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Purpose: To investigate the effect of neural stem cell-derived exosomes (NSC-Exos) on neural function after rat cerebral ischemia- 
reperfusion injury by regulating microglia-mediated inflammatory response.
Methods: SD rats were randomly divided into Sham group, IRI group, PBS group and NSC-Exos group. Each group was divided into 
1d, 3d, 7d and 14d subgroups. In the Sham group, only cervical vessels were isolated without blockage. MCAO model was constructed 
in the other three groups by blocking middle cerebral artery with thread embolism. PBS group and NSC-Exos group were, 
respectively, injected into the lateral ventricle of PBS and Exos. Neurobehavioral deficit scores were performed for each subgroup 
at relative time points, then brains were taken for TTC staining, parietal cortex histopathology and microglia-mediated inflammatory 
response-related factors were detected.
Results: Compared with Sham group, neurological defect score and infarction volume in both the IRI and PBS groups were 
significantly increased. The exploration target quadrant time and escape latency time of maze test were increased. The number of 
CD86+/Iba1+ double-positive cells increased, while CD206+/Iba1+ double-positive cells decreased. The expressions of IL-6 and CD86 
in parietal cortex were increased, while the expressions of Arg1 and CD206 were decreased. Compared with the IRI group and PBS 
group, neurological defect score and infarction volume in NSC-Exos group were decreased. The exploration target quadrant time and 
escape latency time of water maze test were decreased. The number of CD206+/Iba1+ double-positive cells increased, while CD86+/ 
Iba1+ double-positive cells decreased. The expressions of Arg1 and CD206 in parietal cortex were increased, while the expressions of 
IL-6 and CD86 were decreased.
Conclusion: NSC-Exos can promote the polarization of microglia, that is, inhibit the polarization of M1 and promote polarization of 
M2, reduce microglia-mediated neuroinflammation, suggesting that NSC-Exos may be a strategy for the treatment of microglia- 
mediated neuroinflammation after ischemic brain injury.
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Introduction
Ischemic stroke is a common acute cerebrovascular disease, it always been a major cause of death and disability 
worldwide.1,2 Due to the complex pathophysiological mechanisms of stroke, which has great difficulties in treatment and 
prevention. Microglia are the resident immune cells of central nervous system, mainly initiate inflammation and immune 
response.3 Microglia are activated, rapidly migrate to the injury site and play a crucial role in neuroinflammation 
following stroke.4 Indeed, mounting evidence demonstrated that the role of microglia in stroke was based on their two 
polarizations: the pro-inflammatory (M1 phenotype) and anti-inflammatory (M2 phenotype).5,6 Regulating the 
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polarization of microglia, especially promoting the anti-inflammatory (M2 phenotype) transformation during the recovery 
period of stroke, may be a novel therapeutic strategy for post-stroke neurological recovery.

Neural stem cells (NSCs) are a kind of cell population with multi-directional differentiation potential and self-renewal 
abilities.7 Due to low immunogenicity and wide sources, stem cells have received more and more attention and provide 
new directions for future clinical treatment of diseases.8 In recent years, some works have shown that the therapeutic 
effect of neural stem cells is more dependent on the paracrine method, while exosomes (exos) are critical paracrine 
mediators.9 Recently, exosomes have been identified as a crucial role in intercellular communication by delivering 
proteins, RNAs and miRNAs to neighboring cells.10,11 Although some studies show that neural stem cell-derived 
exosomes (NSC-Exos) are powerful mediators obtained in neuronal protective and immune response under multiple 
pathological conditions,12 little is known about their role in microglial activation after stroke. In the present study, the 
middle cerebral artery occlusion (MCAO) model was used to examine the efficacy of NSC-Exos on modulating 
microglial polarization and focused on whether NSC-Exos facilitated neurological recovery in an anti-inflammatory 
phenotype polarization-dependent manner.

