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A B S T R A C T   

Ischemic cerebrovascular disease is an important cause of physical disability and dementia. Oligodendrocytes 
(OLGs), which differentiate from oligodendrocyte precursor cells (OPCs), are crucial for remyelination of the 
damaged brain and functional recovery. Breast carcinoma amplified sequence 1 (BCAS1) has recently been 
shown to be highly expressed in newly formed pre-myelinating oligodendrocytes (pre-mOLGs), while its 
expression level is reduced in mature OLGs. In this study, we analyzed BCAS1 expression by immunohisto
chemical analysis of human post-mortem brain tissue from six stroke patients (death within 2 months after stroke 
onset) and eight small vessel disease (SVD) patients. Control post-mortem brain tissue was from eight age- 
matched patients without any obvious central nervous system (CNS) pathology. The Olig2 expression in the 
area corresponding to the same section of the BCAS1-stained slice was analyzed to determine the total oligo
dendrocyte lineage. The percentage of differentiating OPCs in the oligodendrocyte lineage was calculated as the 
ratio of BCAS1+ to Olig2+ cells (BCAS1+/Olig2+). The stroke and SVD cases showed demyelination with 
decreased expression of myelin basic protein (MBP, a mature OLG marker). The stroke cases showed significantly 
increased numbers of early-stage BCAS1+ cells with an immature morphology and Olig2+ cells (pan-oligo
dendrocyte lineages) in the peri-infarct areas in both the cortex and white matter, but showed no increase in the 
number of late-stage BCAS1+ cells with a mature morphology. In contrast, the SVD cases showed no significant 
increase in Olig2+ and BCAS1+ cells. These results indicated that remyelination dysfunction could be attributed 
to insufficient maturation of OPCs in stroke and impaired recruitment of OPCs in SVD.   

1. Introduction 

Cerebrovascular disease is the primary cause of severe disability and 
the second-leading cause of death worldwide [1,2]. Ischemic stroke 
constitutes the greatest proportion of strokes, accounting for 75%-80% 
of all strokes [3]. 

Ischemic vascular injury damages the cortex and white matter of the 
brain. The pathological processes caused by ischemic vascular injury can 
be divided into acute (≤2 weeks), subacute (≤12 weeks), and chronic 
(13 weeks to months) stages [4,5]. During the acute phase, disruption of 
the blood–brain barrier and reperfusion through damaged cerebral 

blood vessels damages neurons and myelin, leading to cortex and white 
matter damage. The chronic phase, which involves more active 
apoptosis, angiogenesis, and remyelination, can last for weeks to months 
[6–8]. Persistent white matter damage and hindered recovery are 
crucial causes of post-stroke disability and cognitive impairment [9,10]. 
Ischemic stroke has been suggested to be related to small vessel disease 
(SVD), which encompasses several neurological processes that lead to 
reduced cerebral blood flow, chronic ischemia, and even acute stroke 
[11]. Although it may take years to progress, persistent hypoxia can 
result in demyelination and white matter damage [11,12]. 

Oligodendrocytes (OLGs) are the myelinating cells of the central 
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nervous system (CNS), which provide axons with the myelin sheath [13] 
and serve a variety of functions in the white matter of the brain [14]. 
OLGs do not have self-renewing capacity [15] and are vulnerable to 
oxidative stress, excitatory amino acids, and inflammatory cytokines 
[16]. Ischemic episodes are followed by the death of multiple OLGs 
within 3 h [17], and a consequent disruption of myelin architecture 
[18]. Similarly, SVD creates conditions of chronic hypoxia, which in
duces oxidative stress and inflammation, leading to OLG death in the 
white matter [11,12]. 

The repair of damaged OLGs is mediated by oligodendrogenesis, 
which includes recruitment, proliferation, and maturation processes. 
Oligodendrocyte precursor cells (OPCs), which are the immature form of 
OLGs, are locally present in the corpus callosum, the striatum, and the 
cortex and are derived from neural progenitor cells in the subventricular 
zone (SVZ) [19,20]. During stroke recovery, residual OPCs and OPCs 
generated from the SVZ are activated and proliferate and migrate to the 
peri-infarct area (penumbra), of which some mature into myelinating 
OLGs to compensate for the injured axons. Disruption of OLG matura
tion leads to the failure of remyelination, which hinders neurological 
recovery after stroke [21,22]. Some studies have suggested that the 
failure of remyelination in the SVD model could be related to an arrest in 
OPC maturation [23]. However, the detailed mechanisms underlying 
the disturbances in oligodendrogenesis during stroke and SVD recovery 
remain unclear. 

