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A major hallmark of oxidative DNA damage after stroke is the
induction of apurinic/apyrimidinic (AP) sites and strand breaks. To
mitigate cell loss after oxidative DNA damage, ischemic cells rapidly
engage the base excision-repair proteins, such as the AP site-repairing
enzyme AP endonuclease-1 (APE1), also named redox effector factor-1
(Ref-1). Although forced overexpression of APE1 is known to protect
against oxidative stress-induced neurodegeneration, there is no
concrete evidence demonstrating a role for endogenous APE1 in the
long-term recovery of gray andwhitematter following ischemic injury.
To address this gap, we generated, to our knowledge, the first APE1
conditional knockout (cKO) mouse line under control of tamoxifen-
dependent Cre recombinase. Using a well-established model of
transient focal cerebral ischemia (tFCI), we show that induced deletion
of APE1 dramatically enlarged infarct volume and impaired the
recovery of sensorimotor and cognitive deficits. APE1 cKO markedly
increased postischemic neuronal and oligodendrocyte degeneration,
demonstrating that endogenous APE1 preserves both gray and white
matter after tFCI. Because white matter repair is instrumental in
behavioral recovery after stroke, we also examined the impact of APE1
cKO on demyelination and axonal conduction and discovered that
APE1 cKO aggravated myelin loss and impaired neuronal communica-
tion following tFCI. Furthermore, APE1 cKO increased AP sites and
activated the prodeath signaling proteins, PUMA and PARP1, after tFCI
in topographically distinct manners. Our findings provide evidence
that endogenous APE1 protects against ischemic infarction in both
gray and white matter and facilitates the functional recovery of the
central nervous system after mild stroke injury.
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Focal ischemic injury in the brain is both a spatial and temporal
event, wherein the infarct zone expands gradually over several

days (1, 2). However, if the stroke insult is moderate, the peri-
infarct regions may recover over time. The spontaneous recovery
of periinfarct structures and neurological functions creates an op-
portunity to research the molecular mechanisms underlying en-
dogenous neuroprotection and neural repair, which may accelerate
the discovery of rational therapeutic targets for stroke treatment.
Oxidative DNA damage (ODD) is an early event following ce-

rebral ischemia and reperfusion (3, 4), and reversal of ODD in
penumbral regions is associated with eventual recovery from such
insult (4, 5). Repair of ODD by the base excision-repair (BER)
pathway targets oxidized DNA base lesions through a multistep
process. First, base lesions are recognized by DNA glycosylases,
which cleave the damaged bases and form temporary apurinic/
apyrimidinic (AP) sites. The AP sites are then recognized by the
critical BER enzyme, AP endonuclease-1/redox effector factor-1
(referred to here as APE1) (6, 7). APE1 repairs AP sites by cleaving

the phosphodiester backbone 5′ to the AP site and thus creating a
3′-OH group and a 5′-deoxyribose phosphate residue that is the
preferred substrate for DNA polymerase-β (6–8). As one of the
major steps in BER, APE1 subsequently facilitates the engagement
of DNA polymerase-β and DNA ligase I or III (8). Inadequate
repair capacity leads to the accumulation of unrepaired AP sites (9)
and is associated with inexorable progression of the ischemic injury
(3). We and others have demonstrated that enhanced APE1 activity
by means of transgenic overexpression or APE1 expression-inducing
peptides, such as the pituitary adenylate cyclase-activating poly-
peptide (PACAP), confers robust neuroprotection against ischemic
brain injury (10–12). Furthermore, a strong correlation exists be-
tween loss of APE1 expression in ischemic neurons and neuronal
cell death after ischemia (9, 13–15). Energy failure after ischemia
has been speculated to deplete APE1 expression, thereby triggering
neuronal death (16). However, the role of endogenous APE1 in
cellular protection from ischemic injury has not been unequivocally
established, as knockout of this enzyme leads to catastrophic defi-
ciencies in neurogenesis and is lethal embryonically (15, 17).
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Concrete evidence has been lacking thus far to establish a role
for endogenous APE1 in long-term functional recovery following
mild neural injury. Furthermore, the mechanisms that underlie
cell death as a result of the accumulation of unrepaired ODD are
still poorly understood. To assess the role of endogenous APE1 in
protection from ischemic injury, we generated, to our knowledge,
the first APE1 conditional knockout (cKO) mouse line under the
control of a tamoxifen-inducible Cre recombinase. Our findings
reveal that the accumulation of ODD and the activation of pro-
death programs in tamoxifen-treated APE1 cKO mice are mark-
edly increased in neurons and oligodendrocytes after a transient
cerebral ischemic insult, augmenting injury in both gray and white
matter and exacerbating behavioral outcomes. These data high-
light an important role for endogenous APE1 in innate protective
mechanisms in gray and white matter following cerebral ischemia
and reperfusion, and suggest that DNA repair through the BER
pathway is an essential step for the spontaneous recovery of be-
havioral function following ischemic injury.

Results
Induced Knockout of APE1 Potentiates Cerebral Ischemic Injury.
Previous attempts at global knockout of the APE1 gene resulted
in embryonic lethality on embryonic days (E)5 to E9 (15, 17). Thus,
a conditional APE1 knockout mouse line was created by insertion
of loxP sites around exons IV and V of the Apex1 gene (details are
provided in SI Methods) (Fig. S1). The homozygous APE1flox/flox

mice were viable, fertile, and normal in size and did not exhibit
any gross physical or behavioral abnormalities. APE1flox/flox mice
were then crossed with hemizygous CAGGCre-ER mice
carrying tamoxifen-inducible, ubiquitously expressed Cre-recombinase
(18) to generate mice of which 50% were CAGGCre-ER;
APE1flox/wt (Fig. S2A). These mice were bred to APE1flox/flox

mice, yielding offspring of which 25% had the genotype CAGGCre-
ER; APE1flox/flox (Fig. S2C). Mice with the genotype CAGGCre-
ER; APE1wt/wt served as controls (Fig. S2B) and received the same
tamoxifen treatment. In the following text and figures, APE1 cKO
and APE1 WT are used to refer to the CAGGCre-ER; APE1flox/flox

and CAGGCre-ER; APE1wt/wt mice, respectively, both after ta-
moxifen treatment. To induce Cre-mediated recombination, ta-
moxifen was administered (75 mg/kg, i.p.) for 5 d at 8–12 wk of age,
which effectively decreased APE1 protein expression in various brain
regions of APE1 cKO mice (Fig. S2D). Furthermore, lysates derived
from APE1 cKO brains were ineffective in repairing AP sites in an
in vitro DNA repair assay (Fig. S2E). Thus, the APE1 cKO mice
showed not only ablated APE1 gene expression in the brain, but also
suppressed intrinsic DNA repair activity through the BER pathway.
We evaluated the effect of conditional APE1 knockout on stroke

outcomes to indirectly test the hypothesis that the accumulation of
AP sites in the ischemic brain worsens neurological outcomes after
cerebral ischemia. Transient focal cerebral ischemia (tFCI) was in-
duced in mice for either 30 or 60 min by means of middle cerebral
artery occlusion. Physiological parameters, including core tempera-
ture and blood gases, were maintained in the normal range in all
groups during tFCI. Regional cerebral blood flow (CBF) was mea-
sured by 2D laser-speckle imaging during tFCI until 45 min following
reperfusion onset. The ischemic core and penumbral regions during
tFCI (defined as regional CBF< 20% and between 20% and 35% of
preischemic baseline, respectively) were of equivalent sizes in APE1
cKO and APE1 WT brains (Fig. 1A), confirming that the initial
insult was of the same magnitude in both genotypes. The ischemic
infarct in APE1 WT mice was limited to the striatum 48 h after 30
min of tFCI, whereas the infarct encompassed both the striatum and
the frontal-parietal cortex 48 h after 60 min of tFCI (Fig. 1 B and C).
As expected, infarct volume was dramatically increased in APE1
cKO mice compared with APE1 WT mice after either 30 or 60 min
of tFCI (Fig. 1 B and C). We also observed a significant increase in
mortality in the APE1 cKO mice (recorded up to 28 d after 60 min
of tFCI) (Fig. 1D). These findings suggest that endogenous APE1

