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ABSTRACT: Sepsis-associated encephalopathy (SAE) is the most
common complication of sepsis, with increased morbidity and
mortality. To date, there has still been no established
pharmacological therapy. Memantine, as an NMDA (N-methyl-D-
aspartate) receptor antagonist, exhibited neuroprotective effects
against cognitive and emotional dysfunction in many disorders. We
performed cecal ligation and puncture (CLP) inducing sepsis as
the ideal animal model of SAE. CLP-induced septic mice were
given a memantine treatment through intragastric administration.
The novel object recognition test indicated that memantine
significantly improved cognitive dysfunction in septic mice. The
open field test revealed that the anxiety-like behaviors and
locomotion ability of septic mice were relieved by memantine. The pole test further confirmed the protective effects of memantine
against immobility. Memantine significantly inhibited the excessive glutamate production and improved impaired neurogenesis on
first and seventh day after sepsis, accompanying with reducing proinflammatory cytokines production (tumor necrosis factor alpha
(TNF-α), interleukin (IL)-1beta (IL-1β), and IL-10) and microglia activation in the brain of SAE. In addition, memantine treatment
also reducing sepsis-induced brain blood barrier disruption via inhibiting the expression of metalloproteinase-9 (MMP-9). In
conclusion, memantine exerted neuro-protective effects against cognitive and emotional defects, which might be considered as a
promising therapy for SAE.

1. BACKGROUND
Sepsis-associated encephalopathy (SAE) is the most common
complication of sepsis, which is characterized by mental
confusion, anxiety, irritability, depression, decreased learning
capacity and memory, as well as social communication, in the
absence of the direct infection in central nervous system.1 SAE
contributed to the increased mortality in patients with sepsis,
prolong hospitalization, as well as the reduced quality of life in
survivors with sepsis, which loaded heavy economic burdens to
the country and family.2 However, there is still no established
pharmacological therapy.

To date, the exact pathophysiology and pathogenesis of SAE
are not clear. More and more evidence suggested that the
pathophysiology of SAE was complex and multifactorial,
combining intertwined or parallel processes, and was promoted
by countless alterations and dysfunctions caused by sepsis,
including peripheral inflammation, neuroinflammation, oxida-
tive stress, mitochondrial dysfunction, reduced brain metabo-
lism, imbalance or translocation of neurotransmitters (gluta-
mate) and ions (Ca2+), neuronal apoptosis and autophagy as
well as disruptions to the integrity of the blood-brain barrier
(BBB).3−5 It was well accepted that the level of glutamate in
SAE brain was increased while the increased glutamate as the
primary excitatory neurotransmitter contributed to the clinical

presentations of SAE, such as depression, anxiety and
decreased learning and memory capacity.2 Glutamate induced
excitatory neurotoxic effects were mediated by NMDA (N-
methyl-D-aspartate) receptor. Glutamate binding to NMDA
receptors resulted in calcium overload via calcium influx, which
triggered the activation of calpains and other proteases
mediating cytoskeleton damage, paralleled by reactive oxygen
species generation, mitochondrial dysfunction, and subsequent
neuronal apoptosis.6 In addition, Ca2+ influx rendered the
inflammasome activation in response to infection.7 These
above progresses also contributed to the pathophysiology of
SAE. More important, NMDA receptors antagonist could
preferentially block glutamate induced neurotoxicity without
interfering with NMDA receptor function needed for normal
synaptic transmission and plasticity.6,8 In addition, inhibiting
NMDA receptor also attenuates LPS (lipopolysaccharide)
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Figure 1. Memantine improved survival rate and ameliorated cognitive and emotional dysfunction of CLP-induced sepsis in mice. (A)
Survival curve 8 of 21 mice of CLP group survived by day 7. Seventeen of 29 mice of memantine treatment survived by day 7. (B, C) Bar graphs
showing statistical analysis of neurobehavioral scores (B) and T-LA (C). (D) The bar graph showing statistical analysis of the preference index in
NORT. (E−G) The bar graphs showing statistical analysis of total distance (E), center time (F) and corner time (G) in OFT respectively. *p <
0.05, **p < 0.01, ***p < 0.001 vs sham group, #p < 0.05, ##p < 0.01, ###p < 0.001, CLP (cecal ligation and punction) group vs Memantine
(MEM) group. Data are presented as mean ± SEM. CLP 1d: CLP group on 1st day after surgery. CLP7d: CLP group on 7th day after surgery.
MEM 1d: receiving memantine treatment of CLP group on 1st day after surgery. MEM7d: receiving memantine treatment of CLP group on 7th
day after surgery.
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induced microglia inflammation in vitro9 while activated
microglia induced neuroinflammation was involved the process
of SAE.1 In vitro and vivo, excess glutamate could enhance the
permeability of BBB (blood brain barrier) via NMDA
receptors.10 NMDA receptor antagonist was confirmed to
reduce BBB permeability of experimental subarachnoid
hemorrhage in the rat.11 Thus, we speculated that NMDA
receptor antagonist might exert neuroprotective effects on
SAE.

