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Abstract
Objective: Our aim was to probe the therapeutic effect by which (BMSC-ex) protect against (DEACMP) in
rat models in vivo.

Methods: BMSC-ex were successfully characterized and proven to pass the blood brain barrier and
migrate to the injured brain area. Rats were randomly divided into six groups and the cognitive function
of mice was evaluated by the morris water maze. The severity of pathological changes was evaluated by
HE staining and LFB staining. The expression of cytokines was detected by ELISA. Immunohistochemical
staining and western blot analysis were utilized to detect the protein expression of Foxp3 CD4 MBP
Notch1 and Hess1 in brain tissue.

Results: We found that BMSC-ex signi�cantly reduced in�ammation, increased the levels of (Tregs),
relieved demyelination, and ameliorated the cognitive impairment in DEACMP rats. Furthermore, inhibiting
the Notch pathway led to a partial reversal of the effect of BMSC-ex in mice.

Conclusions: BMSC-ex relieved the severity of demyelination in the DEACMP rat models by regulating
Tregs subsets and the expression of Notch signaling. Hence BMSC-ex play a protected role in DEACMP by
upregulating Tregs and the regulatory components of Notch signaling and this may provide a new clinical
strategy for the treatment of DEACMP patients.

1. Introduction
Delayed encephalopathy after acute carbon monoxide poisoning (DEACMP) occurs in about 2-30%
patients during the relapse of neuropsychiatric symptoms after a 2-40 days period of remission, called
the “lucid interval”, following the symptoms of acute carbon monoxide poisoning symptoms[1][2][3]. The
clinical manifestations of DEACMP are characterized by a subacute course of cognitive impairment with
varying severity, such as parkinsonism, incontinence, dementia, and psychosis[4][5][6]. However, its
molecular biological mechanisms remain unclear. The pathological mechanism of DEACMP is
hypothesized to include the involvement of myelin basic protein (MBP)-mediated autoimmune cascade
reaction, followed by the slow progressive accumulation of demyelinating events[7].

BMSC-derived exosomes are nano-sized extracellular vesicles loaded with various RNAs and proteins,
and act as paracrine factors in intercellular communication[8][9]. Exosome-based therapy is an emerging
modality in various in�ammatory conditions involving an overactive immune system[10][11], and has
shown promising effects in clinical trials and experimental models[12]. Several studies have
demonstrated that the modulation of regulatory T cells (Tregs) is due to immunoregulatory effects of
exosomes[13][14]. However, the application of exosomes in a rat model of DEACMP has not been
addressed.

Thus, we investigated the therapeutic potential of BMSC-derived exosomes on DEACMP and analyzed the
underlying Notch signaling pathway.
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2. Materials And Methods

2.1 Animals and experimental design
Male Sprague-Dawley (SD) rats weighting 200-250 g were obtained from the Experimental Animal Center
of Southwest Medical University and placed in a thermostatic speci�c pathogen-free laboratory animal
room with free access to feeds and water. In this experiment, all animals were starved for one week prior
to the experimental work, then randomly divided into six groups (n=10): NC, CO, BMSC-ex, GW4869, DAPT,
and BMSC-ex +DAPT group. DEACMP models were induced as previously described. Brie�y rats
excluding the NC group were exposed to CO (1,000 ppm) for 40 min followed by a second exposure to CO
(3,000 ppm) for 20 min in a hyperbaric oxygen chamber[15]. Rats in the BMSC-ex, GW4869, and BMSC-ex
+ DAPT groups were injected with exosomes (100 µg/mouse) by the tail vein 1 h after DEACMP
induction[12]. Next, GW4869 (2.5µg/g, Sigma, USA) was diluted in dimethyl sulfoxide and
intraperitoneally administered in the GW4869 group[16]. The DAPT was applied to the DAPT and BMSC-
ex +DAPT group at doses of 1 mg /kg[17]. Fourteen days post-CO exposure, rats were sacri�ced for brain
tissue collection under deep anesthesia by 10% pentobarbital sodium (40 mg/kg)[18].

