum et al. [81] demonstrated that LCN2 plasma 
levels in patients with acute ischemic cerebrovascular dis-
ease were higher than those in the control subjects. Another 
recent study also suggested that LCN2 could be used as a 
diagnostic biomarker for the injured brain [82]. As an acute-
phase protein, LCN2 expression is highly induced during the 
early phases of brain injury. These reports strongly indicate 
that LCN2 is a promising biomarker of brain injury. When 
combined with other existing or new biomarkers, the detec-
tion of LCN2 protein can facilitate the diagnosis or progno-
sis of secondary brain injury in TBI patients.

Our results, based on Lcn2 KO mice and a neutralizing 
antibody against LCN2, suggest that LCN2 is a potential 
therapeutic target in TBI. LCN2 targeting may have a wide 
applicability in multiple CNS disorders. Preclinical stud-
ies have shown that LCN2 deficiency markedly decreases 
neuroinflammation in mouse models of hemorrhagic and 
ischemic stroke [40, 41, 83, 84], spinal cord injury [85], 
and experimental autoimmune encephalomyelitis [34]. 
These findings suggest that LCN2 is a critical mediator of 
neuroinflammation in various CNS disorders. Neutralization 
of LCN2 using LCN2 antibody may inhibit or reverse neu-
roinflammatory responses in CNS disorders [25]. Although 
neutralizing the activity of extracellular LCN2 protein by 
LCN2 antibody was used in the current study, other thera-
peutic approaches that inhibit the expression and secretion 
of LCN2 [86], or interfere with the interaction between 

LCN2 and its receptors [87], are also potential avenues for 
therapeutic development [25]. In this study, however, the 
interventions were either prior to (genetic manipulation) 
or immediately after the injury (neutralizing antibody). As 
several interventions with a restricted therapeutic window 
have previously failed in a clinical setting, further studies are 
required to address the therapeutic window of LCN2 inhibi-
tion. Moreover, in the current study, therapeutic behavioral 
effects of LCN2 inhibition were evaluated in a relatively 
short time period after brain injury; thus, additional studies 
are necessary to test long-term effects of LCN2 inhibition.

LCN2 Inhibition of Microglial Neurotrophic Activity 
in TBI

Our results show that LCN2 significantly decreases Gdnf 
mRNA levels in microglia, suggesting the involvement of 
LCN2 in the modulation of microglial neurotrophic and neu-
roprotective activities in TBI. GDNF produced by activated 
microglia/macrophages can lead to that reparation of CNS 
injuries. After striatal mechanical injury [88, 89] and spinal 
cord injury [90], activated microglia/macrophages express 
GDNF, thereby inducing axonal sprouting and locomotor 
improvements. Indeed, the inhibition of GDNF expression 
using antisense oligonucleotides drastically reduced axonal 
sprouting [91]. In addition, GDNF delivery based on trans-
duced hematopoietic stem cell transplantation successfully 
rescued nigral dopaminergic neurons and improved motor 
function in a Parkinson’s disease mouse model [92, 93]. 
GDNF has also been linked to the survival of dopaminergic 
cells in the substantia nigra through an increase in synaptic 
excitability [94] and the inhibition of apoptosis [95]. Thus, 
LCN2 inhibition of microglial GDNF may be another mech-
anism of inflammatory secondary injury in TBI.

Conclusion

Our study demonstrated that LCN2 is expressed and released 
predominantly by reactive astrocytes in response to TBI, 
thus acting as a neuroinflammatory mediator in secondary 
injury. Once released, LCN2 mediates neuroinflammation 
by inducing proinflammatory microglial activation. Our 
data also suggest an important role for LCN2 in suppressing 
the microglial expression of neurotrophic factors after TBI. 
The detrimental role of LCN2 after TBI was corroborated 
by studies using Lcn2 KO mice and neutralizing antibodies. 
Taken together, astrocytic LCN2 may play a pivotal role as an 
intrinsic promoter of neuroinflammation in TBI by triggering 
proinflammatory microglial activation while inhibiting their 
neurotrophic effects. Thus, LCN2 could be exploited as a bio-
marker and therapeutic target for secondary injuries in TBI.
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