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Abstract 

Background: Bone marrow stromal cell (BMSC) transplantation is a promising therapeutic approach 

for cerebral ischemia, as it elicits multiple neuroprotective effects. However, it remains unclear how 

BMSC transplantation modulates the ubiquitin-proteasome system (UPS) and autophagy under cerebral 

ischemia. Methods: In the present study, an intermediate level of cerebral ischemia (30 min) was chosen 

to examine the effect of BMSC transplantation on the molecular switch regulating UPS and autophagy. 

BMSC or vehicle was stereotactically injected into the penumbra 15 min after sham operation or 

transient middle cerebral artery occlusion (tMCAO). Results: Thirty minutes of tMCAO artery 

occlusion significantly increased TUNEL-, ubiquitin-, and p62-positive cells (which peaked at 72 hr, 2 

hr, and 2 hr after reperfusion, respectively) and ratios of both BAG3/BAG1 and LC3-II/LC3-I at 24 hr 

after reperfusion. However, intracerebral injection of BMSCs significantly reduced infarct volume and 

numbers of TUNEL- and p62-positive cells, and improved BAG3/BAG1 and LC3-II/LC3-I ratios. In 

addition, observed increases in ubiquitin-positive cells 2 hr after reperfusion were slightly suppressed 

by BMSC transplantation. Conclusion: These data suggest a protective role of BMSC transplantation, 

which drove the molecular switch from autophagy to UPS in a murine model of ischemic stroke. 
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Introduction 

Under cerebral ischemia, damaged proteins are degraded primarily through two proteolytic 

pathways, the ubiquitin-proteasome system (UPS)1 and autophagy2, for cell survival. In the UPS, target 

proteins are tagged by ubiquitin multimers and then proteolyzed by the proteasome.3 During autophagy, 

autophagosomes engulf target proteins or organelles, then fuse with lysosomes for degradation.4-5 Our 

recent report found a predominant role for UPS in mild (10 min) and autophagy in severe (60 min) 

cerebral ischemia.6 

Transplantation of bone marrow stromal cells (BMSCs) is a promising therapeutic approach,7-

8 as it can yield multiple neuroprotective effects including neurotrophy,9-10 anti-inflammation,11 

protection of neurovascular integrity,12 and tissue replacement.13 However, it remains unclear how 

BMSC transplantation modulates UPS and autophagy under cerebral ischemia. 

In the present study, therefore, we chose an intermediate level of cerebral ischemia (30 min) 

to examine the effect of BMSC transplantation on the molecular switch regulating UPS and autophagy. 

 

Materials and Methods 

Animals 

Adult male C57BL/6J mice (20–28 g, 8 weeks-old, n = 62) were subjected to transient middle 

cerebral artery occlusion (tMCAO) or sham operation, while adult male C57BL/6-Tg (CAG-EGFP) 

mice (23–25 g, 8–9 weeks-old, n = 8) were used for preparation of BMSCs. All experimental procedures 

were carried out in accord with guidelines of the Animal Care and Use Committee of the Okayama 

University Graduate School of Medicine, Dentistry, and Pharmaceutical Sciences (approval No. OKU-

2017154). Mice were divided into four experimental groups: sham + vehicle (n = 5), sham + BMSCs (n 

= 6), tMCAO + vehicle (n = 27), and tMCAO + BMSCs (n = 24). Each group received intracerebral 

injection of BMSCs or Hanks’ Balanced Salt Solution (HBSS) 15 min after sham operation or tMCAO.  
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Focal cerebral ischemia 

 Focal cerebral ischemia was introduced into C57BL/6J mice by tMCAO according to our 

previous reports.14-15 Briefly, mice were anesthetized with a mixture of nitrous oxide: oxygen: isoflurane 

(69%:30%:1%) through an inhalation mask. The right common carotid artery was exposed and an 8-0 

nylon thread with a silicone-coated tip was inserted into the right MCA, while body temperature was 

maintained at 37 ± 0.3℃ using a heat bed (BWT-100; Bio Research Center). After 30 min of tMCAO, 

the silicone-coated thread was pulled out to restore blood flow (reperfusion) and the incision was closed. 

