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Abstract
Background Postsynaptic density 93 (PSD-93) plays an important role in ischemic brain injury through
mediating neurotoxicity and neuroin�ammation. Blocked the combination of PSD-93 and Fractalkine
(CX3Cchemokineligand1, CX3CL1) play bene�cial roles in acute ischemic stroke. However, the underlying
mechanism still need further exploration.

Methods In this study, male C57BL/6 mice aged 8-12 weeks and weighted 22-26g were applied with
Middle Cerebral Artery Occlusion (MCAO) model and randomly divided into different groups. Firstly, real-
time quantitative PCR was to detect some cytokines associated with M1 and M2 type of microglia at
different time points in transient MCAO model. Secondly, triphenyl tetrazolium chloride (TTC) staining,
brain water content and behavioral assessments were used to evaluate the neurologic damage.
Immuno�uorescence staining was performed to measure the white matter injury, and microglia
polarization. Moreover, enzyme-linked immunosorbent assay (ELISA) was used to investigate the
expression of soluble CX3CL1.

Results M1 phenotype cytokines were detected at different time points and found that their expression
increased from beginning at 6 hours after reperfusion and most peaked at 24 h after reperfusion.
However, the expression of M2 phenotype cytokines decreased or still keep invariant at 6 hours and 24 h
after reperfusion. Interestingly, Tat-CX3CL1 (357-395aa) can facilitate microglia polarization from M1
type to M2 type through inhibiting expression of the soluble CX3CL1. Furthermore, CX3CL1 speci�c
cleavase inhibitor ADAM17 could restrain the microglia polarization transformation via reducing the
soluble CX3CL1 formation. Moreover, Tat-CX3CL1 (357-395aa) also attenuate long-term cognitive de�cits
and improved white matter integrity.

Conclusions: In conclusion, we demonstrated that speci�c blockage the binding of PSD-93 and CX3CL1
by Tat-CX3CL1 (357-395aa) could perform functional recovery after ischemic stroke by promoting type
microglia polarization transformation from M1 to M2. And the peptide Tat-CX3CL1 (357-395aa) is a
promising strategy for treatment of ischemic stroke. 

Background
Ischemic stroke, a leading cause of death and disability, induces neurotoxicity and neuroin�ammation[1–
4]. In�ammatory responses induced by microglia polarization exacerbate the cerebral infarction[5].
Microglial heterogeneity is of paramount importance for ischemic brain injury. And in ischemic stroke
model, polarization of microglia toward M2 phenotype has been proved to be protective[6]. However, the
polarization of microglia occurs dynamic changes and is highly dependent on environmental signals
during cerebral ischemia-reperfusion[7, 8]. Therefore, intervention to promote the microglia to maintain
their homeostatic phenotype may be a promising strategy to achieve successful functional recovery after
stroke.
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Traditionally, microglia are considered to be speci�c tissue-resident macrophages in the central nervous
system (CNS) and to quickly respond to pathological event [8, 9]. In response to ischemic stroke,
microglial cells initiate the production of pro-in�ammatory mediators such as interleukin (IL)-1β, tumor
necrosis factor (TNF)-α, and IL-6, which means the M1 phenotype polarization[10, 11]. Contrastingly, M2
phenotype performs an anti-in�ammatory role through producing cytokines including IL-4, IL-10, and
transforming growth factor-β (TGF-β) [10, 11]. In recent years, considerable research efforts to elucidate
the functions of microglia phenotypic polarization shift in ischemic brain injury has been devoted[5, 6,
12–14]. However, the potential mechanism still needs further elusive.

Our previous study showed that PSD-93, acting as a PSDs scaffold protein, binds directly to 670–685
amino acid sequence of GTPase-activating protein for Ras (SynGAP) and promotes SynGAP
ubiquitination in ischemic brain injury [15]. And knockout PSD-93 improves in neurological de�cit by
inhibiting pro-in�ammatory factors and promotes the expression of anti-in�ammatory factors[16].
Furthermore, we also found that PSD-93 interacts with CX3CL1 to mediate neuron-microglia crosstalk
and initiate neuroin�ammation[17]. Using yeast two hybrid, and co-immunoprecipitation assay, we
con�rmed the binding sites are located at the 420–535 amino acid sequence of PSD-93 and 357–395
amino acid sequence of CX3CL1[17]. Based on the above results, we constructed a small peptides Tat-
CX3CL1 (357-395aa) to disturb the combination of PSD-93 and CX3CL1 and found that it could attenuate
cerebral infarct volume. But the underlying protective mechanism need to further explore.

In the current study, we investigated the peptide Tat-CX3CL1 (357-395aa) perfects functional recovery
after ischemic stroke by promoting M2 type microglia polarization. Delivery of Tat-CX3CL1 (357-395aa)
inhibited the production of M1 type proin�ammatory mediators, facilitated M2 type the anti-in�ammatory
cytokines and improved the integrity of the blood-brain barrier (BBB) after stroke. Furthermore, Tat-
CX3CL1 (357-395aa) reduced the cerebral infarct volume and improved long-term cognitive function after
stroke. Overall, these �ndings indicate that speci�c blockage of the binding of PSD-93 and CX3CL1 by
Tat-CX3CL1 (357-395aa) may be a potential novel neurorestorative strategy for treatment of ischemic
stroke.

