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GLUT1-mediated microglial proinflammatory
activation contributes to the development

of stress-induced spatial learning and memory
dysfunction in mice
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Abstract

Background Stress is a recognized risk factor for cognitive decline, which triggers neuroinflammation involving
microglial activation. However, the specific mechanism for microglial activation under stress and affects learning and
memory remains unclear.

Methods The chronic stress mouse model was utilized to explore the relationship between microglial activation
and spatial memory impairment. The effect of hippocampal hyperglycemia on microglial activation was evaluated
through hippocampal glucose-infusion and the incubation of BV2 cells with high glucose. The gain-and loss-of-
function experiments were conducted to investigate the role of GLUT1 in microglial proinflammatory activation. An
adeno-associated virus (AAV) was employed to specifically knockdown of GLUT1 in hippocampal microglia to assess
its impact on stressed-mice.

Results Herein, we found that chronic stress induced remarkable hippocampal microglial proinflammatory activation
and neuroinflammation, which were involved in the development of stress-related spatial learning and memory
impairment. Mechanistically, elevated hippocampal glucose level post-stress was revealed to be a key regulator

of proinflammatory microglial activation via specifically increasing the expression of microglial GLUT1. GLUT1
overexpression promoted microglial proinflammatory phenotype while inhibiting GLUT1 function mitigated this
effect under high glucose. Furthermore, specific downregulation of hippocampal microglial GLUTT in stressed-mice
relieved microglial proinflammatory activation, neuroinflammation, and spatial learning and memory injury. Finally,
the NF-kB signaling pathway was demonstrated to be involved in the regulatory effect of GLUTT on microglia.
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Conclusions We demonstrate that elevated glucose and GLUT1 expression induce microglia proinflammatory
activation, contributing to stress-associated spatial memory dysfunction. These findings highlight significant interplay
between metabolism and inflammation, presenting a possible therapeutic target for stress-related cognitive disorders.

Keywords Chronic stress, Microglia, Proinflammatory activation, GLUT1, Spatial memory dysfunction

Background

Numerous epidemiological investigations and experi-
mental studies have shown a negative correlation
between chronic stress and cognitive function in mam-
mals. Chronic stress has been recognized as an impor-
tant risk factor leading to cognitive impairment and
even dementia [1-3]. The hippocampus, predominantly
responsible for spatial learning and memory, is one
of the brain’s most vulnerable regions in response to
stress [4]. Our previous studies and many others have
revealed that chronic stress induces hippocampal struc-
tural remodeling and functional impairments, including
reduced hippocampal volume, altered synaptic plasticity,
decreased neurogenesis, and increased dendritic atrophy,
all involved in stress-related learning and memory defi-
cits [5-7]. However, the underlying cellular and molecu-
lar mechanisms remain unclear and must be elucidated
to prevent and ultimately treat stress-induced cognitive
impairment.

Increasing evidence indicates that inflammation is
highly associated with the pathogenesis of stress-asso-
ciated disorders [8]. Immune cell activation and inflam-
matory factor release in the brain have been observed
in chronic stress [9]. Microglia are the most important
innate immune cells in the brain and the main source
of stress-induced inflammatory molecules that regulate
neuroinflammation [10]. Under physiological condi-
tions, microglia are in a “resting” state, and survey the
surrounding neurons for cellular debris, performing nec-
essary maintenance [11]. Nevertheless, microglia can
be activated and display deleterious or beneficial phe-
notypes in response to internal or external stresses [12].
The two main microglial phenotypes are the proinflam-
matory phenotype and the anti-inflammatory pheno-
type. Studies have shown that proinflammatory activated
microglia release proinflammatory cytokines interleu-
kin-6 (IL-6), interleukin-1p (IL-1p), and tumor-necrosis
factor-a (TNF-a), contributing to the negative conse-
quences of chronic stress [13]. Considering the impor-
tant roles of inflammation and microglia in the stress
response, targeting microglia may be a novel strategy for
addressing chronic stress-induced learning and memory
impairment.

The regulation of microglia activation is highly com-
plex, and knowledge of the mechanism underlying
chronic stress-induced microglial overactivation is lim-
ited. Brain cells use glucose as their primary energetic
substrate to support their functions. Glucose supply and

utilization in the brain are closely related to many neu-
robehavioral functions, including learning and memory
[14, 15]. However, abnormally elevated glucose levels
can have damaging effects on the brain. Recent research
has revealed that chronic social defeat stress in adult
male mice induces hyperglycemia and disturbs glu-
cose metabolism peripherally and in the brain, directly
impairing spatial memory performance [16]. Glucose is
taken up by cells via a family of facilitative glucose trans-
porters (GLUTs). Among them, GLUT1 and GLUT3
are the main glucose transporters expressed in the brain
and have been found to play critical roles in neural cell
function [17]. In addition, GLUT1 is the primary glucose
transporter in immune cells, and its role in immunol-
ogy has recently attracted considerable attention. Studies
have shown that the upregulation of GLUT1 expression
drives the proinflammatory macrophage phenotype [18].
Nevertheless, whether GLUTs are involved in chronic
stress-induced microglial activation and learning and
memory impairment remains unclear.

Thus, the present study’s focus was to unravel the effect
of chronic stress on microglia activation and the under-
lying mechanism. We found that chronic unpredictable
mild stress (CUMS) induced the microglial proinflamma-
tory phenotype, which participated in the mediation of
learning and memory decline. Furthermore, disordered
glucose metabolism was demonstrated to play a key role
in the above changes by promoting or antagonizing the
function of GLUT1 in microglia. Our results provide a
potential new target for the treatment of stress-associ-
ated cognitive disorders.

Materials and methods

Animals

Male C57BL/6] mice (4-6 weeks old) purchased from
SiPeiFu biotechnology company (Beijing, China) were
used and randomly assigned to different groups. Mice
were exposed to a 12-h/12-h light/dark cycle and had
free access to pure water and food except during the
stress intervention and behavioral experiments. All of
the animal experiments were approved by the Institu-
tional Animal Care and Use Committee of the Academy
of Military Medicine Sciences (Permit No: IACUC-
DWZX-2021-695) and were in accordance with the
National Research Council’s Guide for the Care and Use
of Laboratory Animals (8th edition). We made all efforts
to minimize animal suffering.
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Chronic unpredictable mild stress procedure

CUMS is a common paradigm used to mimic long-term
negative stress both physically and psychologically [19].
In this study, CUMS was used to simulate the effects of
long-term negative stimulation in mice according to pre-
vious studies [20] with some modifications. The stimu-
lation procedures were as follows: cage tilting at 45° for
12 h, wet bedding for 12 h, continuous lighting for 24 h,
food or water deprivation for 12 h, physical restriction
for 8 h, forced swimming in 4 °C water for 3 min, shak-
ing at 120 rpm for 30 min. The stimulation methods were
randomly scheduled for an 8 weeks period.