Materials and Methods
Animals
12–14 weeks male Sprague-Dawley (SD) rats, body weight 250–280g. Reared seven days in advance to adapt to the 
environment (temperature 22–24°C; humidity 40–70%; 12-hour light/dark cycle). SD rats were purchased from the 
Experimental Animal Center of Guizhou Medical University, China. [License No. SYXK (Qian) 2018–0001]. All 
experimental procedures were approved by the Ethics Committee of Guizhou Medical University (Approval 
No. 2100034), according to the Laboratory Animal-Guideline for Ethical Review of Animal Welfare (Reference NO. 
GB/T 35892–2018).
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Experimental Groups and Animal Models
SD rats were randomly divided into Sham group, IRI group (Ischemia-reperfusion injury, IRI), PBS group (Phosphate 
Buffered Saline, treatment) and NSC-Exos group (IRI+NSC-Exos treatment). Each group was further divided into four 
subgroups: 1d, 3d, 7d, and 14d (n = 10). Except for the Sham group, the other groups were established as previously 
described by Zea-Longa’s method.13 Briefly, rats were anesthetized intraperitoneally with pentobarbital (30 mg/kg). 
Made a slight rightward incision along the neck to expose right common carotid artery (CCA), internal carotid artery 
(ICA) and external carotid artery (ECA). A small incision was made about 3–5mm below the ECA end, entered nylon 
suture along the incision to block ICA until slight resistance was felt, the insertion depth was about 20 ± 0.5mm. After 60 
minutes (min), the nylon suture was pulled out to restore blood flow perfusion, and the postoperative situation was 
observed until awakening.

Lateral Ventricle Administration
Rats were fixed on a stereotaxic instrument, and the skin incision was about 1.5–2.0cm in the midsagittal line. Adopted 
the bregma as the coordinate zero point, 0.5mm behind the bregma, 2.0mm to the right of the midline, and 4.5mm in 
depth, simultaneously determined the correctness by withdrawing the cerebrospinal fluid with the micro syringe.14 The 
NSC-Exos group was injected with NSC-Exos (10μg), while the PBS group was injected with PBS (10μL). All injections 
were performed slowly at a rate of 2.0 μL/min, and the syringe was withdrawn slowly after 10 min. Lateral ventricle 
injection followed the aseptic principle and recommended procedures to avoid complications.

Co-Localization of Fluorescent Probe PKH26 Labeling and MAP-2 Neurons
NSC-Exos was labeled with the red fluorescent dye PKH26 (Umibio Co. Ltd, China), and the dye working solution was 
prepared with the PKH26 linker of component A and the Diluent C of component B in the dark. Add 50μL working 
solution to about 200μg exosomes, then add about 10mL PBS to the exosome-dye complex. Centrifuge again to remove 
excess dye, and the resulting pellet was labeled exosomes. Immunofluorescent staining was performed on the brain slices 
(NSC-Exos group) to detect the co-localization of PKH26 labeling and MAP-2 nerve cells, the antibody used was MAP- 
2 (Boster, China).

Neurobehavioral Assessment
In this study, Longa’s scoring method13 was conducted to evaluate neurological function on 1d, 3d, 7d, and 14d after 
MCAO, and scores were evaluated by an observer blinded to each group. Score 0: normal activity of rats without obvious 
nerve injury. Score 1: left forelimb failed to extend (mild neurological deficit). Score 2: rats walked turning in circles to 
the left (moderate neurological deficit). Score 3: rats spontaneously turned to the left (severe neurological deficit). Score 
4: rats lost consciousness and could not walk. Rats with a scoring standard of ≥1 were included in this study, unqualified 
rats were excluded, and subsequent experiments were made in the same batch to supplement the number of each group.

Balance Test
Rats were placed on a wooden bar, and a sponge was placed under the wooden bar to prevent the rats from falling. Start 
timing when rats were stood firmly at the marked position, then used a camera to record the situation on the wooden bar 
for 120s. Score 0: passed the wooden bar smoothly. Score 1: grasped the edge without falling. Score 2: grasped the 
wooden bar, but one foot fell off. Score 3: grasped the wooden bar, both feet fell or turned over from the bars (>120s). 
Score 4: tried to keep steady but finally fell (>90s). Score 5: tried to keep steady but finally fell (>60s). Score 6: unable to 
keep stable, directly fell (<30s). Each rat was repeated three times to get the average value.

