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Abstract
Lipocalin 2 (LCN2), an immunomodulator, regulates various cellular processes such as iron transport and defense against 
bacterial infection. Under pathological conditions, LCN2 promotes neuroinflammation via the recruitment and activation of 
immune cells and glia, particularly microglia and astrocytes. Although it seems to have a negative influence on the functional 
outcome in spinal cord injury (SCI), the extent of its involvement in SCI and the underlying mechanisms are not yet fully 
known. In this study, using a SCI contusion mouse model, we first investigated the expression pattern of Lcn2 in different 
parts of the CNS (spinal cord and brain) and in the liver and its concentration in blood serum. Interestingly, we could note a 
significant increase in LCN2 throughout the whole spinal cord, in the brain, liver, and blood serum. This demonstrates the 
diversity of its possible sites of action in SCI. Furthermore, genetic deficiency of Lcn2 (Lcn2−/−) significantly reduced certain 
aspects of gliosis in the SCI-mice. Taken together, our studies provide first valuable hints, suggesting that LCN2 is involved 
in the local and systemic effects post SCI, and might modulate the impairment of different peripheral organs after injury.
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Introduction

Spinal cord injury (SCI) is a devastating event that causes 
life-long health restrictions including paralysis, loss of sen-
sation and vegetative functions, pain, and psychological 
impairment [1]. Despite many efforts, there is presently no 
comprehensive treatment protocol available to effectively 
treat this injury, mainly owed to the complexity of nerve 
fiber tract destructions, neuronal death, and poor restoration 
capacities of physiological function [2, 3]. In SCI, the pri-
mary injury refers to the initial physical damage of the spinal 
cord (SC), which is accompanied by hemorrhage, ischemia, 
and local neuronal death, while the secondary injury phase is 
characterized by progressive damage of the SC, demyelina-
tion, astrogliosis, and neuroinflammation [4–9]. Progressing 
neuroinflammation, which is a major hallmark of the second-
ary injury, is mainly initiated through activation of astro-
cytes and microglia, which are key cells in the maintenance 
of homeostasis in the CNS, and further boosted and per-
petuated by infiltrated neutrophils and macrophages [10–13]. 
The activation of astrocytes and microglia, so-called astro-
gliosis and microgliosis, respectively, influences the disease 
outcome in SCI on various levels [14, 15].

Astrocytes are the predominant subtype of glial cells in 
the CNS. Under physiological conditions, they protect neu-
rons through the uptake of excessive neurotransmitters, i.e., 
glutamate, maintain the integrity of the blood–brain barrier 
and participate in synaptic stability, plasticity, and reorgani-
zation [16, 17]. When being activated, astrocytes become 
hypertrophic and develop extended processes [6]. Reactive 
astrocytes are a central component of the glial scar which is 
formed around the injury site in the secondary injury phase 
[18]. Glial scar formation affects the healing process and can 
remain chronically for up to several decades in patients who 
suffered from SCI [14]. The glial scar limits the spread of 
inflammation but, at the same time, impedes axonal regen-
eration [19–21]. Under pathological conditions such as trau-
matic SCI, reactive astrocytes promote cytotoxic edema for-
mation and ischemia through an upregulation of aquaporin 4 
[16]. Furthermore, they are an integral component of local 
immune responses by producing and secreting a wide range 
of cytokines and chemokines [22, 23]. It has been shown that 
the phenotype of reactive astrocytes varies, and it has been 
assumed that astrocytes can differentiate in the direction of 
either a more pro-inflammatory A1 or a more anti-inflam-
matory A2 polarization state [24]. A1 polarized astrocytes 
express pro-inflammatory cytokines and contribute to neu-
ronal death, whereas A2 polarized astrocytes stimulate CNS 
recovery and repair [24, 25].

The neuroinflammation in SCI is regulated by expres-
sion of pro‐inflammatory and anti‐inflammatory cytokines, 
chemokines, and other mediators, which are mainly 

synthesized by glial cells. The glycoprotein lipocalin 2 
(LCN2) is considered a key mediator of immune responses 
in general and particularly in neurodegenerative diseases 
[26–31]. It has been shown that LCN2, which is upregulated 
at the lesion site of the SC, is produced by astrocytes after 
SCI [26]. Furthermore, Lcn2-deficient mice reveal better 
functional outcomes, a lower expression of chemokines, and 
a reduced extent of secondary injury after SCI in compari-
son to wild-type mice [26]. In general terms, LCN2 plays 
an important role in iron transport and homeostasis and 
promotes the defense against bacterial infections [27, 32]. 
Furthermore, it has been demonstrated in vitro that LCN2 
has toxic effects on neurons and regulates the expression 
of pro-inflammatory cytokines and chemokines [30, 33]. It 
has further been stated that LCN2 promotes the shifting of 
the polarization of microglia and astrocytes towards pro-
inflammatory phenotypes in vitro [25, 34].