Morris water maze (MWM)

Spatial learning and memory of mice tested by the
MWM was performed according to a previous proto-
col [21]. MWM test was carried out in a circular tank
filled with water (diameter 120 cm, height 30 cm, made
opaque by adding titanium dioxide, maintained at 25°C)
in a room with fixed environment. The maze was artifi-
cially divided into four equal quadrants and the platform
(10 cm in diameter), which was fixed 1 cm beneath the
water surface, was placed in the center of the target quad-
rant. During the training period, the mice were allowed
to swim freely for 60 s to find the platform. Mice failed
to find the platform were guided toward it and allowed to
stay there for 30 s. Mice were trained twice per day for a
6 days period. At 24 h after the last training trial, the plat-
form was removed, and the mice were tested for memory
retention in a probe trial. The swimming path, latency to
enter the platform (Latency to platform), swimming dis-
tance of first time to enter the platform (Distance to plat-
form), the number of entries to the area of the platform
(Platform crossings), and the average swimming speed
were recorded and analyzed by Labmaze Animal Behav-
ior Analysis Software V3.2 (Zhongshi Dichuang, Beijing,
China).

Minocycline treatment

Minocycline (MedChemExpress, New Jersey, USA) was
used as an inhibitor of microglial activation to investi-
gate the potential involvement of microglial activation in
CUMS-induced cognitive decline. Mice were intraperi-
toneally injected with minocycline (30 mg/kg, diluted in
saline) once a week during the last 4 weeks of CUMS pro-
cedure (weeks 5—-8 of CUMS).

Stereotaxic surgery for hippocampal cannulation and
glucose infusion

The stereotaxic surgery for hippocampal cannulation and
glucose infusion were performed as previously described
[16]. Mice were anesthetized in an isoflurane-filled box,
and secured in a stereotaxic frame (ZhongShi DiCh-
uang, Beijing, China) under gas anesthesia (2% isoflurane
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in O2 (4 L/min)). The skin on the top of the skull was
shaved, disinfected, and then exposed through a longitu-
dinal incision. Four small holes were drilled: two for the
implantation of stainless steel cannulas (Plastics One,
Wallingford Connecticut, USA) targeted at the hippo-
campus based on stereotaxic coordinates (-2.46 mm cau-
dal to bregma, £1.7 mm from midline, 2.0 mm deep from
the skull), and two for the insertion of anchoring screws.
The cannulas were fixed using dental acrylic cement, and
the wound was closed with stitches. After recovered for
1 w, the mice were inserted with injectors and infused
with 0.3 pL per side of either a glucose solution (10 g/L)
or saline at the speed of 0.2 pL/min for three consecu-
tive days. The concentration of infused glucose solution
was calculated based on a previous study [16], which
involved the average hippocampal glucose concentra-
tions observed in CUMS-exposed mice using ELISA, the
molecular weight of glucose (180 g/mol), and the expec-
tation of reaching about 10 mg of hippocampal tissue per
side with the infusions. Twenty-four hours after the final
glucose infusion, the mice were sacrificed.

Isolation of microglia from mouse hippocampus

Animals were sacrificed by cervical dislocation, and the
hippocampi were promptly dissected from the brains
of the control mice and CUMS mice, followed by a pre-
chilled PBS wash. Tissue dissociation was performed
based on established protocol [22] with minor modifi-
cations. In brief, the tissues were digested with Papain
(2 mg/mL) (Worthington, Colorado, USA) in RPMI
1640 medium at 37°C for 30 min. The dispersed cells
were then passed through a 70 um nylon mesh and col-
lected through centrifugation at 300 g for 6 min at 4°C.
After removing red blood cells using Red Blood Cell
Lysis Buffer (Solarbio, Beijing, China) added with 10 pL
DNase I (Sigma, Michigan, USA), total cell pellets were
resuspended with PBS followed by microglia isolation.
Microglia were isolated using anti-CD11b-coated Micro-
Beads (Miltenyi Biotec, Bergisch Gladbach, Germany)
with a MACS multi-stand separator as per the manu-
facturer’s instructions. The isolated cells were then sub-
jected to RNA extraction.

Adeno-associated virus (AAV) preparation and stereotaxic
injection

GLUT1 was encoded by gene Slc2al. The GLUT1 knock-
down AAV vector was designed to target at Slc2al and
constructed according to a previous protocol [23]. The
target sequences used for knockdown are as follows:
sitel, 5'-CTCTGTCGGCCTCTTTGTTAA-3’; site2, 5'-
ATGCGGGAGAAGAAGGTCACC-3'; site3, 5-CTTC
ACTGTGGTGTCGCTGTT-3'. Besides, in order to ini-
tiate in microglia specifically, the promotor of the AAV
vector was changed to CD68 promoter [24]. The AAV
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vector carrying green fluorescent protein (GFP) was used
as control. The AAV vectors and viruses were prepared
by Genchem Co., Ltd (Shanghai, China).

For viral injection, adolescent male C57BL/6] mice (4
weeks old) were anesthetized with 5% chloral hydrate
(100 pL/10 g body weight) by intraperitoneal injec-
tion and placed on a stereotaxic apparatus. Small bilat-
eral hole was drilled into the skull and the injection site
was located into the hippocampal of right hemisphere
using coordinate (-2.46 mm posterior of bregma, 1.7 mm
lateral, and 2.0 mm depth). One microliter viruses
(5.27x 10" vg/mL) were delivered via a Hamilton syringe
at a rate of 0.1 pl per minute, and needles were kept still
for an additional 1 min before withdrawing. The scalp
was then sealed and injected mice were monitored as
they recovered from anaesthesia. Arresting for at least 5
days after virus injection, mice were randomly assigned
to CUMS procedure or control group.

Cell culture and intervention

The mouse microglial BV2 cell line was purchased from
BeNa Culture Collection (Beijing, China) and cultured
in DMEM containing 10% Fetal Bovine Serum (FBS) and
100 U/mL penicillin and streptomycin (Solarbio, Beijing,
China). Cells were grown in humidified incubator with
5% CO, at 37°C.