Breast carcinoma amplified sequence 1 (BCAS1) was originally 
identified as a messenger ribonucleic acid (mRNA) amplified in human 
cancer cell lines [24] and has been shown to be highly expressed in OLGs 
[25]. Although the precise function of BCAS1 remains unknown, the 
expression of BCAS1 was shown to be upregulated in the cerebral cortex 
3 weeks after birth in a mouse model, similar to myelin basic protein 
(MBP) expression, and BCAS1 knockout mice showed reduced anxiety 
and schizophrenia-like behavioral abnormalities as well as mild hypo
myelination [26,27]. BCAS1 is also known to be highly expressed in pre- 
myelinating OLGs (pre-mOLGs), and its expression is reduced in mature 
oligodendrocytes [28]. 

In this study, we investigated whether BCAS1 could serve as a marker 
of oligodendrogenesis after ischemic brain injury. To this end, we used 
BCAS1 immunohistochemistry to examine the expression of BCAS1 in 
human brains showing cerebral infarction and SVD and explored the 
changes in pre-mOLGs in the OPC population after ischemic stroke and 
SVD. Our results showed that after ischemic stroke, early-stage BCAS1+
cells and Olig2+ cells, but not late-stage BCAS1+ cells, were signifi
cantly increased in the peri-infarct demyelinating areas, which may 
indicate increased recruitment of OPCs without proper maturation into 
mOLGs. In contrast, the SVD group did not show an increase in Olig2+
and BCAS1+ cells, indicating impaired recruitment of OPCs to demye
linating lesions in SVD. 

2. Methods 

2.1. Human tissue sample collection 

CNS tissue was obtained from the archives of the Institute of 
Neuropathology at Kyoto University. This study was approved by the 
local ethics committee (R1038). For the control group, frontal or tem
poral cortex and white matter samples were obtained from seven au
topsy cases without obvious ischemic history and pathology. SVD was 
diagnosed on the basis of previously published criteria [29,30]. The 
majority of the eight SVD samples were obtained from the temporal lobe 
of patients showing ischemic changes. For stroke samples, the location 
of the stroke was relatively variable, and included the frontal, temporal, 
parietal, and occipital lobes and the motor area. In the stroke group, the 
peri-infarct area was selected randomly within the zone bordering the 
infarct core, and the remote area was defined as the region farther than 
1.0 cm away from the infarction. The duration of the stroke process was 
1–2 months. Most patients experience systemic ischemia due to 

respiratory failure before death. The age ranges of the stroke patients, 
SVD patients, and normally aged control participants were 73–93 years, 
70–90 years, and 68–95 years, respectively. For the stroke group, dis
ease duration (time before death) ranged from 1 to 2 months. Detailed 
clinical information is presented in Table 1. 

2.2. Immunohistochemistry 

Paraffin-embedded tissue sections (6 μm) were deparaffinized, 
stained with hematoxylin and eosin (HE) or Klüver-Barrera (KB), and 
subjected to immunohistochemistry (IHC) in accordance with standard 
procedures. The following primary antibodies were used: For activated 
astrocytes and microglia, rabbit anti-glial fibrillary acidic protein 
(GFAP) antibody (ab7260, 1:200; Abcam), and mouse anti-CD68 anti
body (M0814, 1:100; Dako) were applied, respectively. Demyelination 
of the brain samples was confirmed using a rabbit anti-MBP antibody 
(PD004, 1:200; MBL). For BCAS1 specificity, double-labeling IHC was 
performed using a mouse anti-BCAS1 antibody (sc-136342, 1:500; Santa 
Cruz) and a rabbit anti-Olig2 antibody (JP18953, 1:300; IBL Interna
tional), rabbit anti-NG2 antibody (AB5320, 1:100; Merck Millipore), or 
rabbit anti-CC1 antibody (OP80, 1:50; Merck Millipore). To demonstrate 
that the BCAS1+ cells were from the oligodendroglial lineage, two 
consecutive brain samples from the same autopsy case were stained with 
either mouse anti-BCAS1 antibody (sc-136342, 1:500; Santa Cruz) or 
rabbit anti-Olig2 antibody (JP18953, 1:300; IBL International). Anti
body binding was visualized using biotinylated secondary antibodies 
(414151F; Histofine), peroxidase-conjugated avidin, and dia
minobenzidine (415194F; Histofine). Double-labeling immunohisto
chemistry was performed by combining diaminobenzidine and Fast Red 
by using an alkaline phosphatase-conjugated secondary antibody (MP- 
5402; Vector). 