Morris Water Maze
Morris water maze (MWM) test was conducted to assess spatial learning and memory capability of MCAO rats as 
previously described.15 Briefly, rats were put into a black water tank and filled with water (diameter 150cm; height 60cm; 
temperature 22 ± 1.0°C). Morris software circled the edges and measured the corresponding quadrants with the computer. 
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An escape platform (diameter 10cm) was placed in the middle of the quadrant, and this position remained constant 
throughout the experiment. Four experiments were carried out from the first day to the fourth day, rats were placed in the 
tank, and facing the wall to explore freely every day. If the platform was found within 60s, the time was the escape 
latency period (end). If not found, guide them to stand on the platform and stay for 10s to end the experiment. The 
fifth day was the space exploration experiment, removing the platform from the tank and let it explore freely. Finally, the 
escape latency, target quadrant exploration time, and movement trajectory were recorded within the specified time to 
represent the memory function. Data were analyzed using the Morris water maze image process system (Chengdu Tai 
Meng Technology, China).

Measurement of Infarct Volume
Rats were stained with 2,3,5-triphenyl tetrazolium chloride (TTC, Boster, China) to evaluate the degree of cerebral 
infarction. At 3d after reperfusion, the rats were euthanized with a lethal dose of pentobarbital (100mg/kg). The brain 
tissues were removed immediately, put in −20°C for about 30 min, and sliced coronally into 2mm-thick sections. 
Sections were incubated in 2% TTC solution for nearly 20 min at room temperature and then immersed into 4% 
paraformaldehyde (PFA) solution overnight for fixation. As a result, normal areas were stained red, while infarcted areas 
appeared a pale gray color. ImageJ calculated the infarct area according to the following formula: infarct size (%) = 
(contralateral hemisphere area − ipsilateral non-infarct area)/contralateral area × 100%.

Immunohistochemistry Staining
Iba1, a characteristic marker of microglia, was stained in the parietal cortex of the brain. Immunohistochemical staining 
was carried out using the avidin-biotin method and SABC kit (Boster, China). Deparaffinized sections were treated with 
3% hydrogen peroxide for 15 min before conducting antigen retrieval using a microwave oven at 98°C for 10 min. After 
washing steps, incubated with bovine serum albumin (BSA) for 30 min to block nonspecific antigen binding. 
Subsequently, sections were incubated with anti-Iba1 (Bioss, China) at 4°C for 12h. After washing steps, a biotin- 
marked secondary antibody was applied for 20 min followed by a peroxidase-marked streptavidin for an additional 20 
min. The reactions were visualized by using 3,3’-diaminobenzidine tetrahydrochloride (DAB, Solarbio, China). Cell 
nuclei were counterstained with hematoxylin. Finally, taken pictures under the microscope and calculated the number of 
Iba1+ cells.

Immunofluorescence Staining
After preparing paraffin sections, the slides were incubated with a series of primary antibodies, including Iba1, CD86 
(Zen-bio, China), and CD206 (Proteintech, China). Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, 
Cell Signaling, USA). Finally, the sections were imaged with a laser confocal microscope (IXplore SPinSR10, Olympus, 
Japan) and quantified with the ImageJ software. ImageJ circled the region of interest (ROI), counted the co-labeled cells 
within ROI area, then determined the percentage of co-labeled cells. The result was expressed as a percentage: co-labeled 
cells (100%) = (total number of double positive cells/total number of Iba1+ cells × 100%).16