GLUT1 expressing lentiviral vector was constructed by
inserting the coding sequence (CDS) of mus Slc2al gene
(NM_011400) in lentiviral GV358 vector (Genechem,
Shanghai, China) which contained GFP. Further, GLUT1
expressing lentivirus and stable transfectants of BV2 cells
were established as described previously [25]. Briefly,
HEK-293T cells were co-transfected with the lentiviral
vector described above and packaging vectors psPAX2
and VSVG using lipo2000 (Invitrogen, California, USA).
The lentivirus expressing GFP was used as control which
purchased from Genechem Co., Ltd. (Shanghai, China).
To construct of GLUT1 stable overexpression in microg-
lial cells, BV2 cells were dissociated with 0.5% trypsin
and seeded into six-well plates, following by infected
with GLUT1 overexpression virus or the control virus.
Then the stable infectants were screened by puromycin
for 2 weeks.

Glucose (Sinopharm, Beijing, China) and GLUT1
antagonists, STF-31 and BAY-876 (MedChemExpress,
New Jersey, USA), were added to the culture medium for
intervention. Glucose was dissolved in 0.9% saline and
the final concentration in the culture medium was 20
umol/L. STF-31 and BAY-876 were dissolved in dimethyl
sulfoxide (DMSO) (Sangon, Shanghai, China), and the
final concentrations in the culture medium, chosen based
on successful inhibition in previous publications, were 5
umol/L and 50 nmol/L, respectively [26, 27]. An equal
volume of saline or DMSO was used as control. After
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being incubated for 48 h, the cells were collected for fur-
ther analysis.

Cytoplasmic and nuclear protein extraction

Cytoplasmic and nuclear protein extraction was per-
formed using a Nuclear and Cytoplasmic Protein
Extraction Kit (Beyotime, Shanghai, China) following
the manufacturer’s instructions. In brief, cells were har-
vested, and cell pellet was resuspended in an equal vol-
ume of regent A containing 1% PMSE. After a 10 min
incubation on ice, cell lysates were mixed with 10 pL of
regent B by vortexing and placed on ice for 1 min. Follow-
ing centrifugation at 12,000 rpm, the supernatant con-
taining the cytoplasmic protein fraction was collected,
while the sediment was suspended in 50 pL of regent C.
Samples were vortexed for 30 s every 2 min for a total of
15 cycles, after which the nuclear protein fraction was
obtained by centrifugating at 12,000 rpm. The regent A,
B, and C were provided by the Nuclear and Cytoplasmic
Protein Extraction Kit mentioned above.

Enzyme-linked immunosorbent assay (ELISA)

The brains or hippocampal tissues were removed from
the stressed and the control mice followed by cutting
into small pieces on ice. Then prechilled PBS was added
and an electric homogenizer was used to homogenize
sample fragment mixture. After centrifugation at 500 g
for 5 min at 4 °C, the supernatant from the brain tis-
sue was processed using Mouse Corticosterone ELISA
Kit and NA/NE ELISA Kit (Sangon, Shanghai, China).
Similarly, the supernatant from the hippocampus tis-
sue was analyzed using Mouse IL-6, IL-1f and TNF-a
ELISA kits (ABclonal, Wuhan, China). The collected
cultured medium from BV2 cells was centrifugated at
900 g for 15 min at 4°C, and the supernatant was ana-
lyzed using Mouse IL-6, IL-1B, and TNF-a ELISA kits
(ABclonal, Wuhan, China), following the manufacturer’s
instructions.

Quantitative real-time PCR (qRT-PCR)

Total RNA from tissues or cells was extracted using
TRIzol reagent (Invitrogen, California, USA). The cDNA
synthesis was performed using the ABScript II cDNA
First-Strand Synthesis Kit (Abconal, Wuhan, China)
according to the manufacturer’s instructions. Then qRT-
PCR was conducted using a LightCycler 96 Realtime PCR
System (Roche, Basel, Switzerland) with TB Green Pre-
mix Ex Taq kit (TaKaRa, Kyoto, Japan). The B-actin was
selected as the endogenous control for the assay. The
relative levels of the indicated genes were calculated by
2788C method. The primers sequences used in this study
are listed in Supplementary Table 1.
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Immunofluorescence (IF) staining

For immunohistofluorescence, the brains were separated
and post-fixed in 4% paraformaldehyde (PFA) at 4°C
overnight and immersed in 20% sucrose (4% PFA as sol-
vent) followed by 30% sucrose (in 0.1 M PBS). The brain
samples were cut into 20-um-thick sections using a Leica
CM1950 cryostat and subjected to immunohistofluores-
cence following routine protocols as described previously
[28]. The antibodies used were provided in Supplemen-
tary Table 2. Fluorescence intensity was quantified using
the Image J software.

For immunocytofluorescence, BV2 cells were cultured
with indicated treatment for 48 h and subjected to IF
staining based on a previously report [25]. Briefly, the
cells were fixed in 4% PFA and permeabilized with 0.4%
Triton X-100. After washing with TBS for 3 times, the
cells were blocked with PBS containing 10% goat FBS
(Solarbio, Beijing, China) and 1% BSA for 1 h and sub-
sequently incubated with antibodies provided in Supple-
mentary Table 2. The nucleus was counterstained with
4',6-diamidino-2-phenylindole (DAPI) (Solarbio, Bei-
jing, China). Images were captured using a confocal laser
scanning microscope (Olympus, Tokyo, Japan).

Glucose measurement of hippocampus

The hippocampal tissues were removed from both
stressed and control mice brains and weighed. Then,
1 mL of distilled water was added per 0.1 g tissues, and
homogenized using an electric homogenizer. The mixture
was incubated in water bath at 95°C for 10 min followed
by centrifugating at 8000 g for 10 min. The supernatant
was collected and analyzed using Glucose Content Assay
Kit (Sangon Biotech, Shanghai, China), following the
manufacturer’s instructions.