It has been shown that SCI causes pathological processes 
in various parts of the body, which were not directly affected 
by the injury. In patients suffering from SCI cognitive dys-
function, inflammation-associated neurodegeneration of 
brain tissue and an impaired functional brain recovery are 
commonly observed [35–37]. In addition to the interaction 
between different parts of the CNS, a further important issue 
related to neural injury is the communication with periph-
eral organ systems, i.e., “CNS-organ cross talk”. There are 
preliminary findings which show that in SCI, a defined com-
munication axis exists between SC and liver suggesting that 
the liver might exhibit mechanisms that influence neuroin-
flammation in the SC [38, 39].

Due to the limited treatment options in SCI, it is impor-
tant to identify new possible drug targets. As we suggest 
LCN2 to influence SCI pathology, it is of interest to examine 
its effects on astrocytes, which play a central role in SCI 
pathology. Additionally, we wanted to get a first impression 
of whether LCN2 might participate in the systemic effects of 
SCI. In the present study, we have analyzed the time course 
of local Lcn2 expression post SCI and its influence on the 
activation and polarization of astrocytes. Furthermore, since 
LCN2 is also secreted in a paracrine and endocrine fashion, 
we analyzed the amount of LCN2 in blood and other periph-
eral organs post SCI.

Materials and Methods

Animals

We used male C57BL/6JRj wild-type mice (WT) and mice 
carrying a general Lcn2 deficiency (Lcn2−/−) at the age of 
8–14 weeks.
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The mice were housed and handled in accordance with 
the guidelines of the Federation for European Laboratory 
Animal Science Associations (FELASA) under standard 
laboratory conditions. The procedures were approved by the 
Review Board for the Care of Animal Subjects of the district 
government (North Rhine-Westphalia, Germany) and per-
formed according to international guidelines on the use of 
laboratory mice (Az 81–02.04.2018.A227). Lcn2−/− mice of 
the 7-day group were approved by the Review Board for the 
Care of Animal Subjects of the district government (ethic 
No. 962055, Tehran, Iran).

The WT mice were obtained from Janvier Labs (Saint-
Berthevin Cedex, France); information on the genetic iden-
tification of the WT mice is available on their homepage 
(https://​www.​janvi​er-​labs.​com/​en/​an-​optim​al-​manag​ement-​
of-​genet​ics-a-​unique-​conce​pt/). The Janvier Labs’ colony 
belongs to a genetically tested and characterized founding 
pair (genetic analysis 640,000 SNPs) that is identical to that 
of the C57BL/6JRj. Lcn2-deficient mice (Lcn2−/−), which 
have already been used in other studies from our group, were 
kindly provided by Tak W Mak (University of Toronto, Can-
ada) and colleagues [30, 40, 41]. In these mice, a targeted 
mutation has been introduced to disrupt the Lcn2 coding 
region, including exons 1–5, with a PGK-neo cassette, thus 
leading to a functional knockout in all tissues including the 
CNS. For breeding, pairs of homozygous mice were used.

Spinal Cord Injury

General anesthesia was initiated with isoflurane (2–3 vol%) 
in an anesthetic chamber. During surgery, isoflurane (1.5–2 
vol%) was further administered via a face mask. Intraopera-
tive analgesia was attained through injection of buprenorphine 
(0.05–1 mg/kg s.c.) 30 min preoperatively. After the expo-
sure of the spinal column (T7–T10), a laminectomy of T8 was 
performed. A standardized injury of the SC at this level was 
induced by contusion (Infinite Horizons Spinal Cord Impactor) 
with a force of 60 kdyn. After inducing the SCI, the surgical 
site was sutured in layers and the mice were injected subcu-
taneously with sterile saline. Postoperative care involved the 
daily manual emptying of the bladder until spontaneous urina-
tion returned. In the control group, after preoperative analgesia 
and general anesthesia as described above, the spinal column 
(T7–T10) was exposed, and a laminectomy of T8 was per-
formed. The surgical site was then sutured in layers, and the 
mice were injected subcutaneously with sterile saline. Through 
this approach, we aim to preclude possible falsifications of the 
results caused by the mere surgical procedure.

BBB Scoring

To assess functional recovery and locomotion deficits after 
SCI, the mice were scored in an open field according to 

Basso, Beattie, and Bresnahan (BBB) locomotion rating 
scale of 0 (complete paralysis) to 21 (normal) as previously 
described [42]. The scale assesses hind limb movements, 
body weight support, forelimb to hind limb coordination, 
and whole-body movements.

Tissue Preparation

At defined time points after SCI (6, 12, 24, 72, h and 7 days), 
the mice were transcardially perfused with ice-cold PBS for 
molecular biological and protein biochemical studies. The 
sham-operated mice, which served as control, were finalized 
after 24 h. The whole SC was prepared and divided into three 
parts, in the following referred to as rostral, central (lesion 
site), and caudal region. The three spinal cord regions were 
separated at the level of T3 and L1. This ensures that the 
caudal and rostral regions are located at a sufficient distance 
of several millimeters from the visually visible lesion area.

In addition, motor and sensory cortex and left liver lobe 
were prepared. The tissues were immediately snap frozen in 
liquid nitrogen and kept at − 80 °C until further processing.

