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Aging is one of the most important risk factors for devel-
oping white matter injury in stroke and cerebrovascular 

disease.1 The risk of stroke doubles every decade after 55 
years of age,2 and aged patients show less functional recovery 
from stroke compared with younger patients.3 However, the 
mechanisms that underlie the increased vulnerability of aging 
white matter remains poorly understood.

Increasingly, it has been proposed that central nervous sys-
tem pathophysiology is significantly influenced by the balance 
between deleterious versus beneficial responses to the initial 
insult.4 Stroke and brain injury trigger a wide spectrum of neuro-
vascular perturbations, glial activation, neuroinflammation, and 
neuronal cell death cascades. But many endogenous neuropro-
tective responses may also be induced at the same time. These 

include compensatory neurogenesis, angiogenesis, neuroplas-
ticity, and remodeling.5 Herein may lie a clue to the effects of 
aging on central nervous system disease. Although the adult brain 
retains plastic capabilities for regeneration and recovery, aging 
may significantly dampen these endogenous protective mecha-
nisms. In particular, the capacity for neurogenesis seems to dimin-
ish with age. This is primarily because of a general reduction of 
neuronal precursor cell proliferation because of age-related alter-
ations in the cellular microenvironment: decline of neurotrophic 
factor expression,6,7 increase in cell death rate of neuronal precur-
sors and mature neurons,8 and decrease in the activation of cyclic 
AMP response element-binding protein (CREB) signaling.9

Similar to neurogenesis, oligodendrogenesis and white matter 
homeostasis might also be affected by white matter senescence. 

Background and Purpose—Aging is one of the major risk factors for white matter injury in cerebrovascular disease. 
However, the effects of age on the mechanisms of injury/repair in white matter remain to be fully elucidated. Here, we 
ask whether, compared with young brains, white matter regions in older brains may be more vulnerable in part because 
of decreased rates of compensatory oligodendrogenesis after injury.

Methods—A mouse model of prolonged cerebral hypoperfusion was prepared by bilateral common carotid artery stenosis in 
2-month and 8-month-old mice. Matching in vitro studies were performed by subjecting oligodendrocyte precursor cells 
to sublethal 7-day CoCl

2
 treatment to induce chemical hypoxic stress.

Results—Baseline myelin density in the corpus callosum was similar in 2-month and 8-month-old mice. But after induction 
of prolonged cerebral hypoperfusion, older mice showed more severe white matter injury together with worse deficits in 
working memory. The numbers of newborn oligodendrocytes and their precursors were increased by cerebral hypoperfusion 
in young mice, whereas these endogenous responses were significantly dampened in older mice. Defects in cyclic AMP 
response element-binding protein signaling may be involved because activating cyclic AMP response element-binding 
protein with the type-III phosphodiesterase inhibitor cilostazol in older mice restored the differentiation of oligodendrocyte 
precursor cells, alleviated myelin loss, and improved cognitive dysfunction during cerebral hypoperfusion. Cell culture 
systems confirmed that cilostazol promoted the differentiation of oligodendrocyte precursor cells.

Conclusions—An age-related decline in cyclic AMP response element-binding protein–mediated oligodendrogenesis 
may compromise endogenous white matter repair mechanisms, and therefore, drugs that activate cyclic AMP response 
element-binding protein signaling provide a potential therapeutic approach for treating white matter injury in aging 
brains.   (Stroke. 2013;44:2573-2578.)
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In healthy young adult brains, myelin-forming mature oligoden-
drocytes in the white matter can be newly generated from their 
precursor cells (oligodendrocyte precursor cells [OPCs]). After 
white matter injury, OPCs rapidly proliferate and migrate to fill 
the demyelinated area, differentiate into mature oligodendro-
cytes, and restore myelin sheaths.10–12 Notably, however, myelin 
density, along with cognitive function, spontaneously declines 
with increasing age in both humans and rodents,13,14 indicating 
that the capacity for oligodendrogenesis may be associated with 
white matter senescence. In this study, we ask whether analo-
gous declines in endogenous recovery mechanisms may also 
occur after central nervous system injury, thus mediating the 
age-related increase in white matter vulnerability in stroke and 
cerebrovascular disease.

Methods
Cerebral Prolonged Hypoperfusion Model
All experiments were performed following an institutionally approved 
protocol in accordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals. Cerebral prolonged hy-
poperfusion stress was induced by bilateral common carotid artery ste-
nosis. Male C57Bl/6 mice (2 months and 8 months old; Charles River 
Institute) were anesthetized with 4.0% isoflurane and then maintained 
on 1.5% isoflurane in 70% N

2
O and 30% O

2
 using a small-animal 

anesthesia system. Through a midline cervical incision, both common 
carotid arteries were exposed. A microcoil with a diameter of 0.18 mm 
(Sawane Spring Co) was applied to bilateral common carotid arteries, 
maintaining the rectal temperature between 36.5°C and 37.5°C using a 
heating pad. All experimental groups were randomized, and investiga-
tors responsible for surgical procedures or drug treatments were blind-
ed. End point assessments (please see online-only Data Supplement 
for detailed methods of end point assessments) were performed by 
investigators blinded to the groups to which each animal was assigned.