Animals recovered and were allowed free access to water and food at ambient temperature. Sham control 

animals were prepared with the same cervical operation but without inserting the thread. 

 

Preparation and transplantation of BMSCs 

Mouse BMSCs were collected from C57BL/6-Tg (CAG-EGFP) mice as previously reported.16 

Briefly, eight mice were sacrificed under deep anesthesia, and then their femurs were dissected and 

incubated in Dulbecco's Modified Eagle Medium (Thermo Fisher Scientific, Waltham, MA) containing 

1 mg/mL of collagenase (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) and 20% fetal 

bovine serum (FBS; GE Healthcare, Chicago, IL) at 37℃ for 1 hr 45 min. After centrifuging at 1000 

rpm for 10 min and discarding the supernatant, BMSCs were cultured in Minimal Essential Media Alpha 

(Thermo Fisher Scientific) containing 10% FBS and 1% antibiotic-antimycotic (Thermo Fisher 

Scientific). Cells were passaged (upon reaching confluency) a total of four times. The identity of BMSCs 

was confirmed by immunostaining of SCA-1 and CD105 as positive markers, and CD45 and CD11b as 

negative markers (data not shown). Finally, BMSCs were stored at -80℃ for transplantation. 

        For transplantation, 2 μL of BMSC suspension (8 × 104 cells, BMSC-treated groups) or 2 μL 

of HBSS (vehicle-treated groups) was stereotactically injected into the penumbra [anterior, lateral, depth 

(in mm from Bregma): -0.2, 2.0, and 3.0] without an immunosuppressant reagent. 
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Tissue preparation and infarct volume 

        Mice (n = 56) were sacrificed at 0 hr (just after reperfusion) and at 2, 24, and 72 hr after 

reperfusion. Each mouse was deeply anesthetized by intraperitoneal injection of pentobarbital (40 

mg/kg), and then perfused with chilled phosphate-buffered saline (PBS), followed by 4% 

paraformaldehyde in PBS. Brains were removed and immersed in the same fixative solution overnight, 

and then subsequently incubated in 20% (wt/vol) sucrose in PBS for 24 hr at 4℃. Tissues were frozen 

in liquid nitrogen and stored at -80℃. Coronal brain sections (20-μm thick) were obtained using a 

cryostat at -20℃, and mounted on silane-coated glass slides. For western blot analysis, brains were 

quickly removed from deeply anesthetized mice, and then samples collected from along the injection 

tracts were frozen in liquid nitrogen and stored at -80℃. 

To analyze infarct volumes, brain sections were stained with cresyl violet (CV) and observed 

with a light microscope (Olympus SZX-12). Quantitative measurements were performed by counting 

pixels using Photoshop (Adobe Systems Incorporated, San Jose, CA). The infarct areas of five serial 

sections for each brain were measured, and the summation of them was considered as the infarct volume.  

 

Immunohistochemistry 

        For immunohistochemistry, brain sections were immersed in 0.3% hydrogen 

peroxide/methanol for 30 min to prevent endogenous peroxidase reactions, and blocked with 5% bovine 

serum albumin in PBS with 0.1% triton for 1 hr. Next, sections were incubated with the following 

antibodies overnight at 4℃: rabbit anti-ubiquitin (1:200, DAKO, Carpinteria, CA), rabbit anti-BAG1 

(1:100, Abcam, Cambridge, UK), rabbit anti-BAG3 (1:1000, Abcam), and mouse anti-p62 (1:150, 

Abcam; with Vector BMK-2202 MOM Kit, Vector Laboratories, Burlingame, CA). After washing in 

PBS, sections were incubated with biotinylated secondary antibodies (1:500, Vector Laboratories) at 

room temperature for 1 hr, immersed in ABC Elite Complex (Vector Laboratories) for 30 min, and then 

visualized with 3,3’-diaminobenzidine (DAB). Negative control sections were also stained with the 
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same protocol, but without primary antibodies. For TdT-mediated dUTP nick end labeling (TUNEL), 

an In Situ Cell Death Detection Kit (Takara, Kusatsu, Japan) was used and TUNEL-positive cells were 

labeled with DAB.  