Memantine as be the low-affinity, fast off-rate, voltage-
dependent, and uncompetitive NMDA receptor antagonist has
been approved to treat moderate to severe Alzheimer’s disease
(AD) by FDA (food and drug administration).12 Now, there
are more and more evidence for memantine to treat other
different neuropsychiatric disorders, including chronic pain,13

psychiatry symptoms (including anxiety and cognitive
dysfunction) of Parkinson’s disease,14 and schizophrenia
(depression)15 by anti-inflammatory effects. In addition,
more and more research has focused on other disease animal
models involved infection. Memantine could block meningitic
Escherichia coli K1 bacteria neuro-invasion in mice via
inhibiting neuroinflammation.16 In addition, memantine was
also proved to ameliorate the disruption of BBB model in vitro
via inhibiting the expression of cell adhesion molecules to
prevent monocytes transmigration except for inhibiting
inflammation.17 Memantine was also confirmed to alleviate
sepsis induced acute lung injury in mice via inhibiting
macrophage pyroptosis7 while pyroptosis was involved in
SAE.18 Memantine was confirmed to attenuate spatial learning
and memory impairments, which were caused by chronic LPS-
infusion into the fourth ventricle.19 More importantly,
memantine is a safe and well-tolerated drugs with minimal
differences from placebo in adverse event rates.20

Based on the above aforementioned findings, we hypothe-
sized that memantine might have neuroprotective effects on
neurobehavioral dysfunction in a mouse model of SAE induced
by cecal ligation and puncture (CLP). In addition, we also
tried to explore possible mechanisms of memantine on SAE.

2. RESULTS
2.1. Memantine not only significantly improved

survival rate but also significantly ameliorated neuro-
behavioral dysfunction of CLP-induced sepsis in mice.
As illustrated in Figure 1A, the survival curve showed that the
survival rate of the MEM group was improved, compared to
the CLP group. Throughout the 7-day study period, all of the
sham group showed 100% survival. However, CLP group
showed 38.1% survival (8 of 21 mice survived) on seventh day
after sepsis induction while Memantine group showed 58.6%
survival (17 of 29 mice survived) by seventh day after sepsis
induction. More importantly, there was significant difference
between MEM group and CLP group (p < 0.01) in the survival
rate.

Behavioral tests, including neurobehavioral score, pole test,
OFT and NORT, were carried out on first day and seventh day
after CLP surgery. We used the neurobehavioral score system
to evaluate neurobehavioral defects caused by sepsis.
Compared to the sham group, sepsis significantly decreased
the neurobehavioral score on the first day and seventh day after
surgery while memantine significantly improved the decreased
neurobehavioral score caused by sepsis on the first and seventh
day after surgery (Figure 1B). T-LA measured by pole test was
used to reflect the locomotion activity of survivor mice. As
illustrated in Figure 1C, T-LA in CLP group on the first day
and seventh day after surgery were significantly prolonged
while memantine significantly decreased the prolonged T-LA
caused by sepsis on the both times. OFT was carried out to
assess the locomotion and anxiety-like behavior. The data
demonstrated that septic mice spent more time in the corner
area (Figure 1F) and less time in the center area (Figure 1G)
as well as exhibited significantly decreased total distance
(Figure 1E) during the OFT, compared to the sham group.
However, memantine significantly improved the defective
display of septic mice in OFT (Figure 1E-G). NORT was
performed to elevate the ability of learning and memory of
mice. As illustrated in Figure 1D, the preference index of septic
mice was significantly decreased on the first and seventh day