Western Blot Analysis
Rats were euthanized with a lethal dose of pentobarbital, and the right parietal cortex was separated and weighed. Put the 
brain tissue into the pre-cooled protein lysate for total protein extraction, all steps were performed on ice. After loading 
an equal amount of protein onto the gel, the electrophoresis procedure was initiated. The proteins were then transferred 
onto polyvinylidene fluoride (PVDF, Solarbio, China) membranes and blocked with 5% bovine serum albumin (BSA) for 
2h. Next, membranes were incubated with primary antibodies at 4°C for 12h. After washing three times, the membranes 
were incubated with secondary antibody (Boster, China) at room temperature for 2h. The primary antibodies used in this 
study were as follows: CD86, CD206, IL-6 (Bioss, China), and Arg1 (Ptm-bio, China), with β-actin (Bioss, China) as the 
internal reference. Finally, the Western blot detection system (Bio-rad, USA) was used to observe protein signals, which 
were quantified by ImageJ.
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Real-Time PCR Analysis
Rats were euthanized with a lethal dose of pentobarbital, the brain tissue was weighed and grinded, and then extracted the total 
RNA with Trizol (Beyotime, China). cDNA was synthesized from RNA by reverse transcription using a M5 Sprint qPCR RT kit 
(Mei5bio, China). The reaction was performed on a real-time PCR system (Bio-rad, USA). The reaction procedure: 95°C, ➡30s, 
95°C, ➡10s, 60°C, ➡30s, 40 cycles. The comparative mRNA expressed level was normalized to the GAPDH and calculated 
according to the 2−ΔΔCt method. Primers were synthesized by Sangon Biotech (Shanghai, China), and the primer sequences were 
as follows: CD86 (F:5’-GATTGCAGGTCCCAGTTCACTTC-3’, R:5’-CCACTGTCCTGCTTGGACTCAC-3’); CD206 
(F:5’-TGGAGTGGCAGGTG GTTTATG-3’, R:5’-GGTTCAGGAGTTGTTGTGGGC-3’); Arg1 (F:5’-ATCGGAGC 
GCCTTTCTCAAA-3’, R:5’-GCAGATTCCCAGAGCTGGTT-3’); GAPDH (F:5’-AG ACAGCCGCATCTTCTTGT-3’, R:5’- 
TACTCAGCACCAGCATCACC-3’).

Statistical Analysis
All data were expressed as mean ± standard deviation and analyzed using SPSS 20.0 software (SPSS Inc., Chicago, 
USA). A one-way analysis of variance followed by Student-Newman-Keuls test was used to assess statistical signifi-
cance. P<0.05, the statistical significance of the difference was considered feasible.

Results
NSC-Exos Alleviate Neurobehavioral Deficits After MCAO
Neurobehavioral deficits were evaluated using Longa’s score and balance beam test. The scores further showed that 
NSC-Exos treatment greatly attenuated neurobehavioral deficits after stroke compared to the IRI and PBS group 
(P<0.05). There was no significant difference between the IRI and PBS group (P>0.05). However, the NSC-Exos 
group exhibited significantly lower scores on 1d, 3d, 7d, and 14d after MCAO compared with the IRI and PBS groups 
(P<0.05, Figure 1A and B).

NSC-Exos Improve the Cognitive Deficits in Rats After MCAO
To further investigate the neuroprotective effects of NSC-Exos, spatial learning and cognitive function were assessed by 
MWM test.17 In the MWM analysis, the IRI and PBS groups showed substantial spatial learning ability loss and memory 
dysfunction as indicated by the longer escape latency time within 5 training days (Figure 2A) and longer target platform 
quadrant time (Figure 2B), and movement trajectories were disordered (Figure 2C) compared with the sham group 
(P<0.05). In contrast, the NSC-Exos group showed a significant spatial learning ability and memory function, NSC-Exos 
treatment reduced the escape latency time (Figure 2A) and target quadrant time (Figure 2B), and movement trajectory 
was clear compared with the IRI and PBS groups (P<0.05, Figure 2C). Based on our results, we concluded that NSC- 
Exos could improve the neurological outcome after MCAO.