Cell Culture
OPC cultures were prepared from rat neonatal cortex. Cultured OPCs 
were plated and maintained in Neurobasal medium containing gluta-
mine, 1% penicillin/streptomycin, 10 ng/mL platelet-derived growth 
factor, 10 ng/mL fibroblast growth factor, and 2% B27 supplement onto 
poly-DL-ornithine–coated plates. Four to 5 days after plating, the OPCs 
were used for the experiments. To differentiate OPCs from myelin basic 
protein–positive oligodendrocytes, the culture medium was switched 
to Dulbecco’s Modified Eagle Medium containing 1% penicillin/strep-
tomycin, 10 ng/mL ciliary neurotrophic factor, 50 ng/mL T3, and 2% 
B27 supplement. To mimic chronic mild-hypoxic condition, OPCs were 
incubated with nonlethal CoCl

2
 (Sigma). Please see online-only Data 

Supplement for detailed methods of in vitro cell culture experiments.

Statistical Analysis
On the basis of published and pilot data, power estimates were calcu-
lated based on α=0.05 and β=0.8 to obtain group sizes appropriate for 
detecting effect sizes in the range of 30% to 50% for in vivo models 
and 40% to 50% for cell culture models. A 1-way ANOVA followed 
by post hoc Fisher protected least significant difference test was used 
to determine the significant differences in various indices among the 
groups. A P value of <0.05 was considered statistically significant.

Results
Eight-Month-Old Mice Suffer More White Matter 
Injury Than 2-Month-Old Mice After Prolonged 
Cerebral Hypoperfusion
There were no clear differences in myelination and white 
matter integrity of the corpus callosum in young 2-month-old 

mice compared with older 8-month-old mice (Figure S1 in 
the online-only Data Supplement). We then asked whether 
in spite of similar baseline conditions, older white matter 
would still be more vulnerable to injury. Mice were sub-
jected to a standard model of prolonged cerebral hypoperfu-
sion by using microcoils to bilaterally narrow the luminal 
diameters of their common carotid arteries. There were no 
initial differences in carotid diameters (2-month-old mice: 
341.4±24.6 μm; 8-month-old mice: 342.4±24.7 μm), and 
the surgical procedures produced similar degrees of cere-
bral hypoperfusion (2-month-old: 75.9±8.7%; 8-month-old: 
78.0±6.6%, cerebral blood flow levels at 14 days relative to 
sham- operative animals).

For 14 days after onset of cerebral hypoperfusion, white 
matter integrity was assessed with fluoromyelin staining, 
myelin basic protein Western blot, and spectral domain opti-
cal coherence microscopy imaging (Figure S2 in the online-
only Data Supplement). As expected, cerebral hypoperfusion 
induced a progressive degradation of white matter integrity 
in the corpus callosum in all mice. But loss of myelin immu-
nostaining (Figure 1A) and myelin basic protein Western blot 
(Figure 1B) was more severe in older 8-month-old brains com-
pared with the younger 2-month-old brains. Spectral domain 
optical coherence microscopy imaging confirmed that the 
8-month-old brains showed increased myelin fiber derange-
ment and white matter vacuoles (Figure 1C). Consistent with 
these morphological end points, 8-month-old mice dem-
onstrated more severe neurological deficits compared with 
younger 2-month-old mice, as measured with the standard 
Y-maze test. At prehypoperfusion baseline conditions, all 

Figure 1. White matter lesion after prolonged cerebral hypoper-
fusion. A, Relative density of fluoromyelin intensity in mouse cor-
pus callosum. Values were calculated based on the density of 
pretreatment in 2-month-old mice (n=5). B, Western blot images 
for myelin basic protein expression in mouse corpus callosum 
before and 14 days after the stress onset. β-Actin is an inter-
nal control. C, Spectral domain optical coherence microscopy 
images of corpus callosum in 2-month-old and 8-month-old 
mice at day 14 after white matter injury. D, Alternation behavior 
(index of working/spatial memory) of 2-month and 8-month-old 
mice at pretreatment and day 14 after injury (n=10). Values are 
mean±SD (*P<0.05). 2M indicates 2-month-old mice; and 8M, 
8-month-old mice.
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mice showed normal Y-maze function. But after 2 weeks of 
cerebral hypoperfusion, Y-maze function was more severely 
affected in the older 8-month-old mice (Figure 1D).

Eight-Month-Old Mice Show Decreased 
Oligodendrogenesis After Prolonged  
Cerebral Hypoperfusion
To assess the hypothesis that older brains possess dampened 
endogenous repair capacities, we used 5-bromodeoxyuridine 
(BrdU) incorporation experiments to ask whether oligoden-
drogenesis is suppressed in aging white matter (Figure S3 
in the online-only Data Supplement). In young 2-month-old 
white matter, the number of BrdU-incorporated cells was 
increased after cerebral hypoperfusion (Figure 2A). In older 
8-month-old white matter, the increase in BrdU-incorporated 
cells was detectable but significantly reduced compared 
with 2-month-old white matter (Figure 2A). Double-
immunofluorescence labeling with cell-specific markers 
revealed that the major cell type of BrdU-incorporated cells 
comprised NG2-positive OPCs in both groups (Table S1 in 
the online-only Data Supplement).