Figure 2. Memantine inhibited the level of glutamate as well as microglia activation and improved the impaired neurogenesis caused by CLP-
induced sepsis in mice. (A, B) Representative immunofluorescence staining of DCX (A) in the hippocampus and Iba-1 (B) in the cortex. (C) Bar
graph showing statistical analysis of the levels of glutamate in the brain. (D) The bar graph shows statistical analysis of the number of DCX-positive
cells in the hippocampus. (E) The bar graphs showing statistical analysis of the area of Iba-1-positive cells in the cortex. *p < 0.05, **p < 0.01, ***p
< 0.001 vs sham group, #p < 0.05, ##p < 0.01, ###p < 0.001, CLP (cecal ligation and punction) group vs Memantine (MEM) group. ns: no
significance. Data are presented as mean ± SEM. CLP 1d: CLP group on 1st day after surgery. CLP7d: CLP group on 7th day after surgery. MEM
1d: receiving memantine treatment of CLP group on 1st day after surgery. MEM7d: receiving memantine treatment of CLP group on 7th day after
surgery
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after surgery, while memantine significantly improved the
decreased preference index of septic mice on both times.

Collectively, these results indicated that CLP-induced septic
mice exhibited bradykinesia, cognitive dysfunction, and
emotional disorder, while memantine treatment relieved
these neurobehavioral deficits.

2.2. Memantine not only significantly inhibited the
level of glutamate in septic mice but also alleviated the

decreased neurogenesis caused by CLP-induced sepsis
in mice. To identify whether the effects of memantine on
neurobehavioral deficits were related to the neurogenesis, brain
sections were used to perform fluorescent immunohistochem-
ical staining after completing the behavioral test. The results
showed that the numbers of DCX-positive cells in dentate
gyrus of the septic mice’s hippocampus on the first and seventh
day after surgery were significantly decreased comparing to the

Figure 3. Memantine inhibited the expressions of proinflammatory cytokines and improved the expression of anti-inflammatory cytokine.
(A−D) The bar graphs showing that statistical analysis of the levels of proinflammatory cytokines: TNF-α (A), IL-6 (B) and IL-1β (C) as well as
the level of anti-inflammatory cytokine: IL-10 (D) measured by ELISA. Data was presented as mean ± SEM *p < 0.05, **p < 0.01, ***p < 0.001 vs
sham group, #p < 0.05, ##p < 0.01, ###p < 0.001, CLP (cecal ligation and punction) group vs Memantine (MEM) group. ns: no significance. Data
are presented as mean ± SEM. CLP 1d: CLP group on 1st day after surgery. CLP7d: CLP group on 7th day after surgery. MEM 1d: receiving
memantine treatment of CLP group on 1st day after surgery. MEM7d: receiving memantine treatment of CLP group on 7th day after surgery.

Figure 4. Memantine alleviated the disintegration of the BBB and inhibited the level of MMP-9 in the brain of CLP-induced septic mice. (A)
The bar graph showing that statistical analysis of the permeability of BBB on different time was evaluated by Evans blue dye. (B) Quantitative
statistical analysis of the relative MMP-9 expression in the brain on different times. β-actin was used as a loading control. (C) Representative
Western blotting bands of MMP-9 in the SAE. *p < 0.05, **p < 0.01, ***p < 0.001 vs sham group, #p < 0.05, ##p < 0.01, ###p < 0.001, CLP
(cecal ligation and punction) group vs Memantine (MEM) group. ns: no significance. Data are presented as mean ± SEM. CLP 1d: CLP group on
1st day after surgery. CLP7d: CLP group on 7th day after surgery. MEM 1d: receiving memantine treatment of CLP group on 1st day after surgery.
MEM7d: receiving memantine treatment of CLP group on 7th day after surgery.
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sham group (Figure 2A and 2D). However, memantine
treatment significantly improved the decreased the number
of DCX-positive cells in dentate gyrus (Figure 2A and 2D). In
addition, we also noticed that the pattern of DCX-positive cells
in septic mice was loosen and disordered while the pattern of
DCX-positive cells in the memantine group was relatively well-
organized. To further define whether the level of glutamate
contributes to the decreased neurogenesis, we measured the
levels of glutamate in the brain by Glutamate Assay Kit. As
illustrated in Figure 2C, the level of glutamate in septic mice
was significantly increased on the first and seventh day after
surgery while memantine significantly prevented the increased
glutamate level of septic mice on the both times. However, we
also noticed that there was no difference on the level of
glutamate between the memantine treatment group and the
sham group, although the level of glutamate in the memantine
group was higher than that in the sham group (Figure 2C) on
seventh day after surgery.