Fig. 1. Induced knockout of APE1 increases infarct volumes, mortality, and
cell death after tFCI. tFCI was induced in tamoxifen-treated CAGGCre-ER;
APE1wt/wt (APE1 WT) and CAGGCre-ER; APE1flox/flox (APE1 cKO) mice. (A) Ce-
rebral blood flow was assessed by 2D laser-speckle imaging. Representative
images show the control, the ischemic area (depicted by the dotted line)
during 5 and 30 min of tFCI and after 5, 15, and 45 min of reperfusion fol-
lowing 60min of tFCI. (Scale bar, 1 mm.) The bar graphs show ischemic areas at
5 and 25 min in both the ischemic core (defined as CBF < 20% of preischemia
baseline) and penumbra (P) (CBF = 20–35% of preischemia baseline) during 30
or 60 min of tFCI or 15 min of reperfusion. The results reveal similar CBF
changes in APE1 WT and APE1 cKO mice. n = 5 per group. (B and C) Infarct
volume was assessed at 48 h after tFCI by TTC (2,3,5-triphenyltetrazolium)
staining (the right and left hemispheres are labeled with R and L, respectively)
and quantified as described using ImageJ under blinded conditions. Values are
means ± SEM, n = 8 per group. **P ≤ 0.01 vs. the matched APE1 WT group.
##P ≤ 0.01 vs. 30 min WT group. (D) The number of animals that survived
(bottom portion of bars) or died (upper red portion of bars) by 28 d after
tFCI. Comparisons of animal survival rates were performed by Kaplan–Meier
survival analysis. *P ≤ 0.05 vs. the matched APE1 WT group. (E) Histological
assessments of cell death were performed at 48 h after tFCI (30 min) using the
TUNEL stain for DNA fragmentation and Fluoro-Jade B (Fluo JB) for cell de-
generation, respectively. TUNEL+ cells were counted using stereology, and
Fluoro-Jade B was semiquantified by measuring the fluorescence intensity in
the striatum (Str) and cortex (Ctx). Values are mean ± SEM, n = 6 per group.
**P ≤ 0.01, ***P ≤ 0.001 vs. the matched APE1 WT group.
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reduces the consequences of DNA damage. To avoid potential
confounds from exclusion of animals in the APE1 cKO group be-
cause of high mortality, we used the 30-min tFCI model for further
experiments. Use of the milder injury also allowed us to examine
whether APE1 contributes to recovery of neurological function in
otherwise untreated animals.
Consistent with the hypothesis that APE1 rescues cells from

ischemic injury, APE1 cKO mice exhibited greater numbers of
degenerating TUNEL+ and Fluoro-Jade+ profiles at 48 h after

30 min of tFCI. In APE1 WT mice, ischemia-induced cell death
was prominent in the striatum but modest in the cortex; in APE1
cKO mice, ischemic cell death was significantly potentiated in
both striatum and cortex, consistent with expansion of the infarct
region (Fig. 1E). These results support the conclusion that APE1
attenuates the consequences of ischemic brain injury.
To determine if loss of endogenous APE1 worsens neurofunc-

tional outcomes after cerebral ischemia, we subjected APE1 cKO
and APE1 WT mice to 30 min of tFCI and performed behavioral

Fig. 2. APE1 deficiency impairs sensorimotor and cognitive recovery after tFCI. In sham control animals, neither the sensorimotor function tests (rotarod test, corner
test) nor the cognitive test (Morris water maze) revealed significant difference between the APE1WT and APE1 cKOmice. Thus, the “sham group” in A, B, and D refers
to the combination of both APE1WT and APE1 cKO genotypes. (A) Rotarod performance was measured every other day for the first week following 30min of tFCI. The
latency to fall after ischemic injury was normalized to latency before the induction of ischemia. n = 6–8 per group. *P ≤ 0.05; **P ≤ 0.01 vs. thematched APE1WT group;
#P ≤ 0.05 vs. the sham group. (B) The corner test was performed up to 28 d following 30min of tFCI. The number of left turns per 10 trials was recorded and plotted. The
sham control group showed no turning bias or asymmetry (average of 5 left turns/10 trials); the postischemic mice showed increased turning toward the body side with
unaffected mobility (left, ipsilateral to the ischemic hemisphere). The APE1 WT mice showed complete recovery by 7–10 d, whereas the APE1 cKO mice showed only
partial recovery by 28 d. n = 6–8 per group. *P ≤ 0.05; **P ≤ 0.01 vs. the matched APE1 WT group; #P ≤ 0.05 vs. the sham group. (C–F) Long-term cognitive functions
were assessed by the Morris water maze at 22–27 d after 30 min of tFCI. n = 8–10 per group. Shown are the mean ± SEM *P ≤ 0.05 vs. the matched APE1 WT group;
##P≤ 0.01 vs. the sham group. (C) Representative swim path traces (24–26 d after tFCI) of mice attempting to find a hidden platform (top traces, “learning”), or searching
for the platform after its removal (bottom traces, “memory”). (D) The escape latency (i.e., time needed to discover the platform) was recorded on days 22–26 after tFCI.
(E) Memory was tested at 27 d after tFCI. The percentage of time spent in the target quadrant after the platform was removed was plotted to reflect memory.
(F) Swimming speed was assessed at 27 d after tFCI for each genotype, to ensure that the observed differences did not reflect compromised swimming abilities.
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assessments at various times after reperfusion: including the rotarod
test (1–7 d), corner test (3–28 d), and Morris water maze (22–27 d).
According to the rotarod and corner test results, postischemic APE1
WT mice were indistinguishable from sham control animals by 7 d
after tFCI, consistent with previous observations that mild ischemia-
challenged mice rapidly recover sensorimotor function. Induced
deletion of APE1 significantly worsened postischemic neuro-
behavioral performance compared both to sham controls and post-
ischemic APE1WTmice throughout the testing period (Fig. 2 A and
B). In addition, spatial learning and memory in the Morris water
maze—which depend partially on hippocampal integrity—were sig-
nificantly worse in postischemic APE1 cKO mice compared with
postischemic APE1 WT mice. That is, APE1 cKO increased the
amount of time within a trial that the mouse needed to find the
hidden platform (impaired learning), as well as decreased the per-
centage of time spent swimming in the target quadrant when the
platform had been removed after the learning period (impaired
memory) (Fig. 2 C–E). This degree of spatial memory impairment is
not typically observed in the 30-min tFCI model, as shown by the lack
of difference between postischemic APE1 WT mice and sham con-
trols (Fig. 2 C–E). No differences between postischemic groups were
observed in swim speed at 27 d after tFCI (Fig. 2F), indicating that
gross motor differences did not confound the interpretation of APE1
knockout effects on spatial learning and memory. The cognitive
deficits observed over the extended survival period correlated with
histological damage in striatum and cortex, as there was greater loss
of microtubule-associated protein 2 (MAP2) staining in the APE1
cKOmice compared with APE1 WT mice at 28 d following 30 min
of tFCI (Fig. S3). Taken together, these data demonstrate that loss
of endogenous APE1 protein increases cellular damage and po-
tentiates sensorimotor and cognitive impairments following cere-
bral ischemic insults, in support of a significant role for APE1 in
the mitigation of ischemic injury.

APE1 Deficiency Potentiates the Accumulation of ODD Following Mild
Ischemic Injury. Acute ODD has long been associated with cell in-
jury, and the accumulation of unrepaired ODD in response to cy-
totoxic stimuli, including ischemia, engages cell death cascades (1, 3,
19). As APE1 is an essential component of the DNA BER process,
loss of APE1 activity is expected to lead to robust accumulation of
ODD in cells after ischemia with reperfusion. Using three distinct
measures of ODD, we verified that induced knockout of APE1 led
to significant increases in ODD in the postischemic brain. Tissues
collected from postischemic cortex and striatum, respectively, were
quantitatively assessed for the number of AP sites and cells con-
taining DNA single strand breaks (SSB) using the ELISA and DNA
polymerase I-mediated biotin-dATP nick-translation (PANT) assay
(3), respectively. In postischemic APE1 WT mice, AP sites (Fig. 3A)
and SSB-containing cells (Fig. 3B) were increased early (0.5 h of
reperfusion) after 30 min of tFCI in both the striatum and cortex.
For at least 24 h thereafter, AP sites and SSB-containing cells
remained elevated over sham controls in the striatum but sub-
sided near to sham control levels in the cortex, reflecting an
effective intrinsic recovery process in the postischemic cortex of
APE1 WT mice. In contrast, AP sites and SSB-containing cells
were remarkably elevated in both the postischemic striatum and
cortex in APE1 cKO mice throughout the 24-h reperfusion
timeframe, and ODD levels were significantly increased com-
pared with the APE1 WT mice in both brain regions (Fig. 3 A
and B). Because the increase in AP sites in the cortex is sustained
instead of transient following loss of APE1, we conclude that
APE1 facilitates recovery from DNA damage in gray matter.
H2AX, a member of the histone H2A family, is a DNA damage-

sensing protein that is activated by phosphorylation at Serine 139,
and this phosphorylated H2AX (p-H2AX) can be detected
immunohistochemically as dense foci in nucleosomes (20). The
levels of p-H2AX were significantly increased in the postischemic
cortex 2 h after 30 min of tFCI in the APE1WTmice, but subsided