To confirm these findings, immunostaining was used to 
quantify the number of NG2 positive OPCs up to 14 days after 
cerebral hypoperfusion onset. In young 2-month-old brains, 
the number of NG2-positive OPCs in the corpus callosum was 
gradually increased over the course of prolonged hypoperfu-
sion (Figure 2B and 2C). In contrast, older 8-month-old brains 
did not show a significant increase in OPC numbers over time 
(Figure 2B and 2C). The ratio of single stranded DNA/NG2–
double-positive cells (damaged OPCs) at day 14 was signifi-
cantly larger in the 8-month-old brains (Figure 2D), consistent 

with the observation that OPC numbers did not increase in this 
older group of mice.

If there is a difference in OPC response in older brains, does 
this mean that the numbers of mature oligodendrocytes would 
also be different? To answer this question, 2 BrdU treatment 
schedules were used: (1) BrdU was injected on day 7 after the 
hypoperfusion onset, and brains were removed and examined 
on the same day (‘7→7’), and (2) BrdU was injected on day 7, 
and brains were examined 1 week later (‘7→14’; Figure 3A). 
In young 2-month-old mice, the number of BrdU-positive cells  
on day 14 was similar to that on day 7 (Figure 3B). In con-
trast, for 8-month-old mice, the number of BrdU-positive 
cells on day 14 was less than that on day 7 (Figure 3B),  
indicating that newly generated OPCs after hypoperfusion in 
the older brains would die in 1 week without maturing into 
oligodendrocytes. Double-immunofluorescence labeling with 
cell-specific markers showed that some of newly generated 
OPCs on day 7 were successfully differentiated into mature 
oligodendrocytes on day 14 in young mice. But the older 
8-month-old mice did not show equivalent levels of oligoden-
drogenesis (Figure 3C), indicating that OPCs in the older mice 
would die before differentiating into mature oligodendrocytes.

CREB Signaling Is Involved in Oligodendrogenesis 
After White Matter Injury
Older white matter regions may have a dampened recovery 
response to prolonged cerebral hypoperfusion compared with 
young brains. To this point, our findings suggest that this may 
be partly because of a decline in the endogenous capacity for 
compensatory oligodendrogenesis. But what mechanisms are 
involved? Because CREB signaling is known to be generally 
important for neurogenesis and oligodendrogenesis, we asked 
whether differences in CREB responses may also be involved 
in our models. Immunostaining showed that, in both young 

Figure 2. Oligodendrocyte precursor cell proliferation in vivo. A, 
Number of 5-bromodeoxyuridine (BrdU)-positive (BrdU+) cells 
in the corpus callosum (n=5). B, Representative images of NG2 
staining in the lateral side of corpus callosum at day 14 after 
white matter injury (bar=50 μm). C, Number of NG2-positive 
(NG2+) cells in mouse corpus callosum during white matter 
damage (n=5). D, Ratio of single-stranded DNA (ssDNA)/NG2–
double-positive cells in total NG2 cells in the mouse corpus cal-
losum at day 14 (n=5). 2M indicates 2-month-old mice; and 8M, 
8-month-old mice.

Figure 3. Oligodendrocyte precursor cell differentiation in vivo. A, 
Experimental schedule to assess cell differentiation in the corpus 
callosum using 5-bromodeoxyuridine (BrdU). B, Number of BrdU-
positive (BrdU+) cells in corpus callosum at days 7 and 14 (n=5). 
C, Ratio of BrdU/NG2- and BrdU/GST-π–double-labeled cells 
in total BrdU cells in corpus callosum at day 14 (BrdU injection: 
day 7; n=5). Values are mean±SD (*P<0.05). GST-π indicates 
glutathione S-transferase-π; 2M, 2-month-old mice; and 8M, 
8-month-old mice.
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and older white matter, phosphorylated CREB signaling was 
observed in mature oligodendrocytes (CNPase-positive) and 
OPCs (platelet-derived growth factor receptor-α–positive) 
under normal conditions, but phosphorylated CREB was 
primarily expressed within OPCs (Figure 4A; Figure S4 in 
the online-only Data Supplement). After prolonged cerebral 
hypoperfusion, phospho-CREB signals decreased in both 
groups, with a larger reduction present in the 8-month-old 
brains (Figure 4B and 4C). Western blots confirmed that 
CREB phosphorylation was significantly lower in 8-month-
old brains compared with 2-month-old brains (Figure 4D).

PDE III Inhibitor Cilostazol Promoted OPC 
Differentiation In Vitro and Rescued OPC  
Recovery In Vivo
Differences in CREB-mediated OPC proliferation and dif-
ferentiation may, in part, explain why older white matter was 
more vulnerable to prolonged cerebral hypoperfusion. So 
we next asked whether promoting CREB signaling with the 
phosphodiesterase (PDE) III inhibitor cilostazol could restore 
these compensatory OPC responses after prolonged stress and 
injury. To answer this question, we performed both cell cul-
ture and in vivo experiments.