2.3. Memantine significantly decreased the level of
inflammatory cytokines as well as diminished microglia
activation in the brain of septic mice. To determine
whether the imbalance of pro-inflammatory cytokines and anti-
inflammatory cytokines contributes to neurobehavioral deficits,
we measured the levels of cytokines in the brains. The results
showed that sepsis significantly the levels of pro-inflammatory
cytokines, including TNF-α (Figure 3A), IL-6 (Figure 3B) and
IL-1β (Figure 3C) and significantly reduced the level of anti-
inflammatory cytokine (IL-10) (Figure 3D) on the first and
seventh day after surgery. However, memantine treatment
significantly decreased the levels of pro-inflammatory cyto-
kines, including TNF-α (Figure 3A), IL-6 (Figure 3B) and IL-
1β (Figure 3C) and significantly reduced the level of anti-
inflammatory cytokine (IL-10) (Figure 3D), induced by sepsis,
on the first and seventhe day after surgery. However, we also
noticed that there was no difference on the levels of IL-1β
(Figure 3C) and TNF-α (Figure 3A) between the memantine
treatment group on seventh day after surgery and the sham
group (Figure 4B). To further confirm the effect of microglia
on the inflammatory response of SAE, fluorescent immuno-
histochemical staining of Iba-1 was performed to observe the
numbers and morphology of microglia cells in the brain. As
illustrated in Figure 2B, Iba1-positive cells in septic mice
showed an enlarged cell body with shorter, shortened
processes, which were consistent with the ameboid morphol-
ogy of activated microglia. However, Iba-1 positive cells in
sham group showed a thin cell body with fine and long
processes, consistent with the ramified morphology of resting
microglia. In addition, the numbers of Iba1-positive cells in
septic mice were significantly increased on the first and seventh
day after surgery, comparing to the sham group (Figure 2E).
More importantly, we found that memantine treatment
significantly reduced the number of activated ameboid
morphology microglia cells on the first and seventh day after
surgery (Figure 2B,E).

2.4. Memantine significantly alleviated the disinte-
gration of the BBB and inhibited the level of MMP-9 in
the brain of CLP-induced septic mice. To further whether
the permeability of BBB contributes to the neurobehavioral
deficits of septic mice, an Evans blue dye test was performed.
As illustrated in Figure 4A, the levels of Evans blue dye in
septic mice on the first and seventh day after surgery were
significantly higher than those in sham group while memantine
treatment significantly decreased the enhanced levels of Evans

blue dye in septic mice on both times. The data indicated that
memantine treatment significantly alleviated the increased
permeability of the BBB caused by sepsis. To further confirm
the permeability of BBB, we measured the level of MMP-9 via
Western Blot. The results suggested that sepsis significantly
enhanced the expressions of MMP-9 in the brain on the first
and seventh day after surgery while memantine treatment
significantly alleviated the increased expressions of MMP-9 in
septic mice on both times (Figure 4B,C). However, we also
noticed that there was no difference on the level of MMP-9
between the memantine treatment group on the seventh day
after surgery and the sham group (Figure 4B).

3. DISCUSSION
Memantine attracts more and more attention because of the
effects on the cognitive and emotional dysfunction of some
disorders, while cognitive and emotional dysfunctions were
also the manifestations of SAE. To our limited acknowledg-
ment, we for the first time demonstrated that memantine not
only improved the neurobehavioral dysfunction, impaired
endoneurogenesis as well as the integrity of BBB, but also
decreased the mortality, excessive production of pro-inflam-
matory cytokines and glutamate, as well as activation of
microglia in the brain of SAE. This finding suggested a novel
application of memantine in SAE, which is currently lacking
effective therapy.

CLP is not only a gold standard model to mimic clinical
sepsis and but also the ideal animal model of SAE, which was
able to cause short-term and long-term behavioral and
cognitive impairment.21 Thus, we selected CLP as the animal
model of SAE for further researches. After modeling with CLP,
we measured neurobehavioral test scores to analyze whether
the SAE rat model was successfully established. Consistent
with previous research,22 SAE models caused by CLP were
successfully established while memantine treatment not only
significantly decreased the mortality of sepsis but also
significantly improved the neurobehavioral test scores (Figure
1A,B). It indicated that memantine treatment attenuated the
severity of SAE. The OFT is a widely used to evaluate emotion
in animals. Mice typically preferred not to be center and
tended to close to the wall/corner since it came to the new
environment, which reflected the anxiety. The total distance in
OFT reflected the immobility and locomotion activity of
mice.21 In addition, T-LA also reflected the locomotion of
mice. The NORT was a relatively fast and efficient means for
testing learning and memory in mice and required less time
than commonly used tests, such as Morris water maze or
Barnes maze.23 Preference index in NORT reflected the ability
to learn and memory in mice. Our results indicated that CLP
resulted in the cognitive dysfunction, impaired locomotion,
anxiety, and prolonged immobility (Figure 1C-G) on the first
and seventh day after surgery, which were consistent with the
clinical presentations of SAE.2 These results further confirmed
that SAE models caused by CLP were successfully established.
The oral bioavailability of memantine is almost 100%,
following oral administration.13 Thus, we selected intragastric
administration as a means of giving drugs. Consistent with the
effects of memantine on the cognitive and emotion in other
diseases,12,14 our results also suggested that memantine
treatment improved the cognitive dysfunction, impaired
locomotion, anxiety, and prolonged immobility caused by
sepsis (Figure 1C-G) on the first and seventh day after surgery.
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This reminded us that memantine exerted neuroprotective
effects on SAE.