Fig. 3. APE1 deficiency increases the accumulation of ODD after tFCI. (A) AP
site frequency was quantitatively measured in cortical and striatal extracts,
respectively, from APE1 WT and APE1 cKO mice under sham condition (S) or
at 0.5, 2, 8, and 24 h after 30 min of tFCI. Data are expressed as the number
of AP site per 106 nucleotides. (B) SSBs were detected immunohistochemi-
cally using the PANT assay, and positively labeled cells were counted using
stereology at the indicated time points after 30 min of tFCI. Values are
means ± SEM, n = 6 per group. *P ≤ 0.05; **P ≤ 0.01 vs. the matched APE1
WT group; #P ≤ 0.05; ##P ≤ 0.01; ###P ≤ 0.001 vs. the sham group. (C) Levels of
phospho-H2AX (marker of genomic damage) were assessed in cortical lysates
by Western blotting at 2, 8, and 24 h after tFCI. n = 4 per group. **P ≤ 0.01
vs. the matched APE1 WT group; ##P ≤ 0.01 vs. the sham group. (D) Double-
label immunofluorescent staining for p-H2AX (green) and the neuronal
marker NeuN (red) in the cortices of sham controls and at 2 or 24 h after tFCI
(a–c, APE1 WT; d–f, APE1 cKO mice). High-magnification images from the
boxed regions revealed distinctly punctate patterns of p-H2AX immunoflu-
orescence in postischemic cortical neurons (a′–c′, APE1 WT; d′–f ′, APE1 cKO
mice). The frequency of punctate p-H2AX immunofluorescence subsided to
control levels at 24 h after tFCI in APE1 WT brain, but remained elevated at
24 h after tFCI in APE1 cKO brains.
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to control levels within 8 h (Fig. 3C), again consistent with an in-
trinsic recovery process for ODD in the postischemic cortex. APE1
cKO mice exhibited similar p-H2AX levels in the postischemic
cortex as APE1 WT mice at 2 h following 30 min of tFCI, but had
significantly higher p-H2AX levels at 8 and 24 h following reper-

fusion, suggesting impaired recovery from ODD (Fig. 3C). Double-
label immunofluorescence revealed elevated immunofluorescence
of p-H2AX, exhibiting increased intensity of punctate granules in
NeuN+ cortical neurons of APE1 WT mice at 2 h after 30 min of
tFCI, but this pattern of punctate staining was diminished by 24 h
following reperfusion (Fig. 3D). In contrast, in APE1 cKO mice
there was a similarly high level of p-H2AX immunofluorescence at
2-h reperfusion, but it persisted for at least 24 h (Fig. 3D). Not
surprisingly, the persistent presence of DNA damage in the cortex
of APE1 cKO mice closely correlates with the regional patterns of
ODD induction in the forms of AP sites and SSB (Fig. 3 A and B).
These findings strongly suggest that loss of APE1 interferes with
the cellular recovery process in the postischemic penumbra, likely
contributing to the expansion of the infarct zone to the overlying
cortex (Fig. 1 B and C). Thus, induced deletion of APE1 leads to
the failure of DNA repair, and the resulting accumulation of ODD
correlates with potentiation of cerebral ischemic injury.

APE1 Deficiency Enhances Mitochondrial Translocation of PUMA in
Apoptotic Ischemic Neurons. In our investigation of the effects of
APE1 knockout on ischemic injury, we explored the extent of
destruction of specific cell populations (i.e., neurons and oligo-
dendrocytes) within ischemic brain regions following 30 min of
tFCI. We found extensive colabeling of the neuronal marker NeuN
with TUNEL in the cortex of APE1 cKOmice 24 h after tFCI (Fig.
4A). As the p53 up-regulated modulator of apoptosis (PUMA) is a
proapoptotic protein whose expression is regulated by the tumor
suppressor p53 as part of the DNA damage response after cerebral
ischemia (21), we explored whether the exacerbation of cell death
by APE1 knockout was associated with increased expression of
PUMA. In sham control mice or APE1 WT mice subjected to
30 min of tFCI, PUMA was nearly undetectable by Western blot
analyses in either the cytosolic or mitochondrial fraction of cere-
bral cortical extracts (Fig. 4B). However, in APE1 cKO mice
subjected to 30 min of tFCI followed by 8 or 24 h of reperfusion,
PUMA expression was significantly elevated in both cytosolic and
mitochondrial fractions (Fig. 4B), which supports the notion that
the accumulation of ODD because of loss of APE1 causes PUMA
up-regulation in postischemic brain. The presence of PUMA in
the mitochondrial fraction suggested that this protein (PUMA) is
translocated into mitochondria in postischemic neurons. Indeed,
double-label immunofluorescent staining exhibited a punctate pat-
tern for PUMA that was closely associated with the mitochondrial
marker TOM20 (translocase of outer membrane 20 kDa) in cor-
tical neurons 8 h after tFCI (Fig. 4C). Moreover, the increased
PUMA immunofluorescence was particularly evident in TUNEL+

cortical cells displaying condensed and fragmented nuclei 24 h after
tFCI (Fig. 4D). These findings support the hypothesis that the
induction of PUMA may mediate the degeneration of APE1-
deficient cortical neurons after ischemia and reperfusion.

Loss of APE1 Exacerbates Oligodendrocyte Cell Death and Is Associated
with Poly(ADP ribose) Polymerase 1 Activation in Postischemic Brain.
White matter injury (WMI) contributes significantly to both
sensorimotor and cognitive neurological deficits after cerebral is-
chemia (22). However, the role of DNA damage and repair in
ischemic WMI has been largely overlooked. The APE1 cKO brain
exhibited a marked postischemic increase in the number of
TUNEL+ cells within white matter tracts of the corpus callosum
(CC) and external capsule (EC) 48 h after 30 min of tFCI com-
pared with the APE1 WT brain (Fig. 5 A and B). To determine
the cell types undergoing apoptosis, we performed double-label
immunofluorescent staining for TUNEL and cell makers for
microglia/macrophages (Iba1), astrocytes (glial fibrillary acidic
protein, GFAP), or mature oligodendrocytes (adenomatous polyp-
osis coli, APC). In the CC/EC of APE1 cKO mice, the majority of
TUNEL+ cells expressed APC (Fig. 5 C and D). In contrast, in the
CC/EC of APE1 WT postischemic mice, few APC+ cells were

Fig. 4. APE1 deficiency activates proapoptotic PUMA signaling in postischemic
neurons. (A) Representative images demonstrating TUNEL (green, arrows)
colabeling with the neuronal marker NeuN (red, arrows) in the postischemic
cortex of an APE1 cKO mouse 24 h following 30 min tFCI. DAPI (blue, in merged
image) staining was used to identify cell nuclei. (B) Levels of PUMA in total
protein extracts and the mitochondrial fraction of cortical tissue were assessed
by Western blotting after sham operation or at 2, 8, and 24 h after tFCI. β-Actin
and TOM20 (a mitochondria-specific protein) served as the loading controls for
whole cell protein extracts and themitochondrial fraction, respectively. Data are
presented as mean± SEM, fold-changes versus sham controls. n = 4 per group.
**P ≤ 0.01 vs. the matched APE1 WT group. (C) Triple-label immunofluorescent
staining for PUMA (red), TOM20 (green), and DAPI (blue, in merged images
only) in the postischemic cortex at 8 h following 30 min of tFCI in APE1 WT
(Upper) and APE1 cKO (Lower) mice. PUMA immunofluorescence was increased
and was closely associated with TOM20 (arrows) in postischemic cortical neurons
of APE1 cKO brains, but not of APE1 WT brains. (D) Close association of intense
PUMA immunofluorescence (red, arrows) with TUNEL+ staining (green, arrows)
in the ischemic cortex 24 h after 30 min of tFCI in an APE1 cKO brain. Cell nuclei
were stained with DAPI in the merged image. Two TUNEL− cells were also
immunonegative for PUMA (arrowheads).
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TUNEL+. Furthermore, microglia and astrocytes in the CC/EC were
largely TUNEL− after 30 min of tFCI in both groups of animals (Fig.
S4). Similarly, in the striatum (another white matter-enriched region)
of postischemic APE1 cKO mice, the number of TUNEL+/APC+

cells was remarkably greater than in APE1 WT postischemic stria-
tum (Fig. S5A). These data suggest that mature oligodendrocytes and
neurons represent vulnerable cell populations in the white matter
and gray matter of APE1-deficient mice, respectively.
DNA damage may activate the protein poly(ADP ribose) poly-

merase 1 (PARP1), which catalyzes the formation of poly(ADP
ribose) polymers (PAR) using NAD+ as substrate, thus eliciting
intracellular NAD+ and ATP depletion (21). PAR is a death signal
in neurons after ischemia and reperfusion (23). Therefore, we
assessed PAR immunoreactivity—evidence of PARP1 activity—in
CC/EC protein extracts after tFCI. As expected, APE1 cKO mice
had significantly higher levels of PAR in the CC/EC compared with
APE1 WT mice (Fig. 5 E and F). Similar results were observed in

the striatum (Fig. S5C). As shown by double-label immunofluo-
rescence, PAR was largely localized to nuclei of APC+ cells in the
CC/EC (Fig. 5G) at 48 h after tFCI, whereas PAR immunofluo-
rescence was elevated in both APC+ and APC− cells in the post-
ischemic striatum (Fig. S5B). Nevertheless, the number of PAR+/
APC+ cells was markedly greater in both the CC/EC (Fig. 5H) and
striatum (Fig. S5B) of APE1 cKO mice after tFCI when compared
with APE1 WT mice. Taken together, these findings suggest that
compromised DNA repair in APE1 cKO mice leads to the acti-
vation of the prodeath PARP1 protein in mature oligodendrocytes
after tFCI, which could promote ischemic WMI.