First, primary OPCs were cultured from rat neonatal brain 
cortex. Under normal growth conditions, these OPCs matured 
over 7 days and decreased the expression of NG2, a marker 
for OPCs. In contrast, glutathione S-transferase-π and myelin 
basic protein expression were increased (Figure 5A), indicating 
that our cultured OPCs successfully differentiated into mature 
oligodendrocytes in this model system. To mimic the hypoxic 

state of prolonged cerebral hypoperfusion, OPCs were treated 
with 0.01 to 1 μM of CoCl

2
 for 7 days. As expected, 7 days 

of CoCl
2
 treatment increased hypoxia-inducible factor 1-α 

expression in our cultured OPCs in a dose-dependent man-
ner (Figure 5A). CREB signaling may also be involved as the 
phosphorylation level of CREB was also decreased by CoCl

2
-

induced chemical hypoxia (Figure 5A). Correspondingly, 
OPC maturation was inhibited by the chronic CoCl

2
 treat-

ment (Figure 5A). Lactate dehydrogenase assays showed that 
0.01 to 1 μM of CoCl

2
 did not induce cell death in our OPCs 

(Figure 5B), indicating that the reduction of OPC matura-
tion by CoCl

2
 was not merely because of cell death. Next, we 

asked whether activating CREB with cilostazol could rescue 
OPC maturation after prolonged chemical hypoxia. Cilostazol 
alone did not change OPC state (Figure S5 in the online-only 
Data Supplement) but significantly increased CREB phos-
phorylation and promoted OPC differentiation under CoCl

2
-

induced hypoxic conditions (Figure 5C and 5D; Figure S5 in 
the online-only Data Supplement).

Finally, we turned back to our in vivo model of prolonged 
cerebral hypoperfusion. Cilostazol treatment (10 mg/kg per 
day for 14 days) was performed by intraperitoneal injection 
in 8-month-old mice subjected to cerebral hypoperfusion. 
This treatment schedule was previously reported to effec-
tively inhibit PDE III in brain in vivo.15 As expected, mice 
treated with cilostazol showed larger numbers of phopho-
CREB–positive cells than the vehicle-treated group did at 
day 14 (Figure S6 in the online-only Data Supplement). 
Correspondingly, the cilostazol-treated mice exhibited less 
white matter injury (Figure 6A; Figure S6 in the online-only 
Data Supplement), larger number of OPCs (Figure 6B; Figure 
S6 in the online-only Data Supplement), and better cogni-
tive function (Figure 6C). The BrdU-incorporation/differen-
tiation assay (Figure S7 in the online-only Data Supplement) 
revealed that cilostazol promoted the proliferation of white 
matter cells (Figure S8 in the online-only Data Supplement), 
as well as differentiation of OPCs into mature oligodendro-
cytes (Figure 6D).

Discussion
Demyelination and cognitive decline are major pathological 
hallmarks of ischemic white matter diseases, which are mostly 
associated with increasing age. Although adult brains retain 
neuroplasticity and regenerative capacities to compensate for 
lost brain cells, aged brains tend to slowly lose these endoge-
nous repair systems. Our current study demonstrated that white 
matter regions in aging 8-month-old mice are more vulnerable 
to prolonged cerebral hypoperfusion, and this is caused in part 
by a loss of endogenous CREB-mediated oligodendrogenesis. 
Therefore, drugs that can activate protein kinase A-CREB sig-
naling cascade may provide novel therapeutic approaches for 
white matter injury in vascular dementia and stroke.

Aging lowers the endogenous capacities for brain regen-
eration and remodeling. Past studies have demonstrated that 
aging reduces the differentiation of neuronal precursor cells 
into neuronal phenotypes,16 increases the number of dying/
dead brain cells,17 and decreases CREB activation in neurons.18 
Our current data may expand these findings—the capability 

Figure 4. Phospho-CREB (pCREB) in white matter in vivo.  
A, Double immunofluorescent staining of pCREB with CNPase 
(a marker for mature oligodendrocytes) or PDGFRα (a marker for 
oligodendrocyte precursor cells) in 2-month-old mice under nor-
mal conditions. Arrowheads are double-positive cells  
(bar=25 μm). B, Representative images of pCREB staining in 
the lateral side of corpus callosum (bar=50 μm). C, Number of 
pCREB-positive (pCREB+) cells in the lateral side of corpus cal-
losum during the hypoperfusion stress (n=5). D, Western blot 
image of pCREB expression in the corpus callosum. β-Actin is an 
internal control. Values are mean±SD (*P<0.05). CREB indicates 
cyclic AMP response element-binding protein; PDGFRα, platelet-
derived growth factor receptor-α; 2M, 2-month-old mice; and 
8M, 8-month-old mice.
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of oligodendrogenesis in the white matter also decreases with 
aging through deactivation of CREB signaling. In this study, 
middle-aged mice showed lower phospho-CREB level in the 
white matter than young mice under pathological conditions. 
Moreover, activating CREB by a PDE III inhibitor cilostazol 
alleviated the white matter dysfunction in middle-aged mice by 
protecting newly generated OPCs and enhancing OPC prolifera-
tion/maturation. Cilostazol has been approved for the treatment 
of intermittent claudication and has been shown to improve 
pain-free walking distance worldwide in patients with periph-
eral arterial disease19 and help in the secondary prevention of 
ischemic stroke in Japan.20 Our findings provide initial proof-
of-concept that cilostazol (or other PDE III inhibitors) might be 
a promising drug for age-related white matter diseases. But of 
course, more extensive preclinical studies are required before 
this approach can be translated into clinical applications.