Materials And Methods
Antibodies and Reagents

The peptide Tat-CX3CL1 (357-395aa) (catalog number: 04010055093, China peptides company,
Shanghai, China) was dissolved in DMSO. The peptide sequence is followed: 5-FITC-(Acp)
MFAYQSLQGCPRKMAGEMVEGLRYVPRSCGSNS YVLVPV (purity >95%). Primary antibodies included:
Rabbit polyclonal anti-Iba1 (catalog number: 019-19741, Wako company, Japan, 1:500), rat monoclonal
anti-CD68 (catalog number: ab53444, Abcam company, Cambridge, UK, 1:500), Rabbit polyclinal to
Myelin Basic Protein antibody catalog number: ab40390, Abcam company, Cambridge, UK, 1:500 ,
mouse anti-Neuro�lament H (NF-H) nonphosphory-lated antibody (SMI32; catalog number: 801701,
BioLegend, San Diego, CA, USA,1:500). The secondary antibodies were followed: Alexa Flour cy3 goat
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anti-rabbit IgG (catalog number: E031620, Earthox, LLC, San Francisco, CA, USA, 1:500), Alexa Flour 488
donkey anti-rat IgG (catalog number:21208, Invitrogen, 1:000), Alexa Flour 488 goat anti-mouse IgG
(catalog number: ab150113, Abcam company, Cambridge, UK, 1:1000). ELISA kits were purchased from
R&D. GW280264x (catalog number: 555806, Medkoo Biosciences).

Animals

Two hundred and sixty-one male C57BL/6 mice (22-26 g weight) were purchased from Jinan Pengyue
Company (Shandong, China). Mice were housed in a 12 h/12 h light-dark cycle with ad libitum food and
water. The animal procedures were approved by the University Committee on Animal Care of Xuzhou
Medical University (ethics No. 201702w012). And animal experiments were complied with the ARRIVE
guidelines and carried out in accordance with the National Institutes of Health guide for the care and use
of laboratory animals. Due to the protection of estrogen on ischemic injury and stress, only male mice
were used in this study. Mice were euthanized by cervical dislocation and followed the study design as
shown in Fig 1.

Middle Cerebral Artery Occlusion Model (MCAO)

The surgery protocol followed the previous mentioned [18]. Mice were induced anesthesia with 3%
iso�urane in a 30% O2/68.5% N2O mixture and were maintained anesthesia 1.5% iso�urane in a 30%
O2/68.5% N2O mixture. Middle cerebral artery occlusion (tMCAO) model was performed for study. A
median incision was made in the neck to separate the right common carotid artery (CCA), right internal
carotid artery (ICA) and right external carotid artery (ECA). Silica gel thread plug (catalog number:
9070001201, RWD company, Shenzhen, China) was inserted into the right middle cerebral artery of mice.
After 60 minutes of ischemia, the silica gel thread plug was slowly pulled out to start reperfusion. The
stump of blood vessel was ligated, and the skin was sutured with 4-0 suture (Chenghe suture, Ningbo,
China). The mice were placed in the incubator until they fully woke up, and then placed in the breeding
box. During the surgery, mice rectal temperature was maintained at 37 ± 0.5 °C. In the sham operation
group, mice received the same surgical procedures without occluding the carotid arteries.

The mice limb movement and consciousness would be evaluated after they are fully awake to determine
whether to include or exclude. Mice would be included for next experiment with abnormal limb movement
and unconscious disturbance. Otherwise, they would be excluded with one of the following conditions:
normal movement and no deviation from the left and right; death or unconsciousness onset shortly after
surgery; continuous or intermittent jumped or rolled-over body.

To alleviate the mice postoperative pain, we used 3mg/kg ketoprofen once a day at least 3 days after
surgery via abdominal injection. In addition, to better take care of the post-operative mice, we used
glucose and sodium chloride injection twice a day at least 3 days after surgery.

The mortality rate suffering surgery was 8.05%. A total of 261 mice were used in this study, including 26
mice excluded because of death (5 mice), cerebral hemorrhage (8 mice), disturbance of consciousness (8
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mice) or failure of ischemia induction (5 mice) (As show in Fig 1B).

Lateral ventricular injection

Based on our previous research, 357-395 amino acid sequence of CX3CL1 are necessary for combination
with PSD-93 [17]. And the binding between PSD-93 and CX3CL1 promotes the activation of microglia in
acute ischemic cerebral infarction. Thus, we constructed the small peptide CX3CL1 (357-395aa) to
disturb combination of PSD-93 and CX3CL1[17]. Tat-CX3CL1 (357-395aa) were diluted with DMSO at
2.5μg/μL, 5μg/μL, and 10 μg/μL and were injected in intracerebroventricular injection with 2 ul per
mouse. Mice received DMSO or peptide randomly half an hour before MCAO and repeated at 1d, 2d, and
3d postsurgery. The right cerebral ventricle was selected to inject the peptide or DMSO (from the bregma:
anteroposterior-1 mm; lateral 1 mm; depth 2 mm) [17].