APE1 Deficiency Exacerbates Myelin Loss and White Matter Dysfunction
After Mild Ischemic Injury. Functional assessments of white matter
are becoming increasingly prevalent in stroke studies, as histo-
logical assessments of gray matter do not always coincide with
changes in behavioral functions. Using histological indicators

Fig. 5. APE1 deficiency activates proapoptotic PARP1 in postischemic oligodendrocytes. (A) TUNEL staining of brain sections at 48 h following 30 min of tFCI. Ctx,
cortex; Str, striatum; CC/EC, corpus callosum and external capsule. Few TUNEL+ cells could be detected in these brain regions of the APE1 cKO or APE1 WT mice
after sham surgery. (B) The number of TUNEL+ cells in the CC/EC region was quantified. n = 6 per group. ***P ≤ 0.001 vs. the matched APE1 WT group; #P ≤ 0.05;
###P ≤ 0.001 vs. the sham group. (C) Colocalization (yellow arrows) of TUNEL (green) with the mature oligodendrocytic marker APC (red) in the CC/EC in sham and
48 h following 30min of tFCI in APE1WT and APE1 cKOmice. (D) TUNEL+/APC+ cells were quantified from randomly selected microscopic fields in the CC/EC. n = 6
per group. ***P ≤ 0.001 vs. the matched APE1 WT group; #P ≤ 0.05; ###P ≤ 0.001 vs. the sham group. (E and F) Western blot analysis of PAR (marker of PARP1
activity, multiple bands) in extracts derived from CC/EC after sham operation (S) or 48 h after ischemia (I). PAR immunoblot results were as fold-changes over sham
controls. n = 4 per group. *P ≤ 0.05 vs. the matched APE1 WT group; ##P ≤ 0.01 vs. the sham group. (G and H) Colocalization (yellow, arrows) of PAR (green) with
APC (red) in the CC/EC at 48 h following 30 min of tFCI. PAR+/APC+ cells were quantified from randomly selected microscopic fields in the CC/EC. n = 6 per group.
**P ≤ 0.01 vs. the matched APE1 WT group; #P ≤ 0.05; ###P ≤ 0.001 vs. the sham group.
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of white matter integrity, we examined the impact of APE1
knockout on WMI 28 d after 30 min of tFCI. For these studies
we relied on immunohistochemical staining with the SMI-32 anti-
body, which recognizes the nonphosphorylated epitope of neuro-
filament H, a robust marker of demyelination (24). Under sham
control conditions, faint staining with SMI-32 was visible in the CC/
EC region and striatum (Fig. 6A). In APE1 WTmice, striatal SMI-
32 immunoreactivity was enhanced after tFCI, resulting in an in-
creased ratio of SMI-32 to myelin basic protein (MBP) (Fig. 6A).
In contrast, no changes were detected in the CC/EC of these an-
imals, suggesting that this region lay outside the zone of permanent
WMI following mild ischemic injury. In APE1 cKO mice, a dra-
matic increase in SMI-32 immunoreactivity was evident in both the
CC/EC and fascicles of the striatal internal capsule after tFCI,
suggesting an expansion of the zone of permanent WMI (Fig. 6A).
A simultaneous reduction in the intensity of MBP was observed in
the postischemic brain of APE1 cKO mice, most notably along the
fiber tracts of the CC/EC (Fig. 6A), indicating a loss of white matter
myelination. Accordingly, the ratio of SMI-32 to MBP was mark-
edly increased in the CC/EC and striatum of APE1 cKO mice com-
pared with the APE1WTmice after tFCI (Fig. 6A). Western blots on
tissue lysates from the CC/EC and striatum showed a dramatic re-
duction in MBP expression in both regions after tFCI in APE1 cKO
mice compared with APE1 WT mice (Fig. 6B and Fig. S6).

The immunohistochemical detection of white matter markers
described above demonstrates that the loss of APE1 enhances
demyelination after ischemia. Therefore, we sought to determine if
increased demyelination of the white matter tracts led to a loss in
the functional integrity of white matter. Using electrophysiological
assessments of compound action potentials in the CC/EC from
coronal brain slices harvested 28 d after 30 min of tFCI, we found a
significant reduction in the peak amplitude in APE1 cKO mice
(Fig. 6C), reflecting impairments in conduction along myelinated
axons. This effect was not evident in sham controls of the APE1
cKO mice or the APE1 WT mice after tFCI. Taken together, the
data suggest that APE1 protects against the development of post-
ischemic infarction and is critical for the structural preservation of
gray and white matter and the recovery of behavioral function after
mild ischemic injury.

Discussion
To our knowledge, the present study provides the first direct evi-
dence that endogenous APE1 naturally blunts the progression of
gray and white matter injury in experimental stroke and facilitates
poststroke functional recovery. Four major findings from this study
contribute to our understanding of the role of DNA repair in the
intrinsic recovery process after cerebral ischemia and reperfusion.
First, the loss of APE1 largely prevents the intrinsic repair of AP

Fig. 6. APE1 deficiency elicits long-term loss of white matter integrity after tFCI. (A) Double-label immunofluorescent staining for MBP and dephosphorylated
neurofilament protein (SMI-32) in the ipsilesional CC/EC and striatum at 28 d after 30 min of tFCI or sham operation. tFCI decreased MBP labeling and increased
SMI-32 labeling in both CC/EC and striatum; APE1 cKO mice were much more affected than APE1 WT mice. The graphs at the bottom illustrate the ratio of SMI-32
to MBP, indicating the degree of demyelination in the CC/EC and striatum. Values are mean ± SEM, n = 6 per group. **P ≤ 0.01; ***P ≤ 0.001 vs. the matched
APE1 WT group; ##P ≤ 0.01; ###P ≤ 0.001 vs. sham group. (B) Western blot analysis showing multiple MBP bands in protein extracts from the CC/EC or striatum at
28 d after 30 min tFCI or sham operation. The graphs (Right) illustrate fold-changes in MBP protein levels in the CC/EC and striatum after tFCI relative to the sham
group. Values were summed for all bands in each lane and are presented as mean ± SEM, n = 4–5 per group. **P ≤ 0.01; ***P ≤ 0.001 vs. the matched APE1 WT
group; #P ≤ 0.05; ###P ≤ 0.001 vs. sham group. (C) Functional evaluation of white matter integrity by CAPs at 28 d after 30 min tFCI. The stimulating and recording
electrodes were positioned in the CC of coronal brain slices to measure evoked CAPs (a dashed line indicates the approximate location of ischemic lesion).
Representative traces of the evoked CAPs in the CC after subthreshold stimuli (labeled as 0), and 1- and 3-mA stimuli are shown. Signal conduction along nerve
fibers, as measured by the amplitude of the N1 component of the CAPs in response to increasing stimulus strength (up to 5 mA) were analyzed in sham controls
and after tFCI. Data are mean ± SEM, n = 6–8 per group. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 vs. the matched APE1 WT group.
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sites in gray matter and promotes the accumulation of ODD in the
form of AP sites and strand breaks in the postischemic brain. Sec-
ond, loss of APE1 dramatically exacerbates ischemic cell death of
neurons and oligodendrocytes, probably through activation of dis-
tinct cell death programs, such as PARP1- and PUMA-dependent
signaling pathways. Third, the loss of APE1 augments postischemic
demyelination and white matter dysfunction. Fourth, the loss of
APE1 inhibits the endogenous recovery of sensorimotor function
and spatial learning and memory under mild injury conditions.
Historically, the role of endogenous APE1 has been difficult to

assess, particularly in targeted structures, such as the brain or in
specific cellular subtypes. The conventional global knockout of
APE1 causes early embryonic lethality (15, 17), which both un-
derscores its essential role in cell survival and creates an impedi-
ment to studying its function in adult animals. Several techniques
have been used to generate APE deletion models, including RNA
interference and the generation of APE1 knockout cells that sur-
vive because of the coexpression of human APE1 under a condi-
tional promoter (14, 25). However, these models only have limited
applicability in animal studies. By creating a conditional APE1
knockout mouse that allows for disruption of the APE1 gene in
adulthood, we have demonstrated here that APE1 unequivocally
contributes to endogenous neuroprotection against ischemic injury
in vivo, validating it as a potential target in neurotherapeutic
strategies. A robust exacerbation of ischemic injury was evident in
APE1 cKO mice, not only promoting cell death in gray and white
matter, but also extending to behavioral outcomes. Although the
data contribute to our understanding of the role of DNA repair in
cellular recovery from cerebral ischemia, the use of this APE1 cKO
mouse line could easily be extended to other models, including
genesis of chemotherapy-resistant tumors in different cellular sub-
types, traumatic CNS injury, aging and neurodegenerative diseases,
mitochondrial DNA repair, and so forth.
Our data consistently demonstrate that APE1 knockout mice

exhibit worse outcomes following transient cerebral ischemia. This
observation could be interpreted as arising from two distinct
mechanisms that are not mutually exclusive. First, given that the
mortality rate after moderate (60 min) ischemia was higher in
APE1 knockout mice, the loss of APE1 before the insult could
potentiate cellular injury by creating a baseline level of unrepaired
ODD that rises above a lethality threshold upon ischemic injury.
This stressful baseline environment might be considered an “aging-
like” phenotype, wherein accumulation of ODD sensitizes the sys-
tem to subsequent oxidative insults, such as ischemia. Alternatively,
ischemic injury and ODD might induce APE1 activity immediately
following reperfusion, especially in those cells that are not severely
injured or are located in the penumbra. The loss of APE1 would
then represent a failure in postischemic recovery that may be in-
dependent of a predisposition, as implied in the first scenario. In
either scenario, the repair of ODD would be essential to eventual
structural and functional recovery. Both alternatives are consistent
with a prolonged accumulation of AP sites and DNA strand breaks
in ischemic APE1 knockout animals. Further studies to distinguish
between the two alternatives are warranted.
The molecular mechanisms underlying WMI after stroke and