Figure 1 Effects of NSC-Exos on neurobehavior in rats after MCAO. (A) Longa scores were evaluated at 1d, 3d, 7d and 14d in each group. There was no obvious 
neurological abnormality in normal rats, but MCAO rats had different degrees of neurological dysfunction. (B) Balance ability test was evaluated at 1d, 3d, 7d and 14d in each 
group. The normal rats could pass quickly and smoothly, but most of the MCAO rats fell within 30s and could not pass the bar (*P<0.05 vs Sham group; #P<0.05 vs IRI group; 
&P<0.05 vs PBS group).
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NSC-Exos Reduce the Infarct Size in Rats After MCAO
TTC staining was used to observe the infarction, the normal tissue was red, while the infarct area was white. The results 
showed that brain tissue of the sham group was red and there was no obvious white infarct area, while the IRI, PBS and 
NSC-Exos groups had infarct areas, mainly concentrated in the hippocampus, frontal cortex, and parietal cortex 
(Figure 3A). Besides, NSC-Exos group significantly reduced infarct area compared with the IRI and PBS 
groups (P<0.05, Figure 3B). Based on the results, we concluded that NSC-Exos could reduce infarct area and alleviate 
neurobehavioral deficits after MCAO. We next examined the effect of NSC-Exos in ischemic rats, PKH26-labeled 
exosomes were detected in the lateral ventricle of ischemic rats. Images showed that PKH26-labeled exosomes (red) 
were localized in the cytoplasm of MAP-2+ neurons (pink), and a small amount overlapped with the nucleus, indicating 
exosomes were successfully taken up by neurons (Figure 4).18

NSC-Exos Attenuate Microglia and Inflammation After MCAO
To understand NSC-Exos effects on stroke recovery, we examined the expression of microglia at 1d, 3d, 7d, and 14d after 
stroke through immunohistochemical staining. For observing microglia, we applied Iba1 antibody. The morphology of 
Iba1 showed a highly branched appearance and hypertrophic somatic cells in the IRI, PBS group (Figure 5A). NSC-Exos 
treatment reduced the number of branches and somatic cells compared with the IRI and PBS groups (P<0.05, Figure 5A), 

Figure 2 Effects of NSC-Exos on the cognitive ability in rats after MCAO. The escape latency and the exploration time of the target quadrant in MCAO rats increased, but 
NSC-Exos treatment reversed the outcome and improved spatial learning and memory function. (A) The time of the latency period. MCAO rats had significantly longer 
escape latency, learning memory and navigation ability were impaired. (B) The time spent in the target quadrant. The time spent in the target area was prolonged after 
treatment, and less time was spent exploring target quadrant. (C) The trajectory diagram of rats in each group. The directionality of the trajectory of normal rats were clear, 
while the injured rats were chaotic (*P<0.05 vs Sham group; #P<0.05 vs IRI group; &P<0.05 vs PBS group).
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in addition to inhibit the density of microglia. In the quantified data, we found that microglia were markedly increased in 
inflammatory response, and NSC-Exos treatment was able to reverse the elevated microglial level. In addition, the 
number of Iba1+ cells was significantly reduced following NSC-Exos treatment (Figure 5B).

NSC-Exos Shift Microglial Polarization Toward M2 Phenotype
Microglia were activated from a resting state to an active state after MCAO.19 Iba1 is a type of calcium-binding protein 
specifically expressed by microglia in the central nervous system, and CD86 and CD206 are one of the markers of M1 
and M2.20 Therefore, M1/M2 markers and Iba1 in the parietal cortex of rats were observed on 1d, 3d, 7d, and 14d after 
cerebral ischemia. CD86+/Iba1+ and CD206+/Iba1+ immunofluorescence co-staining were used to detect M1 and M2 
phenotypes, respectively (Figures 6 and 7). Compared with the sham group, the number of CD86+/Iba1+ cells (M1 
microglia) and CD206+/Iba1+ cells (M2 microglia) in ischemia parietal cortex significantly increased in the IRI and PBS 
groups at 1d, 3d, 7d, and 14d (P<0.05, Figures 6 and 7), and most of them expressed the CD86+/Iba1+ especially at 1d 
and 3d (Figure 6A, B, E and F). However, the number of CD86+/Iba1+ cells was statistically reduced in rats treated with 
NSC-Exos (Figure 6A–D and E–H), while the number of CD206+/Iba1+ cells was significantly increased when compared 
with the IRI and PBS groups (Figure 7A–D and E–H), and the CD206+/Iba1+ cells continued to increase at 1d, 3d, and 7d 
(Figure 7A–C and E–G), reaching the maximum at 14d (Figure 7D and H).

