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Abstract

Background: Perioperative neurocognitive disorders (PNDs) are common complications observed among surgical
patients. Accumulating evidence suggests that neuroinflammation is one of the major contributors to the develop-
ment of PNDs, but the underlying mechanisms remain unclear.

Methods: qPCR and ELISA analysis were used for detecting LCN2 and cytokine levels. cx3cr1“®®/=: R26°™~ crossed
mouse line was used for microglia depletion; intracranial injection of recombinant LCN2 (rLCN2) and adeno-associ-

ated viruses (AAV)-mediated shRNA silencing approaches were used for gain and loss of function, respectively. Comb-
ing with in vitro microglia cell culture, we have studied the role of LCN2 in surgery-induced cognitive decline in mice.

Results: We revealed that Lcn2 mRNA and protein levels were greatly increased in mouse hippocampal neurons after
surgery. This surgery-induced elevation of LCN2 was independent of the presence of microglia. Gain of function by
intracranial injection of rLCN2 protein into hippocampus disrupted fear memory in naive mice without surgery. Con-
versely, silencing LCN2 in hippocampus by AAV-shRNA protected mice from surgery-induced microglia morphologi-
cal changes, neuroinflammation and cognitive decline. In vitro, application of rLCN2 protein induced the expression

of several pro-inflammatory cytokines in both BV-2 and primary microglia culture.

Conclusions: These data suggest LCN2 acts as a signal from neuron to induce proinflammatory microglia, which
contributes to surgery-induced neuroinflammation and cognitive decline in mice.
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Background

Memory, attention and other cognitive impairments fol-
lowing major surgical procedures are common compli-
cations experienced by surgical patients, which are now
termed as perioperative neurocognitive disorders (PNDs)
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[1-3]. The incidence of PNDs is reported up to around
5.7%- 54.3% in surgical patients [4, 5]. People who suffer
from PNDs are at risk of poor surgical outcomes such as
increased mortality [6] and decreased quality of life [7].
Moreover, PNDs also have a synergistic relationship with
neurodegenerative conditions before surgery [8-10],
making their impact even more concerning.

Surgical procedures are associated with robust innate
immune activation [11], which could lead to neuroin-
flammation [12, 13]. Accumulating clinical and preclini-
cal evidence suggest that neuroinflammation is one of
the major contributors to the development of PNDs [12,
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14-16]. In surgical patients, the increase of inflammatory
cytokines in cerebral spinal fluid (CSF) has been repeat-
edly described [17-20]. In addition, rodent studies reveal
that surgical trauma-released alarmins could activate
the innate immune system, including the activation of
immune cells and the increased production of proinflam-
matory cytokines [21]; these peripheral immune-related
events lead to the disruption of the blood—brain barrier
and subsequent recruitment of inflammatory monocytes
into brain [22], these together with the subsequently acti-
vated microglia [23, 24], disrupt cognitive functions [22,
25].

Lipocalin-2 (LCN2, 26kD) is a small secreted protein
[26] and initially described as an anti-bacterial protein
for clearing the pathogen [27]. In normal adult brain, the
expression of LCN2 is very low and becomes upregulated
during injury or neurodegenerative conditions [28]. Our
previous genome-wide RNA-seq analysis showed that
Lcn2 was one of the top upregulated genes in mouse
hippocampus after surgery [29]. A prior study found an
association between elevation of LCN2 levels and cogni-
tive dysfunction after surgery in rats [30]. Consistently,
elevation of LCN2 levels have also been observed in
plasma and CSF of surgical patients [31]. Several clini-
cal studies have assessed the potential value of LCN2 as
a biomarker for neurodegenerations including vascular
dementia [32], mild cognitive impairment [33] or pre-
clinical stage of Alzheimer’s disease [34]. However, in the
context of sterile surgery evoked conditions, the precise
role of LCN2 is unclear. Therefore, we sought to address
the role of LCN2 in surgery-induced cognitive decline.

Materials and methods

Animals

Twelve- to sixteen-week-old C57BL/6] male mice, and
ex3cr1“FR (JAX stock: 021160) and Rosa26P™ (JAX
stock: 007900) mice were used in this study (Neonatal P1
C57BL/6 ] mice was used for primary microglia cell cul-
ture only). A total of ~250 adult mice and ~ 30 neonatal
mice were used in this study. Mice were housed in poly-
propylene cages and maintained at 25 °C under reverse
phase 12-h light-dark cycle with ad libitum access to
water and rodent chow. Animals were tagged and ran-
domly allocated to each group before any procedures.
All procedures were carried out with the approval of the
Animal Care Committee of the First affiliated Hospital at
Zhejiang University.