        For semiquantitative evaluation of histochemical staining, three areas were randomly selected 

along the injection tract from both the cortex and striatum, and captured at 200× magnification with a 

light microscope (Olympus BX51). The number of positively stained cells was counted in each field. 

 

Western blot analysis 

        Peri-ischemic striatal samples from six mice were homogenized with a homogenizer in lysis 

buffer (T-PER; Thermo Fisher Scientific), and then centrifuged at 15,000 rpm for 30 min at 4℃. The 

supernatant was collected and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, 

and then transferred onto polyvinylidene difluoride membranes (Millipore Corporation). Membranes 

were blocked with 5% skimmed milk for 1 hr at room temperature, and incubated with rabbit anti-LC3 

antibody (1:500, Abcam) overnight at 4℃. Membranes were incubated with peroxidase-conjugated 

immunoglobulin secondary antibodies at room temperature for 1 hr. Protein bands were visualized with 

SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific), and analyzed using 

Image J (National Institute of Health). 

 

Statistical analysis 

All data are presented as mean ± standard deviation (SD). Statistical analyses were performed 

using statistical software (SPSS 22.0.0.0; IBM, Armonk, NY). Differences between vehicle and BMSC 

groups were analyzed by Welch’s T test. p < 0.05 was considered statistically significant. 

 

Results 

BMSC transplantation, infarct volume, and apoptosis 
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BMSCs were transplanted into the peri-infarct lesion (which were mainly located in the right 

striatum) 15 min after tMCAO; only a few BMSCs resided in the cerebral cortex along the needle tract 

(Fig. 1a). In both tMCAO groups, infarct areas were mostly limited to the striatum. Compared with the 

tMCAO + vehicle group, the tMCAO + BMSCs group showed significantly decreased infarct volumes 

at both 24 hr and 72 hr after reperfusion (*p < 0.05) (Fig. 1b, black bars). 

Compared with the sham control group or 2-hr reperfusion, the tMCAO + vehicle group 

showed an increased number of TUNEL-positive cells at 24 hr and 72 hr after reperfusion, especially in 

the striatum (Fig. 2). However, the tMCAO + BMSCs group showed a significant reduction of TUNEL-

positive cells at 72 hr (*p < 0.05, striatum) (Fig. 2). 

 

Ubiquitin-positive cells 

Ubiquitin labeling was observed in the cytoplasm of neural cells both in the striatum and 

cerebral cortex after cerebral ischemia (Fig. 3). Numbers of ubiquitin-positive cells were significantly 

increased at 2 hr of reperfusion in the cortex (#p < 0.05), but returned to a normal level by 72 hr. BMSC 

transplantation slightly suppressed this increased ubiquitin expression after cerebral ischemia, but this 

effect was not significant in the striatum (Fig. 3).  

 

BAG1 and BAG3 staining 

Slight positivity for BAG1 and BAG3 were observed in the cytoplasm of sham control brains 

(Fig. 4). After cerebral ischemia, BAG1 became slightly weaker, while BAG3 became stronger. The 

vehicle group showed a slight decrease of the number of BAG1-positive cells in both striatum and cortex 

at 2, 24, and 72 hr, as well as a slight increase in the number of BAG3-positive cells in both the striatum 

and cerebral cortex 2 hr after reperfusion. Thus, the ratio of BAG3/BAG1 increased in the striatum, 

peaking at 24 hr of reperfusion (Fig. 4). In contrast, BMSC transplantation dramatically suppressed this 
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increased in BAG3/BAG1, especially in the striatum at 2 hr of reperfusion (*p < 0.05 vs tMCAO + 

vehicle group, Fig. 4). 