'8F-FDG PET scanning

Small-animal PET was performed according to a previous
protocol [29, 30]. Briefly, mouse was anesthetized using
2% isoflurane and subsequently injected with '*F-FDG
(180-230 puCi) via the tail vein. Immediately, the injected
radiotracer was quantified using a dose calibrator (CAP-
INTEC, New Jersey, USA). The mouse, still under isoflu-
rane anesthesia, was positioned prone within the field of
view of a Micro-PET/CT scanner (PerkinElmer, Massa-
chusetts, USA), and PET images were acquired 60 min
after injection. The images were visualized and analyzed
by VivoQuantTM software. The uptake of *F-FDG was
calculated as follows: normalized radioactivity=mea-
sured radioactivity in the PET image (kBq/mL)/injected
radioactivity (kBq) in units of [%ID/mL].

Flow cytometry analysis
Flow cytometry analysis was conducted as described
previously [31]. BV2 cells were incubated with
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FITC-conjugated anti-CD86 antibody (Thermo, Mas-
sachusetts, USA). The cells were then fixed using IC
Fixation Buffer (Thermo, Massachusetts, USA) and per-
meabilized with Permeabilization Buffer (Thermo, Mas-
sachusetts, USA). Subsequently, intracellular antigen
staining was performed using PE-conjugated anti-CD206
antibody (Thermo, Massachusetts, USA). FITC-con-
jugated Rat IgG2a and PE-conjugated Rat IgG2b were
employed as respective isotype controls. Cell populations
were detected by using NovoCyte Flow Cytometer (Agi-
lent Technologies, California, USA), and data were ana-
lyzed by using NovoExpress software.

Western blotting

BV2 cells were lysed with Radio Immunoprecipitation
Assay (RIPA) cell lysate (Solarbio, Beijing, China) sup-
plemented with protease inhibitors, and subsequently
centrifuged at 12,000 g for 15 min at 4°C to extract the
supernatant. Next, loading buffer (Tiangen, Beijing,
China) was added, and the samples were boiled for 5 min
to denaturation. Electrophoresis was performed using
a 10% SDS-PAGE gel, followed by transferring the pro-
teins onto a polyvinylidene fluoride (PVDF) membrane
using a wet transfer system (Bio-rad, California, USA).
The membrane was blocked with 5% milk at room tem-
perature for 1 h, washed 3 times with 1x TBST, and cut
prior to hybridisation with antibodies. Primary antibod-
ies were added separately and incubated overnight at 4°C.
After washing 3 times with 1x TBST, the HRP labeled
secondary antibodies were incubated for 2 h at room
temperature. The membranes were prepared with ECL
Western blotting substrate Kit (Termo Scientifc, Mas-
sachusetts, USA), followed by image acquisition using
Image Quantlas 4000 (GE, NY, USA) and analysis using
Image ] software. The antibodies used in this study are
listed in Supplementary Table 2.

For tissue samples, the hippocampus was cut into
small pieces and homogenized using an electric homog-
enizer to create a mixture of sample fragment of RIPA
lysate. The same procedure was then followed as for cell
samples.

Data analysis

Statistical analysis was processed with GraphPad Prism
8.0 software. The data was expressed as meanzSD. The
continuous variables were evaluated for normality before
comparison for statistical differences. The significance
of differences was assessed by two tail unpaired Stu-
dent’s t-test or one-way or two-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons test.
Pearson’s correlation analysis was performed to deter-
mine the correlation between two variables. The p-value
less than 0.05 was considered to be significant.
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Results

Chronic stress induces spatial learning and memory
dysfunction in mice

Key hormones and cognitive behaviors were tested at
the end of the CUMS procedure (8 w) to evaluate the
effect of chronic stress on the brain. As shown in Fig. 1A
and B, corticosterone levels were higher in the brains
of stressed mice than in those of control mice, but nor-
adrenaline levels were not, consistent with the knowledge
that glucocorticoids are the predominant contributors to
chronic stress-induced impairment [32]. More impor-
tantly, CUMS mice took longer than control mice to
reach the platform in the training period of MWM task
(Fig. 1C&E). Consistently, during the test period, CUMS
mice took longer and swam further to reach the plat-
form and demonstrated a decreased number of platform
crossings but no obvious alteration in swimming speed
(Fig. 1D and F-I), indicating chronic stress-induced spa-
tial learning and memory deficits.

Microglial proinflammatory activation is involved in

the development of stress-induced spatial learning and
memory dysfunction

As the hippocampus is the most important region in
regulating spatial learning and memory, we investigated
the influence of chronic stress on microglia in this brain
region. Hippocampal tissues were collected at the end of
the CUMS procedure (8 w). IF analysis with the microg-
lia marker Iba-1 showed that CUMS promoted microg-
lial activation, characterized a hypertrophic amoeboid
shape and shortened, thickened processes (Fig. 2A).
Because activated microglia can take on phenotypes
which play opposite roles in neuroinflammation, we
further examined the effect of chronic stress on microg-
lial phenotypes. The expression levels of proinflamma-
tory phenotype markers CD86, IL-6, IL-1f, and TNEF-q,
were elevated in CUMS mice (Fig. 2B), while no changes
were observed in anti-inflammatory phenotype mark-
ers CD206, IL-10, Arg-1, and Ym1 (Fig. 2C). CD68, a
key marker for proinflammatory-activated microglia,
was further validated to be upregulated in CUMS mice
by IF (Fig. 2D and Supplementary Fig. 1A). Additionally,
a significant increase in the levels of inflammatory fac-
tors, including IL-6, IL-1p, and TNF-«, was observed in
the hippocampus of CUMS mice by ELISA (Fig. 2E). The
above results indicate microglial proinflammatory acti-
vation after chronic stress exposure. To further explore
the role of microglia in stress-induced memory decline,
minocycline was injected into CUMS mice to inhibit
microglial activation (Fig. 2F). The CUMS-induced eleva-
tion of Iba-1 and CD68 were inhibited upon minocycline
treatment (Supplementary Fig. 1B). Although differences
remained between minocycline-treated stressed mice
and control mice, the results of the MWM task showed
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that minocycline treatment alleviated the CUMS-
induced prolonged learning time in the training period
(Fig. 2G). Consistently, the swimming time and distance
to reach the platform were shortened and the number of
platform crossings was increased in CUMS mice treated
with minocycline during the test period (Fig. 2H-K),
suggesting improved memory function. Overall, these
results indicate that chronic stress-induced microglial
proinflammatory phenotype participates in learning and
memory impairment.