the roles of APE1/DNA repair in this process have only recently
begun to be explored. White matter is remarkably sensitive to is-
chemic injury (26), and white matter repair may be critical to im-
proving functional recovery following cerebral ischemia. Our data
demonstrate that APE1 promotes the survival of oligodendrocytes
and both the structural and functional integrity of white matter
after a transient ischemic episode. These data support the concept
that white matter mounts a programmed response to ischemic in-
jury and that APE1 is a major component of a white matter self-
defense and self-repair program. Future studies targeting APE1
knockout specifically to white matter cell populations, such as the
myelin-producing oligodendrocytes, may help verify the role of
white matter injury and repair in postischemic outcomes and po-

tentially lead to new therapeutic strategies that encompass both
gray and white matter.
Our data suggest that the loss of APE1 leads to the activation of

two distinct prodeath signaling pathways, PUMA and PARP1,
which may underlie pathological events following ODD accumula-
tion. The potentiation of ischemic WMI by compromised DNA
repair (or the lack of adequate recovery) appears to be primarily
associated with PARP1 activation. Whether the activation of
PARP1 in white matter reflects a secondary or bystander cell death
process in response to neuronal injury is still unknown, but can be
addressed by further studies using cell-specific approaches. The
neuronal activation of PUMA in the ischemic cortex represents a
proapoptotic process that demands energy (27), thus indicating that
the molecular mechanisms underpinning the ischemic response by
neurons may be intrinsically different from in the white matter
because of distinct energy reserves or capacities. In contrast to
PUMA, PARP1 activation is generally associated with necrosis and
catastrophic depletion of energy stores.
A parsimonious explanation of the observed regional differences

between the striatum and cortex is differences in the degree of
blood flow interruption during the stroke event itself. In this con-
text, induction of APE1 is well established in sublethal injury
models (5, 28). Therefore, regions that lie proximal versus distal to
the ischemic core may rely differentially on APE1. Other topo-
graphical differences between the striatum and cortex, such as
unique efferent and afferent projections, heterogeneity in glial
subpopulations, and differential expression of neurotransmitters
and prosurvival proteins, might contribute somewhat to the re-
gionally selective responses to ischemic injury in the APE1 knock-
out mouse. Further investigations using cell and region-specific
targeting of APE1 knockout could help address these questions and
better define mechanisms associated with specific cell subtypes
(neurons, astrocytes, oligodendrocytes, endothelial cells, and so
forth) and with topographically selective vulnerabilities. The new
conditional APE1 knockout model described here offers a novel
platform on which to rigorously examine these important variables
in greater mechanistic depth.
Although best characterized for its DNA repair function, APE1

also contains a highly sensitive redox region that is dependent on
a cysteine residue within its N-terminal region (29). Several studies
implicate this region in influencing the activity of a number of tran-
scription factors, such as AP-1, Myb, NF-κB, HIF-1α, ATF/CREB,
p53, and so forth (reviewed in ref. 28), and indicate that the redox
function of APE1 acts independently of DNA repair activity. Our
current model explored a relatively acute timeframe following ce-
rebral ischemia and correlated the loss of APE1 with accumulation
of ODD. However, it is possible that deleterious outcomes fol-
lowing a transient ischemic insult in the APE1 knockout mouse
may be influenced by the lack of the redox action of APE1 in
addition to its role in DNA repair. Comparison of the effects of
gene knock-in of APE1 containing point mutations of the redox-
active site versus of the DNA repair-competent site would be a
logical progression for future studies. It should be noted here that
overexpression of exogenous APE1 with a mutated DNA repair
site but an intact redox site does abolish its protective effects
against ischemia (10), indicating that the repair function is indeed
critical for protection against ischemic injury.
We have provided evidence that cKO of APE1 in the adult mice

exacerbates ischemic injury in both gray and white matter, perhaps
via topographically distinct activation of prodeath signaling path-
ways. To our knowledge these data provide the first animal model
of targeted APE1 knockout and support the engagement of
multiple distinct cell death mechanisms following cerebral ische-
mia. The defensive role of endogenous APE1 in stroke is consis-
tent with human studies showing that single nucleotide poly-
morphisms in the APE1 gene are associated with greater risk for
cerebral ischemic infarction (30). Further studies assessing the
role of DNA repair in specific cell types in the brain and under
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different injury conditions may accelerate the development of
successful therapeutic interventions for stroke victims.

Methods
Generation of Conditional APE1 Knockout Mice. APE1flox/flox mice were gen-
erated on a C57BL/6J background as described in SI Methods. To obtain
conditional APE1 knockout mice, homozygous APE1flox/flox mice were
crossed with hemizygous CAGGCre-ER mice (The Jackson Laboratory), in
which the Cre-mediated recombination is controlled by tamoxifen and is
ubiquitous in all tissues (18). CAGGCre-ER; APE1flox/flox mice were obtained
after at least two generations of crossing (Fig. S2A) and transformed
into conditional APE1 knockout (APE1 cKO) animals following tamoxifen
injections (75 mg/kg, i.p., once a day for 5 d). Mice with the genotype of
CAGGCre-ER; APEwt/wt were used as controls (APE1 WT) (Fig. S2B) and re-
ceived the same tamoxifen treatment regimen in all studies. Induced
knockout of APE1 was confirmed by Western blotting (Fig. S2D).

Transient Focal Cerebral Ischemia Model. Twenty-four hours after the last ta-
moxifen injection, tFCI was induced in adult malemice (8–10wk old, 25–30 g) by
intraluminal occlusion of the left middle cerebral artery, as described previously
(31). Surgeries and all outcome assessments were performed by investigators
blinded to mouse genotype and experimental group assignments. All animal
procedures were approved by the University of Pittsburgh Institutional Animal
Care and Use Committee, and performed to NIH guidelines.

Neurofunctional Assessments.Neurobehavioral testswere carried out 3 d before
and 1–28 d after tFCI. Sensorimotor deficits were evaluated by the rotarod and
corner tests. Cognitive deficits were evaluated by the Morris water maze test.

Assessment of Gray and WMI. Details of histological assessments for brain injury
are further described in SI Methods. Neuronal (i.e., gray matter) injury was

assessed by MAP2 immunostaining (28 d following tFCI) and by double-label
immunofluorescent staining for NeuN and the DNA damage marker p-H2AX
(2 h and 24 h following tFCI) or TUNEL (24 h following tFCI). WMI induced by
tFCI was examined at the histological and functional levels. Free-floating co-
ronal brain sections (30 μm) were processed for immunostaining with MBP and
SMI-32 antibodies. White matter damage was quantitated as the ratio of SMI-
32 to MBP immunostaining relative to sham animals. The functional integrity of
white matter was assessed by measuring compound action potentials (CAPs) in
the CC and EC of coronal brain slices (350-μm thick), as described previously (32).

Assessment of ODD. DNA SSB were detected on fixed coronal brain sections
using DNA PANT, as described previously (3). PANT+ cells were stereologically
quantified by a blinded investigator. Contents of AP sites were measured with
the biotin-labeled aldehyde reactive probe in a colorimetric assay (10).