Intranasal GW280264x administration

The ADAM17 inhibitor GW280264x was treated using intranasal[18, 19] and four drug concentration
(0.25μg/μl, 0.5μg/μl, 1.0μg/μl, and 1.5μg/μl) was set based on previous reported. Mice were randomly
assigned to receive DMSO or GW280264x nanoparticle treatment 30 min before MCAO surgery. Five 2-μL
drops (total 10 μL) of GW280264x were applied alternately into each nostril with a 2-min interval between
drops. Control groups received the same volume of DMSO.

Triphenyl tetrazolium chloride (TTC) staining

TTC staining was performed as described previously[15] . On the 7th day after surgery, the mice were
anesthetized and decapitated directly, and the brain tissue was placed in the mice brain mold (reward).
The brains were rapidly frozen at -80 ° C for about 5 min and cut one piece every 1 mm. The �rst knife is
at the midpoint of the line between the anterior pole and the optic chiasm and total 5-6 slices were
stained with 2% TTC (2,3,5-triphenyltetrazolium chloride) (Catalog No.BCBW4269, sigma company, USA)
at 37°C for 15 min in the dark. The normal tissue was red and the infarcted tissue was white. Filter paper
was used to absorb the surface dye of brain slices, and 4% paraformaldehyde was used for internal
�xation overnight. The infarct area ratio was analyzed by image pro Plus6.0 software. Infarct volume
ratio (%)= V1/V2×100%,V1= ∑S1×d,V2= ∑S2×D (S1: infarct area of each section; S2: total area of each
section; d: thickness of each piece is 1mm).

Quantitative PCR Assay

The quantitative real-time PCR methods were carried out as described previously[16]. Total RNA was
extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA, Cat. 15596-026) and reverse transcribed to
coding deoxyribonucleic acid (cDNA) using a cDNA synthesis kit (catalog number: RR037A, TAKARA
company, Japan). The reaction conditions were 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s
and 60 °C for 60 s. The following primers were purchased from SANGON Biotech (Shanghai, China) (see
in Table 1). The relative expression of target genes was calculated using the 2−ΔΔCT method, with
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glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control. Data were expressed as fold
change in expression relative to sham-operated mouse group.

Immuno�uorescent Assay

The detail procedure was reported previously [18]. The mice were euthanized and �xed with 4%
paraformaldehyde through cardiac perfusion. The mice brains were removed and further �xed in 4%
paraformaldehyde at 4 ℃ for 24 hours. Brain tissue was treated with 30% sucrose solution for 72 hours
for dehydration. The brain slices (20 μm thick) were cut with a Leica cryo microtome and kept cryo-
storage with the antifreeze solution. Sections were blocked with 5% BSA (solution with 0.3% Triton X-100
in PBS, PBST) (Catalog No. 28020, Solarbio, Beijing, China) at room temperature for 1 hour and then
incubated with primary antibodies at 4 ℃ overnight. After washing 3 times with PBST, the sections were
incubated for 1 hour in room temperature with speci�c �uorescent second antibodies. After washing 3
times with 0.3% Triton X-100 in PBS solution, speci�c �uorescent secondary antibodies were incubated at
room temperature for 1 hour. We used confocal microscopy to capture images and selected two �elds in
peri-infarct area in each section. And three typical sections having infarct site for each mouse were used
to assess.

Evaluation of brain water content

Brain water content was measured with a common wet-dry weight method [20]. Mice were euthanized
and brains were removed carefully and quickly. Then we obtained the wet weight (WW) after removing
olfactory bulbs, cerebellum and pons. Subsequently, dry weight (DW) were obtained after the brains were
put in an oven at 110℃ for 6h to dry. Brain water content was evaluated by formula: WC =
(WW−DW)/WW×100%.

Behavioral tests

Modi�ed Neurological function score (mNSS). Based on motor, sensory, re�ex, and balance tests,
neurological function were assessed with modi�ed Neurological Severity Scores (mNSS), as described
previously[15]. Total mNSS score were 18 points, and the higher the score, the more severe the
neurological impairment. And we evaluated at 1 d, 3 d, 5 d and 1w after stroke, respectively.

Morris water maze test. Morris water maze test was used to analyze the cognition function including
learning and memory ability following with our previous described[18]. Animals were trained on three
trials one day for three consecutive days before MCAO. And the experiment was carried out at 31-34 d
after MCAO surgery. The water maze device is a circular pool (diameter = 121 cm) with opaque water and
dark gray wall and bottom and the depth is 45 cm. A square platform (diameter = 10 cm) was submerged
1 cm beneath the water surface and located in the second quadrant of the water maze device.
Furthermore, the water temperature was kept at 21 ℃. In the learning test, mice were placed into the pool
from one of the four quadrants respectively and allowed to �nd the hidden platform for 60 s. If the mice
did not achieve the platform within 60 s, the experiment �nished and the mouse was guided to the
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platform with a wooden stick and stayed on the platform for 10 s to learn and form the memory of the
location of the platform, and then the mouse was removed for the next experiment. Each animal was
trained 4 times a day with an interval of 10-15 min for 3 consecutive days. The time spent to reach the
platform was recorded. The memory test was performed on 34 day. And the platform in the second
quadrant was removed and the behavioral software was used to record the time of mice in the target
quadrant (the quadrant where the platform was originally placed), the number of times of entering the
quadrant platform and the total distance of swimming in 1 min.