2.3. Morphometric analysis 

Immunopositive cell densities in each immunohistopathological tis
sue sample were determined using a 10 × 10 ocular morphometric grid 
(at 200 × magnification) (Olympus, Japan), and the results were 
expressed as cells/mm2. BCAS1+ cells were manually counted using the 
ImageJ software (ver. 1.46r, NIH). All Olig2 antibody stained sections 
were counterstained with hematoxylin. The percentage of Olig2+ OLG 
lineage cells was counted automatically using ImageJ as Olig2+ cell 
numbers in the total hematoxylin-stained cell nuclei. To determine the 
percentage of BCAS1+ cells in OLG lineage cells, the total number of 
Olig2+ cells was counted in the same area as BCAS1-stained sections 
from two consecutive brain samples. MBP quantification was also per
formed using the ImageJ software (ver. 1.46r, NIH). MBP images were 
processed with calibration and threshholding, and the ratio of MBP- 
positive area was calculated as the area of thresholded image divided 
by the area of full image. 

2.4. Statistical analysis 

All statistical analyses were performed using GraphPad Prism 8 
software (GraphPad Software). Normal distribution was tested using the 
Kolmogorov–Smirnov test with Dallal–Wilkinson-Lillie for p-values. The 
Mann–Whitney U test was used to compare the two groups. Krus
kal–Wallis one-way analysis of variance with Dunn’s multiple- 
comparison test was performed to compare three or more groups. 
Data were presented as mean ± SEM, unless stated otherwise. The as
terisks corresponded to p-values < 0.05 (*), <0.01 (**), and < 0.001 
(***). 
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3. Results 

3.1. Ischemic cell changes and demyelination were confirmed in stroke 
and SVD cases 

Detailed clinical information is presented in Table 1. The age range 
of the stroke patients, SVD patients, and control individuals was 73–93 
years, 70–90 years, and 68–95 years, respectively (Table 1). The time 
from stroke onset to autopsy was 1–2 months. 

Ischemic cell changes and demyelination were observed in both 
stroke and SVD cases (Fig. 1). KB (Fig. 1A) and HE (Fig. 1B) staining 
revealed ischemic changes in the stroke patients. Severe neuronal death 
and axonal loss were observed in the core of the ischemic territory, with 
GFAP + astrocytes (Fig. 1C) and clustered CD68 + microglia (Fig. 1D) in 
the peri-infarct areas. In stroke cases, the remote area was defined as an 
area farther than 1.0 cm away from the infarction without any evident 
ischemia on KB and HE staining. MBP staining further confirmed that 
both stroke and SVD patients showed areas of reduced myelin staining. 
In the peri-infarct areas of stroke patients, gray and white matter showed 
decreased MBP immunoreactivity (Fig. 1E, F). The MBP + area also 
decreased in the remote areas in the stroke cases (Fig. 1G, H). In the SVD 
cases, the white matter showed decreased MBP immunoreactivity 
(Fig. 1I, H, N). The results of NG2 + single staining are shown in sup
plementary figures (Supplementary Fig. 1A-D). 

3.2. The BCAS1 antibody was a specific marker for differentiating OPCs/ 
OLGs in the control and stroke groups 

Cells labeled for BCAS1 were observed in all samples in the stroke, 
SVD, and control groups. We evaluated the antibody specificity for pre- 
mOLGs by using alkaline phosphatase double staining. Almost all 
BCAS1+ cells were co-labeled with Olig2 (Fig. 2A, B), but the labeling 
rarely overlapped with that for NG2 (Fig. 2C, D) and CC1 antibodies 
(Fig. 2E, F). 