CUMS-induced hippocampal hyperglycemia is linked to
microglial proinflammatory activation

We measured hippocampal glucose levels to explore
whether microglial activation is related to glucose metab-
olism in CUMS mice. As shown in Fig. 3A, the glucose
level in hippocampal tissues was significantly upregu-
lated in CUMS mice. Then, we measured ®F-FDG uptake
by PET scanning, which was reduced in the hippocam-
pus of CUMS mice versus controls (Fig. 3B). Intrigu-
ingly, the levels of inflammatory factors, IL-6, IL-1f3, and
TNF-q, correlated positively with the hippocampal glu-
cose level (Fig. 3C). Thus, glucose was infused into hip-
pocampal region of non-stressed mice, and the type of
activated microglia was detected to elucidate the effect
of hippocampal hyperglycemia on microglia activation
(Fig. 3D). The results of qRT-PCR revealed an increase
in the expression of proinflammatory phenotype mark-
ers (CD86, IL-6, IL-1B, and TNF-a) (Fig. 3E) but not of
anti-inflammatory phenotype markers (CD206, IL-10,
Arg-1, and Ym1) (Supplementary Fig. 2A) in the hippo-
campus after infusion with glucose. Moreover, glucose
infusion increased IL-6, IL-1p, and TNF-«a levels in hip-
pocampal tissues (Fig. 3F). We then determined whether
neuroinflammation could aggravate hippocampal hyper-
glycemia. LPS was injected into the hippocampus of
normal mice, and the increases in inflammatory factors
IL-6, IL-1p, and TNF-a were validated by ELISA (Supple-
mentary Fig. 2B&C). However, the glucose level was not
visibly changed in the hippocampus infused with LPS
in comparison with that in the controls (Supplementary
Fig. 2D). Thus, the data indicate that CUMS-induced
hippocampal hyperglycemia promotes the activation of
microglia toward the inflammatory phenotype.

Glucose induces the proinflammatory phenotype in BV2
cells

The mouse microglial cell line BV2 was used to con-
firm the biological function of glucose. After incuba-
tion with glucose, the expressions levels of CD86, IL-6,
IL-1B, and TNF-a in BV2 cells were increased, while
those of CD206, IL-10, Arg-1, and Ym1 were unchanged
(Fig. 4A&B). Flow cytometric analyses revealed an
increased number of CD86% but not CD206* BV2 cells
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training trials (C) and the probe trial (D) of MWM. (E) Escape latency to the platform during the training trials in MWM (n =8, Two-way ANOVA with Tukey's
post hoc test). (F-1) Latency to enter the platform (F), swimming distance of first time to enter the platform (G), platform crossings (H), and the average

swimming speed (I) of mice in the probe trial of MWM (n=8, Student’s t-test). **p <0.01
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Fig. 2 Microglia proinflammatory activation participates in stress-related learning and memory dysfunction. (A) Representative images of microglia in
the hippocampus. Scale bar, 5 um (n=3). (B) gRT-PCR assays monitoring expression of proinflammatory phenotype markers, CD86, IL-6, IL.-13, and TNF-a
in hippocampal samples from CTRL and CUMS mice (n=6, Student’s t-test). (C) gRT-PCR assays monitoring expression of anti-inflammatory phenotype
markers, CD206, IL.-10, Arg-1, and Ym1 in hippocampal samples from CTRL and CUMS mice (n=6, Student’s t-test). (D) Representative images of IF stain-
ing of hippocampal sections from CTRL and CUMS mice. Iba-1, green; CD68, red; DAPI, blue. Scale bar, 50 um (n=3). (E) Levels of IL-6, IL-13, and TNF-a in
hippocampus lysates from CTRL and CUMS mice as determined by ELISA (n=6, Student's t-test). (F) Schematic timeline of CUMS, Minocycline treatment,
and MWM test. (G) Escape latency to the platform during the training trials in MWM of CTRL, CUMS, and CUMS 4+ Minocyciline (Mino) mice (n=4, Two-way
ANOVA with Tukey’s post hoc test). (H) Representative track images of mice in the probe trial of MWM. (I-K) Latency to enter the platform (1), swimming
distance of first time to enter the platform (J), and platform crossings (K) in the probe trial of MWM of CTRL, CUMS, and CUMS + Mino mice (n=4, One-way

ANOVA with Tukey's post hoc test). *p <0.05, **p <0.01

after glucose treatment in comparison with the control
(Fig. 4C&D). Moreover, glucose promoted BV2 cell secre-
tion of IL-6, IL-1p, and TNF-a (Fig. 4E), further indicat-
ing the proinflammatory phenotype transformation of
BV2 cells after glucose exposure.

GLUT1 expression is elevated in microglia isolated from
the hippocampus of CUMS mice and high glucose-treated
BV2 cells

Microglia were magnetically separated from the hip-
pocampus of CUMS mice and control mice to elucidate
the mechanism underlying proinflammatory activation
(Fig. 5A). As expected, microglial marker Cx3crl was
highly expressed in the isolated cells, while neuronal
marker Snap25 and astrocyte marker GFAP were almost
undetectable (Fig. 5B), suggesting a good separation
effect. GLUTs, the main transporters facilitating the
entry of glucose into cells, are known to be associated
with microglial activation [33]. Hence, we examined the
expression of GLUT1-12 in the isolated microglia. The
qRT-PCR analysis showed that only the expression of
GLUT1 was elevated in microglia isolated from CUMS
mice versus control microglia (Fig. 5C). Consistently,
an increase in GLUT1 expression was observed in glu-
cose-treated BV2 cells versus control cells by qRT-PCR
(Fig. 5D), western blotting (Fig. 5E), and IF (Fig. 5F).

GLUT1 is involved in the glucose-mediated
proinflammatory phenotype in BV2 cells

The significance of GLUT1 in microglial activation was
then explored by stably transfecting GLUT1 into microg-
lial BV2 cells. BV2 cells expressing GFP were used as the
control. The overexpression effect was confirmed by qRT-
PCR and western blotting (Supplementary Fig. 3A&B).
Compared with the control cells, with or without glucose
exposure, GLUT1-overexpressing cells expressed higher
mRNA levels of proinflammatory phenotype markers
CD86, IL-6, IL-1p, and TNF-a (Fig. 6A). Additionally,
the population of CD86" cells was markedly increased
in GLUT1-overexpressing BV2 cells versus GFP cells
with saline or glucose treatment (Fig. 6B). GLUT1 over-
expression promoted the secretion of IL-6, IL-1p, and
TNF-a and facilitated the induction of these factors by
glucose (Fig. 6C). Nevertheless, GLUT1 did not affect the

expression of most anti-inflammatory phenotype mark-
ers, such as CD206, IL-10, and Ym1; Arg-1 was slightly
upregulated by GLUT1 overexpression (Supplementary
Fig. 3C). The population of CD206" cells did not change
among GLUT1-overexpressing BV2 cells versus GFP cells
regardless of glucose exposure (Supplementary Fig. 3D).
Additionally, STF-31 and BAY-87, antagonists of GLUT1,
reduced glucose-induced CD86, IL-6, IL-10, and TNF-a
expression, the population of CD86™ cells, and the secre-
tion of IL-6, IL-1P, and TNF-« (Fig. 6D-F). The expres-
sion levels of anti-inflammatory phenotype markers and
the population of CD206% cells were not affected by
GLUT1 antagonists (Supplementary Fig. 3E&F). Overall,
these data indicate a facilitating role of GLUT1 in glu-
cose-induced microglial proinflammatory activation.