Open �eld test. The test was used to evaluate the state of depression in mice by using the rodent's
exploration behavior of the new environment and performed on 28 days after stroke[21]. The equipment
was mainly composed of a square open box of 50cm×50cm× 50cm and was divided into peripheral area
and central area. A video monitor was placed above the open �eld equipment to record the frequency and
residence time of mice entering the central region. One week before the experiment, mice were placed in
the behavioral test room for 3-5 min every day, so as to eliminate the fear of the environment and the
experimenter. At the beginning of the experiment, mice were gently placed into the open �eld from the
edge, allowing them to explore freely in the open �eld for 5min. Recorded the activity time and entry times
in the central area of the open �eld. During the experiment, the investigator should be 1 meter away from
the equipment to eliminate the in�uence on the experimental animals. Once �nished, the equipment was
cleaned and the labyrinth was wiped with 75% alcohol to eliminate the in�uence of animal odor on
subsequent experimental animals.

Elevated plus maze. The test was used to evaluate the anti-anxiety behavior by using the contradictory
tendency of mice to explore new environment and the fear of the open arm hanging high and performed
on 29 days after stroke[22]. It was used to allow the mice acclimatize the facility for at least 7 days
before experiment. The elevated cross maze consists of two open arms with 50cm long and 10cm wide
and closed arms. Both sides of the closed arms are covered by a plastic plate with a height of 40cm,
while the open arms are not covered by plastic plates. The four arms were connected by a central
platform with a 10cm×10cm open part. And the maze is 50cm high from the ground. A video monitor is
installed above the maze to record the movement of the animals. The mice were placed on one side of
the maze with open arms at the beginning of the experiment, and each animal was placed in the same
position thereafter. The number of entries and the time spent in each arm were recorded for 5 minutes.
During the experiment, the investigators should be 1 m away from the maze to eliminate the in�uence on
the experimental animals. After recording, the maze was cleaned and wiped with 75% alcohol to eliminate
the effects of animal odor on subsequent experimental animals.

ELISA

Soluble CX3CL1 levels were analyzed by ELISA kit (R&D Systems, Stillwater, MN, USA) according to the
manufacturer’s instructions.

Statistical analysis
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In this study, the sample sizes per group were obtained by power analyses based on previous studies and
the literature [15]. And blind method was used in the whole experiment design and implementation
process. For example, the person who assessed the mNSS score or analysis the data did not know the
groups.

Data were presented as mean ± standard error of the mean (SEM). GraphPad Prism software (version
8.1.0, La Jolla, CA, USA) was used to analysis the data which coming from at least 5 mice. Firstly, we
analyzed whether the data conform to normal distribution using Kolmogorov-Smirnov test. Student's t
test was used to analyze data for continuous variables with normal distributions and Mann-Whitney U
rank sum test was used with non-normal distributions. Comparison of differences in means between
multiple groups were analyzed using one-way ANOVA. And post hoc Bonferroni tests were used to further
test pairwise comparisons when the ANOVA showed signi�cant differences. In all analyses, P < 0.05 was
considered statistically signi�cant.

Results
Tat-CX3CL1 (357-395aa) reduced ischemic brain injury and improved neurobehavioral function after
stroke.

Our previous study showed that PSD-93, acting as a scaffold protein in the postsynaptic membrane, can
mediate ischemic brain injury by binding to the 357-395 amino acid sequence of CX3CL1 through its 420-
535 amino acid sequence[17]. And the constructed peptide Tat-CX3CL1 (357-395aa) blocking the
combination between PSD-93 and CX3CL1 protected ischemic brain injury[17]. But the underlying
mechanism needs to further explore.

Consistent with our previous results, we found that Tat-CX3CL1 (357-395aa) displayed neuroprotection in
ischemic cerebral infarct. In this study, TTC staining was used to detect the effects of different
concentrations of interfering peptides on the volume of cerebral infarction at the time point of 7d after
cerebral infarction, and the optimal concentration was selected for subsequent experimental study. As
shown in Fig 2A, and 2B, comparing with I/R group and DMSO group, Tat-CX3CL1 (357-395aa) both at
5μg/ μL and 10μg/ μL of concentration signi�cantly reduce the tissue loss caused by stroke and the
difference was statistically signi�cant (P<0.001). Furthermore, the reduction of infarct volume was more
obvious at 10μg/ μL concentration, which was consistent with our previous report. And 10ug/uL
concentration was selected to further study the function and mechanism of Tat-CX3CL1 (357-395aa).
And more, Tat-CX3CL1(357-395aa) improved signi�cantly the mNSS scores at I/R 1d and 3d signi�cantly
(as shown in Fig 2 C P<0.05).

Tat-CX3CL1 (357-395aa) affects the microglia M1 to M2 phenotype polarization shift in the acute stroke
phase.