2.2 Isolation and culture of BMSCs
Isolation and culturing of BMSCs was performed as previously reported protocol[19]. The rats were
anesthetized using pentobarbital and immersed in ethanol (70%) for disinfection. The femurs and tibia of
rats were removed from tissues. Bones were sterilized in a tube with 70% ethyl alcohol for 2 min and then
steeped in phosphate-buffered saline (PBS) for 30 min under ultraviolet disinfection. The marrow cavity
is exposed by cutting off the epiphysis at each end of the bone. A syringe was used to draw the cell
growth �uid, with the needle was alternately inserted into their ends to rinse, until the marrow cavity
turned white. The cell growth �uid consisted of Dulbecco’s modi�ed Eagle medium (90%; Gibco, USA),
fetal bovine serum (10%; HYCLONE, USA), PEN-STREP (1%; Lonza, USA) and L-VC (1%). Collected
samples were placed in 60 mm culture dishes and routinely cultured in a 5% CO2 incubator at 37 ° C. After
48 h, half of the cell growth �uid was discarded and the medium was replaced completely every three
days. BMSCs at approximately 80% con�uency were subcultured.

2.3 Extraction and identi�cation of exosomes
The BMSCs culture supernatant was collected to extract exosomes by ultracentrifugation as described
previously[20]. After incubating BMSCs for 72 h in an exosome-depleted medium to avoid the interference
of exosomes from media, the spent medium was collected and alternately centrifuged at low and high
speeds. Centrifugation was carried out at 300 x g for 10 min to remove cells, and then at 2000 × g for 10
min to remove dead cells. The supernatant was centrifuged at 100,000 x g for 30 min to discard cells
debris and centrifuged again at 100,000 x g for 70 min to discard the supernatant. The pellet was washed
in PBS and recentrifuged at 100,000 x g for 70 min. Finally, the pellet was resuspended in PBS and stored
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at -80 ℃. Further procedures were carried out at 4 ℃ to authenticate exosomes at three levels: surface
markers authenticated by western blot, morphology visualized by transmission electron microscopy, and
size by nanoparticle tracking analysis.

2.4 Morris water maze test
The cognitive impairment of the rats was evaluated by the Morris water maze test as reported earlier[21].
In order to adapt to the new environment, the rats were put into the water to swim for 2 min before the
formal training. In the place navigation test, rats were placed into each of four quadrants toward the wall
of the pool under water, and the time required for the rats to �nd the underwater platform and stand on it
was recorded as escape latency. If the rats could not �nd the platform after 2 min, they were pulled onto
the platform and the time was recorded as 120 s. When the rats learned to �nd the platform, we removed
the platform and placed rats into water from the same position. The number of times of crossing the
platform was recorded.

2.5 Luxol fast blue (LFB)
Para�n slices of brain tissue were sequentially immersed in toluene for 20 min, toluene - anhydrous
alcohol for 20 min, anhydrous alcohol for 10 min, 95% alcohol for 5 min, 90% alcohol for 5 minutes, 80%
alcohol for 5 min, and 70% alcohol for 5 min. The processed sections were incubated overnight in 0.1%
LFB solution, and successively immersed in 95% HCI and 70% ethanol until white matter stained blue and
gray matter appeared colorless.

2.6 Enzyme-linked immunosorbent assay
Brain tissues were centrifuged at 5000 x g for 10 min, and the supernatant retained. Rat tumor necrosis
factor (TNF)-α, interferon (IFN)-γ, interleukin (IL)-10 and tumor necrosis factor (TGF)-β kits (eBioscience,
USA) were used to estimated cytokine levels according to the manufacturer’s instruction. A microplate
reader (Biotek, USA) was used to measure the absorbance at 450 nm; the data obtained were analyzed
using the Gen5 software.