Two different morphologies of BCAS1+ cells were identified in all 
the cases. One BCAS1+ cell population showed a smaller nucleus and 
cytoplasm and extended large branches (Fig. 2H, arrow). Another pop
ulation consisted of rounder cells with almost no branched processes in 
the cortex (Fig. 2H, arrowheads) or white matter (Fig. 2J, arrowheads). 
Previous reports have suggested that BCAS1 staining is localized to the 
cell cytoplasm and shows different morphologies during maturation. In 
the early stages of maturation, BCAS1+ cells appear rounder, with 

almost no branched processes, and have a larger nucleus, indicating a 
more immature OPC-like morphology. In the later stage, the cells show a 
smaller nucleus and cytoplasm and extended large myelin-like mem
brane sheets [28,31]. On the basis of these reports, the BCAS1+ cells 
with branches (Fig. 2H, arrow) were classified as “late-stage BCAS1+
cells” and the BCAS1+ cells without branches (Fig. 2H, J, arrowheads) 
are classified as “early-stage BCAS1+ cells.”. 

In the aged cerebral cortex of the control group, the density of early- 
stage BCAS1+ cells was approximately 12 ± 2.6 cells/mm2, which was 
almost six times higher than that of the late-stage cells (2.3 ± 0.4 cells/ 
mm2) (Fig. 2K). Moreover, in the white matter, the density of early-stage 
BCAS1+ cells was approximately 5.3 ± 1.8 cells/mm2, while the density 
of late-stage cells was approximately the same as that in the cortex (1.1 
± 0.17 cells/mm2) (Fig. 2L). These measurements of the density of 
BCAS1+ cells were consistent with those reported in a previous study 
[28]. 

3.3. Early-stage BCAS1+ cells were significantly increased in the peri- 
infarct areas and remote areas of the stroke group 

We then investigated the distribution of BCAS1+ cells in the stroke 
(Fig. 3 A-G) and SVD groups (Fig. 3H, J). BCAS1+ cells were abundantly 
observed in the peri-infarct areas (Fig. 3A-D). The early-stage BCAS1+
cells were significantly greater in number and concentrated around the 
peri-infarct areas (Fig. 3 J), while the late-stage BCAS1+ cells were 
difficult to identify (2.1 ± 0.56 cells/mm2 in the cortex and 2.1 ± 0.73 
cells/mm2 in white matter; Fig. 3K). 

The number of early-stage BCAS1+ cells in the peri-infarct and 
remote areas showed wide variations among samples, ranging from 51 
to 226 cells/mm2 in the cortex and 63 to 616 cells/mm2 in the white 
matter in the peri-infarct areas, and from 5.1 to 177 cells/mm2 in the 
cortex and 5.1 to 690 cells/mm2 in the white matter in the remote areas. 
Despite the large variance within stroke cases, which may be attribut
able to differences in stroke severity and stages, the increase in the 
number of early-stage BCAS1+ cells in the stroke group was statistically 
significant (Fig. 3J, K). Quantification data showed that the number of 
early-stage cells had increased 58-fold in the white matter (309 ± 58 
cells/mm2; p < 0.0001) and 13-fold in the cortex (158 ± 24 cells/mm2, 
p < 0.0001) in comparison with the control samples (Fig. 3J). 

In the remote areas of the stroke samples, early-stage BCAS1+ cells 
showed similar changes as in the peri-infarct areas, with 26-fold and 6- 
fold increments in the white matter and cortex, respectively (Fig. 3F, 

Table 1 
Clinical and pathological Information of the subjects.   

Gender Age of death (y) Disease Duration (m) Clinical diagnosis Area Cause of death 

Stroke group 
(n = 6) 

Female 74 1.5 months Cerebral infarction Occipital lobe NA 
Male 73 1.5 months Cerebral infarction Frontal lobe Respiratory failure 
Male 84 NA Multiple cerebral infarction Motor area NA 
Male 89 2 months Cerebral infarction Parietal lobe Multiorgan failure 
Female 93 1 month Cerebral infarction Parietal lobe Apnea 
Male 84 2 months Cerebral infarction Occipital lobe Liver failure 

Control group 
(n = 7) 