CX3CL1/CX3CR1 axis regulates microglial activation and function and exerts neuroprotective or
neurotoxic effects by mediating the release of in�ammatory cytokines in the in the central nervous
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system (CNS)[22-28]. To explore the potential cellular mechanism of Tat-CX3CL1 (357-395aa) in ischemic
stroke, we �rst detected the expression of M1/M2 type in�ammatory factors at different time points after
ischemia/reperfusion. The results showed that M1 type in�ammatory factors (TNF-α, COX-2, and CCL-2)
increased from 6h after stroke and peaked at 24h (as shown in supplemental 1B, 1D, and 1E). And the
expression of other cytokines including iNOS and IL-1β also peaked at 24 h after stroke (as shown in
supplemental 1A and 1C). However, M2 type in�ammatory factors (IL-4, CD-163, IL-10, and VEGF)
decreased from 3h after stroke and mostly maintained to 24 h (as shown in supplemental 1F-1I). And
CD163 and IL-10 began to rise from 48h after stroke (as shown in supplemental 1G, 1H). Thus, we
selected 24h time point to further investigate the microglia polarization.

To elucidate the effect of Tat-CX3CL1 (357-395aa) on microglia different polarization in post stroke, the
quantitative real-time PCR analysis was performed to detect the M1 and M2 type cytokines. As shown in
Fig 3A-E, Tat-CX3CL1 (357-395aa) inhibited proin�ammatory factors (iNOS, TNF-α, IL-1β, COX2 and CCl2)
related to M1 type and facilitated the decreased expression of type anti-in�ammatory responses (IL-4, IL-
10, CD163, and VEGF) related to M2 type at 24 h after stroke (Fig 3F-I). To further con�rm the result, we
used immuno�uorescence assay to observe the number of M1-type microglia in the cortex and striatum
around the infarct area after 24h reperfusion and found that the number of positive M1 microglia cells
decreased signi�cantly in Tat-CX3CL1 (357-395aa) groups not only in cortex region but also in striatum
region (Fig 4A-F). These data suggest a potential new protective target of Tat-CX3CL1 (357-395aa) on
microglia M1/M2 phenotype switch during ischemic stroke.

Tat-CX3CL1 (357-395aa) inhibited generation of sCX3CL1 and improved brain edema.

CX3CL1 is localized on neuronal cells and exists in the form of membrane-anchored CX3CL1 (mCX3CL1)
and soluble CX3CL1 (sCX3CL1) isoforms[29]. And once mCX3CL1 is cleaved into sCX3CL1 by the
disintegrin and metalloproteinase (ADAM 10 and ADAM 17) and the latter could bind to its only receptor
CX3CR1 expressed in microglia and initiates its downstream signaling pathway[30, 31]. Our previous
study showed that PSD-93 binds CX3CL1 through their speci�c amino acid sequence, which promotes
membrane-bound CX3CL1 (mCX3CL1) cleave into soluble CX3CL1 (sCX3CL1)[17].

To further elusive the mechanism of peptide Tat-CX3CL1 (357-395) on microglia polarization
transformation, we tested the generation of sCX3CL1 and found that Tat-CX3CL1 (357-395) inhibit the
formation of sCX3CL1 (as shown in Fig 2F). Meanwhile, we applied GW280264x, an inhibitor of
disintegrin and a metalloproteinase ADAM 17, and selected I/R 6h time point and observed that
GW280264x inhibited the expression of proin�ammatory cytokines including iNOS, TNF-α, and IL-1β and
facilitated the expression of anti-in�ammatory cytokines including CD-163, IL-10, and VEGF (as shown in
Fig 5).

Ischemic cerebral injury destructed the blood-brain barrier integrity and induced brain edema especially
24-72h after stroke. Tat-CX3CL1 (357-395aa) could also reduce the cerebral edema after infarction
remarkably (Fig 2D, 2E). These results indicated that Tat-CX3CL1 (357-395) may decrease the expression
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of mCX3CL1 through blocking the combination of PSD-93 and CX3CL1 and then reverse the
proin�ammatory state of microglia.

Tat-CX3CL1 (357-395aa) treatment promotes functional recovery of cognitive dysfunction after stroke
through improving integrity of myelinated �bers.

White matter injury after stroke is associated with cognitive de�cits and involved with neuroin�ammation,
demyelination, and degeneration of axons[32-34]. To further explore whether Tat-CX3CL1 (357-395aa)
improve the cognitive dysfunction, Morris water maze was designed to investigate mice study and
memory function. As shown in Fig 6, Tat-CX3CL1 (357-395aa) reduced the escape latency and extended
the time spent in the target quadrant. However, Tat-CX3CL1 (357-395aa) did not affect mice swimming
speed (Fig 6C). Moreover, neuroin�ammation induced by ischemic cerebral damage may be facilitate the
loss of myelin sheath and white matter lesions[35].

In light of above results, we evaluated whether Tat-CX3CL1 (357-395aa) improve white matter integrity in
stroke and used dual staining for SMI32 (a marker of demyelinated axons) and myelin basic protein
(MBP, a major myelin protein) to assess the lesion in white matter (Fig 6E,6F). The immuno�uorescence
intensity of MBP staining decreased in corpus callosum (CC) and cortex regions at 35d after MCAO (Fig
6G, 6H). However, Tat-CX3CL1 (357-395aa) increased the loss of myelin protein signi�cantly. SMI32/MBP
ratio was used to analyze the repair degree of myelin sheath and white matter. Results showed that in
corpus callosum (CC) and cortex regions SMI32/MBP ratio increased in I/R and DMSO group
signi�cantly comparing with sham group and lower SMI32/MBP ratio in Tat-CX3CL1 (357-395aa) group
comparing with I/R and MDSO group (Fig 6I, 6J). These results suggested that Tat-CX3CL1 (357-395aa)
promote the repair of myelin sheath and the recovery of white matter in cortex and CC.