Tibial fracture surgery

As previously reported[29], surgery was consisted of an
aseptic open tibial fracture with intramedullary fixation
performed under general anesthesia, including 1.5% iso-
flurane (RWD Life Science, Shenzhen, China) in 800 mL/
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min O, using a rodent inhalation anesthesia appara-
tus (MIDTRX VIP2000, Midmark, Dayton, OH, USA).
Briefly, the left hind limb was disinfected. Following the
skin incision, a 28G needle (~ 0.38 mm) was inserted into
the tibial intramedullary canal. Osteotomy was then per-
formed at the junction of the middle and distal thirds of
the tibia. The fixation needle remained in situ and be cut
flush with the tibial cortex. After producing the fracture,
skin was closed with 5-0 Vicryl sutures (Monocryl; Ethi-
con Inc, Somerville, NJ); thereafter, animals were allowed
to recover spontaneously from anesthesia. During sur-
gery and recovery, body temperature was maintained at
37 °C with a warming pad. The entire procedure from
the induction of anesthesia to the end of surgery took
less than 15 min. Tramadol (30 mg/kg) was administered
intraperitoneally daily for analgesia. Control (sham-
treated) mice received same anesthesia and analgesia as
for tibial fracture surgery.

Trace-fear conditioning (TFC) test

TEC test was used to assess learning and memory in
mice[29]. Freezing behavior is an indicator of aversive
memory which is evoked by contextual cues related to a
fear-inducing stimulus—response pairing learned during
training. The extent of this learning (contextual fear) was
recorded in a TFC chamber (Shanghai XinRuan Infor-
mation Technology Co., Ltd, Shanghai, China). Memory
impairment was indicated by a decrease in freezing time.

Training

Before start of behavioral tests, mice were habituated to
handling by the researcher for 3 days. In each day, mice
were handled by the researcher for 2 min in the experi-
mental room. On the training day, mice were placed in
the TFC chamber and allowed to explore for 100 s. Mice
were then exposed to an auditory cue (75-80 Db, 5 kHz,
conditional stimulus) for 20 s, followed 20 s later by a 2 s
foot shock (0.8 mAmp; unconditional stimulus). The tone
and foot-shock pairing were repeated with an inter-trial
interval of 100 s. After training, mice were allowed to
remain in the testing chamber for 1 min before returning
to the home cage.

Contextual testing

Three days after the training session, mice were placed
back in the same TFC chamber without any tone or
shock for 5 min. Video tracking system recorded the time
spent freezing as a fraction of total time in the chamber.

Novel object recognition test (NOR test)

The Novel Object Recognition task was used to evalu-
ate general cognitive function. This test was based on the
spontaneous tendency of rodents to spend more time
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exploring novel object than a familiar one. The NOR test
was conducted in an open field arena with two kinds of
objects different in shape and appearance, but were gen-
erally consistent in height and volume. Behavior was
videotaped and recorded by Anymaze software (Stoelt-
ing Co., IL, USA). Mice were habituated to handling by
the researcher for 3 days before the start of behavioral
tests. Animals were exposed to the arena with two iden-
tical objects placed in opposite corners for 10 min. 24 h
later, mice were returned to the testing environment,
where one of the sample objects was replaced by a novel
object that different from familiar object in shape and
texture for 5 min. The testing session was scored by an
experienced researcher who was blinded to the experi-
mental condition. Animals were scored as exploring an
object when the animal spent with its head and nose ori-
ented toward and within 2 cm of the object. Accidentally
touching, sitting or standing on the object were not con-
sidered exploratory activity. The discrimination ratio was
calculated as the time spent exploring the novel object
divided by the total time spent with both novel and famil-
iar objects. Higher ratio indicates better recognition
performance.