For immunohistochemistry, the mice (control, 24 h, 72 h, 
and 7 days) were transcardially perfused with ice-cold PBS 
followed by a 3.7% paraformaldehyde solution (PFA, pH 
7.4). For decalcification, spinal columns were incubated in 
20% EDTA (ethylenediaminetetraacetic acid) for 48 h at 
37 °C prior to paraffin embedding. Tissue specimens were 
cut into three parts, as described above, and embedded in 
paraffin (Merck, Darmstadt, Germany). Five-micrometer 
paraffin sections were cut. Blood sampling (control, 6, 12, 
24, 72 h, and 7 days) was performed through retro-bulbar 
sinus puncture.

Molecular Biological Analysis

For RNA isolation, the tissues were placed in homog-
enization tubes containing 1.4-mm beads. Samples were 
homogenized at 5000 × g for 15 s. RNA was isolated by 
phenol–chloroform extraction using peqGold RNA Tri-
Fast (PeqLab, Erlangen, Germany). Total RNA amount and 
purity are determined using 260/280 ratios of optical densi-
ties (Nanodrop 1000, PeqLab, Erlangen, Germany). cDNA 
was obtained by reverse transcription using M-MLV reverse 
transcription (RT) kit and random hexanucleotide primers 
(Invitrogen, Carlsbad, USA). Gene expression levels were 
analyzed with real-time reverse transcription-PCR (Bio-Rad, 
Feldkirchen, Germany) using SensiMix™ SYBR® & Fluo-
rescein Kit (Meridian Bioscience, Cincinnati, USA). Dis-
tilled water was used instead of cDNA as negative control. 
Primer sequences and individual annealing temperatures are 
shown in Table 1. Results were evaluated using Bio-Rad 
CFX manager (Bio-Rad, Feldkirchen, Germany) and were 
normalized to cyclophilin A and Hsp90 as reference genes. 
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The target gene expression was calculated using the ΔΔCt 
method [43].

Protein Biochemical Analysis

Sampled tissues were mechanically disrupted in RIPA 
buffer (pH 8.0) supplemented with a protease inhibi-
tor cocktail (Complete Mini, Roche Diagnostics, Gren-
zach-Wyhlen, Germany). Protein concentrations were 
determined using the PierceTM BCA Protein Assay kit 
(Thermo Fisher Scientific, Waltham, USA) according to 
the manufacturer’s protocol. Per sample, a total of 20 μg 
protein was separated in a 14% SDS polyacrylamide gel 
by gel electrophoresis and transferred to a PVDF (poly-
vinylidene difluoride) membrane. The blots were blocked 
in 5% milk in tris-buffered saline (TBS, pH 7.4) and then 
incubated overnight (at 4 °C) in primary antibodies rab-
bit anti-LCN2 in 5% milk and rabbit anti-GAPDH in 5% 

milk (used antibodies are listed in Table 2). An appro-
priate secondary antibody (goat anti-rabbit IgG (H + L)-
HRP) was applied for 2 h (RT). Signals were analyzed via 
chemiluminescence detection (Westar Supernova, XLS 
3,0100, Cyanagen, Bologna, Italy), visualized (Fusion 
Solo X, Vilber, Eberhardzell, Germany) and subjected to 
densitometry analysis using Image J. Results were nor-
malized to GAPDH as reference protein.

ELISA

Concentrations of LCN2 in serum were assessed using 
mouse LCN2/NGAL Quantikine ELISA Kit (R&D Sys-
tems, Minneapolis, USA) according to the manufacturer’s 
protocol. Samples were assayed in duplicates and used in 
a 200-fold (control), respectively 500-fold (6, 12, 24, 72 h, 
and 7 days) dilution. Absorbance was measured using a 

Table 1   List of primers used in this study

Primer Sense Anti-sense Annealing 
temperature 
(°C)

Bax GGC​AGA​CAG​TGA​CCA​TCT​TT AGT​GGA​CCA​GAG​GTT​TAT​TG 59
Bcl2 CGA​TCA​ATC​AAA​GCC​AAG​CA AGC​CTT​CAG​GCA​AGT​TCA​GG 62
C3 TCC​CAA​TGT​CCT​ACG​GCT​G ACG​TAC​TTG​TGC​CCC​TCC​TT 60
Cyclophilin A TTG​GGT​CCA​GGA​ATG​GCA​AGA​ ACA​TTG​CGA​GCA​GAT​GGG​GT 64
Gfap GAG​ATG​ATG​GAG​CTC​AAT​GACC​ CTG​GAT​CTC​CTC​CTC​CAG​CGA​ 60
Hsp90 TAC​TAC​TAC​TCG​GCT​TTC​CCGT​ TCG​AAT​CTT​GTC​CAG​GGC​ATC​ 64
Lcn2 GCA​GGT​GGT​ACG​TTG​TGG​G CTC​TTG​TAG​CTC​ATA​GAT​GGTGC​ 65
Serpina3n AAC​CAG​AGA​CCC​TGA​GGA​AGT​ AGT​TTC​GCA​GAC​ATT​GGG​ACAA​ 60
Sphk1 TAT​GCT​GGG​TAC​GAG​CAG​GT CCC​ACT​GTG​AAA​CGA​ATC​TCC​ 65
Vimentin ATG​CTT​CTC​TGG​CAC​GTC​TT AGC​CAC​GCT​TTC​ATA​CTG​CT 65