2.7 Immuno�uorescence analysis
Para�n slices of the brain tissue were dewaxed with water in a 65 ℃ oven for 2h and were washed with
PBS. The non-speci�c binding sites were blocked with 5% BSA for 20 min. After removing the BSA
solution, primary antibodies for anti-Foxp3 (1:50; Ab22510; Abcam, USA), anti-CD4 (1:50; A0362;
Abclonal, Wuhan, China), anti-MBP (1:200; BA0094; Boster, USA), anti-Notch1 (1:150; 10062-2-Ap, Ptg)
were added accordingly to each section and incubated overnight at 4 ℃. After washing thrice with PBS,
sections were incubated with a secondary antibody, such as goat-anti-rabbit (1:50; AS-1110; Aspen, USA)
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or goat-anti-mouse (1:50; AS-1112; Aspen, USA) at 37 ℃ for 50 min. Sections were incubated with 50-
100µL DAPI solution (1:1000, AS1075; Aspen, USA) at room temperature for 5 min, in darkness. An
appropriate amount of anti-�uorescence quenching agent was added to the tissue, the cover glass sealed,
and observed under a �uorescence microscope.

2.8 Western blotting analysis
Proteins samples were separated by 12% SDS-PAGE (AS1012; ASPEN, USA) from exosomes or brain
tissues, then transferred onto polyvinylidene di�uoride membranes (IPVH00010; Millipore, USA) and
blocked with TBST for 1 h. Primary antibodies foe anti-CD9 (1:1000; bs23032R; BIOSS, USA), CD63
(1:1000; Ab109201; Abcam, USA), anti-TSG101 (1:1000, 14497-1-AP), anti-GAPDH (1:10000; Ab37168;
Abcam, USA), anti-Foxp3 (1:1000; Ab215206; Abcam, USA), anti-CD4 (1:1000, 19068-1-AP), anti-MBP
(1:1000; Ab11159; Abcam, USA), anti-Notch1 (1:500; sc-376403; Santa, USA), and anti-Hess-1 (1:10000;
Ab108937; Abcam, USA) were added to the membranes and incubated together overnight at 4°C. After
washing thrice with TBST, secondary antibodies (all diluted 1:10000; ASPEN, AS1106 for mouse-antibody
and AS1107 for rabbit-antibody) were added and incubated at room temperature for 1 h. Finally, the band
was detected by chemiluminescence and the intensity was analyzed by ImageJ software.

2.9 Statistical analysis
GraphPad Prism v 7.01. was used for all statistical analyses in this experiment. Data was analyzed using
one-way or two-way repeated measures analysis of variance with post-hoc Tukey’s multiple comparisons.
All data presented as mean ± SEM (n=3) were statistically signi�cant when P <0.05.

3. Results

3.1 Characterization of BMSC-derived exosomes
Before the injection of exosomes, the characteristics of exosomes derived from BMSCs were identi�ed.
As shown in Figure 1A, extracellular vesicles in this study showed symbolic molecular markers typical of
exosomes secreted from BMSCs, with positive expressions of CD9, CD63 and TSG101, by western
blotting. BMSC-ex was visualized as an irregular ellipse with an obvious bi-layer membrane structure
under transmission electron microscopy (Figure 1B). Results of nanoparticle tracking analysis showed
that BMSC-ex size distribution ranged from 30 to 150 nm (Figures 1C). Altogether, these results were
consistent with previously documented descriptions of exosomes secreted from BMSCs[22][23], thus
indicating the successful isolation of BMSCs-ex.

To con�rm whether BMSC-ex could traverse the blood-brain barrier, we labeled BMSC-ex with Phalloidin, a
known stain for CT imaging in vivo. Phalloidin-loaded BMSC-ex were administered 1 h after acute CO
poisoning. As shown in Figure 1D-E, a substantial amount of phalloidin was accumulated in the brain
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and liver 24 h after administration (Figure 1E), compared with that before administration (Figure 1D). The
qualitative micro-CT scan demonstrated that BMSC-ex could effectively penetrate the blood-brain barrier
and reach the areas of lesion.

