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Background and Purpose: Microglia play important role in poststroke depression
(PSD), however, the exact mechanism was still unclear. The purpose of the study was
to study the mechanism of microglial activation in PSD.

Methods: 24 rats were randomly divided into three groups: the PSD group (n = 10),
the poststroke (PS) group (n = 7), and the sham group (n = 7). Primary hippocampal
microglia were isolated and cultured, and recombined LCN2 protein was used to
stimulate the cultured microglia. The protein expression of Iba1, P38 MAPK and PP38
MAPK was analyzed by western blotting; the LCN2 expression was measured by
RT-qPCR, the serum LCN2 level and the NO level were analyzed by ELISA.

Results: Open field test scores (horizontal score, vertical score, and self-grooming
score) and the serum LCN2 level were significantly decreased in the PSD group
compared with the other two groups (P < 0.05). The serum LCN2 level was positively
correlated with the horizontal score and negatively correlated with the self-grooming
score in the open field test (P < 0.05). The relative protein level of Iba1 and the LCN2
mRNA level were significantly increased in the hippocampal region compared with
other brain regions (P < 0.05), while the relative protein level of Iba1 and the LCN2
mRNA level were significantly increased in the PSD group compared with the other two
groups (P < 0.05). The length, supernatant NO level, phagocytic ability and migration
ability of LCN2-treated microglia were significantly increased compared with those of
untreated microglia (P < 0.05). The relative protein levels of P38 MAPK and the PP38
MAPK significantly increased in hippocampal region in the PSD group and LCN2-treated
hippocampal microglia (P < 0.05).

Conclusion: Hippocampal microglia are activated during PSD; LCN2 may regulate
hippocampal microglial activation by the P38 MAPK pathway in the process of PSD.

Keywords: poststroke depression (PSD), microglia, hippocampi, Lipocalin-2 (Lcn2), p38 mitogen-activated
protein kinase (p38 MAPK)

Abbreviations: PSD, Poststroke depression; LCN2, Lipocalin-2; P38 MAPK, P38 mitogen-activated protein kinase;
CNS, central nervous system; MCAO, middle cerebral artery occlusion; CUMS, chronic unpredictable mild stress; LPS,
lipopolysaccharide.
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INTRODUCTION

Poststroke depression (PSD), one sequelae of stroke, severely
affects the functional outcome of stroke survivors and is
associated with high mortality (Robinson and Jorge, 2016).
Approximately 33% of stroke survivors are affected by PSD,
making it a serious social and public health problem worth
investigating (Das and Rajanikant, 2018). The pathophysiology
of PSD is presumably multifactorial, involving a combination of
the pathogeneses of stroke and depression, but has not yet been
clarified (Villa et al., 2018). This lack of understanding of the
pathogenesis of PSD seriously affects the ability of clinicians to
prevent and treat it.

Microglia are small macrophage-like glial cells that account
for 10–15% of cells in the central nervous system (CNS)
(Hansen et al., 2018). Microglia in the CNS are usually
maintained in a quiescent state. When activated, they can
perform many diverse functions that may be either beneficial
or harmful depending on the situation (Boche et al., 2013).
In response to various brain injuries, such as ischemic stroke,
microglia are activated and polarized toward a proinflammatory
phenotype or anti-inflammatory phenotype (Ma et al., 2017;
Jiang et al., 2020). Depression has been described as a microglia-
associated disorder, and in addition to excessive cell activation
and an increase in cell number, a decrease in microglial
number and microglial senescence have been observed in some
depressed patients (Yirmiya et al., 2015), which means that when
activated, the microglia number increased, following excessive
cell activation, the activated microglia became death/apoptosis,
then its number became decrease. However, whether the initial
increase of number or the following number decrease were
both closely correlated with microglia activation. Therefore,
microglial activation is closely associated with PSD. However, the
exact role and mechanism of microglial activation in PSD has
not been clarified.

Lipocalin-2 (LCN2) is a member of the highly heterogeneous
lipocalin family of secretory proteins (Bhusal et al., 2019). LCN2
has been implicated in the regulation of cell differentiation,
apoptotic cell death, and cellular uptake of iron (Ferreira
et al., 2015). LCN2 is released by injured neurons as a “help-
me” distress signal that activates microglia and astrocytes into
potentially pro-recovery phenotypes (Xing et al., 2014). Recent
studies have indicated that LCN2 expression and secretion by
glial cells are induced by inflammatory stimuli in the CNS (Nam
et al., 2014). LCN2 amplifies the M1 polarization of activated
microglia (Jang et al., 2013). LCN2 is crucial for the effects
of PRX-2 on neutrophil infiltration and microglia/macrophage
activation (Zhang et al., 2021). All of the above findings indicate
that LCN2 may play an important role in microglial activation.

Moreover, LCN2 has been reported to be highly expressed
following ischemic stroke (Falke et al., 2000; Deng et al.,
2019) and to be closely associated with major depressive
disorder (Noh et al., 2019). Among proteins, LCN2 shows
the most substantial elevation in expression in the CNS
after peripheral administration of lipopolysaccharide
(LPS) (Kang et al., 2018). Therefore, LCN2 is closely
associated with PSD.