Cytokine measurement

Whole blood was collected by ventricle while mice were
under deep anesthesia. Blood samples were centrifuged
at 3,000 rcf/min for 15 min, serum was then collected and
stored at —20 °C until assayed. Then mice were immedi-
ately perfused with saline and hippocampus tissues were
then rapidly extracted and disrupted by sonication in
NP-40 lysis buffer (50 mM Tris, PH 7.4, 150 nM NaCl, 1%
NP-40, 0.1% Triton X-100 and 0.1% SDS) containing pro-
tease inhibitors (Beyotime Biotech, China). The homog-
enized material was centrifuged at 20,000¢ for 15 min,
and the cleared supernatant was collected for analysis.
Total protein levels in homogenates were determined by
the BCA assay (Beyotime Biotech, China). IL-6 and LCN2
protein levels were measured using the correspond-
ing Mouse ELISA kit (R&D systems, USA), respectively.
Samples were processed according to the manufacturer’s
instructions.

MACS (magnetic activated cell sorting)

The hippocampus was dissected and stored in 1 mL
cold HBSS buffer (hippocampus from 5 mice for Sham
and Surgery group, respectively). The hippocampus was
minced and dissociated in 8 mL of a mixture containing
collagenase IV (5 mg/ml), DNase I (5 mg/ml) and 5% FBS,
followed by bathing in water at 37 °C for 30 min. Cell sus-
pension was then filtered through 70 pm cell strainer (BD
Falcon, USA). Myelin debris was removed by using Mye-
lin Removal Beads II (Miltenyi Biotec, Germany). Cell
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suspension was centrifuged at 300 g/min for 10 min then
resuspended in 0.5% BSA. After incubating with anti-
CD11b microbeads (Miltenyi Biotec, Germany) on ice for
15 min, CD11b™ and CD11b" cells were isolated by Min-
iMACS separator (Miltenyi Biotec, Germany) according
to the manufacturer’s instructions.

Microglia depletion

To deplete microglia, cx3cri“F** mice were crossed
with Rosa26P™** mice. cx;cr1“BR*::R26PTRE mice were
orally gavaged with tamoxifen (0.35 mg/g body weight,
dissolved in corn oil) or corn oil (for control group) once
daily for 3 days, which induces the expression diphtheria
toxin receptor (DTR) in cxscri-positive cells. As micro-
glia are self-renewing with a slow turnover rate (months
to years) as compared with that of cx;crl-positive mono-
cytes (<1 week), only microglia continue to express DTR
weeks after tamoxifen administration [35, 36]. Four
weeks after tamoxifen treatment, mice were treated with
diphtheria toxin (1 pg per mice, sigma) via intraperito-
neal (ip) injection once daily for 3 days.

rLCN2 protein and viral intracranial injection.

rLCN2 protein intracranial injection 12-week-old mice
were anesthetized under 1.5% isoflurane, and cannu-
las were implanted in CA1 region bilaterally (AP: —2.5,
ML:+£2.0, DV: —1.8). The cannula assembly was secured
to the skull with dental cement, and mice were allowed
to recover for 3 weeks. After TFC training, mice were
immediately anesthetized under 1.5% isoflurane, and
mouse rLCN2 (250 pg/pL, 500 nL, dissolved in PBS
buffer, R&D systems, USA) was injected bilaterally using
a 10uL syringe with a 30-guage metal needle (Hamilton
Instruments) at a slow rate manually. After injection, the
needle was left in place for another 5 min and then with-
drawn slowly. Control group received vesicle. The mice
were killed after behavior test and the location of injec-
tion site was examined by microscopy.

Viral intracranial injection

To knockdown of LCN2, AAV viral delivery of shRNA
was conducted. Constructs were generated including
LCN2-AAV  (pAKD-CMV-bBlobin-eGFP-H1-shRNA-
LCN2, 6.25 x 10'? GC/mL titer, Obio technology corp,
Shanghai, sequence listed in Additional file 3: Table S2)
and Control-AAV (pPAKD-CMV-bBlobin-eGFP-
H1-shRNA-Control, 8.0 x 10'*> GC/mL titer, Obio tech-
nology corp, Shanghai). For virus injection, 12-week-old
mice were anesthetized under 1.5% isoflurane. After
a small craniotomy was performed, 200 nL virus was
delivered (AP: —2.5, ML:+2.0, DV: —1.8) using a 10
puL syringe with a 30-guage metal needle (Hamilton
Instruments). The flow rate (50 nL/min) was controlled
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by an injection pump. After injection, the needle was
left in place for another 10 min and then withdrawn
slowly. Knockdown efficiency was assessed by meas-
uring Len2 mRNA and protein expression in the hip-
pocampus 3 weeks after the injection of LCN2-AAV or
Control-AAV. The location of eGFP expression (infec-
tion efficiency of virus) was also examined by fluo-
rescent microscopy. Only mice with correct injection
locations and efficient viral expression were used for fur-
ther analysis.