Female 71 NA Carcinomatous meningitis Temporal lobe NA 
Female 68 NA Senile change Motor area NA 
Male 72 NA NA Motor area Respiratory failure 
Male 92 NA NA Frontal lobe Heart failure, kidney failure 
Male 95 NA NA Frontal lobe DIC 
Male 76 NA Parkinson’s disease Motor area DIC 
Female 69 NA Dementia with Lewy bodies Motor area Pneumonia 

SVD group 
(n = 8) 

Male 90 NA Ischemic leukoencephalopathy Temporal lobe Heart failure 
Female 77 4 months Ischemic changes, Alzheimer type of degeneration Temporal lobe Pneumonia 
Male 70 12 months Superficial hemosiderosis, multiple lacunar infarction Temporal lobe Pneumonia 
Female 82 12 months Multiple lacunar infarction in basal ganglia Temporal lobe Pneumonia 
Male 82 22 months Binswanger’s disease Frontal lobe Pneumonia 
Male 85 21 months Binswanger’s disease Temporal lobe Pneumonia 
Female 86 23 months Binswanger’s disease Temporal lobe Pneumonia 
Female 76 14 months Binswanger’s disease Temporal lobe Sepsis 

Abbreviation: NA: Not available; DIC: Disseminated intravascular coagulation. 
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G; p < 0.001) in comparison with the control samples. However, late- 
stage BCAS + cells showed no significant changes in comparison with 
the control group. In contrast to the findings for the stroke group, the 
SVD group showed no significant change in the early- and late-stage 
BCAS1+ cell numbers (Fig. 3H, I). 

3.4. Percentage of BCAS1+ cells in the Olig2 lineage in the ischemic brain 

To determine the ratio of BCAS1+ cells in the total OLGs, we 
investigated Olig2+ cells in all cell types (Fig. 4) and the percentage of 

BCAS1+ cells in the total Olig2 lineage in each group (Fig. 5). First, we 
confirmed an increase in Olig2+ cells in stroke patients (Fig. 4. C, D). 
The percentage of Olig2+ OLGs (% of Olig2 in Fig. 4 I, J) was counted as 
the number of Olig2+ cells in the total hematoxylin-stained cell nuclei. 
In the peri-infarct areas, the percentage of Olig2+ cells among all cell 
types was 24%±4.3% in the cortex and 54%±8% in the white matter; 
both were greater than the corresponding values in the control group 
(8.7%±1.2% in the cortex, 29%±7.6% in the white matter). Although 
the percentage of Olig2+ cells also increased in the remote area of the 
white matter, the intergroup difference for this increase was not 

Fig. 1. Ischemic cell changes and demyelin
ation were confirmed in the stroke and SVD 
cases. (A-D) Representative images of KB, HE, 
GFAP, and CD68 staining in the peri-infarct 
area of stroke. (E-L) MBP immunohistochem
istry of the penumbra (E, F) and remote area 
of a stroke case (G, H) and an SVD case (I, J), 
and the occipital lobe of a control case (K, L). 
(M, N) Quantification of the MBP + mean gray 
area in the white matter and cortex in each 
group. PI, peri-ischemic area; RA, remote area. 
(Kruskal–Wallis test with Dunn’s post-hoc test, 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. n = 5–8, with three sections per case. 
Quantitative data are presented as the mean 
± SEM. Scale bar = 100 μm).   
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significant (p = 0.1995. Fig. 4I, J) (see Fig. 6). 
We then quantified the number of BCAS1+ cells in the same region as 

Olig2 to obtain the percentage of BCAS1+ cells in the total Olig2 lineage 
(BCAS1+%) (Fig. 5). In the white matter, the BCAS1+% increased by 
22.4% in the penumbra (p < 0.0001; Fig. 5T). However, the increase in 
BCAS1+% in remote areas of the white matter did not reach significance 
(p = 0.2981). Although the cortex BCAS1+/Olig2+ ratio was increased 
in SVD, it was most likely due to the decrease in the number of Olig2+
cells, since the findings showed a 12.42% (p = 0.0817) reduction in 
Olig2+ cells in the SVD cortex (Fig. 4I). As for gender differences, 
although the current data did not provide significant evidence (Sup
plementary Fig. 2), further analysis in future studies might reveal some 
new perspectives. 