3.2 BMSC-derived exosomes alleviated cognitive
impairment induced by CO exposure.
BMSC-ex injections promoted spatial learning and spatial memory on the Morris water maze test. Both
the prolonged escape latency and reduced times of crossing the platform for the CO group demonstrated
signi�cant cognitive impairment 14 days post-CO exposure compared with NC group (P < 0.05) (Figure2A,
B). When compared to the CO group, the BMSC-ex group showed a signi�cant decrease in the escape
latency from the 14th day to the 21th day (P < 0.05) and signi�cantly increased times of crossing the
platform from the 21th day to the 28th day (P <0 .05) (Figure 2B). However, after effectively inhibiting the
secretion of exosomes by GW4869[24], an established inhibitor, both spatial learning and spatial memory
did not exhibit a noticeable difference between the CO group and BMSC-ex+GW4869 group (P > 0.05)
(Figure2A, B).

3.3 BMSC-derived exosomes improved the proliferation of
Tregs in DEACMP rats
The WB expression of Foxp3 and CD4 (Figure 3A-C) indicated a lower expression in the brain of the CO
group compared with the NC group (P<0.05). In contrast, higher Foxp3 and CD4 levels were observed in
the BMSC-ex group(P<0.05) (Figure 3A-C), although still lower than in the NC group. The protein levels of
Foxp3 and CD4 were not signi�cantly different between the CO group and the BMSC-ex+GW4869 group.
Immuno�uorescent staining exhibited similar results as above (Figure 3D). Altogether these data
suggested that BMSC-ex dramatically promote the proliferation of Tregs in a rat model of DEACMP.

3.4 BMSC-derived exosomes alleviated in�ammatory
responses induced by CO exposure.
To further probe the status of neuroimmune responses post-CO exposure, we determined the
concentrations of in�ammatory cytokines relevant to DEACMP two weeks after being poisoned. The
levels of both TNF-α and IFN-γ remarkably increased after CO exposure (P < 0.05) (Figure 4A-B). On the
contrary, the levels of TGF-β and IL-10 were signi�cantly decreased (P<0.05) at this point (Figure 4C, D).
BMSC-ex partly reversed the CO-induced increase of pro-in�ammatory factors, TNF-α and IFN-γ, and the
reduction of anti-in�ammatory factors, TGF-β and IL-10(P<0.05) (Figure 4A-D). The aforementioned
in�ammatory cytokines in the BMSC-ex + GW4869 group were similar to those of the CO group(P>0.05)
(Figure 4).
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3.5 BMSC-derived exosomes alleviated damage of myelin
in the white matter of brain.
The extent of damage of myelin was assessed by LFB staining, and the protein levels of MBP in the
brain. Fourteen days after CO poisoning, the LFB staining demonstrated that the dark blue-stained stripe
signi�cantly decreased, clearly broke and became shorter in the CO group (Figure. 5A). Furthermore, the
lower protein levels of MBP in the CO group also indicated that CO-poisoning could cause sharp MBP
degradation and severe demyelination in the brain tissues (P< 0.05) (Figure. 5B-D). When treated with
exosomes, rats in the BMSC-ex group substantially promoted the remodeling of myelin sheath and
alleviated impairment of MBP (P< 0.05) (Figure. 5A-D). Additionally, the absence of an improvement in
demyelination upon the addition of the exosome inhibitor (BMSC-ex +GW4869 group) suggested that
BMSC-ex relieved the damage of myelin and enhanced remyelination.

3.6 DAPT partly reversed the effect of BMSC-derived
exosomes on the proliferation of Tregs.
To corroborate the underlying mechanism of BMSC-ex on the Tregs in the brain, the WB and
immuno�uorescent staining were analyzed after inhibiting Notch signaling using a γ-secretase inhibitor,
DAPT[25]. Western blotting analysis showed that the protein levels of Notch1 and Hess1 were notably
decreased in the DAPT-treated rats (P<0.05), thereby suggesting that DAPT effectively inhibited the Notch
signaling pathway (Figure6A, B). Additionally, the proliferation capability of Tregs and the protein level of
MBP was steeply reduced in the rats treated with DAPT, and the protein levels of Foxp3, CD4, and MBP
were lower in the DAPT group than those in the BMSC-ex +DAPT group (Figure 6C-G) (P<0.05). Thus, the
blockade of the Notch signaling pathway partly reversed the therapeutic effect of BMSC-ex in the rats
model of DEACMP.