Microglial activation plays an important role in PSD,
meanwhile LCN2 is closely associated with microglial activation;
nonetheless, the exact role and mechanism of LCN2 in microglia
activation in PSD are still unclear.

The present study aimed to determine whether and how LCN2
regulates microglial activation in PSD, potentially providing new
insight into and a reference for the mechanism of PSD.

MATERIALS AND METHODS

Poststroke Depression Animal Model
Establishment
A total of 24 male Wistar rats (body weight, 200–250 g, 6–
8weeks) were purchased from the Zhejiang Experimental Animal
Center (Hangzhou, China). Considering the convenience of the
operation and to eliminate the interference of estrogen of female
rats, 6–8weeks male Wistar rats were selected in this study.
The rats were randomly divided into three groups by random
number method: the poststroke (PS) group (n = 7), the PSD
group (n = 10), and the sham group (n = 7). The rats in the
PS group were subjected to 90 min of middle cerebral artery
occlusion (MCAO) achieved by common carotid artery and
external carotid artery ligation with a nylon monofilament suture
coated with silicone (403556PK5Re, Doccol) and reperfusion
under chloral hydrate anesthesia (300 mg/kg, i.p.). After the
procedure, the monofilament suture was removed, and the
wound was sutured. The rats in the PSD group were subjected
to the same MCAO operation as those in the PS group.
Three days after MCAO, the rats were individually housed and
subjected to 21 days of chronic unpredictable mild stress (CUMS)
according to a previously reported method (Hu et al., 2019)
(which exactly showed in Figure 1). The rats in the sham group
were subjected to skin incision and anesthesia only (one rat
died on day 4 post modeling). All procedures were carried
out under strict compliance with the ethical principles and
guidelines of the Chinese Council on Animal Care. All treatment
and testing procedures were approved by the Animal Care
Committee of the First Affiliated Hospital, College of Medicine,
Zhejiang University.

The rats in the three groups were regularly subjected to a
behavioral test (the open field test) during the experiments (1, 2,
and 3 weeks postoperation).

Peripheral blood was obtained from the rats in the three
groups during the experiments (1, 2, and 3 weeks postoperation).
The serum was allowed to clot in a serum separator tube (for
approximately 4 h) at room temperature and centrifuged at
approximately 1,000 × g for 15 min. Then, the serum was
immediately stored at –80◦C until analysis.

Microglial Cell Isolation and Culture
Primary microglial cultures were prepared as described
previously with slight modifications (Tamashiro et al., 2012).
Briefly, primary microglia were obtained from the hippocampi
of newborn Sprague-Dawley rats. The Sprague-Dawley rats
(1–3 days old) were obtained from the Zhejiang Experimental
Animal Center (Hangzhou, China); all procedures were
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FIGURE 1 | Chart of CUMS.

FIGURE 2 | (A) Vertical scores in the open field test of three groups. (B) Self grooming scores in the open field test of three groups. (C) Horizontal scores in the open
field test of three groups. [#Compare with the PS group < 0.05, ##Compare with the PS group, P < 0.01; *Compare with the Sham group, P < 0.05, **Compare
with the Sham group < 0.01; NCompare with post operation 1 week, P < 0.05, NNCompare with post operation 1 week, P < 0.01; •Compare with post operation
2 weeks, P < 0.05, ••Compare with post operation 2 weeks, P < 0.01; Sham group (n = 6), PS group (n = 7), and PSD group (n = 10)].

carried out under strict compliance with the ethical principles
and guidelines of the Chinese Council on Animal Care.
All treatment and testing procedures were approved by the
Animal Care Committee of the First Affiliated Hospital,
College of Medicine, Zhejiang University. The dissected
hippocampi were collected and digested with digestion solution
containing 0.25% trypsin-EDTA + 0.1% DNase I (Gibco)
at 37◦C for 30 min and then mechanically triturated using
a 1 ml pipette tip. After 5 min, the trypsin was deactivated
with DMEM (Gibco, United States) containing 10% FBS
(Gibco) and 1% penicillin/streptomycin (Sigma-Aldrich,
Billerica, MA, United States). The digested tissues were
mechanically dissociated into single-cell suspensions, and
the cells were collected by centrifugation. The cells were
then suspended in DMEM containing 10% FBS and plated
in T75 cell culture dishes [precoated with 20 µg/mL poly-
D-lysine (Sigma-Aldrich)] at a density of 106 cells/dish.
After 12–14 days, the supernatant containing microglia was
collected and centrifuged, and the cells were suspended at the

appropriate density depending on the experiment. Microglia
were identified by immunocytochemical staining using a
microglia-specific antibody (a mouse anti-CD11b + CD11c
antibody [OX42] (Alexa Fluor R© 647-conjugated), 1:100,
ab216524, Abcam). The morphology of the isolated microglia
was examined by phase-contrast microscopy (Nikon), and a
confocal microscope (Zeiss, LSM 710, Germany) was used to
capture the fluorescence images.