Figure 3 Effects of NSC-Exos on cerebral infarct size in rats after MCAO. The brain tissue of normal rats was red, without obvious infarct areas, and the structure was well 
symmetric. Injured rats showed obvious white infarcts. After NSC-Exos treatment, the infarct size was reduced, and a small part of white infarcts were seen. (A) Representative 
cerebral infarcts stained with TTC solution. (B) Quantitative analysis of infarct size. Administration of NSC-Exos reduced the infarct size. Calculated as: Infarct size (%) = 
(contralateral hemisphere area - ipsilateral non-infarct area) / contralateral area × 100% (**P<0.01 vs Sham group; ##P<0.01 vs IRI group; &&P<0.01 vs PBS group).

Figure 4 Co-localization of PKH26-labeled NSC-Exos and MAP-2 positive cells in parietal cortex. Red fluorescence indicates PKH26-labeled exosomes, pink fluorescence 
indicates MAP-2 positive neurons and blue fluorescence indicates nuclei. Labeled exosomes were localized in the cytoplasm of MAP-2 positive cells, indicating that exosomes 
were successfully taken up by neuronal cells (The white arrow indicates the co-localized expression of PKH26 and MAP-2 positive cells, Scale bar=20μm).
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NSC-Exos Ameliorate Inflammatory Microenvironment After MCAO
The effect of NSC-Exos was further validated by determining inflammatory factors. The levels of M1-associated factors 
(IL-6, CD86) and M2-associated factors (CD206, Arg1) in parietal cortex were detected by Western blot analysis at 1d, 3d, 
7d, and 14d (Figure 8). Notably, compared with sham group, the levels of IL-6, CD86 were obviously increased at 1d, 3d, 
7d, and 14d after stroke. NSC-Exos treatment significantly reduced the IL-6 and CD86 (Figure 8A, B and E–F) and 
increased CD206 and Arg1 (Figure 8C, D, G and H) at 1d, 3d, 7d, 14d in MACO rats compared with IRI and PBS groups. 
Indicating an amelioration of local inflammatory microenvironment mediated by NSC-Exos in parietal cortex. Similar to the 
Western blot analysis, mRNA levels in the ischemic tissue were determined at 3d after stroke (Figure 8I–K). Results 
showed that the NSC-Exos treatment significantly reduced the level of CD86 (Figure 8I) and increased the level of CD206 
and Arg1 (Figure 8J and K). Accordingly, these data favor the potential of NSC-Exos treatment in improving inflammation 
and attenuating tissue damage.