Table 2   List of antibodies used in this study. WB Western Blot; IHC Immunohistochemistry; IF Immunofluorescence

Antibody Host species Manufacturer WB IHC IF

Primary antibodies LCN2 Rabbit Cloud-Clone Corp., Houston, USA 1:500 1:500 1:500
GAPDH Rabbit Santa Cruz, Dallas, USA 1:5000
IBA1 Mouse Merck Millipore, Burlington, USA 1:600
CD44 Rat BD Biosciences, Franklin Lakes, USA 1:50
GFAP Goat Santa Cruz, Dallas, USA 1:100
CD31 Rat Dianova, Hamburg, Germany 1:100
ALDH1L1 Rabbit Abcam, Cambridge, UK 1:1000

Secondary antibodies Anti-rabbit IgG (H + L)-HRP Goat BIO-RAD, Feldkirchen, Germany 1:50,000
Anti- rabbit IgG (H&L) Goat Vector Labs, Burlingame, USA 1:50
Anti-rabbit 488 Donkey Life Technologies, Carlsbad, USA 1:500
Anti-goat 594 Donkey Life Technologies, Carlsbad, USA 1:500
Anti-mouse 594 Donkey Life Technologies, Carlsbad, USA 1:500
Anti-rat 555 Goat Invitrogen, Carlsbad, USA 1:500
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microplate reader (Tecan GmbH, Männedorf, Switzerland). 
Final concentrations were calculated from a standard curve.

Immunohistochemistry

For immunohistochemistry (IHC), 5-µm thick sections of 
SC, brain, and liver were rehydrated, and antigens were 
unmasked by heating in Tris/EDTA (pH 9.0) buffer for 
20 min. After blocking with 5% normal goat serum in 
PBS, the sections were incubated overnight (4 °C) with 
rabbit anti-LCN2, or rabbit anti-ALDH1L1 respectively, 
diluted in 5% normal serum in PBS. Slides were incubated 
for 30 min in 0.3% H2O2 (in PBS) followed by incubation 
with goat anti-rabbit IgG (H&L) diluted in 5% normal 
serum in PBS for 1 h (RT). Afterwards, an incubation with 
ABC-solution (both parts 1:50, VECTASTAIN Elite ABC 
Kit (Standard), Vector Labs, Burlingame, USA) diluted in 
PBS for 1 h (RT) followed.

For double immunofluorescence labeling, sections 
were blocked with IFF buffer, containing BSA, FCS and 
1 × PBS, for 1 h and incubated overnight (4 °C) with rabbit 
anti-LCN2 diluted in IFF buffer. The slides were incu-
bated with donkey anti-rabbit 488 diluted in IFF buffer 
for 1 h (RT) followed by an incubation with goat anti-
GFAP, respectively mouse anti-IBA1, rat anti-CD44, 
or rat anti-CD31 diluted in IFF buffer overnight (4 °C). 
Finally, the slides were incubated with donkey anti-goat 
594, respectively donkey anti-mouse 594 or goat anti-rat 
555 in IFF buffer for 1 h (RT). As negative controls, slices 
of the examined tissue, which were not incubated with the 
respective primary antibodies, were used. Apart from that, 
the negative controls were treated like the stained slices.

Statistical Analysis

A total of 59 WT animals were used for the experiments 
containing 43 animals for qPCR analysis. Twenty-four out 
of the 43 animals were also used for western blot analysis. 
Samples from 39 animals were subjected to ELISA. For 
immunohistochemistry staining, we used slices from 16 
animals. A total of 20 Lcn2−/− mice were used for qPCR 
analysis and 4 for immunohistochemistry. Per group, 4 
animals and 3 sections per animal at a distance of 100 µm 
were stained.

GraphPad Prism 8 (GraphPad Software Inc., San Diego, 
USA) was used for statistical analysis. Brown-Forsythe 
test was performed to test for equal variances and normal 
distribution was tested with Shapiro–Wilk’s test. If neces-
sary, data were transformed via Boxcox for homoscedas-
ticity. One-way ANOVA followed by Dunnett’s post hoc 
test or two-way ANOVA followed by Tukey’s post hoc test 
was used for parametric data. Non-parametric data (Lcn2 

mRNA in sensory and motor cortex and LCN2 concentra-
tion in blood serum) were analyzed with the Kruskal–Wal-
lis test followed by Dunn’s multiple comparisons. WT 
and Lcn2−/− data from BBB scoring were compared by 
two-way ANOVA with Geisser-Greenhouse correction. 
All data are given as arithmetic means ± standard errors 
of the mean (SEM). The p values were set as *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001, respectively 
#p ≤ 0.05, ##p ≤ 0.01, ###p ≤ 0.001, and ####p ≤ 0.0001.