Immunofluorescence Staining
Cultured microglia were fixed in 4% paraformaldehyde for
30 min and permeabilized with 0.3% Triton X-100 diluted in
phosphate-buffered saline (PBS) for 5 min at room temperature.
Then, the microglia were blocked with 2% bovine serum albumin
in PBS for 1 h at room temperature and incubated with a
mouse anti-CD11b + CD11c antibody [OX42] (Alexa Fluor R©

647-conjugated) (1:100, ab216524, Abcam) at 4◦C overnight.
Secondary antibodies were applied for 1.5 h at room temperature.
The nuclei were stained with 4′,6–diamidino-2-phenylindole
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FIGURE 3 | (A) Serum LCN2 level in the three groups. (B) Relative LCN2 mRNA levels in the hippocampal region in the three groups. (C) Relative LCN2 mRNA
levels in different brain regions in the PSD group. (D) Relative LCN2 mRNA levels in different brain regions in the PS group. (E) Correlation of serum LCN2 level with
the horizontal score of open field 2 weeks postoperation. (F) Correlation of serum LCN2 level with the self-grooming score of open field 3 weeks post operation.
[#Compare with the PS group, P < 0.05, ##Compare with the PS group, P < 0.01; *Compare with the Sham group, P < 0.05, **Compare with the Sham group,
P < 0.01; NNCompare with post operation 1 week, P < 0.01; •Compare with post operation 2 weeks, P < 0.05, ••Compare with post operation 2 weeks,
P < 0.01; �Compare with the right cerebral hemisphere, P < 0.05; M Compare with the left cerebral hemisphere, P < 0.05, M M Compare with the Left cerebral
Hemisphere, P < 0.01; Sham group (n = 6), PS group (n = 7), and PSD group (n = 10)].

(DAPI). Images were analyzed by confocal microscopy (Zeiss,
LSM 710, Germany) (Supplementary Material).

Activation of Microglia by Recombinant
Lipocalin-2 Protein
Harvested microglia were seeded at a density of 106 cells/well in
a six-well culture plate precoated with poly-D-lysine. 24 h after
seeding, each well was washed three times with 0.1 M PBS, and
the cells were incubated in culture medium containing 1 µg/mL
recombinant LCN2 protein (ab108563, Abcam) for 24 h.

Microglial Phagocytosis Assay
Primary microglia [untreated microglia (Con-MG) and microglia
treated with recombinant LCN2 protein for 24 h (LCN2-
MG)] were incubated with 3 µL of a 1:10 dilution of 1-
mm Fluospheres (carboxylate-modified microspheres, F8821,
Invitrogen, United States) for 2 h at 37◦C (in humidified air
containing 5% CO2 and 95%). The cells were then washed three
times with ice-cold PBS and fixed in 4% paraformaldehyde for
30 min at room temperature. The nuclei were stained with DAPI.

The number of beads per cell was counted. More than 60 cells
per condition were analyzed by confocal microscopy (Zeiss, LSM
710, Germany) in each experiment, and at least three independent
experiments were performed.

Microglial Migration Assay
Freshly collected microglia treated with or without LCN2 for
24 h were seeded on collagen-coated Transwell membrane inserts
(Corning Co., Corning, NY, United States), which were placed
in the wells of a 12-well plate. The pores of the Transwell
membranes, where were 3.0 µm, prevented direct cell-cell
interactions but allowed diffusion of soluble factors across the
membrane. After 24 h, the cultured cells were separated and
cultured in fresh culture medium for another 24 h, and then the
supernatant and cells were collected for analysis. The cells were
divided into two groups: the Con-MG and LCN2-MG groups.

ELISA
The serum LCN2 level was measured with a commercial
LCN2 rat ELISA kit (ab119602, Abcam) according to the
manufacturer’s instructions.
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FIGURE 4 | (A) Blots of Iba1 in different brain regions in the PSD group. (B) Relative protein level of Iba1 in different brain regions in the PSD group [**Compare with
the left cerebral hemisphere, P < 0.01; ##Compare with the right cerebral hemisphere, P < 0.01; Left cerebral hemisphere (n = 3), Right cerebral hemisphere (n = 3),
Hippocampal region (n = 3)].

FIGURE 5 | (A) Blots of Iba1, P38 MAPK, and PP38 MAPK in the three groups. (B) Relative protein levels of Iba1. (C) Relative protein levels of P38 MAPK. (D) Ratio
of PP38/P38 MAPK [#Compare with the PS group < 0.05, ##Compare with the PS group, P < 0.01; *Compare with the Sham group, P < 0.05, **Compare with the
Sham group, P < 0.01; Sham group (n = 3), PS group (n = 3), and PSD group (n = 3)].

The concentration of NO in the supernatant of cultured
microglia was measured with a commercial NO rat
ELISA kit (S0023, Beyotime, China) according to the
manufacturer’s instructions.