Cell culture (BV2 microglia cell line and mouse primary
microglia)

BV2 microglia cell line (ATCC No. CRL1834) was pur-
chased from the Institute of Basic Medical Sciences, Chi-
nese Academy of Science. Cells were maintained in high
glucose DMEM supplemented with 10% FBS and 1% pen-
icillin/streptomycin under humidified 5% CO, air envi-
ronment at 37 °C. Mouse primary microglia cultures were
obtained from the cortex of neonatal C57BL/6 ] mice
(P1). In brief, mouse forebrains were incubated in 0.25%
trypsin for 15 min at 37 °C, and reaction was stopped by
addition of the culture medium (DMEM with 10% FBS,
1% penicillin/streptomycin). Then the cortices were dis-
sociated by repeated up- and down-pipetting with a 5 ml
pipette. The resulting cell suspension was centrifuged at
700 rcf/min for 5 min. The pellet was triturated with cul-
ture medium, passed through a 70-uM nylon cell strainer,
and then centrifuged again. Then resuspended cells were
seeded in T-75 flasks in culture medium at 37 °C with 5%
CO,. Two weeks later, culture flasks were shaken for 1 h
at 250 rpm/min on an orbital shaker (37 °C) to harvest
microglia. The medium containing detached microglia
was collected and immediately centrifuged for 10 min
at 1000rcf/min. Cells was resuspended with fresh cul-
ture medium and seeded (3.5 x 10° cells/well on a 6-well
plate). The purity of the microglial cultures was>95% as
determined by immuno-histochemistry with Iba-I anti-
body. Mycoplasma contamination PCR tests were per-
formed prior to experiment.

rLCN2 treatment in vitro

Twenty-four hours after seeding, rLCN2 protein (R&D
System, USA) was added into culture medium and the
final concentration was 500 ng/mL. Cell lysate and cul-
ture medium were collected at 6 h.

qRT-PCR
Total RNA was extracted from hippocampus of mice
or cells by Trizol followed by using RNA extraction kit
(Tiangen Biotech, Beijing, China). Primer sequences
are listed in Additional file 2: Table S1. qRT-PCR was
performed on a CFX 96 real-time PCR thermocycler
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(Bio-Rad Lab, CA, USA). For amplification, SYBR Pre-
mix Ex Taq II (Takara Bio Inc., Otsu, Japan) was used
as instructed in the manufacturer’s manual. Relative
changes of mRNA expression were analyzed with the 2~
AACt method with gapdh as an internal reference. These
standardized data were used to calculate fold-changes in
gene expression. All real-time PCR amplifications were
performed in triplicates.

Immunofluorescence histochemistry.

Mice were killed and perfused with saline then followed
by 4% paraformaldehyde. Brains were removed and post
fixed at 4 °C overnight. Brains were dehydrated in sucrose
solution (30%) for 24 h at least. Coronal sections (35 um
thick) were cut on a cryostat and stored in cryoprotect-
ant at —20 °C. In brief, sections were washed in PBS
buffer, followed by incubation with blocking medium
(PBS buffer containing 10% donkey serum, 1% bovine
albumin and 0.1% Triton X-100) for 1 h at room tem-
perature. Then the sections were incubated with primary
antibodies (Ibal, 1:500, Novus, #NBP2-19019; GFAP,
1:400, CST, #12389; NeuN, 1:400, CST, #24307; LCN2,
1:500, R&D Systems, #AF1857) in PBS containing 1%
BSA at 4 °C overnight. After washing 4 times for 5 min
in PBS, sections were incubated with secondary antibody
(TRITC-conjugated donkey anti-rabbit or AF488-conju-
gated donkey anti-goat, 1:400) for 1 h at room tempera-
ture. Sections were then washed in PBS, incubated with
DAPI (1:1000, CST, #4083) in PBS for 10 min. Subse-
quently, sections were washed in PBS buffer, mounted
onto microscope slides with anti-fade mounting medium
(Solarbio, #S52100).

Image acquisition

All images were acquired using a 10 X or 20 X objective
lens on a confocal microscope (Nikon A1). Images were
collected with an image matrix of 1024 x 1024 pixels.