Results

In a first set of experiments, we aimed at investigating 
whether traumatic SCI leads to an increase in Lcn2 expres-
sion within the SC and other peripheral organs. Figure 1 
shows a significant and stepwise increase of LCN2 in the 
central region (injury site) of the SC. mRNA expression 
immediately rose within the first 6 h post injury reaching 
maximum level at 24 h post SCI and then rapidly declined 
at 7 days (Fig. 1a). LCN2 protein levels, which were exam-
ined by western blot, revealed a similar time course and 
profile with a short delay compared to mRNA expression, 
peaking at 72 h post SCI (Fig. 1b/c). To investigate the dis-
tribution and localization of LCN2 positive cells in injured 
SC, immunostaining against LCN2 was performed. Immu-
nohistochemistry showed high numbers of LCN2-positive 
cells, especially in the gray matter, in the central lesion 
region 24 h post injury compared to that of the control 
group (Fig. 1d/e/f). Double immunofluorescence staining 
revealed that LCN2 signals are associated with GFAP-
positive astrocytes occasionally (Fig. 1j/k). IBA1-positive 
microglia (Fig. 1g) did not co-localize with LCN2 staining 
in the SC. By staining against the leukocyte marker CD44 
and LCN2, co-expression of CD44 could be seen in most 
LCN2-positive cells 24 h post SCI (Fig. 1h/i).

To determine whether Lcn2 is upregulated in rostral 
and caudal parts of the spinal cord, we measured the Lcn2 
mRNA levels in these regions. The results indicate a mas-
sive upregulation of Lcn2 during the initial 6 h in the ros-
tral part which persists until 72 h (Fig. 2a). In the caudal 
area, we observed a steady upregulation of Lcn2 during 
the first 7 days post SCI (Fig. 2b).

In a next step, we have examined whether Lcn2 is 
upregulated in the brain post SCI. In both examined brain 
regions, sensory and motor cortex, significantly elevated 
Lcn2 mRNA levels were already present 6 h post SCI and 
thereafter declined (Fig. 2c/d). Protein levels were ana-
lyzed in the sensory cortex (Fig. 2e/f) showing a similar 
expression pattern as Lcn2 mRNA. As shown in Fig. 2, our 
results from immunofluorescence staining against LCN2 
revealed no reactivity in the brain slices of sham-operated 
mice, but LCN2 + cells occurred, mainly around vessels, 
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after SCI (Fig. 2g/h). To identify these cells as endothelial 
cells, we performed immunofluorescence double staining, 
which showed a clear co-localization of LCN2 with the 
endothelial marker CD31 (Fig. 2i).

Furthermore, we analyzed the LCN2 concentration in 
blood serum via ELISA, which was significantly elevated 
around 12 and 24 h post SCI, reaching a ~ 19-fold increase 
at its peak (Fig. 3a). In addition, we assessed a poten-
tial Lcn2 upregulation in the liver. Here, Lcn2 mRNA 
(Fig. 3b) and protein (Fig. 3c/d) were significantly elevated 
from 6 h post SCI on, reaching a peak at 12 h and decreas-
ing again from then on. After immunofluorescence stain-
ing, almost no LCN2-immunoreactive cells could be seen 
in the control group, whereas scattered immunoreaction 
was detectable after SCI (Fig. 3e/f).

A common phenomenon after SCI is astrogliosis. Since 
astrocytes are one of the LCN2-producing cell types, we 
aimed to correlate the expression of astroglial markers 
(Gfap, vimentin, serpina3n) and Lcn2 in the central SC 
region (Supplementary Fig.  1a–c). Like Lcn2 mRNA, 
Gfap, vimentin, and serpina3n mRNA show a significant 
and progressive increase from 6 h post SCI on. Serpina3n, 
like Lcn2, reaches its peak at 24 h and decreases from then 
on, whereas Gfap and vimentin levels proceed to rise.

In order to understand the influence of LCN2 on the 
pathological scenario after SCI better, we have included 
animals with a general Lcn2 deficiency (Lcn2−/−) in our 
study. To assess locomotor impairment and recovery of WT 
and Lcn2−/− mice after SCI, we used BBB scoring (Fig. 4a). 
Control animals of both genotypes were all rated with a 
score of 21, demonstrating their unimpaired condition. At 24 
and 72 h, no significant differences in BBB scoring could be 
seen between the two genotypes. After 7 days, Lcn2−/− mice 
reached a mean score of ~ 8, indicating sweeping with no 
weight support or plantar placement of the paw with no 
weight support, whereas the mean score of ~ 4 in WT mice 
stands for only slight movement of all three joints of the 
hind limbs. The significantly higher scores of Lcn2−/− mice 
at 7 days indicate better locomotor recovery compared to 
that of WT mice.