4. Discussion
In our study, we aimed to probe the immunoregulatory potential of exosomes in DEACMP rat model. At
present, experiments focused on the application of immunoregulatory effect of exosomes to DEACMP are
scant, and this is a preliminary attempt to explore it.

Gross anatomical analysis of the brains from rats subjected to CO poisoning have previously revealed
numerous neuropathological abnormalities in the white matter[26]. The critical mechanism of DEACMP is
hypothesized to involve a MBP-mediated autoimmune cascade: MBP undergoes lipid peroxidation after
CO poisoning and loses its normal characteristics, thereby resulting in successive recognition by an
antibody to activate the adaptive immunological response[27][28]. When the progressing injuries of MBP
exceed an unknown tripping point, pathophysiological variations in brain tissues and a succession of
neurodegenerative symptoms could occur in some patients. Researchers have further demonstrated that
rats immunologically tolerant to MBP showed biochemical changes in MBP, but no lymphocyte
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proliferative response or cognitive decline. Numerous publications have shown that the injection of
exosomes could improve recognitive de�cits in autoimmune and neurodegenerative diseases[13]. Studies
have demonstrated that the sensorimotor function of rats after traumatic brain injury is signi�cantly
enhanced by the administration of BMSC-derived exosomes[29]. Research focusing on the experimental
autoimmune uveoretinitis illustrated that MSC-secreted exosomes reduced excitation as well as
aggregation of leukocytes, and attenuated in�ammation response[30]. BMSC-ex are known to alleviate
symptoms of several autoimmune and cognitive disorders, and therefore possess therapeutic potential in
DEACMP.

In the present study, we con�rmed that BMSC-ex dramatically relieved cognitive decrement and enhanced
remyelination as well as the expression of MBP, a component as one of the most indispensable
components of the myelin[31]. We also demonstrated that BMSC-ex could upregulated the Tregs and
suppress the in�ammatory response in the rat model. The protein levels of CD4 and Foxp3, regarded as
biomarkers of Tregs, declined prominently due to DEACMP, while a notably moderate trend was observed
after BMSC-ex treatment. Previous studies have reported that Tregs exerted substantial
immunosuppressive effects and mediated immune tolerance, which are regulated by the expression of
Foxp3[32][33]. Thus, our results suggested that Tregs may be activated and recruited into the brain
lesions after treatment by BMSC-ex in DEACMP rats, which is in accordance with studies observing a
surge in the number of Tregs[13][34]. Additionally, our study follows the changes in the in�ammatory
cytokines in brain tissues, thereby revealing anti-in�ammatory action of exosomes. That is similar to the
pathophysiological process of some neuroimmune disorders[34][35][36]. In some autoimmune disorders,
TGF-β, a promoting and secreting factor of Tregs, together with IL-10 mediates immunosuppressive
functions and inhibits in�ammatory factors IFN-γ and TNF-α[37]. In summary, our results demonstrated
that excessive neuroimmune responses as a results of CO poisoning were mitigated by BMSC-ex
treatment via modulating expression of Tregs.

The Notch signaling pathway is a vital regulator of immune cells and in�ammatory reactions, and closely
engages in a variety of autoimmune diseases[38]. Meanwhile, Notch has been reported to exert a positive
effect on the differentiation of Tregs[39][40]. In the present study, the �uctuation in Notch-1 and Hess-1
levels suggested that the blockade of the Notch signaling pathway by its inhibitor, DAPT, partially
reversed the immunosuppressive function and therapeutic effect of BMSC-ex. Thus, we speculate that
BMSC-ex ameliorated DEACMP via inhibiting the Notch signaling pathway; however further investigations
are needed to con�rm this hypothesis.