Growing evidence suggested that excessive glutamate
production and impaired neurogenesis in hippocampus
contributed to the neurobehavioral dysfunctions, such as
impaired cognitive and emotion of SAE.2,3,24 In agreement
with previous researches,3,6,24,25 our results also demonstrated
that CLP-induced SAE also exhibited the excessive glutamate
level and impaired neurogenesis in the hippocampus (Figure
2A,C,D). And, memantine treatment improved the neuro-
genesis (Figure 2A) and decreased the level of glutamate
(Figure 2C) in the brain. It has been confirmed that excessive
glutamate could result in neuron apoptosis or impaired
neurogenesis via binding to NMDA receptors mediating Ca2+
overload.6,26 Therefore, we deduced that impaired neuro-
genesis in SAE was at least partly caused by excessive
glutamate production resulting from sepsis, while memantine
might improve neurogenesis via inhibiting excessive glutamate
as well as inhibiting Ca2+ overload through binding to NMDA
receptors.

Neuroinflammation and destruction of BBB also played an
important role in the cognitive impairment of SAE.2,5

Consistent with above findings, our results demonstrated
that destruction of BBB as well as proinflammatory reactions
were significantly activated, which contributed to the cognitive
impairment of SAE. Increasing evidence suggested that
excessive glutamate production increased the permeability of
BBB via NMDA receptor dependent mechanism.10 More
importantly, NMDA receptor antagonists improved the dis-
integrity of BBB in animal models of brain injury, such as
subarachnoid hemorrhage,11 ischemic stroke27 and epilepsy.10

In addition, IL-1β, IL-6 and TNF-α in the brain known as the
pro-inflammatory cytokines also contributed to the dis-
integrity of BBB in SAE except for mediating the initial
response of the innate immune system to injury or infection
during SAE.5 In addition, excessive glutamate also returned to
result in neuroinflammatory reactions in the brain.28 Thus, the
results indicated that memantine exhibited neuroprotective
effects on SAE through direct and indirect effects. Consistent
with previous researches,10,19 direct effects of memantine on
SAE included improving the dis-integrity of BBB and inhibiting
proinflammatory reactions. And the indirect effects of
memantine on SAE preferred that integrity of BBB and
balance between proinflammation and anti-inflammation were
regained mediated decreased glutamate production. Matrix
metalloproteinases (MMPs) as the most important ECM
(extra-cellular matrix)-degrading enzyme in vivo, were a family
of zinc-dependent endopeptidases which degrade the basement
membranes and extracellular matrix of surrounding cells29 and
were the major contributor to BBB disruption.30 Our results
indicated that memantine improved the permeability by
inhibiting MMP-9 expression.

Microglia as the primary immune cells in the brain exerted
two phenotypes. Sepsis could make microglia shift from resting
phenotype to proinflammatory ameboid morphology, which
released those above inflammatory cytokines.1 More impor-
tantly, activated microglia secreted those pro-inflammatory
cytokines, including IL-1β, IL-6 and TNF-α. Microglia
mediated neuroinflammation or neuroinflammation played an
important role in the development of cognitive dysfunction
after sepsis.22 Inhibiting microglia activation or neuro-
inflammation was able to improve cognitive dysfunction.31

Our results suggested that sepsis induced the resting microglia

to active microglia at the early stage (Figure 2B), accompanied
by increased proinflammatory cytokine production (TNF-α,
IL-6 and IL-1β, Figure 3A-C) and decreased anti-inflammatory
cytokine (IL-10, Figure 3D). The results provided evidence for
us that memantine alleviated cognitive deficits via inhibiting
microglia activation or neuroinflammation. In the current
preliminary study, we did not further explore whether
memantine exerted neuroprotective effects mediating Ca2+
influx. Thus, we guaranteed further research to explore the
effects of the inhibiting Ca2+ influx mediating NMDA receptors
antagonist on SAE

4. CONCLUSION
In summary, our study provided valuable data that memantine
treatment not only significantly improved the survival rate after
sepsis but also significantly improved cognitive and emotional
dysfunction, accompanied by reducing the level of glutamate,
microglia activation, proinflammatory reaction, and improving
neurogenesis and the dis-integrity of BBB. These data
suggested that memantine might be considered as a promising
therapy for SAE.