GLUT1-specific knockdown in hippocampal microglia
alleviates microglia proinflammatory activation and
learning and memory impairment in CUMS mice

An AAV specifically inhibiting GLUT1 expression
in microglia (AAV-mirGLUT1) was constructed and
microinjected into the hippocampus (Fig. 7A). The suc-
cessful infection of hippocampal tissue was validated by
GFP expression (Fig. 7B). The knockdown of GLUT1 in
the hippocampus after AAV-mirGLUT1 infection was
confirmed by qRT-PCR (Fig. 7C). Next, the influence of
GLUT1 depletion on microglial activation was exam-
ined. IF staining results showed that the levels of CD68
were decreased in the hippocampus of AAV-mirGLUT1
injected mice (Supplementary Fig. 4A&B). Additionally,
GLUT1 knockdown inhibited the expression of CD86,
IL-6, IL-1p, and TNF-a induced by CUMS in the hippo-
campal tissues, with no change in CD206, IL-10, Arg-1,
and Yml (Fig. 7D&E). Consistently, decreased levels of
IL-6, IL-1B, and TNF-a were found in the hippocam-
pus of CUMS mice infected with AAV-mirGLUT1 ver-
sus control AAV (Fig. 7F). Furthermore, the MWM test
was used to assess spatial learning and memory abili-
ties. AAV-mirGLUT1 had no effect on the learning and
memory abilities of normal mice (Fig. 7G-J). Neverthe-
less, a shorter latency to reach the platform during the
training trial was observed in CUMS mice injected with
AAV-mirGLUT1 versus those injected with control AAV
(Fig. 7G). Moreover, repressing the expression of GLUT1
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Fig. 3 Hippocampal hyperglycemia contributes to CUMS-induced microglial proinflammatory activation. (A) Glucose levels in hippocampus lysates from
CTRL and CUMS mice (n=6, Student’s t-test). (B) Representative PET images of '8F-FDG uptake in the hippocampus in CTRL and CUMS mice (left) and
the quantified result (right) (=5, Student’s t-test). (C) Correlation between glucose levels and IL-6, IL-1(3, and TNF-a levels in the hippocampus (n=12,
Pearson’s correlation analysis). (D) Schematic of glucose infusion into the hippocampus and experimental timeline. Mice infused with saline were used
as a control. (E) gRT-PCR assays monitoring the expression of proinflammatory phenotype markers, CD86, IL-6, IL-1(3, and TNF-a in hippocampal samples
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Fig. 4 High glucose exposure promotes the proinflammatory phenotype of BV2 cells. (A) gRT-PCR assays monitoring the expression of proinflammatory
phenotype markers, CD86, IL-6, IL-1(3, and TNF-a in BV2 cells incubated with glucose (20 umol/L) for 48 h. Control cells were incubated with saline (n=6,
Student’s t-test). (B) gRT-PCR assays monitoring expression of anti-inflammatory phenotype markers, CD206, IL-10, Arg-1,and Ym1 in glucose-treated BV2
cells and control cells (n=6, Student’s t-test). (C) Flow cytometry analysis of CD86" populations in glucose-treated BV2 cells and control cells. Represen-
tative images (left); quantified result (right, n=5, Student’s t-test). (D) Flow cytometry analysis of CD206" populations in glucose-treated BV2 cells and
control cells. Representative images (left); quantified result (right, n=5, Student’s t-test). (E) Secreted IL-6, IL-1(3, and TNF-a proteins in the supernatant of
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in the hippocampal microglia of CUMS mice resulted in
a shorter time and swimming distance before the first
entry into the target and an increased number of plat-
form crossings (Fig. 7H-J), indicating better memory
retention. Collectively, these results demonstrate that
GLUT1-specific knockdown in hippocampal microg-
lia inhibits its proinflammatory activation and improves
spatial learning and memory abilities in CUMS mice.

GLUT1 modulates NF-kB signaling in microglia
NF-kB signaling is one of the most important path-
ways mediating microglial activation [34]. Hence, we

investigated the influence of glucose on NF-«kB signaling.
Western blotting demonstrated that the level of IkBa pro-
tein, a negative regulator of NF-«B signaling, was down-
regulated in glucose-treated BV2 cells versus control cells
(Supplementary Fig. 5A). Additionally, cytosolic NF-xkB
p65 was decreased and nuclear NF-kB p65 was increased
after glucose incubation (Supplementary Fig. 5B). IF vali-
dated the enhanced nuclear translocation of NF-kB p65
with glucose exposure (Supplementary Fig. 5C). We next
explored whether glucose modulated NF-kB signaling
via GLUT1. The results revealed that GLUT1 overex-
pression inhibited the expression of IkBa and promoted
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Fig. 6 (See legend on next page.)
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Fig. 6 Glucose-mediates the proinflammatory activation of BV2 cells through GLUT1. (A) gRT-PCR assays monitoring expression of proinflammatory
phenotype markers, CD86, IL-6, IL.-13, and TNF-a in LV-GFP- or LV-GLUT1-infected BV2 cells with or without glucose treatment (n=6, One-way ANOVA
with Tukey’s post hoc test). (B) Flow cytometry analysis of CD86* populations in BV2-LV-GFP/LV-GLUT1 cells under control or glucose conditions. Repre-
sentative images (left); quantified result (right, n=5, One-way ANOVA with Tukey’s post hoc test). (C) Levels of secreted IL-6, IL-1(3, and TNF-a proteins in
the supernatant of BV2-LV-GFP/LV-GLUT1 cells with or without glucose treatment (n =6, One-way ANOVA with Tukey's post hoc test). (D) gRT-PCR assays
evaluating the expression of proinflammatory phenotype markers, CD86, IL-6, IL-13 and TNF-a in BV2 cells exposed to GLUT1 inhibitors (STF-31, 5 umol/L
and BAY-876, 50 nmol/L) for 48 h with or without glucose treatment (n=6, One-way ANOVA with Tukey’s post hoc test). (E) Flow cytometry analysis of
CD86" populations in BV2 cells exposed to STF-31 or BAY-876 under control or glucose conditions. Representative images (left); quantified result (right,
n=>5, One-way ANOVA with Tukey’s post hoc test). (F) Levels of secreted IL-6, IL-13 and TNF-a proteins in the supernatant of BV2 cells exposed to STF-31

or BAY-876 with or without glucose treatment (n=6, One-way ANOVA with Tukey’s post hoc test). *p <0.05, **p <0.01