RNA Isolation and Real-Time PCR
RNA was extracted from brain tissue with TRIzolTM reagent
(InvitrogenTM, United States). Then, 2 µg of each RNA sample
was converted to cDNA using a Reverse Transcription System
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FIGURE 6 | (A) NO level in the supernatant of primary microglia. (B) Length of primary microglia. (C) Migration ability of primary microglia. (D) Phagocytic ability of
primary microglia. (E) Uptake of 1 ml microspheres for 5 h by Con-MG. (F) Uptake of 1 ml microspheres for 5 h by LCN2-MG. (Primary microglia were identified by
Iba1 expression (green), and nuclei were stained with DAPI (blue). Scale bars: 20 µm. [**Compare with Con-MG, P < 0.01. Con-MG (n = 3), LCN2-MG (n = 3)].

(Promega, United States) according to the manufacturer’s
instructions. Real-time PCR was performed using TB Green R©

Premix Ex TaqTM II (Tli RNaseH Plus) (Takara Bio Inc., Tokyo)

and an ABI Prism R 7,500 sequence detection system according
to the manufacturer’s instructions. The primer sequences were:
β-actin (forward) 5′-CGTTGACATCCGTAAAGACCTC-3′
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FIGURE 7 | (A) Blots of Iba1, P38 MAPK, and PP38 MAPK in primary microglia. (B) Relative protein levels of Iba1 in primary microglia. (C) Relative protein levels of
P38 MAPK Iba1 in primary microglia. (D) Relative protein levels of PP38 MAPK in primary microglia [*Compare with Con-MG, P < 0.05, **Compare with Con-MG,
P < 0.01.Con-MG (n = 3), LCN2-MG (n = 3)].

and (reverse) 5′TAGGAGCCAGGGCAGTAATCT-3′; LCN2
(forward) 5′-AACGTCACTTCCATCCTCGTC-3′ and (reverse)
5′-AATCGCTCCTTCAGTTCATCG-3′. The thermal cycling
conditions were 95◦C for 30 s followed by 40 cycles of 95◦C for
5 s and 60◦C for 34 s. Melting curve profiles were generated at
the end of each reaction. The mRNA expression level of LCN2
was normalized to that of β-actin, and the 2−M M Ct method was
used for analysis.

Western Blot Analysis
Twenty-four hours following completion of the behavioral test,
the rats were anaesthetized with chloral hydrate (300 mg/kg, i.p.)
and decapitated, and hippocampal tissues were carefully dissected
and lysed on ice for 30 min in RIPA buffer containing a cocktail
of protease/phosphatase inhibitors. The protein concentration
was determined using a BCA protein assay kit (BioTek Epoch,
US). A total of 30 µg protein from each tissue sample was
loaded in each lane of an SDS-PAGE gel, and the proteins
were electrophoretically separated and then transferred onto
PVDF membranes, which were incubated with primary antibody
[rabbit anti-Iba1 (ab178847, Abcam), p38 mitogen-activated
protein kinase (P38 MAPK; D13E1) XP R© rabbit mAb (8,690, Cell
Signaling Technology), and phospho-p38 MAPK (PP38 MAPK)
(Thr180/Tyr182) (D3F9) XP R© rabbit mAb (4,511, Cell Signaling
Technology)] at 4◦C overnight. The secondary antibody was
a horseradish peroxidase (HRP)-conjugated antibody (1:5,000,
goat anti-rabbit IgG H&L, ab205718, Abcam). The blots were
developed using an enhanced chemiluminescence detection kit

(GE Healthcare, Buckinghamshire, United Kingdom), and the
protein band densities were quantified using ImageJ software
(NIH, Scion Corporation, Frederick, MD).

The cultured microglia were washed two times with
PBS and collected in RIPA buffer containing a cocktail of
protease/phosphatase inhibitors. Then western blot analysis was
performed in the same manner as for hippocampal tissue.

Statistical Analysis
All data are presented as the mean ± standard deviation (SD).
SPSS 20.0 software and GraphPad Prism 5 software were used
to perform the statistical analysis. Descriptive statistics were
used to determine whether data were normally distributed.
Comparisons between three groups were performed with one-
way analysis of variance (ANOVA), and a post hoc test was used to
identify differences between groups. Comparisons between two
groups were performed with independent sample t-tests. Pearson
correlation analysis was performed to assess associations between
serum LCN2 levels and open field test scores. A p-value less than
0.05 was considered statistically significant.

RESULTS

Decreased Open Field Test Scores in the
Poststroke Depression Group
Figure 2 shows that compared with those of the sham group,
the horizontal score, the vertical score and the self-grooming

Frontiers in Aging Neuroscience | www.frontiersin.org 7 December 2021 | Volume 13 | Article 798335

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-798335 December 9, 2021 Time: 13:21 # 8

Wei et al. Lipocalin-2 in PSD

score of the PSD group were significantly decreased 2 weeks
and 3 weeks postoperation (P < 0.05); compared with that
of the PS group, the horizontal score of the PSD group was
significantly decreased 2 weeks and 3 weeks postoperation
(P < 0.01), and the vertical score and the self-grooming score of
the PSD group was significantly decreased 3 weeks postoperation
(P < 0.05, Figure 2).