Statistical Analyses. Data are presented as mean ± SEM. Differences between
means from two groups were analyzed by the Student’s t test (two-tailed).
Differences in means from multiple groups were analyzed using one- or two-
way ANOVA followed by the Bonferroni/Dunn post hoc correction. Comparisons
of animal survival rates were performed by Kaplan–Meier survival analysis. A P
value less than 0.05 was deemed statistically significant.
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Generation of APE1flox/flox Mice for Conditional Knockout of APE1.
APE1flox/flox mutant mice were generated for conditional knock-
out of APE1 using previously described methodology (33), with
modifications because of the unavailability of the Strain 129 mouse
sequence in the upstream region of the 5′ recombination arm. The
Apex1 gene contains five exons, the first of which is noncoding, with
the major ATG initiation sequence located midway through the
second exon (34). A 14-kb targeting vector was constructed by PCR
amplification of genomic DNA containing 7 kb isolated from the
C57BL/6J genome on the 5′ arm and 7 kb isolated from the Strain
129 genome. The vector was designed such that exons IV and V
(the third and fourth coding exons) of Apex1 were flanked by loxP
sites (“floxed”). The vector also contained numerous other ele-
ments to allow for selection and confirmation of correct targeting,
including the following: (i) a Neo-resistance gene was inserted into
the 3′ region downstream of gene, flanked by short flippase rec-
ognition target (FRT) sites, for selection of embryonic stem (ES)
cells resistant to neomycin (G418); (ii) the HSV-thymidine kinase
(HSV-TK) gene was included at the 3′ end of the recombination
regions to allow elimination of ES cells that had recombined be-
yond the targeted region by making them sensitive to ganciclovir;
(iii) a novel Ase1 restriction enzyme site was constructed into the
end of the 5′ loxP site, a novel BstEII site was included downstream
of the 3′ loxP site, and a novel BglII site was included at the 3′ end
of the Neo-resistance gene located upstream of the 3′ loxP site (Fig.
S1A). These new restriction sites allowed for targeting confirma-
tion. A probe external to the targeting region on the 3′ end was
used for screening. The construct was then linearized, electro-
porated into mouse R1 ES cells (35), and the resulting cells were
subject to positive/negative drug selection by exposure to G418
(265 μg/mL) and ganciclovir (2 μM). Drug-resistant clones were
digested using BstEII and screened by Southern blot analysis using
a 3′ probe external to the targeting region (Fig. S1B), then further
expanded and confirmed positive using the BglII site engineered at
the 3′ loxP site (Fig. S1C). The clones were then further confirmed
positive on the 5′ end by PCR amplifying the region between exons
III and IV. Only the targeted clone containing the 5′ loxP site has
the inserted novel Ase1 restriction site overlapping with the first
two nucleotides of the loxP sequence, so a restriction digest analysis
was used on the resulting PCR products to demonstrate the pres-
ence of the Ase1 site (Fig. S1D). Of two targeted ES cell lines
injected into blastocysts, one produced male chimeras, which were
then bred with C57BL/6J female mice (The Jackson Laboratory) to
obtain ES cell-derived offspring as determined by the presence of
the agouti coat color (F1). The resulting agouti mice were con-
firmed heterozygous for the floxed Apex1 gene by Southern blot,
and then bred to mice transgenically expressing the flippase (flp)
gene (C57BL/6J background; The Jackson Laboratory, stock
#003800) to remove the Neo cassette, followed by further breeding
to breed out the flp gene. These pups were assessed by PCR to
confirm the presence of the floxed alleles. In addition, restriction
analyses using the inserted Ase1 sequence at the 5′ loxP site on
PCR products was performed to ensure genetic stability of the
targeted region. After back-crossing, we sequenced the region of
the Apex1 gene in the APE1flox/flox mice to definitively identify the
loxP sites at the appropriate locations. All mice sequenced (3) were
positive for both loxP sites flanking exons IV and V, and all mice
were subjected PCR analyses to confirm the presence of the tar-
geted alleles. Mutant mice progeny were backcrossed to the
C57BL/6J background for at least six generations before use, re-
sulting in a homozygous APE1flox/flox line with minimal potential

influence of genetic heterogeneity on the susceptibility of animals
to cerebral ischemia. APE1flox/flox mice were then bred to hemi-
zygous CAGGCre-ER mice (C57BL/6J background; The Jackson
Laboratory, stock #004682) to produce mice that carried the
hemizygous CAGGCre-ER transgene and were heterozygous for
the floxed Apex1 allele (CAGGCre-ER; APE1flox/wt). Those mice
were then crossed to APE1flox/flox mice, resulting in mice that were
APE1flox/flox mice and were hemizygous for the CAGGCre-ER
transgene (CAGGCre-ER; APE1flox/flox). These mice were used
and referred to as tamoxifen-inducible APE1 conditional knockout
(APE1 cKO) mice. APE1 cKO mice did not show obvious phe-
notype before tamoxifen administration. When exposed to tamox-
ifen before induction of ischemia, the Cre-induced loss of APE1
can be expected to occur in all cells. Mice with genotype
CAGGCre-ER; APE1wt/wt were used as WT controls (APE1
WT). All mice carrying the CAGGCre-ER transgene were bred
to maintain hemizygosity, as homozygous CAGGCre-ER mice
were reported to be not fertile or viable (The Jackson Labora-
tory, stock #004682 genetics datasheet).
Mice were housed in a temperature- and humidity-controlled

animal facility with a 12-h light/dark cycle. Food and water were
available ad libitum. All animal procedures were approved by the
University of Pittsburgh Institutional Animal Care and Use Com-
mittee and performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (36). All
efforts were made to minimize animal suffering and the number of
animals used.

tFCI Model. tFCI was induced in adult male mice (8–10 wk old,
25–30 g) by intraluminal occlusion of the left middle cerebral artery
(MCA), as described previously (31). Briefly, mice were anes-
thetized with 3% (vol/vol) isoflurane in 67%:30% (vol/vol) N2O/O2,
using lack of tail pinch response as an indicator of sufficient depth of
anesthesia. Anesthesia was maintained under anesthesia via a nose
cone blowing 1.5% (vol/vol) isoflurane. An 8-0 monofilament with
silicon-coated tip was introduced into the common carotid artery,
advanced to the origin of the MCA, and left in place for either 30 or
60 min. Mice were placed on a temperature-controlled heating pad
during the surgery to maintain rectal temperature at 37.0 ± 0.5 °C.
Mean arterial blood pressure was monitored during surgery by a tail
cuff, and arterial blood gas was analyzed using the EPOC veterinary
blood gas and electrolyte analyzer (Heska Corporation) 15 min after
MCA occlusion. CBF was measured using laser-Doppler flowmetry
(regional CBF) or using 2D laser-speckle techniques (cortical CBF)
as described below. Failure to reduce CBF to at least 25% of
baseline level led to subject exclusion. Mortality was less than 10%.
Sham-operated animals underwent the same anesthesia and surgical
procedures, with the exception of the MCA occlusion.
Stroke Therapy Academic Industry Roundtable (STAIR) guidelines

for preclinical evaluation of stroke therapeutics (37) were strictly
followed throughout the experiments. For example, animals were
randomly assigned to experimental groups with the use of a lottery-
drawing box. We verified that blood pH, gases, glucose levels, and
CBF were not altered by genotype. Furthermore, surgeries and all
outcome assessments were performed by investigators blinded to
mouse genotype and experimental group assignments.

Two-Dimensional Laser-Speckle Imaging. Cortical CBF was moni-
tored using the laser-speckle technique in two cohorts of mice
(30 min or 60 min tFCI, n = 5 per group) according to the manu-
facturer’s instructions and as described previously (38). Briefly, a
charge-coupled device camera (PeriCam PSI System; Perimed)
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was placed above the head, and the exposed intact skull surface
was illuminated by a laser diode (785 nm) to allow laser penetra-
tion into the brain. Two-dimensional microcirculation images were
obtained starting 15 min before tFCI and continued throughout
the ischemic period until 15 min after the onset of reperfusion. The
area of the ischemic core (0–20% residual CBF) or the penumbra
(20–35% residual CBF) region (39, 40) was measured from laser-
speckle images.

Immunohistochemistry and Image Analysis. At multiple reperfusion
time points after tFCI, surviving animals were deeply anesthetized
and transcardially perfused with 0.9%NaCl followed by 4% (wt/vol)
paraformaldehyde in PBS. Brains were harvested, cryoprotected in
30% (wt/vol) sucrose in PBS, frozen, and serial 30-μm-thick sections
were cut serial on a cryostat (CM1900, Leica). The tissue was then
blocked with 10% (vol/vol) donkey serum in PBS for 1 h, followed
by overnight incubation (4 °C) with the following primary anti-
bodies: rabbit anti-MAP2 (1:200; Santa Cruz Biotechnology),
rabbit anti-Iba1 (1:1,000; Wako), rabbit anti-GFAP (1:500; EMD
Millipore), rabbit anti-NeuN (1:500; EMD Millipore), rabbit
anti–p-H2AX (Ser139; 1:300; EMD Millipore), rabbit anti-
PUMA (1:200; Abcam), rabbit anti TOM20 (1:250; Santa Cruz
Biotechnology), rabbit anti-APC [mature oligodendrocyte marker
(41); 1:400; EMD Millipore], rabbit anti- PAR polymer (1:250;
Trevigen), mouse anti-nonphosphorylated neurofilaments (SMI-
32; Abcam), and rabbit anti MBP (myelin marker; Abcam). Sec-
tions were washed and then incubated for 1 h at room temperature
with donkey secondary antibodies conjugated with DyLight 488
or Cy3 (1:1,000; Jackson ImmunoResearch Laboratories). Non-
specific staining was assessed by incubating alternate sections from
each experimental condition in all solutions except the primary
antibodies. Sections were then counterstained for nuclear mor-
phology with DAPI (Thermo Scientific) for 2 min at room tem-
perature, mounted, and coverslipped with Fluoromount-G
(Southern Biotech). Fluorescence images were captured with
an Olympus Fluoview FV1000 confocal microscope using FV10-
ASW 2.0 software (Olympus America).
Tissue loss was measured on six MAP2-stained sections that

were equally spaced through the MCA territory using ImageJ.
Tissue atrophy was calculated as the volume of the contralateral
hemisphere minus the ipsilateral hemisphere.
The MBP/SMI-32-immunostained CC/EC area was contrasted

between poststroke animals and sham animals using confocal mi-
croscopy and analyzed with ImageJ software. A region of interest
(ROI)was drawnover the ipsilateral CC/ECby a blinded investigator
and similar ROIs were drawn in sham animals. Three sections were
analyzed for each brain and six ROIs were randomly selected from
each section. White matter damage was expressed as the ratio of
SMI-32 to MBP immunostaining relative to sham animals.