Figure 5 Immunohistochemical staining of Iba1 in the parietal cortex. (A) Iba1 staining results in each group on 1d, 3d, 7d, and 14d. MCAO rats had more various branches 
and hypertrophic cells, while NSC-Exos treatment decreased the number of branches and somatic cells. (B) Statistical diagram of Iba1+ cells. Microglia were activated rapidly 
after stroke, MCAO rats were increased Iba1+ cells, while NSC-Exos treatment significantly reduced Iba1+ cells (**P<0.01 vs Sham group; ##P<0.01, #P<0.05 vs IRI group; 
&&P<0.01, &P<0.05 vs PBS group, Scale bar=20μm).
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Figure 6 Representative images of parietal cortex co-stained with CD86 and Iba1. (A–D) Representative co-stained images of CD86 and Iba1 on 1d, 3d, 7d, and 14d, green 
fluorescence indicates Iba1, red fluorescence indicates CD86, and blue fluorescence indicates nuclei. There was almost no co-staining in the sham group. CD86+/Iba1+ cells 
significantly increased after MCAO, and CD86+/Iba1+ cells gradually decreased after NSC-Exos treatment. NSC-Exos reduced the expression of M1-state markers. (A) At 
1d, many CD86 cells appeared. (B) At 3d, CD86 continued to be highly expressed. (C) At 7d, the expression was slightly reduced. (D) At 14d, the expression was lower 
than that at 7d. (E–H) The proportion of CD86+/Iba1+ in Iba1+ at 1d, 3d, 7d, and 14d in turn. CD86+/Iba1+ was abundantly expressed in the infarcted cortex at 1d and 3d 
after MCAO, its expression was slightly reduced at 7d and 14d. NSC-Exos treatment decreased the CD86+/Iba1+ cells (**P<0.01 vs Sham group; ##P<0.01, #P<0.05 vs IRI 
group; &&P<0.01, &P<0.05 vs PBS group, Scale bar=20μm).
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Figure 7 Representative images of parietal cortex co-stained with CD206 and Iba1. (A–D) Representative co-stained images of CD206 and Iba1 on 1d, 3d, 7d, and 14d, 
green fluorescence indicates Iba1, red fluorescence indicates CD206, and blue fluorescence indicates nuclei. There was almost no co-staining in the sham group, and the 
CD206+/Iba1+ cells increased after MCAO. After NSC-Exos treatment, CD206+/Iba1+ cells were significantly increased at 1d, 3d, 7d, and 14d, which promoted the 
expression of M2-state markers. (A) At 1d, a small amount of CD206 cells was expressed. (B) At 3d, the expression of CD206 began to increase. (C) At 7d, it continued to 
increase. (D) At 14d, CD206 was highly expressed. (E–H) The proportion of CD206+/Iba1+ in Iba1+ at 1d, 3d, 7d, and 14d in turn. CD206+/Iba1+ cells began to increase at 
1d, and continued to increase at 3d, 7d, and 14d (**P<0.01 vs Sham group; ##P<0.01; &&P<0.01 vs PBS group, Scale bar=20μm).
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Figure 8 NSC-Exos ameliorated local inflammatory microenvironment in parietal cortex after MCAO. (A–D) IL-6, CD86 (pro-inflammatory factors), and CD206, Arg1 
(anti-inflammatory factors) in the infarct area were detected by Western blot. The results were calculated in gray value and displayed as target protein bands and internal 
reference bands. (A) Western blot analysis of IL-6 (B) Western blot analysis of CD86. (C) Western blot analysis of CD206. (D) Western blot analysis of Arg1. (E–H) The 
relative protein expression statistics of IL-6, CD86, CD206, and Arg1 in sequence. From the 1d after stroke, the production of IL-6 and CD86 increased significantly. After 
NSC-Exos treatment, the expression of IL-6 and CD86 was reduced, while the expression of CD206 and Arg1 increased. (I–K) On 3d, mRNA expression of M1/M2 
markers was detected by q-PCR. (I) q-PCR analysis of CD86 mRNA level. (J) q-PCR analysis of CD206 mRNA level. (K) q-PCR analysis of Arg1 mRNA level (**P<0.01, 
*P<0.05 vs Sham group; #P<0.05 vs IRI group; &P<0.05 vs PBS group).
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Discussion
In the present study, we identified that NSC-Exos had neuroprotective effects on cerebral ischemia/reperfusion injury, 
which were mainly reflected in the following aspects: (1) NSC-Exos reduced infarction size, brain edema and neuroin-
flammation, and ameliorated neurological deficit in MCAO/R SD rats; (2) PKH26-labeled exosomes have entered the site 
of cerebral damage and exerted neuroprotective effects; (3) NSC-Exos regulated the secretion of microglia-related 
inflammatory factors, thereby alleviated the occurrence of inflammation. Furthermore, we found that neuroprotective 
effect of NSC-Exos was mediated through promoting the transition of microglia to an anti-inflammatory phenotype.

Microglia, as the main resident immune cells, display a beneficial efficacy in ameliorating inflammatory microenvir-
onment for stroke via shifting polarization from pro-inflammatory phenotype to anti-inflammatory phenotype.21 With the 
fast pace of stem cell research, increasing numbers of stem cells have been associated with specific microglia polarization 
in improving stroke disease.22 However, due to low survival rate after stem cell transplantation, the clinical application 
was still limited. Exos are an emerging therapeutic modality with advantages, including reduced tumorigenicity, low 
immunogenicity, and enhanced cross of blood–brain barrier, and it has been shown to play a role in a variety of central 
system diseases.23 Thus, NSC-Exos based therapies are emerging as ideal candidates for functional recovery in stroke 
treatment. This study explored how NSC-Exos regulate microglia polarization to inhibit the occurrence of inflammatory 
response, providing a new therapeutic method for stroke.