Sustained Elevation of Serum Lipocalin-2
Concentration in the Poststroke
Depression Group at 1, 2, and 3 Weeks
Postoperation
Figure 3A shows that compared with that in the sham group, the
concentration of serum LCN2 in the PSD group was significantly
increased 1 week, 2 weeks, and 3 weeks postoperation (P < 0.05).
Compared with that in the PS group, the concentration of
serum LCN2 in the PSD group was significantly increased
1 week, 2 weeks, and 3 weeks postoperation (P < 0.05).
The concentration of serum LCN2 in the PSD group was
significantly decreased 2 weeks postoperation compared with
1 week postoperation (P < 0.05). The concentration of
serum LCN2 in the PSD group was significantly increased
3 weeks postoperation compared with 2 weeks postoperation
(P < 0.05, Figure 3A).

Sustained Elevation of Lipocalin-2 mRNA
Expression in the Hippocampal Region in
the Poststroke Depression Group
Figure 3B shows that compared with that the sham group
and the PS group, the relative mRNA expression of LCN2
was significantly increased in the PSD group (P < 0.05,
Figure 3B). Figure 3C shows that in the PSD group,
the relative mRNA expression of LCN2 was significantly
decreased in the left cerebral hemisphere compared with
the right cerebral hemisphere (P < 0.05) and that the
relative mRNA expression of LCN2 was significantly
increased in the hippocampal region and right cerebral
hemisphere compared with the left cerebral hemisphere
(P < 0.01, Figure 3C). Figure 3D shows that in the PS
group, there was no significant difference in the relative
mRNA expression of LCN2 between different brain regions
(P > 0.05, Figure 3D).

The Serum Lipocalin-2 Level Was
Positively Correlated With the Horizontal
Score and Negatively Correlated With
the Self-Grooming Score
Figure 3E showed that the serum LCN2 level was
positively correlated with the horizontal score (R2 = 0.4751,
P < 0.05, Figure 3E) 2 weeks postoperation, and that
the serum LCN2 level was positively correlated with the
self-grooming score (R2 = 0.4269, P < 0.05, Figure 3F)
3 weeks postoperation.

Increased Iba1 Protein Levels in the
Hippocampal Region Compared With
Other Regions in Poststroke Depression
Rats
Figure 4 shows that the relative protein level of Iba1 was
obviously increased in the hippocampal region compared with
the left cerebral hemisphere and the right cerebral hemisphere
in PSD rats (P < 0.01, Figure 4B); however, there was no
significant difference in Iba1 protein expression between the
left cerebral hemisphere and the right cerebral hemisphere
(P > 0.05, Figure 4).

Increased Iba1, P38 MAPK Protein
Levels and the Ratio of PP 38/P38 in the
Hippocampal Region in Poststroke
Depression Rats
Figure 5 shows that the relative protein levels of Iba1, P38 MAPK
and PP 38 MAPK in the hippocampal region were obviously
increased in the PSD group compared with those in the sham
and PS groups (P < 0.01). Compared with those in the PS group,
the relative protein levels of Iba1, P38 MAPK protein levels and
the ratio of pP38/P38MAPK in the PSD group were significantly
increased (P < 0.05, Figures 5B–D).

Alterations in Microglia After Lipocalin-2
Stimulation
Figure 6A shows that after treatment with 1 µg/ml LCN2
for 24 h, the concentration of NO in supernatant of LCN2-
MG was significantly increased compared with that in the
supernatant of Con-MG (P < 0.01, Figure 6A). LCN2-MG
were significantly longer than Con-MG (P < 0.01, Figure 6B),
and more LCN2-MG than Con-MG migrated (P < 0.01,
Figure 6C). The number of microspheres phagocytosed by
LCN2-MG was significantly higher than that phagocytosed by
Con-MG (P < 0.01, Figure 6D). Figures 6E,F show that LCN2
enhanced the phagocytic ability of primary microglia.

Increased Iba1, P38 MAPK and PP38
MAPK Protein Levels in
Lipocalin-2-Treated Microglia
Figure 7 shows that the relative protein levels of Iba1, P38 MAPK
and PP38 MAPK were significantly increased in LCN2-MG
compared with Con-MG (P < 0.05, Figures 7B–D).

CONCLUSION

In summary, in this study, we found that LCN2 may
regulate hippocampal microglial activation through the P38
MAPK pathway in PSD.

In our previous paper, we used Despair swimming test
(DST) and Sucrose preference test (SPT) to test the depression
behavior of PSD rat, and measured the rate of weight change
of the rats, our PSD model rats exhibited multiple depressive
symptoms (Wei et al., 2021). And in this study we performed
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another behavior test: open field test, and found that open
field test scores (the horizontal score, vertical score, and self-
grooming score) were significantly decreased in the PSD group
compared with the other two groups. The serum LCN2 level
was obviously increased in the PSD group compared with the
other two groups. Correlation analysis showed that the serum
LCN2 level was positively correlated with the horizontal score
and negatively correlated with the self-grooming score in the
open field test. Furthermore, we found that the mRNA level of
LCN2 was significantly increased in the hippocampi of PSD rats
and that the LCN2 mRNA level was significantly increased in the
hippocampus compared with other brain regions. These results
indicated that LCN2 is closely associated with PSD.