Tat-CX3CL1 (357-395aa) improves poststroke anxiety and depression.

Post-stroke depression and anxiety exacerbate cognitive dysfunction and the underlying mechanism
might be related to microglia polarization. Here, we observed the anxiety-like behavior and depression
state using open �eld test and elevated plus maze. Elevated plus maze were performed to exam anxiety
status in mice on 29 days after ischemic stroke. The elevated cross maze included open arm and closed
arm and the number of entering the open arm and dwell time were recorded and analysed. As shown in
Fig 7, compared with I/R group and DMSO group, the number of entering the open arm and dwell time
increased remarkedly. It is suggested that Tat-CX3CL1 (357-395aa) can improve anxiety behavior after
ischemic brain injury in mice.

Additionally, we also recorded the number of entering the central region and residence time in open �eld
test and found that Tat-CX3CL1 (357-395aa) increased the frequency of entering the central area and the
activity time in the central area of open �eld signi�cantly. It is suggested that Tat-CX3CL1 (357-395aa)
improves post-stroke depression.

Discussion

https://dict.youdao.com/w/analyse/#keyfrom=E2Ctranslation
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The present study identi�ed the robustly protective roles of the Tat-CX3CL1 (357-395aa) through blocking
the interaction of PSD-93 and CX3CL1 and reduced the production of soluble CX3CL1, resulting in
inhibiting the communication between neuron and microglia. Here, we found that the expression peaks of
pro-in�ammatory cytokines (M1 like) and anti-in�ammatory cytokines (M2 like) were different and peak
of M1 like cytokines was earlier than that of M2 like cytokines. In addition, the peak of sCX3CL
expression was the same time point as the starting time of M1 phenotypic microglia activation, which
con�rm the sCX3CL-CX3CR1 signal pathway mediating the neuron-microglia crosstalk. The peptide Tat-
CX3CL1 (357-395aa) reduced pro-in�ammatory cytokines secretion in acute ischemia-reperfusion
meanwhile prompting anti-in�ammatory cytokines expression (as shown in Fig 8). Furthermore, the
peptide Tat-CX3CL1 (357-395aa) diminished the neurological impairment and improved the long-term
cognitive dysfunction after stroke. Collectively, these data support the bene�cial effects of Tat-CX3CL1
(357-395aa) and the peptide treatment might be a therapeutic potential after ischemic stroke.

Accumulating evidences showed that microglia are polarized into different states within hours following
stroke onset. Differential polarization of microglia including classic pro-in�ammatory type (M1-like) and
alternative protective type (M2-like) is activated at different stage, which exerts detrimental or bene�cial
potentials[10, 36, 37]. Thus, future therapies targeting microglia not only exclusively focuses on inhibiting
microglia activation, but also adjusts its polarization toward M1or M2 phenotype. However, the exact
molecular mechanism mediating microglia polarization under ischemic environment needs to further
elucidate.

In this study, we found that M1/M2-like microglia activation at different stage after stroke. M1-like
microglia was activated at 6h after stoke �rstly and peaked at 24h and then persisted several days. This
result is consistent with the peak expression of s CX3CL1[17], which indicates that splicing into sCX3CL1
promotes M1-like microglia activation. Conversely, M2-like microglia was suppressed at �rst 24h
following stroke onset. Meanwhile, we found an interesting phenomenon that Tat-CX3CL1 (357-395aa)
facilitates microglia polarization from M1 to M2 phenotype through inhibiting the M1-phenotype
cytokines (iNOS, TNF-α, IL-1β, COX-2, and CCL-2) and promoted the M2-phenotype cytokines (IL-4, CD-
163, IL-10, and VEGF) at 24h after stroke. This gave us a new target for treatment acute ischemic stroke
injury. But the potential mechanisms and its association with behavioral and cognitive dysfunction
induced by stroke are still further investigation. And the role of dynamic changes of in�ammatory
response in subacute cerebral infarction is still worthy of further study.

Our previous intriguing study found that PSD-93 binds with CX3CL1 and their binding amino acid
sequence located at 420-535 amino acid sequence of PSD-93 and 357-395 amino acid sequence of
CX3CL1[17]. The peptide Tat-CX3CL1 (357-395aa) blocked the binding of PSD-93 and CX3CL1 in the
cerebral infarct volume, but the underlying mechanism is still unclear. Microglia plays a vital role in health
and disease through CX3CL1/CX3CR1 signaling, which is critical for microglia-neuron cross-talk on the
account of their speci�c cellular localization [24-28, 38]. In addition, PSD-93 combined with CX3CL1 and
facilitated it cracking into soluble forms, and then bond to CX3CR1 receptor expressed on microglia [17].
Here, we also found that Tat-CX3CL1 (357-395aa) reduced the release of soluble CX3CL1 and inhibited
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pro-in�ammatory type (M1-like) cytokines, which implies that Tat-CX3CL1 (357-395aa) suppressed the
soluble CX3CL1 expression and then inhibited CX3CL1/CX3CR1 signaling pathway activation.