 

Autophagic markers: p62 immunohistochemistry and LC3 western blot 

p62 was weakly labeled in neural cytoplasm both in the striatum and cortex of sham control 

brains, but became evident in the striatum at 2 hr after reperfusion in the vehicle group. However, BMSC 

transplantation significantly decreased the number of p62-positive cells (*p < 0.05 vs tMCAO + vehicle 

group, Fig. 5).  

Western blot analysis revealed trace-level expression of LC3-II compared with LC3-I in the 

peri-infarct area of the unaffected side. However, the level of LC3-II protein increased after reperfusion 

in the ischemic side of the vehicle group. Thus, the LC3-II/LC3-I ratio progressively increased until 24 

hr of reperfusion (Fig. 6, white bars). However, BMSC transplantation significantly suppressed the ratio 

of LC3-II/LC3-I at 24 hr of reperfusion (*p < 0.05, Fig. 6, black bars). 

 

Discussion 

         In the present study, 30 min of tMCAO significantly increased numbers of TUNEL-, 

ubiquitin-, and p62-positive cells (Fig. 2, 3, 5), which peaked at 72 hr, 2 hr, and 2 hr after reperfusion, 

respectively. Moreover, tMCAO increased ratios of both BAG3/BAG1 and LC3-II/LC3-I at 24 hr after 

reperfusion (Fig. 4, 6). However, intracerebral injection of BMSCs significantly reduced infarct volume 

(Fig. 1b) and numbers of TUNEL- and p62-positive cells (Figs. 2, 5), and improved ratios of both 

BAG3/BAG1 and LC3-II/LC3-I (Figs. 4, 6). Ubiquitin-positive cells were also increased at 2 hr after 

reperfusion, but were slightly suppressed by BMSC transplantation (Fig. 3). 

         UPS and autophagy are two major proteolytic pathways for cell survival.17-18 Under 

pathological conditions, UPS selectively degrades ubiquitinated proteins, while the autophagy pathway 

non-selectively degrades aggregated proteins or organelles. However, recent studies reported that 
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ubiquitinated proteins are also degraded by autophagy,19 suggesting crosstalk between these two 

pathways. The BAG3/BAG1 ratio is important for switching of the predominant proteolytic pathway 

between UPS and autophagy (Fig. 7).20-21 Our previous report showed a predominant role for UPS in 

mild (10 min) cerebral ischemia, but autophagy in severe (60 min) cerebral ischemia.6 Therefore, to 

examine the effect of BMSC transplantation on this molecular switch, the present study chose an 

intermediate level of cerebral ischemia (30 min). 

         LC3-I is converted into LC3-II in the autophagic pathway; thus, an increased LC3-II/LC3-I 

ratio indicates activation of autophagy.6,22 Trace expression of LC3-II in the unaffected side suggests 

baseline autophagic activity (Fig. 6). Suppression of both BAG3/BAG1 (Fig. 4) and LC3-II/LC3-I (Fig. 

6) ratios suggests that BMSCs reduced the demand for the switch from UPS to autophagy (Fig. 6), 

probably through neuroprotective and neurotrophic mechanisms.9,23 BDNF secreted from BMSCs could 

have directly suppressed autophagy though PI3K/Akt/mTOR pathway.23,24
 Also, exosome containing 

miR-125b-5p excreted from BMSCs might have directly reduced autophagic activity by suppressing 

p53/Bnip3 pathway.25 In addition, BMSCs could have indirectly suppressed autophagy by suppressing 

expression of BAG3, because BMSCs have pleiotropic effect on ischemia and reperfusion damage 

including anti-inflammatory and anti-oxidant effect,26-28 suppressing both heat shock transcription factor 