The hippocampus is involved in many essential functions,
particularly learning, memory, emotions, adaptation, and
neuronal generation. Pathological alterations in the hippocampus
underlie various mental and neurological diseases, particularly
depression, dementia, and epilepsy (Gulyaeva, 2019). Microglial
activation is closely associated with PSD (Yirmiya et al., 2015; Ma
et al., 2017; Jiang et al., 2020). Therefore, studying hippocampal
microglial activation is important for clarifying the mechanism of
PSD. In our previous study we analyzed the microglia activation
markers in the hippocampal region, the right cerebral and
the left cerebral hemispheres in the PSD rat, and found that
hippocampus showed a more microglial activation status than the
other brain regions (Wei et al., 2021), meanwhile in our study we
found that the protein levels of the microglial activation marker
Iba1 were significantly increased in the hippocampal region in
PSD rats. Our results indicated that hippocampal microglia were
activated in PSD. Therefore we focus hippocampus to study.

LCN2 was shown to be closely associated with PSD, and
hippocampal microglia were shown to be activated in PSD.
However, the exact relationship between LCN2 and hippocampal
microglial activation in PSD is still unclear. To clarify
the relationship between LCN2 with hippocampal microglial
activation, we cultured primary hippocampal microglia and
stimulated them with recombinant LCN2 protein. We found that
after LCN2 stimulation, primary microglia showed significant
alterations: the amount of NO released by microglia, length
of the microglia, and phagocytic ability and migration ability
of hippocampal microglia significantly increased. Our results
showed that LCN2 may regulate hippocampal microglial
activation. However, the exact pathway by which LCN2 regulates
hippocampal activation has not been clarified.

Microglial activation has been reported to be regulated by
proinflammatory factors (Liu et al., 2018). Activation of p38
MAPK in spinal microglia results in increased synthesis and
release of the neurotrophin brain-derived neurotrophic factor
and the proinflammatory cytokines interleukin-1β, interleukin-
6, and tumor necrosis factor-α (Wen et al., 2011). In vivo
evidence suggests that P38 MAPK may play a critical role in
detrimental microglial activation following acute brain injury,
such as stroke, and in more chronic neurodegenerative diseases,
such as Alzheimer’s disease (Koistinaho and Koistinaho, 2002).

Due to the close relationships of P38 MAPK and LCN2
with microglial activation, we speculate that LCN2 may induce
microglial activation through P38 MAPK. Therefore, we assessed

alterations in P38 MAPK protein levels in hippocampal microglia
after LCN2 stimulation and found that the relative protein
level of P38 MAPK significantly increased. Moreover, the PP38
MAPK protein level showed the same significant increase, and
the increase in the PP38 MAPK protein level indicated that
P38 PAPK was activated (Martinez-Limon et al., 2020). Our
results indicated that LCN2 may induce hippocampal microglial
activation through activation of the P38 MAPK pathway. P38
MAPK and PP38 MAPK protein levels showed the same changes
in the hippocampi of PSD rats as in cultured primary microglia.
The in vitro and in vivo results indicated that LCN2 may
regulate hippocampal microglial activation through the P38
MAPK pathway in PSD.

The limitations and shortcomings of our study were that we
studied the whole hippocampus but not different functional areas
of the hippocampus. Further analysis of microglial activation in
different functional areas of the hippocampus is needed.

In summary, we found that LCN2 may regulate hippocampal
microglial activation through the P38 MAPK pathway in
PSD. Our results may provide new insight for clarifying the
mechanism of PSD.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal Care
Committee of the First Affiliated Hospital, College of Medicine,
Zhejiang University.

AUTHOR CONTRIBUTIONS

LW, YD, and YX carried out the PSD model establishing and
primary microglia culture participated in the design of the study
and helped to draft the manuscript. XY and HC participated
in the RT-PCR and western blot analysis. YQ conceived the
study, participated in its design and coordination, and helped
to draft the manuscript. All authors read and approved the
final manuscript.

FUNDING

This work was supported by the Zhejiang Provincial Natural
Science Foundation of China (No. LQ19H170002).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnagi.2021.
798335/full#supplementary-material

Frontiers in Aging Neuroscience | www.frontiersin.org 9 December 2021 | Volume 13 | Article 798335

https://www.frontiersin.org/articles/10.3389/fnagi.2021.798335/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2021.798335/full#supplementary-material
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-798335 December 9, 2021 Time: 13:21 # 10

Wei et al. Lipocalin-2 in PSD

REFERENCES
Bhusal, A., Rahman, M. H., Lee, W. H., Bae, Y. C., Lee, I. K., and Suk, K.