Stereology. TUNEL-stained neurons or neurons containing SSBs,
both indicators of with DNA damage, were stereologically quan-
tified by a blinded observer with the Bioquant Image Analysis
program (Bioquant), as described previously (42), with modifica-
tions. Briefly, images were captured from the striatum or cortex with
a CCD camera and grid squares of 50 × 50 μmwere generated. The
counting frame was 25 × 25 μm with a focal depth of 25 μm and
7.5-μm guard zones. Coronal sections (thickness of 40 μm) were cut
continuously between the levels of 1.5 and −1.0 mm to bregma, and
every tenth section was counted. An average of nine dissectors per
section was used. The total number (n) of neurons was equal to the
quotient of the total number of neurons counted and the product
of the fractions for sampling section frequency (SSF, fraction of
sections counted), area section frequency (ASF, sampling area/area
between dissectors), and thickness section frequency (TSF, dis-
sector depth/section thickness), or n = neurons counted/(SSF ×
ASF × TSF). For the present study, SSF = one-quarter sections,
ASF = 25 × 25 μm/50 × 50 μm, and TSF = 25 μm/40 μm.

TUNEL+/APC+, PAR+/APC+ cells were counted in both the
cortex and striatum at two coronal levels (0.2 mm and −0.5 mm to
bregma). The mean was calculated from three fields in the cortex
or striatum of each section and expressed as mean number of cells
per square millimeter.

Measurement of Infarct Volume. Forty-eight hours after tFCI,
brains were harvested, and sliced into coronal sections, each 1-mm
thick. Forebrain sections were stained with 3% (wt/vol) 2,3,5-
triphenyltetrazolium (TTC) in saline for 20 min and then fixed
with 4% (wt/vol) paraformaldehyde in PBS, pH 7.4. Infarct
volume was determined using MCID image analysis software (31)
by an observer blinded to experimental group assignment.

Fluoro-Jade B Staining. Degenerating neurons were detected by
Fluoro-Jade B (EMDMillipore) as described previously (43). Briefly,
brains were harvested two days after MCAO and processed into
paraffin blocks. Sections were cut (6-μm thick) and mounted onto
slides, immersed in 100% alcohol for 3 min, followed by 70% (vol/vol)
alcohol for 1 min, and then washed with distilled water. After a
15-min incubation in 0.06% potassium permanganate, sections were
washed with distilled water and then stained with 0.001% Fluoro-
Jade B in 0.09% acetic acid for 20 min. Fluorescent intensity was
measured in three consecutive coronal sections per brain in the
striatum and cortex, respectively, by a blinded observer. Data are
expressed as fold-changes over sham controls.

Neurobehavioral Tests. Animals subjected to the stroke model or
sham surgery described above (i.e., male mice subjected to stroke
or sham controls at 8–10 wk of age) were used for neurobehavioral
assessments at the indicated time points.
Rotarod test. The rotarod test was performed to assess poststroke
motor functions, as described previously (39). Briefly, animals were
placed on a rotating drum with a speed accelerating from 2.5 to
25 rpm within 5 min. The latency to fall (i.e., how long the mouse
was able to stay on the drum) was recorded. Pretesting began 3 d
before surgery and consisted of two trials each day. On the day of
surgery, five trials were performed on each mouse and the mean of
the last three of these trials was used as the presurgery baseline
value. At 1, 3, 5, and 7 d after tFCI or sham surgery, mice were
tested for five trials on each day, spaced by intervals of 15min.Data
were calculated based on mean of the last three of these trials, and
expressed as the mean latency to fall on each testing day.
Corner test. The corner test was performed as described previously
(44). Briefly, control mice will not display a preference in turns (left
or right) when presented with a corner, whereas stroke-injured
mice turn preferentially toward the lesioned (left) side, because the
motor impairment is contralateral (i.e., on the right side). Per-
formance was expressed as the number of left turns out of 10 trials
for each test.
Morris water maze test. The Morris water maze test was carried out
22–27 d after tFCI to evaluate long-term cognitive functions, as we
described previously (45). Briefly, a square platform (11 cm ×
11 cm) was submerged in a pool (diameter: 109 cm) of opaque
water. Mice were pretrained for 3 d prior to tFCI or sham surgery
(3 trials per day). To assess learning, mice were placed into the
pool from one of the four locations and allowed 90 s to locate the
hidden platform. At the end of each trial, the mouse was placed on
the platform or allowed to stay on the platform for 30 s with
prominent spatial cues displayed around the room. The time re-
quired for the animal to find the platform (escape latency) was
recorded for each trial. Four trials were performed on each day for
5 consecutive days (days 22–26 after surgery). On day 27, the
platform was removed and a single, 60-s probe trial was performed.
The time spent in the target quadrant where the platform was
previously located was recorded to assess memory. Swim speed was
also recorded to ensure differences in latency to escape were not
due to gross changes in locomotion.
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AP Site Measurements. The number of AP sites in nuclear DNA
extracts was measured, as described previously (10). Nuclear DNA
was extracted from the cortex and striatum after tFCI or sham
operation. Purified DNA (OD 260 nm/280 nm > 1.8) was dissolved
to a concentration of 100 μg/mL in Tris-EDTA (TE) buffer. Using
a biotin-labeled reagent specific for the aldehyde group in the ring-
open form of an AP site (designated Aldehye Reactive Probe, or
ARP; Dojindo Molecular Technologies), 10 μL of DNA solution
was incubated with 10 μL of ARP solution (5 mM) for 1 h at 37 °C.
DNA was then ethanol-precipitated, and the pellet was suspended
in TE to determine DNA concentration. ARP-labeled DNA was
measured with an ELISA-like assay in a microplate, which was
irradiated overnight with a 40W, unfiltered UV lamp with a
wavelength of 254 nm before the assay. ARP-labeled DNA (30 ng
in 60 μL) and 90 μL of DNA binding solution were added to each
well. The plate was covered and left in the dark at 37 °C overnight.
The next day, 100 μL of ABC solution (Vector Laboratories) was
added for 1 h at 37 °C, followed by K-Blue substrate solution
(Neogen Corporation) at room temperature for 1 h. Optical
density measurements were then recorded at 650 nm. The number
of AP sites was calculated by a blinded observer using a linear
calibration curve with ARP-DNA standard solutions. Data were
expressed as the number of AP sites per 106 total nucleotides.

Detection of DNA SSBs in Brain Sections. The DNA PANT assay was
performed on coronal brain sections after tFCI or shamoperation, as
described previously (3), with slight modifications. In brief, after
fixation with 10% (vol/vol) formalin for 10min, sections werewashed
three times in PBS and permeabilized with 1% Triton X-100 for
20 min. The sections were then incubated in a moist-air chamber at
37 °C for 90 min with PANT reaction mixture containing 5 mM
MgCl2, 10 mM 2-mercaptoethanol, 20 μg/mL BSA, dGTP, dCTP,
and dTTP at 30 μM each, 29 μM biotinylated dATP, 1 μM dATP,
and 40 U/mL Escherichia coli DNA polymerase I Large Fragment
(Sigma-Aldrich) in PBS (pH 7.4). The reaction was terminated by
three PBS washes of 5 min each. The biotin-16-dATP–labeled cells
were detected by incubation of the sections for 15 min in 10 μg/mL
of Rhodamine Avidin D (Vector Laboratories) followed by three
PBS washes of 20 min each. Fluorescence was observed under ex-
citation of 550 nm and emission of 575 nm.

DNA Repair Assay for APE1 Activity. The oligonucleotide incision
assaywas performed on nuclear extracts as described previously (10).
This DNA repair assay used a 5′-end [γ32P]ATP-labeled 50-mer
oligonucleotide with a synthetic AP site at position 26 (5′-TCG
GTA CCC GGG GAT CCT CTA GAG TOG ACC TGC AGG
CAT GCA AGC TTG GC-3′; O = AP site). The oligonucleotide
was 5′-end-labeled with T4 polynucleotide kinase and [γ32P]ATP.
The mixture was passed through a G-25 spin column to remove
free, unlabeled ATP. Labeled oligonucleotide was then annealed
to the complementary oligonucleotide in 100 mM KCl, 10 mM
Tris (pH 7.8), and 1 mM EDTA (EDTA) by heating to 55 °C,
followed by slow cooling to room temperature. Of the resulting
32P-labeled DNA duplex, 300 fmol was diluted in 40 mM
Hepes-KOH (pH 7.6), 75 mM KCl, 2 mM DTT, 1 mM EDTA,
0.1 mg/mL BSA, 2 mM CaCl2, 20 μM zinc acetate, and 10%
(vol/vol) glycerol, and combined with the indicated amounts of
nuclear protein extracts. After incubating 15 min at 32 °C, the
reaction was terminated and DNA was ethanol-precipitated
and resuspended in formamide dye [90% (vol/vol) formamide,
0.002% bromophenol blue, 0.002% xylene cyanol]. Samples
were then heated to 80 °C for 2 min and subjected to electro-
phoresis on a denaturing 20% (wt/vol) polyacrylamide gel that
contained 7 mM urea. The presence of a 25-bp product was
indicative of AP endonuclease-1 activity and was quantified by
densitometry by a blinded observer.