Although our current findings demonstrate that aged white 
matter possesses less capacity for oligodendrogenesis, many 
important caveats remain. First, we focused on only oligo-
dendrocyte lineage cells in this study. But there are other cell 
types in white matter, including endothelial cells and astro-
cytes. The concept of the neurovascular unit suggests that 
interactions between different cell types maintain brain func-
tion under normal conditions and facilitates brain remodel-
ing after injury in the gray matter.5 In white matter, cell–cell 
trophic coupling might similarly participate in white matter 
homeostasis. Indeed, both cerebral endothelial cells and astro-
cytes show supportive effects for oligodendrocytes/OPCs.21 
Hence, future studies should examine whether the trophic 
coupling between oligodendrocytes and neighboring cells 
diminishes with aging in the white matter. Second, our current 
study demonstrates that loss of CREB activation in the aging 

Figure 5. Cilostazol-induced OPC prolifera-
tion/differentiation in vitro. A, Western blot 
images using samples from cultured rat 
OPCs with 7-day CoCl2 treatment. HIF-1α 
is a marker for hypoxic conditions, NG2 
is a marker for OPCs, GST-π and MBP 
are markers for mature oligodendrocytes, 
and β-actin is an internal control. B, LDH 
assays showed that 0.01 to 1 μM of CoCl2 
(7-day treatment) did not induce cell death 
in our OPCs (n=6). Values are mean±SD.  
C, Representative images of NG2, GST-π, 
and MBP staining in cultured rat OPCs 
at day 7 after the CoCl2 treatment with or 
without cilostazol (bar=25 μm). D, Repre-
sentative images of pCREB, PDGFR-α, and 
CNPase staining in cultured rat OPCs at 
day 7 after CoCl2 treatment with or without 
cilostazol (bar=25 μm). DAPI indicates 
4',6-diamidino-2-phenylindole; GST-π, 
glutathione S-transferase-π; HIF-1α, 
hypoxia-inducible factor 1-α; LDH, lactate 
dehydrogenase; MBP, myelin basic protein; 
OPC, oligodendrocyte precursor cells; 
and pCREB, phosphorylated cyclic AMP 
response element-binding protein.

Figure 6. Cilostazol-induced white matter repair in middle-aged mice. A, Representative images of fluoromyelin staining in 8-month-old 
mice with or without cilostazol treatment at day 14 (bar=100 μm). Quantitative data are shown in Figure S6D in the online-only Data Sup-
plement. B, Representative images of NG2 staining in the lateral side of corpus callosum in 8-month-old mice with or without cilostazol 
(10 mg/kg per day for 14 days, IP) at day 14 after white matter injury (bar=50 μm). Quantitative data are shown in Figure S6E in the online-
only Data Supplement. C, Alternation behavior (index of working/spatial memory) of 8-month-old mice with or without cilostazol treatment 
at day 14 (n=8). D, Ratio of BrdU/NG2- and BrdU/GST-π–double-labeled cells in total BrdU cells in 8-month-old mice corpus callosum at 
day 14 (n=5). Values are mean±SD. *P<0.05. Experimental schedule for the oligodendrocyte precursor cells differentiation assay is shown 
in Figure S7 in the online-only Data Supplement. BrdU indicates 5-bromodeoxyuridine; Cilo, cilostazol-treatment group; GST-π, glutathi-
one S-transferase-π; and Veh, vehicle group.
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8-month-old white matter leads to deficits in oligodendrogen-
esis. But what factors/mechanisms lower the CREB signaling 
in the middle-aged white matter? CREB activation is regu-
lated by several growth factors, such as brain-derived neuro-
trophic factor, and growth factor expressions are decreasing in 
aging.22 Hence, reduction of growth factor expression may fail 
the CREB activation during the stress in aged white matter. 
These questions should be explored in future studies. Finally, 
it is important to acknowledge that trying to correlate aging 
mouse models to the aging human brain is not straightfor-
ward. To date, most aging studies with rodents have focused 
on differences between young (2–3 months old) and very old 
(>12–15 months old) brains.23 But it might be possible that the 
age-related decline in oligodendrogenesis would occur even 
before obvious declines in myelin density or cognitive func-
tion. In this study, we compared young 2-month-old mice with 
older 8-month mice. It is possible that our models may mimic 
middle-aged humans. But further studies are warranted to 
carefully track the temporal profile of these CREB-mediated 
mechanisms in a wider age range of mice.

In conclusion, our current study demonstrates novel mecha-
nisms by which aging white matter in mouse brain is more 
vulnerable to prolonged cerebral hypoperfusion and hypoxic 
stress. Importantly, these phenomena occurred in mice that 
had normal myelin density and cognitive function at baseline;  
no deficits were present yet. But these aging regions had lost 
their ability to recruit CREB-mediated oligodendrogenesis for 
responding to injury and stress. Hence, drugs that can acti-
vate CREB signaling may be a promising approach for aging 
patients with white matter–related diseases such as vascular 
dementia or stroke.