These results (Fig. 5 S, T) suggest that active OPC recruitment (i.e., 
proliferation and/or migration) without complete maturation was 
induced in the peri-infarct areas in stroke cases. However, neither OLG 
lineages nor the ratio of cortex BCAS1+/Olig2+ increased in the SVD 
group, suggesting that demyelination and OLG death under mild hyp
oxia could not trigger OPC recruitment. 

4. Discussion 

In the present study, the morphological characteristics of BCAS1+
cells showed a typical pattern described in previous reports [28]. During 

the early stage of differentiation, BCAS1+ cells appeared rounder, with 
almost no branched processes, and had a larger nucleus, showing a more 
OPC-like morphology. In the later stage, the cells showed a smaller 
nucleus and cytoplasm and extended large myelin-like membrane sheets 
in culture. BCAS1 immunoreactivity was first observed in the soma and 
later appeared in newly formed non-compacted myelin sheaths and 
diminished in compacted myelin-like membrane sheets [2832]. 
Although the precise function of BCAS1 remains unclear, it has been 
thought to be involved in the development of white matter [26]. In our 
study, pre-OLGs showed a BCAS1-positive status during oligodendro
genesis, while immature OPCs and mature OLGs did not show positive 
results for BCAS1. 

Both ischemic stroke and SVD involve reduced blood flow to the 
brain and the creation of an oxidative and proinflammatory environ
ment that causes demyelination and remyelination. In the present study, 
while the MBP density was decreased in both the stroke and SVD groups, 
the BCAS1+ OLGs showed different patterns between the stroke and 
SVD groups. Although the stroke group showed an increased density of 
Olig2 and early-stage BCAS1+ cells, the SVD group did not show an 
increase in Olig2 and BCAS1+ cells. 

The number of early-stage BCAS1+ cells was significantly higher in 
the stroke group in the present study. These results indicate that OPCs 
are abundantly recruited during acute ischemic conditions. Moreover, 
the total number of OLG lineages in the peri-infarct areas was increased 

Fig. 2. BCAS1 antibody specificity and different morphologies of BCAS1+ cells. (A-F) Alkaline phosphatase double-staining images of BCAS1 (red) with Olig2 
(black), NG2 (black), and CC1 (black) in the control and peri-infarct areas. Almost all BCAS1+ cells were co-labeled with Olig2 (A, B). BCAS1+/Olig2+ cells (Green 
arrowhead) and BCAS1-/Olig2+ cells (black arrowheads) are shown (A, B). BCAS1 rarely merged with NG2 (C, D) or CC1 (E, F). Double staining shows BCAS1+/ 
NG2- cells (blue arrowheads in C, D), BCAS1-/NG2 + cells (green arrows in C, D), BCAS1+/CC1- cells (blue arrowheads in E, F), and BCAS1-/CC1 + cells (green 
arrows in E, F). (G-J) Representative images of BCAS1+ cells in the frontal cortex (G) and the white matter (J). Magnified images of (G) and (I) are shown in (H) and 
(J), respectively. Early-stage BCAS1+ cells (black arrowhead in H and J) appeared rounder, with almost no branched processes, and had a large nucleus, which 
showed a more OPC-like morphology. Late-stage BCAS1+ cells (black arrow in H) extended into large myelin-like membrane sheets in culture (K, L). Quantification 
of the early and late stages of BCAS1+ cell density in the white matter and cortex. (Unpaired Mann–Whitney test, *p < 0.05, ****p < 0.0001). n = 6, two sections per 
case. Quantitative data are presented as the mean ± SEM. Scale bars: A-G, I = 100 μm; H, J = 50 μm). 
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in both the cortex and white matter, indicating the migration and/or 
proliferation of OPCs in the lesion area. Cerebral ischemic stroke pro
duces severe neuronal death and more sustained hypoxia and inflam
mation with the secretion of trophic factors and proinflammatory 
signaling proteins (cytokines and chemokines) from reactive astrocytes, 
macrophages, microglia, and cerebral endothelial cells [33]. In partic
ular, trophic factors are essential since they promote OPC proliferation, 
migration, and differentiation. For example, astrocytes express basic 
fibroblast growth factor (bFGF) and endothelial cell-derived vascular 
endothelial growth factor (VEGF), which can also induce OPC migration 
[34,35]. Platelet-derived growth factor (PDGF), brain-derived neuro
trophic factor (BDNF), and insulin-like growth factor-I (IGF- l) from 
astrocytes, endothelial cells, and microglia, respectively, can promote 
OPC proliferation [36–39]. Astrocyte-derived BDNF, astrocytes, and 
microglia-derived ciliary neurotrophic factor (CNTF) can promote OPC 
differentiation [40]. Under the effects of these tropic factors, residual 
OPCs and OPCs generated from the SVZ undergo activation, prolifera
tion, and migration to the peri-infarct area [15,41]. Thus, these tropic 
factors can be reasonably assumed to promote the recruitment of OPCs 
in our study. 