Previous study revealed that CX3CL1-CX3CR1 signaling regulated synaptic plasticity and cognitive
functions in adult brain[39-42]. Ischemic stroke impacts not only grey matter but also white matter and
induces poststroke cognitive impairment de�cits both memory and learning. Furthermore, incidence rate
of post-stroke anxiety and post-stroke depression was about 36.7% within 2 weeks after stroke[43, 44],
which accounts for detrimental in�uences on poststroke cognitive impairment. Aside from the effect of
microglia polarization transformation, Tat-CX3CL1 (357-395aa) contributed to the white matter repair and
cognitive improvement. Additionally, Tat-CX3CL1 (357-395aa) performed a bene�cial potential on post-
stroke anxiety and depression state. These results suggest that inhibition of microglial polarization in
acute stage of ischemic infarction will be bene�cial to the rehabilitation of nerve function in the later
stage. And Tat-CX3CL1 (357-395aa) is attractive for stroke therapies based on their immunoregulation
and protective function.

Many evidences suggest that microglia play the biphasic role in cerebral ischemia because of its
differential polarization[10, 36, 37]. Single target M1-like microglia is insu�cient because microglia
polarization is dynamically changing that is new prospects in brain repair. Our study has uncovered a role
of Tat-CX3CL1 (357-395aa) in immunoregulation about microglia polarization transformation.
Furthermore, we have indicated that Tat-CX3CL1 (357-395aa) promotes white matter repair and improves
poststroke cognitive impairment and poststroke emotional dysfunction. Therefore, it might be a new
potential therapeutic strategy for functional recovery after ischemic stroke onset.

Conclusion
In this study, we revealed the mechanism of PSD-93 regulating CX3CL1/CX3CR1 axes during ischemic
stroke. Our �ndings indicated that Tat-CX3CL1 (357-395aa) inhibited formation of soluble CX3CL1 and
promote M2 type microglia polarization, which eventually plays a neuroprotective role in mice ischemic
stroke model. To sum up, the peptide Tat-CX3CL1 (357-395aa) might a new target for treatment of
ischemic stroke.
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Name  Primer

GAPDH Forward: 5'- GCCAAGGCTGTGGGCAAGGT-3'

Reverse: 5'-TCTCCAGGCGGCACGTCAGA-3'

TNF-α Forward:5'-TGTGCTCAGAGCTTTCAACAA-3'

Reverse: 5'-CTTGATGGTGGTGCATGAGA-3'

IL-10 Forward:5'-GGCATGAGGATCAGCAGGGGC-3'

Reverse:5'-TGGCTGAAGGCAGTCCGCAG-3'

iNOS Forward:5'-CAGCTGGGCTGTACAAACCTT-3'

Reverse:5'-CATTGGAAGTGAAGCGTTTCG-3'

IL-4 Forward:5'-GAATGTACCAGGAGCCATATC-3'

Reverse:5'-CTCAGTACTACGAGTAATCCA-3'

COX2 Forward:5'- CTCTACATAAGCCAGTGAGA -3'       

Reverse:5'- TCATCTTGTAACAACACTCAC -3'

CCL-2 Forward: 5'- GCTGGAGCATCCACGTGTT -3'        

  Reverse: 5'- ATCTTGCTGGTGAATGAGTAGCA -3'

CD163 Forward: 5'-GGGAAGAGTGGAGCTCAAGA-3'

  Reverse: 5'-ACCAGCTCCTTTCCCAAAAT-3'

IL-1β Forward: 5'-AAGCCTCGTGC TGTCGGACC-3'

  Reverse: 5'-TGAGGCCCAAGGCCACAGGT-3'

VEGF Forward: 5'-GGGGAGCAAGCAAGGCCAGG-3'

  Reverse: 5'-TCTCTGCCTCCGTGAGGGGC-3'

Figures
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Figure 1

Study design �owchart. (A) Showed the timeline schematic of the experimental procedure. (B) Showed
the �owchart of mice experimental grouping.
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Figure 2

Tat-CX3CL1 (357-395aa) reduced infarct volume, brain edema and improved neurological function in
mice after cerebral infarction. (A-B) TTC staining showed that Tat-CX3CL1 (357-395aa) reduced infarct
volume. ***P<0.001, 5μg/μL Tat-CX3CL1(357-395aa) group versus DMSO group; ###P<0.001, 10μg/μL
Tat-CX3CL1(357-395aa) group versus DMSO group, n=5. (C) mNSS scores showed a gradual
improvement in neurological function after cerebral infarction in Tat-CX3CL1 (357-395aa) group. *P<0.05,
Tat-CX3CL1 (357-395aa) group versus DMSO group, n=8-17. (D) TTC staining of mice brain at R24h in
each group. (E) Tat-CX3CL1 (357-395aa) reduced the water content of brain tissue after infarction. ****P
< 0.0001, Tat-CX3CL1 (357-395aa) group versus I/R group; ###P<0.001, Tat-CX3CL1 (357-395aa) group
versus DMSO group, n=5. (F) Tat-CX3CL1 (357-395aa) inhibited the expression of sCX3CL1 at R6h.
*P<0.05, Tat-CX3CL1 (357-395aa) group versus I/R group; #P<0.05, Tat-CX3CL1 (357-395aa) group
versus DMSO group, n=5. Results are expressed as means ± SEM.
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Figure 3