NF-«B p65 nuclear translocation (Fig. 8A-C). In addition,
GLUT1 antagonism inhibited glucose-induced IkBa sup-
pression and NF-kB p65 nuclear translocation in BV2
cells (Fig. 8D-F). Furthermore, compared to the control
group, CUMS mice showed reduced expression of IxBa
protein and increased NF-kB p65 nuclear transloca-
tion in hippocampal tissues, which were ameliorated by
the knockdown of GLUT1 specifically in hippocampal
microglia (Fig. 8G&H). Thus, these results indicate that
glucose and CUMS promotes the activation of NF-«kB
signaling in microglia via GLUT1.

Discussion

The pathogenesis of neuroinflammation in various neu-
rological disorders has attracted significant attention in
recent years. Numerous clinical and preclinical studies
have confirmed a strong correlation between neuroin-
flammation and cognitive disorders, including Alzheim-
er’s disease and stress-related cognitive impairment [35,
36]. Therapies targeting neuroinflammation have also
shown promising results in alleviating cognitive dys-
functions [37, 38]. Microglia are emerging as critical
key regulators of the inflammatory response process in
the central nervous system; overactivation of these cells
might impair cognition through the excessive release of
inflammatory cytokines [9]. Microglia rapidly respond to
changes in their microenvironment during stress, which
might lead to a maladaptive or proinflammatory state
in conditions of prolonged stress exposure [8]. Indeed,
numerous studies have demonstrated that chronic stress
can selectively increase the number of activated microg-
lia and induce their inflammatory polarization in stress-
associated brain regions [39]. However, the underlying
mechanism remains incompletely understood.

Here, we have identified hippocampal hyperglycemia
as a distinct alteration induced by chronic stress that cor-
relates significantly with microglial inflammatory activa-
tion. Many studies have suggested that hyperglycemia in
diabetes can induce dramatic inflammatory reactions in
retinal and myocardial cells [40, 41]. Hyperglycemia is
also very common in stress-related diseases. Glucocorti-
coid (GC), the most famous stress hormone, was named
for its significant role in regulating glucose metabo-
lism and can inhibit glucose consumption, promote

gluconeogenesis, and cause hyperglycemia. Our findings
and those reported in other studies suggest that changes
in glucose metabolism are involved in the regulation of
hippocampal neuroinflammation, potentially linking
chronic stress and proinflammatory microglial activation.
There is a clear linkage and complex crosstalk among
inflammation, glucose metabolism, and stress. Systemic
low-grade inflammation is a common feature of chronic
metabolic disorders and stress-related diseases [42].
Metabolic disorders are also present in stressed organ-
isms and can interact with inflammatory responses [43].
For example, it has been found that metabolic disorders
can drive neuroinflammation and facilitate the develop-
ment of neurodegenerative diseases [44]. Terms such
as metaflammation and immunometabolism have been
coined to describe the close relationship between inflam-
mation and metabolism [45, 46]. Our data also demon-
strate that both intracerebral administration of glucose in
vivo and high glucose exposure in vitro are sufficient to
lead to microglial proinflammatory phenotype, confirm-
ing the possible central role of stress-induced hippocam-
pal hyperglycemia in inducing microglial inflammation
and subsequent spatial learning and memory impair-
ment. In accordance with our results, other studies also
suggested that high glucose or hyperglycemia could
induce the proinflammatory polarization of hepatic
macrophages or cerebral microglia and subsequently
aggravate inflammation in the liver and brain [16, 47].
Moreover, other studies have indicated that inflammation
can also induce abnormal glucose metabolism and lead to
hyperglycemia [48]. To test the possible effects of inflam-
mation on glucose metabolism, we injected LPS into the
hippocampus of normal mice and found that although
dramatic inflammation appeared after LPS injection, the
glucose level in the hippocampus was not changed; this
indicated that the alteration in glucose metabolism was
likely to occur prior to inflammation in the hippocampus
of stress mice.

Why cerebral hyperglycemia occurs during chronic
stress remains unclear and has been thought to be asso-
ciated with GC-induced hyperphagia, especially in the
late period of chronic stress with the subsiding glu-
cose consumption and energetic demand [49]. How-
ever, our '®F-FDG data revealed that hyperglycemia is
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accompanied by reduced glucose uptake in the stress-
exposed hippocampus, reflecting not only an imbalance
between glucose supply and demand in the brain but also
abnormal glucose metabolism. It is unusual to observe

conflicting results between higher hippocampal glucose
levels and lower hippocampal ®F-FDG uptake in our
stressed animal model. However, we hypothesize that this
could be explained by competition between endogenous
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glucose and available glucose uptake sites. According
to previous investigations, similar contradictions have
been found in humans undergoing acute glucose load-
ing and mice with hyperglycemia induced by chronic
social stress [16, 50]. As previously reported, peripheral
hyperglycemia under stress or declining neurocellular
glucose consumption potentially explains the hippocam-
pal hyperglycemia [16]. Glucose is transported into cells
via GLUTs for utilization. However, our data indicate an
increase, rather than a decrease, in GLUT1 expression
in microglia isolated from CUMS animals or exposed to
high glucose incubation. The results suggest that the rela-
tively smaller proportion of microglia in nervous tissue
may not be the main contributors to overall hippocampal
glucose levels.