In contrast to the findings for the stroke group, the density of Olig2 

and BCAS1+ cells did not increase in the SVD group in our study. Since 
SVD does not present with massive acute infarction unlike stroke, SVD 
cases may not show the expression of trophic factors that trigger OPC 
proliferation and migration. One study using a rat model of chronic 
hypoxia reported the expression of hypoxia-inducible factor-1α (HIF- 
1α), a transcription factor that regulates adaptive responses to oxygen 
deficiency, and the HIF-1 target genes, glucose transporter-1 (GLUT-1), 
and VEGF [42,43]. However, during prolonged hypoxia, HIF-1α 
expression was significantly elevated for 14 days and returned to near 
baseline levels by 21 days despite the continuous low arterial oxygen 
tension [44]. On the other hand, acute hypoxia causes a fluctuating yet 
continuous increase until 8 days in the expression of HIF-1α as well as its 
target genes, glucose transporter-1, and VEGF, which has been proven to 
promote OPC migration [45]. Further investigation is needed to clarify 
the difference between hypoxic gradients and changes over time after 
stroke and chronic hypoxia in SVD, and the underlying mechanisms that 
affect OPC behavior. 

Although the number of BCAS1+ cells among OLlG2-positive cells at 
the white matter of peri-infarct areas of stroke increased, only some of 
the recruited OPCs could differentiate into mature myelinating OLGs in 
the stroke cases in the present study. Several factors can affect OLG 

Fig. 3. Early-stage BCAS1-positive cells are significantly increased in the peri-infarct area and remote area in the stroke group. (A-D) Magnified images of BCAS1 
immunohistochemistry in the peri-infarct area (E). Fig. 3 (A-D) represent the areas in the green (A), black (B), yellow (C), and blue (D) box, respectively. (F, G) 
BCAS1+ cells are increased in the remote area of the stroke case (F, G). (H, I) No significant changes in BCAS1+ cells were seen in the SVD cases. (J, K) Quantification 
of BCAS1+ cell density in the early (J) and late stages (K) in the cortex and white matter. PI, peri-ischemic area; RA, remote area (Kruskal–Wallis test with Dunn’s 
post-hoc test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 5–8, two sections per case. Quantitative data are presented as the mean ± SEM. Scale bars: A, 
B, D-I = 100 μm; C = 50 μm). 
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maturation under ischemia. The primary factor influencing maturation 
is apoptosis of OPCs under ischemic conditions. In a neonatal rat model 
of hypoxic-ischemic injury, O4-positive late OPCs were decreased via 
apoptotic cell death [46], and it is reasonable to assume that most early- 
stage BCAS1+ cells undergo apoptosis due to their vulnerability to 
hypoxia, with only a small percentage of these cells differentiating into 
late-stage BCAS1+ cells. Second, BCAS1+ cells eventually die because of 
the loss of axons, although late-stage BCAS1+ cells show increased 
resistance to cell death due to oxidative stress. The massive axon loss in 
stroke limited the neuronal activity for these cells to differentiate into 
functional myelinating OLGs since pre-mOLGs have a limited time 
before being connected with axons. Third, maturation arrest can be 
induced by various factors that inhibit OPC differentiation in cell- 
autonomous and non-cell-autonomous manners [36]. 

Our study also showed that the SVD group lacked mature OLGs. 