Effects of Tat-CX3CL1 (357-395aa) on phenotypic polarization of M1/M2 microglia at R24h. Effects of
Tat-CX3CL1(357-395aa) on phenotypic polarization of M1/M2 microglia at R24h. (A-E) Tat-CX3CL1(357-
395aa) reduced the expression of iNOS, TNF-α, IL-1β, COX2 and CCL2. (F-I) Tat-CX3CL1(357-395aa)
increased the expression of IL-4, CD163, IL-10 and VEGF. Tat - CX3CL1(357-395aa) group I/R group, *P <
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0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; Tat - CX3CL1 group versus DMSO group, #P < 0.05, ##P <
0.01, ###P < 0.001, ####P < 0.0001, n = 5). Results are expressed as means ± SEM.

Figure 4

Tat-CX3CL1 (357-395aa) inhibited the polarization of M1-type microglia. (A, B) Representative images of
Iba1 (red) and CD68 (green) immunostaining in cortex and striatum at 24h after cerebral ischemia. Scale
bar: 50μm. Selected areas were observed in cortex and striatum. (C, D) Quanti�cation of the number of
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Iba1+ CD68+ cells in the peri-infarct areas of cortex and striatum respectively. ****P < 0.0001, Tat-CX3CL1
(357-395aa) group versus I/R group; ###P < 0.001, Tat-CX3CL1 (357-395aa) group versus DMSO group,
n=5. Results of data analysis are expressed as means ± SEM.

Figure 5

GW280264x, an inhibitor of disintegrin and a metalloproteinase ADAM 17, facilitate the M1 to M2
phenotypic shift at 6h after stroke. Different dilution concentrations (0.25, 0.5, 1.0, 1.5 ug/ul) were
selected to ensure the optimal drug concentration. (A-C) Total four-concentration of GW280264x could
inhibit the expression of iNOS, TNF-α, IL-1β signi�cantly. (D) Tat-CX3CL1(357-395aa) reduced the escape
latency in mice signi�cantly (learning). (E-F) Tat-CX3CL1(357-395aa) extended the time spent in the
target quadrant (memory). (D) There was no change in swimming speed in each group. **P<0.01, ****P
0.0001, Tat-CX3CL1 (357-395aa) group versus I/R group, n=5.
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Figure 6

Tat-CX3CL1 (357-395aa) improved white matter integrity and long-term cognitive functions after MCAO.
(A-E) Long-term cognitive functions were evaluated in the Morris water maze. (A) Representative images
of the swim paths in each group while the platform was present (learning phase) or removed (memory
phase). n=10-15/group. (B) Tat-CX3CL1 (357-395aa) extended the time spent in the target quadrant
(memory). (C) There was no change in swimming speed in each group. (D, E) Tat-CX3CL1 (357-395aa)
reduced the escape latency in mice signi�cantly (learning). (F-K) Double immunostaining for MBP and
SMI32 at 35 d after MCAO or sham operation. n=5/group. Representative images for MBP (red) and
SMI32 (green) double immunostaining peri-infarct areas in cortex (E) and CC (F) from sham, I/R group,
DMSO group, and Tat-CX3CL1 (357-395aa) group. Selected areas were observed in cortex and striatum.
Scale bar: 100μm. The �uorescence intensity of MBP in cortex (H) and CC (I). The ratio of SMI32 to MBP
immuno�uorescence intensity in cortex (J) and CC (K). Scale bar: 50 μm. n=5. *P < 0.05, **P < 0.01, ****P
0.0001, Tat-CX3CL1 (357-395aa) group versus I/R group; #P<0.05, ##P<0.01, ####P<0.0001, Tat-

CX3CL1 (357-395aa) group versus DMSO group. Results of data analysis are expressed as means ±
SEM.
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Figure 7

Tat-CX3CL1 (357-395aa) alleviated the poststroke anxiety and depression in mice. (A) Representative
images of movement paths in elevated plus maze in each group. (B, C) Tat-CX3CL1 (357-395aa)
increased the number of entering the open arm and the time spent on the open arm. (D) Representative
images of movement paths in open �eld experiment. (E, F) Tat-CX3CL1 (357-395aa) increased the
number and time of entering the central region. **P<0.01, ****P<0.0001, Tat-CX3CL1 (357-395aa) group
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versus I/R group; ###P<0.001, ####P<0.0001, Tat-CX3CL1 (357-395aa) group versus DMSO group,
n=10-15.

Figure 8

Schematic diagram of Tat-CX3CL1 (357-395aa) performing neuroprotective effect during ischemic
cerebral injury. Tat-CX3CL1 (357-395aa) through blocking the combination between PSD-93 and CX3CL1
inhibited the splintering of CX3CL1 into a soluble form and then promoted phenotypic polarization
transformation of microglia from M1 type to M2 type.
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