5. MATERIALS AND METHODS
5.1. Animals. Male C57BL/6 mice (n = 160) aged 10−

12week enrolled in this study were obtained from Jinan
Pengyue laboratory animal breeding co. ltd. The animals were
housed under standard laboratory conditions and maintained
in temperature and humidity controlled rooms on a 12h/12h
light/dark cycle. All the animal protocols and procedures
described in this study were approved and in accordance with
the guidelines of the Experimental Animal Ethical Committee
of Shandong Province Hospital affiliated with Shandong First
Medical University. All of the animals had acclimated to the
environment for at least 7 days prior to experiments. All efforts
were taken to minimize the number of animals and overall
suffering to the animals.

5.2. Animal model preparation, grouping and treat-
ment. Mice were randomly divided into 3 groups: MEM
(memantine) group referring to the cecal ligation and puncture
(CLP) group receiving MEM, CLP group referring to the CLP
model group receiving the same volume of saline, and Sham
group receiving saline. Mice were subjected to cecal ligation
and puncture (CLP) model to induce sepsis described
previously with modifications.32 In brief, after mice were
intraperitoneally anesthetized with pentobarbital sodium in
saline (50 mg/kg, Sigma, St Louise, MO, USA), a longitudinal
skin midline incision was performed in the lower abdomen.
The cecum was isolated carefully and ligated with 4.0 silk
below the ileocecal junction, approximately 1.2 cm from the
distal end. The cecum was punctured on the antimesenteric
side with a sterile 21-gauge needle and was gently squeezed to
extrude the fecal contents into the peritoneal cavity. Then, the
cecum was gently returned to the peritoneal cavity, and the
abdomen is sutured with 3.0 silk. All mice were subcutaneously
administrated with prewarm normal saline 50 mL/kg
immediately after surgery as fluid resuscitation. The entire
procedure was controlled in approximately 10 min for each
animal. After surgery, the body temperature was maintained at
37 ± 0.5 °C with a thermostatically controlled infrared lamp
during the procedure. In the sham group, mice received the
operation as described above, but they were neither ligated nor
punctured. Above these three groups were also divided into
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two subgroups at the first and seventh day after surgery.
Memantine (MEM, Sigma, St Louise, MO, USA) was
dissolved in PBS (phosphate buffered solution) with a final
concentration of 10 mg/mL. All the mice began to receive
intragastric administration of memantine (20 mg/kg) or equal
volume of PBS once a day for 2 consecutive days before
surgery until being sacrificed. All of the mice had free access to
food and water during the whole experiment. The 7 day
survival rates were recorded by the blind examiner for the
group assignments.

5.3. Neurobehavioral tests. The blind examiner to the
group assignments performed all of the neurobehavioral tests,
which included neurobehavioral score, pole test, open field test
(OFT) and novel object recognition test (NORT) on the first
day and seventh day after surgery. Because there was no
statistical difference in neurobehavioral analysis between the
first and seventh day of the sham groups (the data did not
show), we just chose the seventh day after sham operation as
the sham group.

5.3.1. Neurobehavioral score. Neurobehavior score was
used to evaluate neurobehavior change according to the
previous report.33 The score system consisted of five parts,
which included the corneal reflex, the auricle reflex, the
righting reflex, the tail-flick reflex, and the avoid reflex. Corneal
reflex referred to the mouse blinking its eye or shaking its head
after the cornea of the mouse was contacted gently with a
cotton swab. Auricle reflex referred to strong head rotation
caused by touching the mouse’s plane. Righting reflex refers to
the ability to turn into the prone position and place both feet
on the floor after the mouse is placed in the supine position.
Tail-flick reflex and avoid reflex refer to the escaping ability
after the mouse’s tail was briefly stimulated. If the mouse had a
normal reflex, this was scored as 2 points, while hyperreflexia
(lack of reflex in 10 s) scored 1 point and areflexia scored 1
point. The total scores of these five tests were added up to 10
points. A lower score was correlated with the worst
neurobehavior.