Sholl analysis

Images were opened by Image] software (USA, National
Institute of Health). Z-stack was applied to collect
20-pm-thickness images (# = 4 mice/group, 9 image
stacks per animal). Single microglia were isolated and
thresholded manually [53]. Then, using Sholl analysis
plugin, set the first shell with 5 pm and subsequent shells
at 2-um step size, and get intersection numbers at each
Sholl radius. Ramification index is defined as the ratio of
the perimeter to the area, normalized by that same ratio
calculated for a circle of the same area. Specifically, R =
(perimeter/area)/[2x(m/area)'?]. Thus, R = 1 if the cell is
a perfect circle, the larger R, the more ramified the cell.
All analysis was carried out by an experienced researcher
who was blinded to the experimental conditions.
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Statistics

Graphical and statistical analyses were conducted in
GraphPad 6.0 (Prism Software Inc., CA, USA). Data are
presented as means =+ standard error of the mean (SEM).
Tests for differences between two populations were per-
formed using unpaired two-tail Student’s ¢ test. Multiple-
group comparison was performed with one-way ANOVA
followed by a Bonferroni’s post hoc test. No data points
were excluded from the statical analysis. Significance was
set at P<0.05.

Results

Tibial surgery leads to cognitive decline and LCN2
elevation in hippocampus

To investigate the mechanisms of PNDs, an aseptic tib-
ial fracture surgery model *® was established and cogni-
tive functions were assessed in a trace-fear conditioning
(TFC) paradigm and Novel Object Recognition (NOR)
task (Fig. la, b). Compared with anesthesia-matched
sham procedure, surgery induced memory decline in
mice as evidenced by a significant reduction in freez-
ing time (Fig. 1a). In NOR test, we found surgery had no
effects on the animals’ spontaneous locomotor activity
and exploration behavior, as evidenced by similar total
exploration time between groups (Additional file 1: Fig.
Sla). Notably, mice in Surgery group had lower discrimi-
nation ratio than Sham group, suggesting impaired rec-
ognition memory (Fig. 1b).

In our previous genome-wide RNA-seq study, we
identified Lcn2 as one of the top upregulated genes in
the mouse hippocampus after surgery [28],. Here, qPCR
analysis confirmed the upregulation of Lcn2 mRNA in
the hippocampus (Fig. 1c). ELISA analysis showed that
the amount of LCN2 protein was elevated at 6 h after
surgery (Fig. 1d), and then returned to the baseline level
3 days after surgery. Correlation analysis showed that
LCN2 level was positively correlated with IL-6 level in
the hippocampus at 6 h (Fig. 1e). Meanwhile, ELISA anal-
ysis showed elevation of blood IL-6 which was consistent
with previously reported (Additional file 1: Fig. S1b) [29],
and LCN2 was also elevated in blood (Additional file 1:
Fig. S1c). In this study, we only focused on the brain cel-
lular source of LCN2.

LCN2 is mainly expressed in neurons

To characterize the cellular source of LCN2, mouse
brains were dissected at 24 h after surgery then pro-
cessed for immunofluorescence histochemistry (Fig. 2a).
More than 80% of LCN2" cells were co-labeled with
NeuN (Fig. 2b), suggesting LCN2 was mainly expressed
in neurons but not microglia or astrocytes. In a parallel
experiment, CD11b™ microglia cells and CD11b™ cells
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were isolated by MACS (magnetic activated cell sorting)
(Fig. 2c). Sorting purity was verified by cx3crI expression
level (Fig. 2d). Like immunofluorescence histochemistry
analysis, qPCR analysis verified that Lcn2 was expressed
higher in CD11b~ cells than CD11b" cells (Fig. 2e).
Meanwhile, compared with Sham group, the expression
of IL-6 was upregulated in CD11b™ cells in Surgery group
(Fig. 2f), suggesting that microglia were switched to a
proinflammatory phenotype.