By comparing results from WT and Lcn2−/− tissues, 
we could first demonstrate that the gene expression of the 
astrogliosis marker Gfap was reduced in the central SC 
region of Lcn2−/− animals compared to that of WT mice 
at all examined time points, with a significant difference 
between the two genotypes at 24 h (Fig. 4b). Results from 
staining against the astrocyte marker ALDH1L1 (Supple-
mentary Fig. 2) show fewer positive cells in the lesion region 
of Lcn2−/−compared to WT at 7 days.
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Fig. 1   LCN2 in central region of SC post SCI in WT mice. Lcn2 
gene (a) (n = 6; 72 h, 7 days n = 5) and protein amount (b/c) (n = 4). 
IHC staining against LCN2 of representative sections of the groups 
24 h (d/f) and control (e). Double immunofluorescence labeling 24 h 

post SCI for LCN2 and IBA1 (g), respectively LCN2 and CD44 
(h/i). Double immunofluorescence labeling 24 h post SCI for LCN2 
and GFAP (j/k). Data represent means ± SEM. ****p < 0.0001, 
**p < 0.01, *p < 0.05 indicate control vs. time point
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Fig. 2   Lcn2 gene expression in rostral (a) (n = 6; control n = 5) and 
caudal (b) (n = 6; 7 days n = 5) region of SC. Lcn2 gene expression 
in sensory (c) (control n = 5; 6 h, 12 h, 24 h, 7 days n = 7; 72 h n = 8) 
and motor cortex (d) (control n = 6; 6 h n = 5; 12 h n = 8; 24 h, 72 h, 
7  days n = 7). LCN2 protein amount in sensory cortex (e/f) (n = 4). 
Representative brain sections (Bregma—0.82 mm) [86] from control 

(g) and 24 h group (h) after IHC staining against LCN2. Representa-
tive brain section after double immunofluorescence labeling 24  h 
post SCI for LCN2 and endothelial marker CD31 (i). Data represent 
means ± SEM. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 
indicate control vs time point

Fig. 3   LCN2 concentration in blood serum (a) (control n = 5; 
6  h n = 6; 12  h, 24  h, 72  h, 7  days n = 7). Lcn2 gene expression in 
liver (b) (n = 5). LCN2 protein amount in liver (c/d) (n = 4). Repre-
sentative liver sections from control (e) and 72  h group (f) immu-

nofluorescence labeled for LCN2. Data represent means ± SEM. 
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 indicate control 
vs time point
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Activated astrocytes can differentiate in the direction of 
a more pro- or a more anti-inflammatory state and conse-
quently have varying effects on disease pathology. The func-
tional polarization of astrocytes is well-acknowledged. Since 
LCN2 was shown to influence this polarization in vitro, we 
also addressed the influence of LCN2 on astrocyte polariza-
tion in SCI. Complement component 3 (C3) and sphingosine 
kinase 1 (Sphk1) were selected as representative markers for 
A1, respectively A2 astrocyte polarization states. Both mark-
ers are well-known and recognized and have been described 
in publications of renowned journals [24, 44]. Therefore, 
we analyzed the gene expression profiles of these markers 
in the injured SC (Fig. 4c–f). In Fig. 4c, a value < 1 of the 
C3/Sphk1 (A1/A2) quotient indicates a prevalence of A2 
during the first 24 h after SCI in the central region in WT 
mice. From 72 h on, values > 1 demonstrate a prevalence of 
A1. The underlying individual evaluation of C3 and Sphk1 
in WT is not shown. These findings suggest that there are 
changes in the polarization of astrocytes after SCI.

In order to explore whether LCN2 influences, additionally 
to the extent of astrogliosis, also the functional polarization 
of astrocytes, we assessed the mRNA expression of the A1 
and A2 markers stated above in Lcn2−/− mice. In the central 
region of the SC, a significant decrease in A1 and A2 marker 

mRNA could be seen at 24 h and 72 h (A1), respectively at 
all examined time points (A2) in Lcn2−/− mice (Fig. 4d/e). 
The A1/A2 (C3/Sphk1) quotient in Lcn2−/− shows the same 
pattern as in WT mice with an initial decrease at 24 h fol-
lowed by a subsequent increase (Fig. 4f).

To assess the effects of LCN2 on apoptosis rates, 
the ratio of Bax mRNA, an apoptotic marker, and Bcl2 
mRNA, an anti-apoptotic marker, was evaluated in WT and 
Lcn2−/− mice. As we expected, we observed a significant 
increase of the Bax/Bcl2 quotient, indicating a pro-apoptotic 
state, in the central part of the SC at 24 and 72 h in WT mice 
(Fig. 4g). In contrast, the Bax/Bcl2 quotient did not change 
significantly compared to the control in the rostral and cau-
dal region (Supplementary Fig. 1d/e). In Lcn2−/− mice, we 
observed only a slight reduction of Bax/Bcl2 ratios in the 
central SC region in comparison to WT mice, which did not 
reach a significant level (Fig. 4g).