(2019). Paradoxical role of lipocalin-2 in metabolic disorders and neurological
complications. Biochem. Pharmacol. 169:113626. doi: 10.1016/j.bcp.2019.
113626

Boche, D., Perry, V. H., and Nicoll, J. A. R. (2013). Review: Activation patterns of
microglia and their identification in the human brain. Neuropath Appl. Neuro
39, 3–18. doi: 10.1111/nan.12011

Das, J., and Rajanikant, G. K. (2018). Post stroke depression: The sequelae of
cerebral stroke. Neurosci. Biobehav. Rev. 90, 104–114. doi: 10.1016/j.neubiorev.
2018.04.005

Deng, Y., Chen, D., Gao, F., Lv, H., Zhang, G., Sun, X., et al. (2019).
Exosomes derived from microRNA-138-5p-overexpressing bone marrow-
derived mesenchymal stem cells confer neuroprotection to astrocytes following
ischemic stroke via inhibition of LCN2. J. Biol. Enginee. 13:71. doi: 10.1186/
s13036-019-0193-0

Falke, P., Elneihoum, A. M., and Ohlsson, K. (2000). Leukocyte activation: relation
to cardiovascular mortality after cerebrovascular ischemia. Cerebrovasc. Dis. 10,
97–101. doi: 10.1159/000016037

Ferreira, A. C., Da Mesquita, S., Sousa, J. C., Correia-Neves, M., Sousa, N., Palha,
J. A., et al. (2015). From the periphery to the brain: Lipocalin-2, a friend or foe?
Prog. Neurobiol. 131, 120–136. doi: 10.1016/j.pneurobio.2015.06.005

Gulyaeva, N. V. (2019). Functional Neurochemistry of the Ventral and Dorsal
Hippocampus: Stress, Depression, Dementia and Remote Hippocampal
Damage. Neurochem. Res. 44, 1306–1322. doi: 10.1007/s11064-018-
2662-0

Hansen, D. V., Hanson, J. E., and Sheng, M. (2018). Microglia in Alzheimer’s
disease. J. Cell Biol. 217, 459–472. doi: 10.1083/jcb.201709069

Hu, M. Z., Wang, A. R., Zhao, Z. Y., Chen, X. Y., Li, Y. B., and Liu, B.
(2019). Antidepressant-like effects of paeoniflorin on post-stroke depression
in a rat model. Neurol. Res. 41, 446–455. doi: 10.1080/01616412.2019.15
76361

Jang, E., Lee, S., Kim, J. H., Kim, J. H., Seo, J. W., Lee, W. H., et al. (2013).
Secreted protein lipocalin-2 promotes microglial M1 polarization. FASEB J. 27,
1176–1190. doi: 10.1096/fj.12-222257

Jiang, C. T., Wu, W. F., Deng, Y. H., and Ge, J. W. (2020). Modulators of microglia
activation and polarization in ischemic stroke (Review). Mol. Med. Rep. 21,
2006–2018. doi: 10.3892/mmr.2020.11003

Kang, S. S., Ren, Y., Liu, C. C., Kurti, A., Baker, K. E., Bu, G., et al. (2018).
Lipocalin-2 protects the brain during inflammatory conditions. Mol. Psychiatry
23, 344–350. doi: 10.1038/mp.2016.243

Koistinaho, M., and Koistinaho, J. (2002). Role of p38 and p44/42 mitogen-
activated protein kinases in microglia. Glia 40, 175–183. doi: 10.1002/glia.
10151

Liu, Y., Li, M., Zhang, Z., Ye, Y., and Zhou, J. (2018). Role of microglia-neuron
interactions in diabetic encephalopathy. Ageing Res. Rev. 42, 28–39. doi: 10.
1016/j.arr.2017.12.005

Ma, Y. Y., Wang, J. X., Wang, Y. T., and Yang, G. Y. (2017). The biphasic function
of microglia in ischemic stroke. Prog. Neurobiol. 157, 247–272. doi: 10.1016/j.
pneurobio.2016.01.005

Martinez-Limon, A., Joaquin, M., Caballero, M., Posas, F., and de Nadal, E.
(2020). The p38 Pathway: From Biology to Cancer Therapy. Int. J. Mol. Sci.
21:ijms21061913. doi: 10.3390/ijms21061913

Nam, Y., Kim, J. H., Seo, M., Kim, J. H., Jin, M., Jeon, S., et al. (2014). Lipocalin-
2 protein deficiency ameliorates experimental autoimmune encephalomyelitis:
the pathogenic role of lipocalin-2 in the central nervous system and peripheral
lymphoid tissues. J. Biol. Chem. 289, 16773–16789. doi: 10.1074/jbc.M113.
542282

Noh, K., Lee, H., Choi, T. Y., Joo, Y., Kim, S. J., Kim, H., et al. (2019). Negr1 controls
adult hippocampal neurogenesis and affective behaviors. Mol. Psychiatry 24,
1189–1205. doi: 10.1038/s41380-018-0347-3

Robinson, R. G., and Jorge, R. E. (2016). Post-Stroke Depression: A Review. Am. J.
Psychiatry 173, 221–231. doi: 10.1176/appi.ajp.2015.15030363

Tamashiro, T. T., Dalgard, C. L., and Byrnes, K. R. (2012). Primary microglia
isolation from mixed glial cell cultures of neonatal rat brain tissue. J. Visualiz.
Exp. JVE 2012:e3814. doi: 10.3791/3814

Villa, R. F., Ferrari, F., and Moretti, A. (2018). Post-stroke depression: Mechanisms
and pharmacological treatment. Pharmacol. Therapeut. 184, 131–144. doi: 10.
1016/j.pharmthera.2017.11.005