Some limitations in our study should be noted. First, in the absence of supporting research on the cellular
models of DEACMP, we were unable to investigate the effect of BMSC-ex on DEACMP in vitro. Second,
exosomes as extracellular vesicles carry diverse microRNAs, proteins, and lipids, but we did not focus on
their speci�c component. This drives us to further explore the speci�c molecular components involved in
the therapeutic mechanism of exosomes.

5. Conclusion
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Our results demonstrate that exosomes secreted from BMSCs could attenuate CO-induced damage to
myelin and cognitive impairment via Notch-mediated upregulation of Tregs and thereby alleviated of
neuroin�ammation. Our �ndings may bring new prospects for the treatment of DEACMP.
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Authentication of exosomes generated from BMSCs and Attesting that BMSC-derived exosomes can
penetrate the Blood brain barrier. (A) Western Blot was utilized for detecting CD63, CD81 and TSG101.
The full-length blots gels images are presented in Supplementary FigureS1. Representative transmission
electron microscopy (B) micrographs of BMSCs-ex. (C) Size pro�le of BMSC-ex was analyzed by
nanoparticle tracking analysis. Images of micro-CT before the injection (D) of exosomes and after the
injection(E). Results are representative of three independent experiments.

Figure 2

BMSC-derived exosomes alleviated cognitive impairment Induced by CO exposure by the morris water
maze test. (A) The place navigation test was conducted to calculate escape latency. (B) The space probe
trial test was performed to count the number of times crossing the platform. (*P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001 vs.NC group; #P < 0.05, ##P < 0.01, vs.CO group; ^P< 0.05, ^^P< 0.01, ^^^P< 0.001,
^^^^P< 0.0001).
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Figure 3

BMSC-derived exosomes improved the upregulation of Tregs in brain tissues of DEACMP rats. (A)
Western Blot and (B-C) quanti�cations were performed to evaluated relative protein expression of Foxp3
and CD4 and normalized protein expression by GAPDH. The full-length blots gels images are presented in
Supplementary FigureS2. (D) Immuno�uorescence images exhibited expression of Foxp3, CD4 and
nuclear in the subcortical. (* P < .05, **P < .01, ***P < .001 vs.NC group; #P < 0.05 vs.CO group)
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Figure 4

(A-D), The concentration of TNF-α, IFN-γ, TGF-β and IL-10 in brain tissues of mice by ELISA 14 days after
CO exposure. (* P < .05, **P < .01, ***P < .001, ****P < 0.0001 vs.NC group; #P < 0.05, vs.CO group).



Page 17/19

Figure 5

BMSC-derived exosomes promoted myelination and alleviated myelin sheath damage. (A) LFB staining
images. (B)Immuno�uorescence images showed the expression of MBP and nuclear in the NC, CO,
BMSC-ex, BMSC-ex+GW4869 groups. (C) Western Blot and (D) quanti�cation was utilized for detecting
relative expression of MBP. The full-length blots gels images are presented in Supplementary FigureS2. (*
P < .05, **P < .01, ***P < .001, ****P < 0.0001 vs.NC group; #P < 0.05, vs.CO group)
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Figure 6

DAPT partly reversed the effect of BMSC-derived exosomes. (A) Western Blot and (B) quanti�cations were
implemented for relative expression of Hess-1, Notch1 and GAPDH. The full-length blots gels images are
presented in Supplementary FigureS3. (C) Western Blot and (D) quanti�cations were performed for the
sake of relative protein expression for Foxp3, MBP and GAPDH. The full-length blots gels images are
presented in Supplementary FigureS2. (F), Immuno�uorescence images was used to show expression of
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Foxp3 in the CO, BMSC-ex, DAPT, BMSC-ex+ DAPT groups. (G) Immuno�uorescence images showing the
expression of MBP in the CO, BMSC-ex, DAPT, BMSC-ex+ DAPT groups. (* P < .05, **P < .01, ***P < .001)
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