Discussion

In the present study, we used a well-established SCI contu-
sion mouse model to provide evidence that LCN2 is upregu-
lated after SCI throughout the whole SC and not only in the 
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Fig. 4   Comparison of BBB scoring of WT and Lcn2−/− mice post 
SCI (a) (WT n = 10; Lcn2−/− n = 8). Gfap gene expression in WT 
and Lcn2−/− mice in central (b) (n = 5) region of SC. Ratio of gene 
expression of A1 astrocyte marker C3 and A2 astrocyte marker Sphk1 
in WT mice (c) (n = 6). Gene expression of C3 (d) (n = 5) and Sphk1 
(e) (n = 5) in WT and Lcn2−/− mice in the central region of SC. Ratio 
of gene expression of C3 and Sphk1 in WT and Lcn2−/− mice (f) 

(n = 5). Ratio of gene expression of pro-apoptotic marker Bax and 
anti-apoptotic marker Bcl2 in WT and Lcn2−/− mice in central region 
of SC (g) (n = 5). Data represent means ± SEM. ****p < 0.0001, 
***p < 0.001, **p < 0.01, *p < 0.05 indicate control vs time point 
(c/f/g), ####p < 0.0001, ##p < 0.01, #p < 0.05 indicate WT vs. 
Lcn2−/− (a/b/d/e). Wherever a tendency towards a significant differ-
ence between WT and Lcn2−/−might be assumed, p values are given
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primarily injured region. Beyond SC, we observed a LCN2-
induction in the cerebral cortex at both protein and mRNA 
levels. Interestingly, we show a marked increase of LCN2 
in systemic circulation and also in liver in the early phase 
post SCI. Various studies have found a correlation between 
increased LCN2 levels and CNS disorders, such as multi-
ple sclerosis and stroke [28, 30, 45, 46]. Therefore, using 
Lcn2−/− mice, we investigate the effect of Lcn2 deficiency 
on astrogliosis as a hallmark of SCI. Since the results show 
a significant reduction of Gfap, a decrease of astrogliosis in 
Lcn2-deficient mice might be concluded.

Post SCI, astrocytes proliferate and undergo morphologi-
cal changes which include hypertrophy and the development 
of extended processes [6, 47]. Through the release of neuro-
trophic factors, astrocytes support neurons in SC and thus, 
impaired astrocytic function has major consequences for 
neuronal function [17, 48]. In brain injury, the ablation of 
reactive astrocytes was found to lead to substantial neuronal 
degeneration [17]. Moreover, astrocytes limit the spread of 
inflammation after SCI, since they are one of the dominant 
cell types of the glial scar which forms after injury [21, 47]. 
Furthermore, activated astrocytes can express a variety of 
cytokines, chemokines, and the respective receptors, and 
therefore play a pivotal role in the neuroinflammatory pro-
cesses in SCI [47, 49]. Furthermore, axonal regeneration is 
inhibited by the glial scar and chondroitin sulfate proteogly-
cans which are produced by reactive glial cells, including 
astrocytes [19, 21]. In addition, these proteoglycans impede 
process outgrowth of oligodendrocytes and thereby disturb 
remyelination [50, 51]. Based on the dual character of astro-
cytes, it has been suggested that they can be classified into a 
neurotoxic A1 and neuroprotective A2 phenotype [24, 25]. 
Different factors, such as chemokines and cytokines, e.g., 
IL-1β, TNF-α, and IL-10, have been found to control the 
development of astrocytes in the direction of either pheno-
type [25, 52, 53]. One of the regulators of astrocyte polari-
zation is LCN2 which supports the pro-inflammatory A1 
phenotype and decreases the polarization in the direction of 
A2 in vitro by inhibiting IL-4–STAT6 signaling [25]. The 
influence of LCN2 on astrocyte polarization, morphology, 
and migration is an important aspect of its regulatory func-
tion in neuroinflammation [27, 54]. LCN2 is involved in 
various pathological processes, such as stroke, metabolic 
inflammation, diabetes, and nonalcoholic steatohepatitis [30, 
31, 55, 56]. It promotes inflammation through induction of 
pro-inflammatory cytokines via release of high mobility 
group box 1, which binds to toll-like receptor 4 and induces 
oxidative stress by activation of NOX-2 signaling [55]. Fur-
thermore, beyond its effect on activation and polarization of 
microglia, LCN2 supports the recruitment of inflammatory 
cells by the induction of CXCL10 secretion and release of 
the neutrophil-recruitment signal IL-8 [31, 34, 57–59].

In the present study, we could demonstrate that SCI 
induces an increase of Lcn2 expression throughout the 
whole SC. As the cellular source of LCN2 in the CNS, pre-
vious studies have identified astrocytes and endothelial cells 
[26, 60]. As already described in a stroke mouse model and 
in a SCI contusion mouse model similar to the animal model 
used in our study, we also recognized a co-localization of 
GFAP and LCN2 in some cells [26, 30].

After SCI, leukocytes are recruited to the lesion region 
within hours [61]. According to our results from co-staining 
against CD44 and LCN2, the major source of local LCN2 
seems to be infiltrated leukocytes, as most LCN2-positive 
cells are also positive for the leukocyte marker CD44 [62]. 
However, we could not prove the production of LCN2 by 
microglia in our animal model [63]. The triggers of LCN2 
production in this context are, besides others, cytokines such 
as IL-6 and NF-kappa B activation [60, 64].