To better observe whether NSC-Exos can reach the site of injury and exert their effects, we labeled them with 
a PKH26 probe. PKH26-labeled Exos not only allow us to discover distribution in vivo but also differentiate them from 
other cells or extracellular particles. Studies have reported that Exos can be labeled with lipophilic fluorescent dye 
PKH26 and stably inserted into lipid domains of recipient cell membranes, with no significant effect on the survival and 
other physiological characteristics of target cells.24 Finally, infiltration of PKH26-labeled intraventricular Exos into the 
site of brain injury was demonstrated by fluorescence microscopy. Co-localization expression of the PKH26 probe with 
MAP-2 positive cells in rat parietal cortex was observed, indicating that Exos can be successfully taken up by nerve cells, 
which is beneficial for monitoring in subsequent experiments. In some animal experiments, it has been shown that 
therapeutic effect of NSC-Exos can be supported by improving symptoms of stroke, reducing infarct volume, and 
increasing neuroprotective effects.25 Our current study further supported the anti-inflammatory effect of NSC-Exos in 
ischemic stroke, for example, the effect of NSC-Exos treatment improved neurological deficits and reduced relative 
infarct volume in stroke rats. It was indicated that NSC-Exos have a good intervention effect, and these results are 
consistent with a study by Zhu et al26 Considering the dual effects of inflammatory response after stroke which may be 
microglial polarization, the neuroprotective effect of NSC-Exos through regulating microglia-induced inflammation 
warranted investigation in the future.

To further elucidate polarization of microglia, immunofluorescence staining was further used to confirm the effect of 
NSC-Exos on modulating microglial polarization. In the present study, we found that the number of CD86+/Iba1+ and 
CD206+/Iba1+ cells in parietal cortex increased after stroke. However, after intervention with NSC-Exos, the number of 
CD86+/Iba1+ cells decreased and CD206+/Iba1+ cells increased, suggesting that NSC-Exos treatment can promote 
microglia to M2 phenotype in stroke, which is consistent with Luo et al studies.27 Furthermore, we characterized that 
NSC-Exos treatment could alleviate neuroinflammation after stroke, reduce the levels of inflammatory cytokines such as 
IL-6 and CD86, and increase the levels of Arg1 and CD206. Together, these data further supported that NSC-Exos 
promoted post-stroke microglia to the anti-inflammatory phenotype. However, the spatiotemporal expression and peak 
time of inflammatory factors are different from other reports. Hu et al found that pro-inflammatory factors were no 
significant change in 1d, but their expression gradually increased from 3d onwards, whereas anti-inflammatory factors 
were induced to express from 1d to 3d and peaked by 3d to 5d postinjury.28 Almarghalani et al showed that M1 markers 
were significantly increased on 1d and 3d. In contrast, M2 markers were increased on 3d after cerebral hemorrhage, and 
the levels decreased from 7d and continued until 28d.29 Our study indicated that after stroke, pro-inflammatory factors 
reached peak time from 1d to 3d and remained elevated for at least 14d, while anti-inflammatory factors began to express 
from 1d and gradually increased over time. The differences may be due to varying degrees of damage to neurons and 
microglia in different brain regions after injury, as well as differences in individuals’ immune systems and metabolic 
states, which may lead to inconsistent expression of inflammatory factors. These above data further elucidate effects of 
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Exos on stroke, but large-scale human clinical trials have not yet been conducted. A study on animal experiments showed 
that NSC-Exos can alleviate post-stroke neuroinflammation and promote regeneration of neural tissue.5 Another clinical 
trial demonstrated that mesenchymal stem cell-derived exosomes could be safely injected into patients without any 
serious adverse reactions or complications and also exhibited better results in terms of neurological function recovery.30

In conclusion, NSC-Exos as a novel cell therapy drug, although currently facing some challenges, still has very 
optimistic development prospects for treating stroke. Our next step is to investigate the exosome metabolism by which 
the specific components of NSC-Exos regulate microglial polarization and to explore therapeutic mechanisms for 
alleviating inflammation.

Conclusion
In the present study, we identified the potentials of NSC-Exos administration in vivo in improvement of neurobehavioral 
recovery, infarct volume, inflammation cytokines, and microglia to anti-inflammatory phenotype polarization. 
Accordingly, our data support that NSC-Exos is feasible to be considered as a therapeutic approach in cerebral ischemia.
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