Although the expression of GLUTs is usually increased
to facilitate glucose transport in response to low glucose
levels, some studies have found that exposure to high
glucose leads to upregulation of GLUT1 expression in
macrophages [18], mesangial cells [51], and pancreatic
cancer cells [52]. Furthermore, elevated GLUT1 expres-
sion in the brain has been observed in individuals expe-
riencing acute hyperglycemia induced by oral glucose
loading [53]. In this study, we found that both stress and
high glucose exposure upregulated GLUT1 expression in
microglia. When activated to a proinflammatory pheno-
type, microglia undergo cytoskeletal changes, functional
remodeling, and cytokine synthesis, all of which require
a vast amount of energy [12, 54]. The increased GLUT1
level triggered by chronic stress may be associated with
the high energy demand of activated microglia, which
merits further exploration.

Adolescence is a crucial developmental period marked
by significant changes in behavior and cognition, which
are believed to align with the maturation of brain cir-
cuits essential for learning and memory, particularly in
the hippocampus. This stage is also characterized by the
presence of various psychosocial and physical stressors,
making it a pivotal time for the emergence of psychiatric
disorders such as stress disorders, mood disorders, obses-
sive-compulsive disorder, and schizophrenia [55]. Accu-
mulating evidence indicates that chronic stress, including
CUMS, social isolation, and restraint stress, can reduce
hippocampal neurogenesis in adolescents, leading to
impaired hippocampal-dependent learning and mem-
ory, as well as depressive-like behaviors that extend into
adulthood [56, 57]. Therefore, it is crucial to develop
therapeutic strategies targeting neurogenic mechanisms
during this critical developmental phase in individuals
exposed to stress. The findings of this study support the
idea that manipulating GLUT1 levels in adolescent mice
can significantly impact microglial proinflammatory acti-
vation and mitigate stress-induced cognitive impairment
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in adulthood, offering a potential target for preventing
cognitive deficits following stress exposure.

Our finding suggests that the upregulation of GLUT1
may play a causal role in the inflammatory polarization
of microglia under stress conditions. Similar observa-
tions have been reported in the context of vascular injury
and heart disease, where upregulation of GLUT1 has
been shown to promote inflammation in smooth mus-
cle cells, cardiac myocytes, and endothelial cells. Con-
sequently, targeting GLUT1 using inhibitors may be a
promising pharmacological approach to restrict patho-
logical inflammation [58, 59]. NF-kB signaling, a critical
mediator of inflammation, was identified as a switch for
the proinflammatory activation of microglia. Our find-
ings confirmed that both stress and GLUT1 could acti-
vate NF-kB signaling by suppressing the expression of
IxBa and facilitating the nuclear translocation of p65.
This observation is consistent with the results of another
study, where it was found that GLUT1 inhibition reduced
NF-«B pathway activation [60, 61]. The detailed mecha-
nism by which GLUT1 affects inflammation remains
to be elucidated. Considering that GLUT1 functions
as a key glucose transporter and upregulation acts as
a marker for aerobic glycolysis in metabolically active
cells [62], we speculate that the regulation of GLUT1 in
microglial inflammation might be associated with meta-
bolic reprogramming. This hypothesis is corroborated by
previous findings that the overexpression or increased
expression of GLUT1 could decrease macrophage oxy-
gen consumption, increase cellular glucose uptake, and
enhance glycolytic capacity, leading to excessive activa-
tion and increased secretion of inflammatory mediators
[63]. Conversely, GLUT1 antagonists have been found to
decrease glycolytic levels in microglia and inhibit their
inflammatory activation [33]. Combining these previ-
ous findings with ours indicates that GLUT1 may be an
important target in the stress-induced inflammatory
polarization of hippocampal microglia.

Chronic stress, in addition to cognitive impairment,
is recognized as a significant risk factor for mood dis-
orders, particularly depressive disorder. The CUMS
procedure is commonly utilized as an animal model of
depression [20, 64, 65]. However, the pathogenesis of
stress-related depression is remains incompletely under-
stood. Disturbances in glucose metabolism disturbance
and neuroinflammation are two important hypothesized
causes of depression [66, 67]. Clinical studies have high-
lighted the frequent co-occurrence of depression and
diabetes, with depression being twice as prevalent in
individuals with diabetes compared to the general popu-
lation [68]. Elevated blood glucose levels have also been
observed in animal models of stress-induced depression
[69, 70], although research on glucose levels in specific
brain regions remains limited. The relationship between
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Fig. 9 A schematic model of the glucose-induced proinflammatory activation of microglia in chronic stress-related spatial cognitive dysfunction

inflammation and depression has garnered significant
attention, with cumulative evidence suggesting that
inflammatory processes play a crucial role in the initia-
tion and development of depression. Our team’s previ-
ous research demonstrated that injection of TNF-a
into the hippocampus evoked depression-like behaviors
[28]. Besides, the facilitative role of brain IL-1f in the
pathogenesis of depression has also been revealed [71,
72], confirming the contribution of central inflamma-
tory cytokines in depression. In the present study, we
observed that CUMS led to pronounced hippocampal
hyperglycemia, contributing to neuroinflammation and
spatial memory dysfunction through GLUT1-mediated
microglial proinflammation activation. However, as this
study focused on stress-related cognitive impairment,
the interplay between hippocampal hyperglycemia,
brain inflammatory cytokines and depressive behaviors
was not explored. Given the crucial role of GLUT1 in
glucose transport and neuroinflammation elucidated in
this study; it is plausible that GLUT1 is implicated in the
pathogenesis of stress-induced depression, warranting
further comprehensive exploration.

This study does have some limitations. First, the under-
lying cause of the increase in microglial GLUT1 expres-
sion during chronic stress remains unknown. Future
studies are needed to investigate whether GLUT1 upreg-
ulation is a proactive response by the body to stress or a

reactive response to stress-induced hyperglycemia in the
hippocampus. Second, the precise mechanism through
which GLUT1 activates the NF-«xB signaling pathway
requires further elucidation and validation.

Conclusions

Overall, our findings demonstrate that disordered glu-
cose metabolism could be induced by chronic stress,
which plays a key role in the proinflammatory activa-
tion of hippocampal microglia through GLUT1 and
NEF-«B signals (Fig. 9). This remarkable crosstalk between
metabolism and inflammation in stress disorders pro-
vides a possible therapeutic target against stress-related
cognitive dysfunction. It would be a possible way to use
nutriologial methods to improve cerebral glucose metab-
olism, helping to control neuroinflammation in the hip-
pocampus and to alleviate cognitive injury during stress.

Abbreviations

IL-6 interleukin-6
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