Since LCN2 is secreted, and elevated concentrations can 
be found in the blood circulation under pathological condi-
tions, like multiple sclerosis, intestinal inflammation, and 
arthritic diseases, it has been described as a biomarker in 
several pathologies [65]. In the present study, we show that 
the LCN2 concentration is significantly increased in the 
serum as a direct consequence of SCI, which might sug-
gest this molecule as a potential biomarker for traumatic 
SCI. Furthermore, circulating LCN2 could be considered 
a part of the systemic inflammatory response (SIR) which 
affects the homeostasis of peripheral organs such as the liver, 
kidney, lung, and intestine. Thereby, it contributes to the 
pathogenesis of multiple organ dysfunction after SCI and 
supports secondary injury to the SC [38, 66–69]. In addition, 
we were able to detect elevated LCN2 levels in the brain and 
liver. This can have at least two reasons: As a first possibil-
ity, LCN2 might be produced in the respective tissue. This 
is supported by the fact that we have found significantly 
increased Lcn2 mRNA in both brain and liver. Addition-
ally, the identification of LCN2 + cells in both tissues after 
IHC staining indicates a production of LCN2 by the resident 
cells. In the brain, we could identify endothelial cells as 
a cellular source of LCN2 by double immunofluorescence 
staining. One of the possible triggers of LCN2 production 
in the brain is cytokines. For example, the i.p. application 
of IL-6 induces LCN2 production by vascular cells in the 
brain in mice [60]. In adipocytes also, TNF-α and IL-1β trig-
ger LCN2 production in vitro [70]. Since various cytokines 
have been shown to be upregulated in the blood stream after 
SCI, they might lead to an increase in LCN2 production in 
endothelial cells [71].

In the liver, hepatocytes and neutrophil granulocytes have 
been identified as cellular sources of LCN2 [72, 73]. It has 
been demonstrated in vitro that the cytokine IL-1β induces 
LCN2 production in a NF-kappa B–dependent manner in 
both cell types [74–76]. Due to the structure of the hepatic 
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tissue, hepatocytes and recruited neutrophils come into close 
contact with cytokines, reaching the liver via the hepatic 
artery which might induce LCN2 production [77]. Since we 
have found elevated LCN2 levels in serum post SCI, LCN2 
might also, besides its production by resident cells, reach the 
brain and the liver via the bloodstream.

In the brain, LCN2 has different beneficial as well as 
harmful effects [78]. In the ischemic brain, LCN2 contrib-
utes to neuronal cell death by promoting neuroinflamma-
tion [79]. However, in an experimental model of multiple 
sclerosis, Lcn2-deficient mice exhibited increased dis-
ease severity, suggesting a neuroprotective role of LCN2 
[46]. In liver pathology, the effects of LCN2 have been 
discussed controversially. In phases of acute liver injury, 
LCN2 plays an essential role in liver homeostasis and lipid 
metabolism and protects hepatocytes, whereas it promotes 
liver injury and hepatic steatosis in a model of alcoholic 
steatohepatitis [80–82].

In our studies, the decrease of the astrogliosis marker 
Gfap in Lcn2−/− mice is a first, valuable hint at a possi-
ble promotion of astrogliosis by LCN2 in SCI [83]. This 
assumption is further supported by the decrease in astro-
gliosis in the central spinal cord region in Lcn2−/− com-
pared to WT at 7 days demonstrated by immunohisto-
chemical staining shown in Supplementary Fig. 2. In vitro, 
it has already been demonstrated that Gfap expression 
is promoted by LCN2 [84]. However, according to our 
results, LCN2 does not affect the regulatory mechanism 
underlying the phenotypic polarization of activated astro-
cytes in our animal model. The promotion of the classical 
inflammatory activation of astrocytes by LCN2 has, up 
to now, been only confirmed in vitro and in an animal 
model of transient middle cerebral artery occlusion [25, 
85]. Eventually, the effect of LCN2 on astrocyte polariza-
tion depends on the underlying pathology.

So far, we base our conclusions regarding the influ-
ence of LCN2 on astrogliosis and astrocyte polarization 
on qPCR studies. Therefore, possible posttranslational 
modifications cannot be taken into account. This limita-
tion has to be addressed in further studies. Nevertheless, 
we confirm a general positive effect of Lcn2 deficiency on 
the functional outcome in SCI based on BBB locomotor 
scoring. It is assumed that the elevated level of LCN2 after 
SCI may exacerbate axonal degeneration and contribute 
to poor neurological outcome by enhancing inflammatory 
cell infiltration and promoting neuronal apoptosis [26].

In summary, we found that SCI promotes the LCN2-
upregulation in SC, brain, blood circulation, and periph-
eral organs such as the liver. Consequently, LCN2 might 
play a role in systemic effects and multiple organ dys-
function in SCI pathology. The precise effect of LCN2 
on peripheral organs has to be examined thoroughly to 
understand the resulting SCI-induced impairment of these 

tissues. As a local consequence of SCI pathology, LCN2 
promotes specific aspects of astrogliosis, which suggests 
that LCN2 can be therapeutically targeted to modulate the 
reaction of astrocytes in certain pathologies such as SCI. 
Further studies are needed to elucidate the precise mecha-
nisms responsible for astrocyte activation and polariza-
tion to better understand the role played by LCN2 in this 
process.
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