5.3.2. Pole test. The pole test was performed to evaluate
bradykinesia of SAE model according to previously
described.34 Briefly, mice were placed on the top of the
wooden pole (10 mm in diameter and 60 cm in height with a
rough surface). The time for the mice to arrive at the floor was
recorded as locomotor activity time (T-LA). Each trial
duration was 30s. If the mice did not climb down and place
four feet on the floor in 30s, they were guided. And the T-LA
was recorded as 30s. The mice were pretrained before test.
Each mouse was tested three times, and the average of 3 trials
were calculated for further statistical analysis. A higher score
was correlated with severe movement impairment.

5.3.3. Open field test (OFT). The open field test was
conducted to test the level of anxiety through locomotor
activities according to previously described with modifica-
tions.35 In brief, the apparatus was a square light-gray polyvinyl
chloride (PVC) box of 50 × 50 × 50 cm, and the ground of the
open field was divided into 9 equal squares by black lines. The
mice were gently placed in the center quadrant. Habituation to
an open field was performed in the same PVC box for 5 min
one h before test. The box was cleaned with 70% ethanol and a
paper towel before proceeding to the next test animal. The test
duration was 10 min. The total distance and time spent in the
center and corner were recorded.

5.3.4. New object recognition test (NORT). The new object
recognition test was performed according to previously

described.23 The apparatus was a square box (40 × 40 × 40
cm) made of white and nonporous plastic. The whole
procedure consisted of 3 phases, including habituation phase,
familiarization phase, and discrimination phase. The habitu-
ation phase was carried out before the surgery. Each mouse
was placed in the center of the square open box and allowed to
explore freely for 10 min per day in the absence of objects for
three consecutive days. Then the animals entered the
familiarization phase. In this phase, each mouse was allowed
to explore the square open box with two identical objects (A1
and A2) located in opposite and equidistant positions for 10
min. After a three h retention interval, the mouse returned to
the open field, with one of the familiar objects (A1) replaced
by a novel object (A3). For the discrimination phase, each
mouse was allowed to explore for 10 min, and the time for
exploring each object was recorded. Mice touching an object or
facing an object within 2 cm around the object were taken as a
measure of object exploration behavior. To eliminate possible
olfactory cues, the objects and field were cleaned with 75%
ethanol and a paper towel between each trial. The preference
index was determined as [time spent in exploring the novel
object (A3)/time spent in exploring the two objects (A2 and
A3)] × 100%.

5.4. Assessment of blood brain barrier (BBB)
integrity/permeability. After performing neurobehavioral
tests, some of the mice (n = 4 every group) were sacrificed for
assessment of BBB integrity. The level of BBB integrity was
measured by Evans blue extravasation method according to
previously described with modification.36 In brief, Evans blue
dye (2% in saline) was administrated at 3 mL/kg via tail vein.
The mice were perfused with ice saline to wash residual dye
from the blood vessel at 2h after injection until the fluid from
the right atrium was colorless. Then the brain tissue was
immediately removed on ice, collected, weighed, and manually
homogenized in 1 mL of 50% trichloroacetic acid. After the
homogenates were centrifuged at 10,000 rpm/min, the
supernatant were diluted 4-fold with ethanol. The fluorescence
absorbance was measured at 620/680 nm using a microplate
reader (Bio-Rad, Philadelphia, PA, USA). The content of the
Evans blue dye was calibrated with a standard curve of Evans
blue in ethanol. Each Evans blue dye standard and sample were
run in duplicate. Data are expressed as micrograms per
milligram of brain weight.

5.5. Fluorescent immunohistochemical staining. At
the end of neurobehavioral tests, mice were sacrificed for trans-
cardial perfusion with ice saline followed by 4% paraformalde-
hyde (PFA) in PBS. Then, the brains were removed and fixed
in PFA at 4 °C overnight, respectively, dehydrated in 30% and
20% sucrose solution at 4 °C overnight. The brains were
frozen in Tissuse-Tek embedding compound (Sakura Finetek,
Japan) and cryosectioned into 10-μm-thick slices on a cryostat
(Leica CM1850, Germany). The slices of the brains were used
for further immunohistochemical staining. Ten serial sections
at the level of the hippocampus or frontal cortex with an
interval of 50 μm were obtained from each mouse. The
sections were washed in PBS, blocked in 0.4% Triton X-100
(Sigma) in PBS for 15 min, then washed twice in PBS for 5
min, and 5% goat serum in PBS (Jackson ImmunoResearch
Lab) for 1h followed by incubation with rabbit anti-Iba-1
(1:500, Wako, Japan) and rabbit antidoublecortin (DCX,
1:2000, Abcam) antibodies overnight at 4 °C. After washing
twice in PBS, sections were incubated with secondary antibody
FITC-conjugated goat antirabbit IgG (1:200 Jackson Immu-
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noResearch Lab) for 2 h in the dark at room temperature.
Finally, sections were mounted with the medium containing
DAPI for fluorescence (Vector Laboratories) and viewed by
fluorescence microscopy (Olympus, Japan). The number of
DCX-positive cells was counted at 200× magnification. Then
the data from bilateral hippocampus were averaged, expressed
as the mean ± SEM. The percent of Iba-1 positive cells
occupied the whole slice was counted at 200× magnification
and autoanalyzed by the software IPP 6.0. Then the data from
the bilateral cortex were averaged, expressed as the mean ±
SEM.