Wei, L. G. J., Yu, X., Chen, H., Du, Y., Ji, Z., Xie, Y., et al. (2021). Role
and characteristics of hippocampal region microglial activation in poststroke
depression. J. Affect. Disord. 291, 270–278. doi: 10.1016/j.jad.2021.05.022

Wen, Y. R., Tan, P. H., Cheng, J. K., Liu, Y. C., and Ji, R. R. (2011). Microglia:
a promising target for treating neuropathic and postoperative pain, and
morphine tolerance. J. Formosan Med. Associat. Taiwan 110, 487–494. doi:
10.1016/S0929-6646(11)60074-0

Xing, C. H., Wang, X. S., Cheng, C. J., Montaner, J., Mandeville, E., Leung, W.,
et al. (2014). Neuronal Production of Lipocalin-2 as a Help-Me Signal for Glial
Activation. Stroke 45, 2085–2092. doi: 10.1161/Strokeaha.114.005733

Yirmiya, R., Rimmerman, N., and Reshef, R. (2015). Depression as a Microglial
Disease. Trends Neurosci. 38, 637–658. doi: 10.1016/j.tins.2015.08.001

Zhang, J., Novakovic, N., Hua, Y., Keep, R. F., and Xi, G. (2021). Role of lipocalin-
2 in extracellular peroxiredoxin 2-induced brain swelling, inflammation and
neuronal death. Exp. Neurol. 335:113521. doi: 10.1016/j.expneurol.2020.113521

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Wei, Du, Xie, Yu, Chen and Qiu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 10 December 2021 | Volume 13 | Article 798335

https://doi.org/10.1016/j.bcp.2019.113626
https://doi.org/10.1016/j.bcp.2019.113626
https://doi.org/10.1111/nan.12011
https://doi.org/10.1016/j.neubiorev.2018.04.005
https://doi.org/10.1016/j.neubiorev.2018.04.005
https://doi.org/10.1186/s13036-019-0193-0
https://doi.org/10.1186/s13036-019-0193-0
https://doi.org/10.1159/000016037
https://doi.org/10.1016/j.pneurobio.2015.06.005
https://doi.org/10.1007/s11064-018-2662-0
https://doi.org/10.1007/s11064-018-2662-0
https://doi.org/10.1083/jcb.201709069
https://doi.org/10.1080/01616412.2019.1576361
https://doi.org/10.1080/01616412.2019.1576361
https://doi.org/10.1096/fj.12-222257
https://doi.org/10.3892/mmr.2020.11003
https://doi.org/10.1038/mp.2016.243
https://doi.org/10.1002/glia.10151
https://doi.org/10.1002/glia.10151
https://doi.org/10.1016/j.arr.2017.12.005
https://doi.org/10.1016/j.arr.2017.12.005
https://doi.org/10.1016/j.pneurobio.2016.01.005
https://doi.org/10.1016/j.pneurobio.2016.01.005
https://doi.org/10.3390/ijms21061913
https://doi.org/10.1074/jbc.M113.542282
https://doi.org/10.1074/jbc.M113.542282
https://doi.org/10.1038/s41380-018-0347-3
https://doi.org/10.1176/appi.ajp.2015.15030363
https://doi.org/10.3791/3814
https://doi.org/10.1016/j.pharmthera.2017.11.005
https://doi.org/10.1016/j.pharmthera.2017.11.005
https://doi.org/10.1016/j.jad.2021.05.022
https://doi.org/10.1016/S0929-6646(11)60074-0
https://doi.org/10.1016/S0929-6646(11)60074-0
https://doi.org/10.1161/Strokeaha.114.005733
https://doi.org/10.1016/j.tins.2015.08.001
https://doi.org/10.1016/j.expneurol.2020.113521
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Lipocalin-2 Regulates Hippocampal Microglial Activation in Poststroke Depression
	Introduction
	Materials and Methods
	Poststroke Depression Animal Model Establishment
	Microglial Cell Isolation and Culture
	Immunofluorescence Staining
	Activation of Microglia by Recombinant Lipocalin-2 Protein
	Microglial Phagocytosis Assay
	Microglial Migration Assay
	ELISA
	RNA Isolation and Real-Time PCR
	Western Blot Analysis
	Statistical Analysis

	Results
	Decreased Open Field Test Scores in the Poststroke Depression Group
	Sustained Elevation of Serum Lipocalin-2 Concentration in the Poststroke Depression Group at 1, 2, and 3 Weeks Postoperation
	Sustained Elevation of Lipocalin-2 mRNA Expression in the Hippocampal Region in the Poststroke Depression Group
	The Serum Lipocalin-2 Level Was Positively Correlated With the Horizontal Score and Negatively Correlated With the Self-Grooming Score
	Increased Iba1 Protein Levels in the Hippocampal Region Compared With Other Regions in Poststroke Depression Rats
	Increased Iba1, P38 MAPK Protein Levels and the Ratio of PP 38/P38 in the Hippocampal Region in Poststroke Depression Rats
	Alterations in Microglia After Lipocalin-2 Stimulation
	Increased Iba1, P38 MAPK and PP38 MAPK Protein Levels in Lipocalin-2-Treated Microglia

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