Elevation of LCN2 is independent of the presence

of microglia

Next, we sought to determine whether the elevation of
LCN?2 after surgery requires microglia. CSFIR inhibitor
and genetical models were commonly used approaches
to effectively deplete microglia. Previous studies have
shown that continuous application of CSFIR inhibitor
reduces more than 30% of circulating cx3cr1* monocytes
[35] which have been reported to be critical in periph-
eral immune activation induced learning deficits[35]%*.
To avoid this, cxzer, R/ R26PTR T model was used in
this study to selectively ablate microglia without affecting
peripheral cx3cr1* monocyte population **°, Induction
of diphtheria toxin receptor (DTR) expression in cxscr;"
cells was achieved by oral gavage of tamoxifen, leaving
only microglia sensitive to DT-induced cell death after
spacing a ~week period during which peripheral mono-
cytes were renewed (Fig. 3a). After continuous 3 days of
DT administration, Ibal immuno-histochemistry con-
firmed that more than 90% of microglia in hippocampus
were depleted (Fig. 3b, c). LCN2 was still elevated after
surgery after microglia depletion (Fig. 3d). In addition,
the amount of IL-6 in the brain was decreased compared
with the group with microglia intact (Fig. 3e), while the
level of circulating IL-6 was comparable to that in micro-
glia-intact group (Fig. 3f), suggesting activated microglia
is a major contributor of neuroinflammation. Finally,
in mice without microglia, cognitive function was pre-
served after surgery, as evidenced by increased freezing
time (Fig. 3g). These data suggest that elevation of LCN2
after surgery is independent of the presence of microglia,
and cognitive decline is dependent on the presence of
microglia.

LCN2 mediates cognitive dysfunction after surgery

Next, rLCN2 protein was bilaterally injected into the
CA1l region of the mouse hippocampus immediately
after TFC training. Memory performance was impaired
as evidenced by decreased freezing time (Fig. 4a). To
selectively deplete LCN2, three AAV-shRNA viral con-
structs were designed on different targeting sequences;
a random sequence-scrambled shRNA-expressing
AAV vector was used as a control. One of the most
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effective knocking down constructs was selected
in this study (data not shown). To ensure effective
expression, AAV viruses were bilaterally delivered
into the CA1 region (LCN2-AAV:~6.25x 10'* GC/
mlL titer; Control-AAV: ~8.0 x 10"> GC/mL titer. 200
nL for each hemisphere) (Fig. 4b). Three weeks later,
extensive transfection was found in neurons (>95%),

but not astrocytes nor microglia (Additional file 1: Fig.
S2). qPCR and ELISA analysis verified the silencing
effect of Lcn2 (Fig. 4c, d). Freezing time was increased
after knocking down of LCN2 when compared with
Control-AAV group after surgery (Fig. 4e), indicating
cognitive decline was ameliorated. These data suggest
LCN2 mediates cognitive dysfunction after surgery.
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Knockdown of LCN2 prevents microglial activation Immunostaining of hippocampal slices against Iba-I
and neuroinflammation was performed at 24 h after surgery (Fig. 5a). Microglial
Recent studies suggest that microglia might play an cell density remained unchanged (Fig. 5b). To quan-
important role in the development of PNDs [23,36], but  tify the complexity of microglia processes, ramification
the up- and down-stream mechanisms are far less clear.  index was calculated (see Methods). Microglial ramifica-
As we observed increased expression of LCN2 in neu-  tion index in Surgery group was lower than Sham group,
rons, we sought to examine the response of microglia ~ which was mitigated in LCN2-AAV group but not in
to LCN2. Control-AAV group (Fig. 5c). Sholl analysis revealed that
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microglia in Surgery group had fewer process intersec-
tions with shells at different radii from cell soma when
compared with Sham group, which was alleviated in
LCN2-AAV group but not Control-AAV group (Fig. 5d).
In addition, silencing LCN2 reduced the elevation of
IL-6 in the mouse hippocampus after surgery (Fig. 5e).
In in vitro experiments, rLCN2 were applied to BV-2
cell line and primary microglia cell culture, respectively.
qPCR analysis found the expression of several proin-
flammatory cytokines including tnf-a, IL-6, IL-15 were
elevated (Fig. 5f). These data suggest that silencing LCN2
prevented surgery induced switching of microglia to pro-
inflammatory state and following neuroinflammation.