1 (HSF1) and BAG3.29,30 Expression of another autophagic marker, p62, was also increased after 

cerebral ischemia (Fig. 5, white bars),31 but reduced by BMSC transplantation (Fig. 5), likely as a result 

of anti-inflammatory and anti-oxidant mechanisms.26-28 

         The current study presented baseline UPS and autophagy pathways under physiological 

conditions (Fig. 7, left), both of which became activated after intermediate (30-min) cerebral ischemia 

(Fig. 7, middle). Intracerebral injection of BMSCs suppressed this molecular swich (Fig. 7, right) from 

UPS to autophagy, which was accompanied by reductions of infarct volume (Fig. 1) and apoptosis (Fig. 

2), suggesting a protective role of BMSCs based on the modification of this molecular switch in a 

murine model of ischemic stroke. 
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Figure legends 

Fig. 1) (a) Intracerebral injection of bone marrow stromal cells (BMSCs) from C57BL/6-Tg (CAG-

EGFP) mice. (b) Representative photomicrographs of Nissl staining 72 hr after reperfusion 

showing the infarct (dotted lines). (c) Quantitative analysis of infarct volume shows a significant 

decrease of infarct volume by BMSC therapy at both 24 and 72 hr after reperfusion. *p < 0.05 

vs transient middle cerebral artery occlusion (tMCAO) + vehicle group.  

 

Fig. 2) Representative photomicrographs of TdT-mediated dUTP nick end labeling (TUNEL) staining 

in striatum (a) and cortex (b). Semiquantitative analysis (c) showing increased TUNEL-positive 

cells at 72 hr after reperfusion in the striatum (a), and significant reduction by bone marrow 

stromal cell (BMSC) transplantation (c). #p < 0.05 vs 0 hr after reperfusion, *p < 0.05 vs transient 

middle cerebral artery occlusion (tMCAO) + vehicle group. 

 

Fig. 3) Representative photomicrographs of ubiquitin staining in striatum (a) and cortex (b). 

Semiquantitative analysis (c) shows a significant increase of ubiquitin-positive cells at 2 hr of 

reperfusion in the cortex. Bone marrow stromal cell (BMSC) transplantation slightly suppressed 

increased ubiquitin expression after cerebral ischemia in the striatum. #p < 0.05 vs 0 hr after 

reperfusion. 

 

Fig. 4) Representative photomicrographs of BAG1 (a) and BAG3 (b) staining. Semiquantitative analysis 

of striatum (c) and cortex (d) show an increased ratio of BAG3/BAG1 in the striatum peaking at 

24 hr of reperfusion (c), which was significantly suppressed by bone marrow stromal cell 

(BMSC) transplantation (c).*p < 0.05 vs transient middle cerebral artery occlusion (tMCAO) + 

vehicle group. 
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Fig. 5) Representative photomicrographs of p62 staining of striatum (a) and cortex (b). Semiquantitative 

analysis (c) shows a significant decrease of p62-positive cells after bone marrow stromal cell 

(BMSC) transplantation. *p < 0.05 vs transient middle cerebral artery occlusion (tMCAO) + 

vehicle group. 

 

Fig. 6) (a) Representative image of western blot for LC3-I and LC3-II levels. (b) Quantitive analysis 

shows a progressive increase of LC3-II/LC3-I ratio until 24 hr of reperfusion (white bars), which 

was significantly suppressed by bone marrow stromal cell (BMSC) transplantation (black bars). 

*p < 0.05 vs transient middle cerebral artery occlusion (tMCAO) + vehicle group. 

 

Fig. 7) Hypotherical diagram showing crosstalk and the switch regulating the ubiquitin-proteosome 

system (UPS) and autophagy under normal conditions (left), ischemia/reperfusion (middle), and 

ischemia/reperfusion treated by intracerebral bone marrow stromal cell (BMSC) injection (right), 

suggesting that BMSC transplantation ameliorated the molecular switch from UPS to autophagy. 