Please see online-only Data Supplement for methods and 
additional data.
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Supplemental Methods: 
 
Cerebral prolonged hypoperfusion model - All experiments were performed following an institutionally 
approved protocol in accordance with the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals. Cerebral prolonged hypoperfusion stress was induced by bilateral common carotid artery 
stenosis (BCAS). Male C57Bl/6 mice (2 and 8 months old, Charles River Institute) were anesthetized with 
4.0% isoflurane and then maintained on 1.5% isoflurane in 70% N2O and 30% O2 using a small-animal 
anesthesia system. Through a midline cervical incision, both common carotid arteries were exposed. A 
microcoil with a diameter of 0.18 mm (Sawane Spring Co.) was applied to bilateral common carotid arteries 4, 
maintaining the rectal temperature between 36.5°C and 37.5°C using heating pad. Mice were divided at 
random into four groups: (i) BCAS group (n=60), (ii) BCAS with vehicle treatment group (n=20) - mice in 
this group received an ip of 0.5% CMC, (iii) BCAS with cilostazol treatment group (n=20) - mice in this 
group received intraperitoneal injections of 10 mg/kg/day cilostazol (Sigma) suspended in 0.5% 
carboxymethyl cellulose sodium salt (CMC) (Sigma), every day until the analysis, and (iv) Control sham-
operated groups (n=10) - mice in the control group were sham-operated, which involved bilateral exposure of 
the common carotid arteries. To image common carotid artery (CCA), endothelial cells were labeled by lectin-
tomato (Vector laboratory). Lectin (0.2 mg/ml, 400µl) was injected through jugular vein, and then CCA area 
was analyzed with a fluorescence microscope (Olympus BX51) interfaced with a digital charge-coupled 
device camera and an image analysis system. To analysis for cerebral blood flow (CBF), a solution of yellow-
green fluospheres (15 ± 0.5 µm diameter, 1,000,000 fluorescent microspheres/mL, 100 µl injection, Molecular 
Probes) was sonicated, vortexed, and injected into the left ventricle of 12-instrumented anesthetized mice with 
a syringe. Five minutes after the injection, mice were sacrificed, and mouse brains were immediately removed 
and quickly frozen in dry ice. Coronal sections of 50-µm thicknesses were cut on cryostat at −20°C and 
collected on glass slides. Sections were fixed by 4% paraformaldehyde (4% PFA), and counted whole 
fluospheres in each 250 µm sections on 10 brain section (Bregma +1.70 mm to -0.22 mm). 
 
Fluoromyelin staining - Coronal sections of 12-µm thicknesses (bregma +0.86 mm to +0.50 mm) were cut 
on cryostat at −20°C and collected on glass slides. Sections were fixed by 4% PFA, and rinsed three times in 
PBS, then permeabilize them in PBT (PBS + 0.2% Triton X-100) for at least 20 minutes. The sections were 
incubated with FluoroMyelin Green fluorescent myelin stain (1:300, Molecular probes) for 20 minutes at 
room temperature. Semi-quantification of the intensity of fluoromyelin staining was conducted on 10x 
magnification images and viewed using a Nikon upright microscope. Intensity of fluoromyelin staining were 
analyzed by quantifying mean intensity of the entire field of view for 3 brain sections of each animal, using 
ImageJ analysis software with no thresholds set. 
 
Western blotting - Tissue samples of corpus callosum and cell culture were dissected in Pro-PREPTM 
Protein Extraction Solution (Boca scientific). Samples were heated with equal volumes of SDS sample buffer 
(Novex) and 10 mM DTT 100 at 95 ◦C for 5 min, then each sample (20 µg per lane) was loaded onto 4–20% 
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Tris–glycine gels. After electrophoresis and transferring to polyvinylidene difluoride membranes (Novex), the 
membranes were blocked in Brockace (AbD serotec) for 60 min at room temperature. Membranes were then 
incubated overnight at 4 ◦C with primary antibodies against pCREB (1:3000, upstate), MBP (1:1000, Thermo 
scientific), HIF1α (1:3000, abcam), NG2 (1:3000), GST-pi (1:5000), or β-actin (1:10000, Sigma aldrich) 
followed by incubation with peroxidase-conjugated secondary antibodies and visualization by enhanced 
chemiluminescence (Amersham). 
 
Spectral Domain Optical coherence Microscopy (SD-OCM) – After mouse brain was removed en bloc, it 
was subjected to post-fixation for over 24 hours in 4% PFA at 4°C. The, 1 mm of coronal section was 
prepared using brain matrix. SD-OCM is used to acquire high resolution 3D optical images analogue to 
ultrasound, relying on intrinsic difference in refractive index in tissue, such as myelin sheath and cell bodies. 
It is based on Low Coherence Interferometry: a broadband source, Super Luminescent Diode with a center 
wavelength of 1310nm and a bandwidth of 170 nm giving a axial resolution of 3.5 um in tissue, is split into 
two arms, namely the reference arm (containing only a mirror) and the sample one 5.  The spectral variations 
of the backscattered light is recorded by a line scan camera and thanks to Fourier relationship, is converted 
into the depth profile. In the sample arm, a 40x water immersion objective (NA 0.8) is used which gives a 
lateral resolution of 0.9 µm and an en-face field of view of 375 um x375 um. The sample is then translated to 
image a larger area, the Maximum Intensity Projection of each volume is processed, and then stitch together 6. 
 