Discussion

In this study, we provided several lines of evidence sup-
porting the hypothesis that LCN2 serves as a signal
from neuron to evoke proinflammatory microglia, con-
tributing to surgery-induced neuroinflammation in
hippocampus and memory deficits in mice. Firstly, by
immuno-histology, MACS sorting and/or qPCR analy-
sis, we showed that LCN2 was robustly expressed in hip-
pocampal neurons and IL-6 was upregulated in microglia
after surgery. Furthermore, by performing microglia
depletion in vivo, we demonstrated that surgery-induced
cognitive decline is dependent on the presence of micro-
glia, while LCN2 upregulation was independent of the
presence of microglia. By immune-staining and Sholl
analysis, we found that after surgery, microglia were not
changed in cell density in the brain but exhibit a less ram-
ified morphology; by gain and loss of function of LCN2,
we revealed that LCN2 mediates surgery-induced micro-
glia activation and cognitive decline. Last but not least,
we show that application of LCN2 elicits an proinflam-
matory microglia phenotype in vitro.

Although we demonstrated a robust elevation of LCN2,
we did not investigate what signals trigger the expression
of LCN2. Searching the regulatory upstream sequences,
CCAAT-enhancer-binding site (C/EBPs), NF-kB-binding
site, glucocorticoid response elements (GREs), STAT1
and STATS3 site are identified, thus numerous factors
during surgery such as released DAMPs cocktail and/or
surgical stress might synergically contribute to the eleva-
tion of LCN2. In a separate in vitro experiment, we found
a marked elevation and secretion of LCN2 protein after
application of LPS (a TLR4 activator) on a murine neu-
roblastoma cell line N,A (data not shown), suggesting the
existence of the LCN2 regulation pathway in neurons.

LCN2 is initially described as a beneficial signaling
involved in infectious diseases [27], the role of LCN2 in
the context of non-infectious conditions is less clear.

The expression level of LCN2 is quite low in normal
adult brain and elevated in many central nervous system
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diseases, but the source of LCN2 could come from dif-
ferent lines of cells such as astrocyte [37], endothelia
cell [38] or neuron [39]. Our data showed that after sur-
gery, 86% of LCN2" cells were neurons and only 11.2%
LCN27 cells were astrocytes. Several reports revealed a
detrimental role of LCN2, including impairing synaptic
plasticity [40], promoting neuron death [37], or acting in
a pro-inflammatory manner during ischemia [41, 42] and
Alzheimer’s disease [43], and polarizing microglia toward
pro-inflammatory phenotype [44, 45]. However, evidence
have also shown that LCN2 may play a beneficial role in
experimental autoimmune encephalomyelitis [46, 47] and
sepsis models [48]. In this study, our data demonstrate a
neurotoxic potential role of surgery procedure-induced
neuronal LCN2, and a single dose of r(LCN2 administered
intracranially could lead to cognitive decline. These data
are in contrast with previous reports [49], which showed
that only chronic but not acute rLCN2 treatment impairs
cognitive function. These discordant results can arise
because of different experiment conditions such as dos-
age/timing of administration and behavior paradigms
used. Meanwhile, limitations existed, regarding the large
amount of the co-staining of LCN2 with NeuN, it raised
a possibility that the other cells like astrocyte secreted or
blood-derived LCN2 may also contribute to PNDs.

Microglia possess many receptors to recognize danger
signals, clear cell debris and respond rapidly to changes
in brain parenchyma. Accumulating evidence showed
that microglia plays a central role in many neurodegen-
erative diseases including PNDs. Our data showed that
knocking down of LCN2 could prevent microglia mor-
phological changes and alleviates neuroinflammation
after surgery. In in vitro studies, application of rLCN2
evokes proinflammatory-phenotype of microglia, but
detailed mechanisms remain to be determined. Previous
study showed that LCN2 promotes microglia to release
inflammatory cytokines[44]. Another study showed that
LCN2 could enhance priming and activation of NLRP3-
inflammasome and induce mitochondria dysfunction
to release reactive oxygen species in cardiac cells [50].
Meanwhile, it is also suggested that LCN2 might induce
chemokine expression then activates microglia further
[51]. Evaluating more cytokines and cell responses to
LCN2 would provide more insights into the mechanisms
underlying the effects of LCN2 on microglia.

Conclusions

In conclusion, our previous and present studies demon-
strated Lcn2 was screened as one of the top upregulated
genes in neurons after surgery. By MACS, microglia
depletion, gain and loss function of LCN2, combining
with in vitro experiments, we demonstrated that LCN2
might serve as a signal from neuron to microglia and
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contribute to the development of neuroinflammation
and cognitive decline. Our findings open new avenues
for research aimed at investigating pathophysiologi-
cal mechanisms and developing therapeutic targets on
PNDs.
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