Several factors can influence the maturation of OLGs under chronic 
ischemia. One possible explanation is the loss of maturation factors 
during the chronic period. Some growth factors such as astrocyte-deri
ved BDNF have been proven to be crucial for OPC differentiation 
[40,47] in addition to OPC proliferation and migration, as mentioned 
above. BDNF levels increased within 24 h after acute stroke onset and 
returned to normal at 8 days. During the early and late stages of stroke, 
neurons, endothelial cells, microglial cells, and astrocytes in ischemic 
lesions were primarily responsible for BDNF production [48]. The dif
ferentiation arrest of resident OPCs in SVD may be partially related to 
the lack of BDNF. Under chronic hypoxia, BDNF levels gradually 
decreased, and the ratio of GFAP/BDNF double-positive cells decreased 
in a time-dependent manner, although the number of GFAP-positive 
astrocytes increased [49,50]. Another possible explanation is the 
quiescent state of resident OPCs, which has been reported in 

Fig. 4. Olig2+ cells are increased at peri-infarct area. Representative images of Olig2 immunohistochemistry in the control group (A, B), peri-infarct area (C, D), 
remote area (E, F), and SVD groups (G, H). Quantification of Olig2+ cell percentage in the total hematoxylin-stained cell nuclei in the cortex (I) and white matter (J). 
PI, peri-ischemic area; RA, remote area (n = 5–8, two sections per case). Kruskal–Wallis test with Dunn’s post-hoc test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. Quantitative data are presented as the mean ± SEM. Scale bar = 100 μm). 
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Fig. 5. Percentage of BCAS1+ cells in 
oligodendrocyte lineage. The same re
gion from two consecutive brain slices 
stained with Olig2+ (A, C, E, G, I, K, 
M, O) and BCAS1+ (B, D, F, H, J, L, N, 
P) antibodies in the peri-infarct (A-D), 
remote (E-H), control (I-L), and SVD 
(M− P) areas. Quantification of 
BCAS1+ cell density (Q, R) and per
centage of BCAS1+ cells in Olig2+
cells (S, T) in the white matter and 
cortex. (n = 5–8, two sections per 
case). PI, peri-ischemic area; RA, 
remote area. (Kruskal–Wallis test with 
Dunn’s post-hoc test, *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001. 
Quantitative data are presented as the 
mean ± SEM. Scale bar = 100 μm).   
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inflammatory and aging conditions. For instance, OPCs in multiple 
sclerosis lesions are classified as quiescent cells that lost the ability to 
proliferate and differentiate efficiently [51]. Insufficient proliferation 
and prolonged quiescence of resident OPCs may lead to remyelination 
failure in SVD [52–54]. 

The limitations of the present study are related to the limited number 
of stroke patients, who showed heterogeneity in injury severity, area, 
and complications. Moreover, the preservation of gray and white matter 
in these patients may not be as intact as in control samples, which may 
have influenced OPC behavior. Furthermore, since aging is reported to 
be related to the differentiation capability of OPCs [55,56], BCAS1 
expression in young human stroke samples may need to be evaluated. A 
larger patient cohort or more controllable animal stroke models may be 
warranted in the future. 

In conclusion, while stroke cases showed impaired maturation of 
early-stage BCAS1+ cells into late-stage BCAS1+ cells, SVD cases 
showed impaired recruitment of OPCs. On the basis of these peculiarities 
of OPC dynamics in stroke and SVD, promoting further maturation of 
differentiating OPCs or relieving maturation arrest is a possible target 
for remyelination and functional recovery after stroke, whereas it may 
be more important to enhance OPC recruitment for SVD. 
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Fig. 6. Schematic representation of the presumed remyelinating process in normoxia and acute and chronic ischemia. After acute ischemia, under the effect of 
trophic factors (recruitment and differentiation factors), residual and recruited OPCs are activated, proliferate, migrate to the peri-infarct area, and differentiate into 
early-stage BCAS1+ cells [13,37]. Under normoxia, early-stage BCAS1+ cells eventually mature into functional oligodendrocytes and undergo complete remyeli
nation. However, under ischemic stroke, most early-stage BCAS1+ cells fail to mature, probably because of their vulnerability to hypoxia, loss of axons, lack of 
sustained differentiation factors, or inhibition of overexpressed proliferation factors during acute ischemia [42,43]. In SVD, since some resident OPCs are in a 
quiescent state and lose their ability to proliferate and differentiate efficiently without appropriate recruitment and differentiation factors, full remyelination is 
hindered [38,39]. 
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