Spontaneous alternative Y-Maze Test - Y-maze cognitive test was conducted between 7:00 AM to 9:00 AM. 
The maze consists of 3 arms (40 cm long, 9.5 cm high, and 4 cm wide, labeled arm-A, -B, or -C) diverging at 
a 120° from the central point. Experiments were performed in a dimly illuminated room, and the maze was 
cleaned with super hypochlorous water-soaked paper for discrimination of smell to avoid olfactory cues after 
every session. Mouse was placed at the center of the start arm and allowed to move freely through the maze in 
a 10-minute session without reinforcers such as food, water, or electric foot shock. This task was videotaped 
with a Victor camera (Everio GZ-MG-77-S) and the sequence of arm entries manually recorded in a blinded 
manner. An actual alternation was defined as entities into all the 3 arms on consecutive (eg. ABC, CAB, or 
BCA but not BAB). The maximum alternation was subsequently calculated by measuring the total number of 
arm entries minus 2 and the percentage of alternation was calculated as [actual alternation/maximum 
alternation] x100%. The total number of arms entered during the sessions was shown as locomotor activity. 
 
5-Bromodeoxyuridine labeling - A cell proliferation marker 5-bromodeoxyuridine (BrdU from Sigma-
Aldrich) was dissolved in saline. To observe newly generative cells, mice were intraperitoneally injected (50 
mg/kg, BrdU) three times a day with 4-hour interval. Then, the mice were sacrificed within 2 hours from the 
last BrdU injection. To detect cell differentiation, mice were intraperitoneally injected (50 mg/kg, BrdU) three 
times a day with 4-hour interval. The mice were sacrificed 7 days after the BrdU injection.  
 
Immunohistochemistry - Mouse brain was removed immediately en bloc and postfixed for 24 h in 4% 
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paraformaldehyde (4% PFA) in phosphate-buffered saline (PBS) at 4°C before cryoprotection by bathing in 
30% sucrose. The brain was then frozen and 16-µm-thick consecutive coronal sections of the white matter 
were prepared using a cryostat. Brain sections were incubated at 37°C for 30 min in 1N HCl to detect BrdU 
labeling. Sections were incubated overnight with anti-BrdU (1:50; Oxford Biotechnology). Double 
immunofluorescence staining was performed by simultaneously incubating the sections overnight at 4°C with 
anti-GST-pi (1:200, MBL), anti-CNPase (1:100, abcam), anti- NG2 (1:100; chemicom), anti-PDGFR-α 
(CD140a, 1:200, BD phamamigen), anti-ssDNA (1:100, abcam), phospho-CREB (pCREB, 1:100, 
Cellsignaling), anti-Iba-1 (1:100, Wako), and anti-GFAP (1:200, Dako) antibodies. For double labeling, the 
primary antibodies were detected with Rordamine- or fluorescein isothiocyanate-conjugated secondary 
antibody (1:200; Jackson Immunoresearch Laboratories) after incubation for 1 h at room temperature. 
Subsequently, the slides were covered with VECTASHIELD mounting medium with DAPI (Vector 
Laboratories). Immunostaining was analyzed with a fluorescence microscope (Olympus BX51) interfaced 
with a digital charge-coupled device camera and an image analysis system.  
 
Cell counting for brain sections - An investigator blinded to the experimental groups counted the number of 
stained cells in lateral side of corpus callosum (0.25 mm2) of GST-pi-, NG2-, GFAP-, Iba-1- and pCREB- 
stained section and in the corpus callosum of three predefined BrdU, and ssDNA sections (bregma +1.18 mm, 
+0.98 mm, and +0.74 mm). 
 
Cell culture - OPCs were prepared according to our previous work 7. Briefly, cerebral cortices from 1- to 2-d-
old Sprague Dawley rats were dissected, minced, and digested. Dissociated cells were plated in poly-D-lysine-
coated 75 cm2 flasks, and maintained in DMEM containing 20% heat-inactivated fetal bovine serum and 1% 
penicillin/streptomycin. After the cells were confluent (~10 days), the flasks were shaken for 1 h on an orbital 
shaker (220 rpm) at 37°C to remove microglia. They are then changed to new medium and shaken overnight 
(~20 h). The medium was collected and plated on noncoated tissue culture dishes for 1 h at 37°C to eliminate 
contaminating astrocytes and microglia. The nonadherent cells were collected and replated in Neurobasal 
medium containing glutamine, 1% penicillin/streptomycin, 10 ng/ml PDGF, 10 ng/ml FGF, and 2% B27 
supplement (NB medium) onto poly-DL-ornithine-coated plates. Four to five days after plating, the OPCs 
were used for the experiments. To differentiate OPCs to myelin basic protein-positive oligodendrocytes, the 
culture medium was switched to DMEM containing 1% penicillin/streptomycin, 10 ng/ml CNTF, 50 ng/ml T3, 
and 2% B27 supplement. To mimic chronic mild-hypoxic condition, OPCs were incubated with non-lethal 
cobalt chloride (CoCl2 from Sigma). Cilostazol and Rp-cAMP (both from Sigma) were dissolved in 
dimethysulphoxide. The final concentration of dimethysulphoxide in the culture medium was less than 0.1%, 
which had no effects on OPC survival and function. Cytotoxicity was assessed by lactate dehydrogenase 
(LDH) assay (Roche) according to the manufacture’s instruction. 
 