5.6. Cytokine Assessment. At the end of neurobehavioral
tests, mice were sacrificed and the fresh brain tissue was
quickly isolated and kept at −80°Cfor Enzyme-Linked
Immunosorbent Assay (ELISA), Western Blot as well as
glutamate assay. ELISA kits for cytokine in brains including
tumor necrosis factor alpha (TNF-α), interleukin (IL)-1beta
(IL-β), and IL-10 were purchased from Boster (Wuhan,
China). In brief, the brain tissue were minced and
homogenized in a 1:10 dilution ice NP40 lysis with protease
inhibitor complex for 20 min. Then the complete homogenate
were centrifuged at 12,000 rpm for 30 min at 4 °C and the
supernatant was collected for further measurement of above
those cytokines according to the manufacturer’s instructions.
Absorbance was recorded at 450 nm using microplate reader
(Biorad, USA). Each standard and experimental sample were
run in duplicate.

5.7. Western Blot. After performing neurobehavioral tests,
some of the mice (n = 5 every group) were sacrificed and fresh
brain tissue was rapidly isolated on ice for further Western Blot
analysis. The tissue was homogenized in ice-cold RIPA lysis
buffer (150 mM NaCl, 50 mM Tris at pH 7.4, 0.5%
deoxycholic acid, 0.1% SDS, 1% Triton X-100, 2.5 mM
EDTA, and protease inhibitors) (Beyotime, China). Each
homogenate was centrifuged at 12,000 rpm for 30 min at 4 °C.
The supernatant was collected, and protein concentration was
measured using a BCA protein assay kit (Beyotime, China).
Proteins were separated on 10% SDS polyacrylamide gels
according to the molecular weight of the detection proteins
and transferred onto PVDF membranes by electrophoresis.
The membranes were blocked with 5% non- fat milk in TBST
(TBS containing 0.1% Tween-20) for 1h and incubated with
rabbit anti- MMP-9 (matrix metalloproteinase-9) (1:500,
Abgent) and mouse anti-β-actin (1:1000, Santa Cruz) primary
antibodies overnight at 4 °C, followed by staining with goat
antirabbit and antimouse secondary antibodies conjugated to
horseradish-peroxidase (HRP, Beyotime, China) for 1 h at
room temperature. Finally, reactions were detected by a
chemiluminescence assay. Blots were analyzed three times for
every set of experiments. Bands were normalized to β-actin
levels and the density of the band was measured using ImageJ
analysis software (NIH, Bethesda, MD, USA). Data f were
averaged, expressed as the mean ± SEM, and compared
between two groups.

5.8. Glutamate analysis. Glutamate concentration was
measured with a Glutamate Assay Kit (Solarbio, China). After
performing neurobehavioral tests, 0.1 g of the fresh brain tissue
was homogenized in 1 mL of ice-cold Assay buffer and then
centrifuged at 10,000 rpm for 10 min at room temperature
(RT). Then, the supernatant was isolated and kept in a new
centrifuge tube for further detection. The detailed assay
method was performed according to the manufacturer’s
instructions. Absorbance was recorded at 340 nm using

colorimetric readout (Biorad, USA). Each glutamate standard
and sample were run in duplicate.

5.9. Statistical analysis. Statistical analysis was performed
using GraphPad Prism 9 (GraphPad Software, La Jolla, CA).
Data were expressed as means ± SEM. One-way ANOVAs
followed by post hoc Tukey multiple comparisons was used to
analyze data for all experiments except for survival rate. The
survival rate was estimated by the Kaplan−Meier method.
Significance was set at P < 0 05.
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