Immunocytochemistry - After cells reached 70–80% confluence, they were washed with ice-cold PBS (pH 
7.4), followed by 4% PFA for 15 min. After being further washed three times in PBS containing 0.1% Triton 
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X-100, they were incubated with 1% bovine serum albumin in PBS for 1 h. Then cells were incubated with 
primary antibodies against NG2 (1:200), MBP (1:100, abcam), GST-pi (1:100), CNPase (1:100), PDGFR-α 
(1:200) and pCREB (1:100) at 4°C overnight. After washing with PBS, they were incubated with secondary 
antibodies for 1 hour at room temperature. Finally, nuclei were counterstained with DAPI. 
 
Statistical analysis - Based on published and pilot data, power estimates were calculated based on α=0.05 
and β=0.8 to obtain group sizes appropriate for detecting effect sizes in the range of 30-50% for in vivo 

models and 40-50% for cell cultures models. A one-way ANOVA followed by post-hoc Fisher-protected least 
significant difference test was used to determine the significant differences in various indices among the 
groups. A p-value of <0.05 was considered statistically significant. 
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Supplemental Table: 
 
Supplementary Table 1: Cell types of BrdU-positive cells (%). 
  NG2 GST-pi GFAP 
pretreatment  2-month old 90.7 ± 6.5  3.1 ± 6.3  2.5 ± 4.3  
 8-month old 91.6 ± 6.7  3.2 ± 4.3  3.1 ± 4.1  
day 3  2-month old 87.7 ± 8.8  2.1 ± 4.0  21.7 ± 4.1  
 8-month old 84.6 ± 10.9  2.5 ± 6.3  18.8 ± 14.2  
day 7  2-month old 90.1 ± 2.4  3.3 ± 4.0  3.3 ± 4.1  
 8-month old 92.1 ± 6.8  3.1 ± 6.3  2.5 ± 5.0  
day 14  2-month old 95.0 ± 4.5  5.2 ± 6.3  5.2 ± 6.3  
 8-month old 90.9 ± 6.3  3.6 ± 7.1  3.1 ± 5.4  
NG2; a marker for OPCs, GST-pi; a marker for mature oligodendrocytes, GFAP; a marker for astrocytes, 
Values are mean +/- SD of 5 mice in each group. 
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Supplemental Figures and Figure Legends: 
 
Supplementary Figure 1:  
Representative images of fluolomyelin staining in mouse corpus callosum. Bar= 100 µm. 2M: 2-month old 
mouse, 8M: 8-month old mouse. 
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Supplementary Figure 2:  
Experimental schedules to assess white matter integrity during hypoperfusion stress. 
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Supplementary Figure 3:  
Experimental schedule to assess newly generated cells in the corpus callosum using BrdU. 
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Supplementary Figure 4:  
Distribution data of pCREB in OPCs and OLs under normal conditions. Immunostaining analyses showed that, 
both in young (2M) and older (8M) white matters, phosphorylated CREB signaling was observed in mature 
OLs (CNPase-positive) as well as OPCs (PDGF-R-α-positive). But importantly, phosphorylated CREB was 

primarily expressed within OPCs. 2M: 2-month old mouse, 8M: 8-month old mouse. 
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Supplementary Figure 5:  
Western blot images using samples from cultured rat OPCs with 7-day CoCl2 treatment with or without 
cilostazol. HIF1α is a marker for hypoxic conditions, NG2 is a marker for OPCs, GST-pi and MBP are 
markers for mature oligodendrocytes, and β-actin is an internal control. 
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Supplementary Figure 6:  
A. CREB phosphorylation in the lateral side of corpus callosum with or without cilostazol (10 mg/Kg/day for 
14 days, i.p.) in 8-month old mice at day 14 after the white matter injury. Bar = 25 µm. B. Number of pCREB-
positive (pCREB+) cells in the lateral side of corpus callosum at day 14. N=5. C. Western blot images of MBP 
and pCREB expressions in corpus callosum at day 14. β-actin is an internal control. D. Relative density of 
fluolomyelin intensity in corpus callosum at day 14. Values were calculated based on the density of 
pretretment in 2-month old mice. N=5. Representative images of fluolomyelin are shown in Fig 6A. E. 
Number of NG2–positive (NG2+) cells in the lateral side of corpus callosum in 8-month old mice at day 14. 
N=5. Representative images of NG2 staining are shown in Fig 6B. 
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Supplementary Figure 7:  
Experimental schedule to assess cell differentiation in the corpus callosum in 8-month old mice using BrdU. 
 

 at Massachusetts General Hospital on September 6, 2013http://stroke.ahajournals.org/Downloaded from 

http://stroke.ahajournals.org/


 14 

Supplementary Figure 8:  
A. Representative images of BrdU staining in the corpus callosum in 8-month old mice with or without 
cilostazol at day 14. Bar = 100 µm. Experimental schedule for these experiments is shown in Supple Fig S6. B. 
Number of BrdU positive cells (BrdU+) in the corpus callosum in 8-month old mice with or without cilostazol 
at day 14. N=5. Values are mean ± SD. *P<0.05. 
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