Preparation of Subcellular Fractions. All procedures for protein
fractionation were carried out at 4 °C, using the method reported
previously (46). Brain tissue was minced and homogenized using a
Dounce homogenizer in 1× M-SHE buffer containing 0.21 M
mannitol, 0.07 M sucrose, 10 mM Hepes-KOH (pH 7.4), 1 mM
EDTA, 0.15 mM spermine, and 0.75 mM spermidine. Freshly
prepared protease inhibitors were then added (1 μg/mL each of
leupeptin, aprotinin, and pepstatin; 1 mM PMSF; and 1 mM
DTT). Cells were lysed for 30 min on ice, and then unbroken cells
and nuclei were pelleted at 1,200 × g. The supernatant was
centrifuged at 10,000 × g for 15 min to pellet the mitochondria, and
the resulting supernatant from that spin (cytosolic fraction) was
removed while taking care to avoid the pellet. To further isolate
mitochondrial protein, the pellet was resuspended in a solution
containing 3% (wt/vol) Ficoll 400, 0.12 M mannitol, 0.03 M su-
crose, and 25 M EDTA (pH 7.4), and gently loaded into 6%
(wt/vol) Ficoll 400 solution to produce a discontinuous density
gradient. After centrifugation at 10,400 × g for 25 min, the sedi-
ment was resuspended in a lysis buffer containing 10 mM Hepes
(pH 7.4), 142.5 mM KCl, 5 mM MgCl2, 1 mM EGTA, 0.5%
Nonidet P-40, 0.5 mM PMSF, 10 g/mL aprotinin, and 1 g/mL each
of leupeptin, chymostatin, antipain, and pepstatin, followed by
sonication. The lysate was centrifuged at 130,000 × g for 1 h and
stored at −80 °C in aliquots.

Western Blotting. Protein isolation from brain was performed as we
described previously (46).Western blottingwas performed using the
standard SDS/PAGE method and enhanced chemiluminescence
detection reagents (GEHealthcare Biosciences). Immunoreactivity
was semiquantitatively measured by gel densitometric scanning and
analyzed with ImageJ. For some experiments, the membrane was
incubated with fluorescent-labeled secondary antibodies (1:20,000)
in a darkroom for 60 min at room temperature. The membrane was
then washed with PBS with Tween-20 (PBST) and scanned in
appropriate channels using Odyssey CLX Infrared Imaging system
(LI-COR Biosciences) for image development. Antibodies against
the following proteins were used: rabbit anti-p-H2AX (1:1,000;
EMDMillipore), rabbit anti-PUMA (1:1,000; Abcam), rabbit anti-
TOM20 (1:500; Santa Cruz Biotechnology), rabbit anti-poly(ADP
ribose) (PAR) polymer (1:1,000; Trevigen), rabbit anti-APE1
(1:2,000; Abcam), rabbit anti-MBP (1:2,000; Abcam), and mouse
anti–β-actin antibody (1:2,000; Sigma-Aldrich).

CAP Measurements. CAPs in the CC and EC were measured as
described previously (32). Coronal brain slices (350-μm thick,
bregma −1.06 mm) were placed in pregassed [95% O2/5% (vol/vol)
CO2] artificial cerebrospinal fluid (aCSF; NaCl 126 mM, KCl
2.5 mM, NaH2PO4 1 mM, CaCl2 2.5 mM, NaHCO3 26 mM, MgCl2
1.3 mM, glucose 10 M; pH 7.4) for 1 h at room temperature, and
then perfused with aCSF (22 °C) at a constant rate (3–4 mL/min).
A bipolar tungsten stimulating electrode (intertip distance: 100 μm)
was positioned across the corpus callosum about 0.9-mm lateral to
the midline. A glass extracellular recording pipette (5–8 MΩ tip
resistance when filled with aCSF) was placed in the external cap-
sule, 0.24–0.96 mm from the stimulating electrode in 0.24-mm in-
crements. The recording made at 0.48 mm from the stimulating
electrode was reported in this manuscript. Both electrodes were
placed 50–100 μm below the surface of the slice, with adjustments
to optimize the signal. The CAP was amplified (× 1 k) and re-
corded using Axoclamp 700B (Molecular Devices), and analyzed
using the pCLAMP 10 software (Molecular Devices). Input–output
curves were generated by varying the intensity of the stimuli from
0 mA to 5 mA with 1 mA increments (100-μs duration, delivered at
0.05 Hz). The responses from two consecutive brain slices for each
mouse were averaged, and six to eight mice were recorded for each
experimental group (Fig. 6). Myelinated fiber-response amplitude
was defined as the voltage difference from the first peak to the first
trough (N1).

Stetler et al. www.pnas.org/cgi/content/short/1606226113 3 of 9

www.pnas.org/cgi/content/short/1606226113


Fig. S1. Generation of conditional APE1 knockout mice. (A) Targeting vector strategy. loxP sites were engineered flanking exons IV and V (the third and final
coding exons) of the Apex1 gene to create cKO APE1 mice. Additional restriction sites were engineered into the vector to perform restriction enzyme analyses to
confirm successful recombination of the loxP sites, including AseI for the 5′ loxP site, and BstEII and BglII for the 3′ loxP site and presence of the Neo gene. The
inclusion of the Neo gene was to allow for selection of clones resistant to G418, and was flanked by frt sites to allow for removal from the targeted mouse strain.
HSV-TK was included outside of the targeting region to eliminate cells with random integration of the targeting vector, as the expression of this gene will lead to
sensitivity to gancylovir allowing these cells to be eliminated. When crossed to transgenic mice expressing the Cre protein in specific cells, the loxP sites recombine in
these cells and delete the floxed region of the Apex1 gene knocking out the protein. Open boxes represent noncoding exon regions. Solid arrows represent
restriction enzyme cut sites, black arrowheads represent loxP sites, red arrowheads represent Frt sites, and the short red line at the 3′ end represents the external
3′ probe. (B) Southern blot screening of ES clones digested with BstEII led to the identification of a positive clone yielding a band at the predicted size (4.7 kb) when
probed with the external 3′ probe (red line in A). Both nontargeted clones (NT) and the targeted clone (T) are shown. (C) The positive clone was amplified and
rescreened using BglII to confirm recombination by the 3′ loxP region, yielding a band at the predicted size (6.7 kb) when probed with an external 3′ probe (red line
in A). (D) To confirm the presence of the 5′ loxP site, genomic DNA containing the region between exon III and exon IV was amplified and digested with Ase1. The
resulting PCR product from the targeted clone (T) produced a single band (lane 3) and was cleaved into two smaller fragments by Ase1 (lane 4, arrows), whereas the
PCR product from WT DNA (WT) produced a band (lane 1) that was not cleaved by Ase1 (lane 2) because of the lack of the inserted loxP and Ase1 sequence.
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Fig. S2. Tamoxifen yields knockout of APE1 protein and inhibition of DNA repair activity in cKO mice. (A) Scheme of breeding to obtain APE1 cKO mice. Ho-
mozygous APE1flox/flox mice were crossed with hemizygous CAGGCre-ER (i.e., CAGGCre-ER; APE1wt/wt) mice to generate mice, 50% of which were CAGGCre-ER;
APE1flox/wt mice. These mice were bred to APE1flox/flox mice, yielding offspring 25% of which had the genotype CAGGCre-ER; APE1flox/flox. (B) Scheme of breeding to
obtain APE1 WT mice as age- and gender-matched controls to APE1 cKO mice. Hemizygous CAGGCre-ER mice were crossed with WT C57BL/6J mice (i.e., APE1wt/wt)
to generate mice, 50% of which were CAGGCre-ER; APE1wt/wt mice. Tan boxes indicate genotypes used for subsequent experiments (APE1 cKO and APE1 WT).
(C) PCR genotyping demonstrating generation of heterozygous mice (Left) and subsequent breeding to obtain homozygous mice containing the loxP sites on both
alleles (Right). Using primers flanking the 3′ loxP site, the floxed allele runs at a weight of 299 bp, whereas the WT allele has a weight of 217 bp. (D) Successful
ablation of APE1 protein expression in APE1 cKO mice treated with tamoxifen for 5 d. Tissue was harvested 3 d after the last tamoxifen injection from the cortex,
striatum, and CC from both WT and APE1 cKO mice. Actin immunoblotting served as the loading control. (E) Tamoxifen-induced knockout of APE1 led to loss of
DNA excision-repair activity. In vitro excision-repair activity was assessed at 3 d after last tamoxifen injection using lysates derived from the striatum (S) or cortex
(C) of WT C57BL/6J mice (Cre−; APE1wt/wt), APE1 WT mice (CAGGCre-ER; APE1wt/wt), or APE1 cKO (CAGGCre-ER; APE1flox/flox). The lysates were incubated with a
32P-labeled 50-bp oligonucleotide substrate containing a synthetic AP site. APE1 activity leads to the generation of a 25-bp product. Lysates derived from the
APE1 cKO mouse brain showed marked reduction in the presence of the 25-bp product. As a negative control (Control), the assay done without the protein
lysates resulted in absence of the 25-bp product.
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Fig. S3. APE1 deficiency increases neuronal tissue loss after tFCI. Brains were harvested at 28 d after 30 min tFCI and processed for MAP2 immunostaining. The
representative images showMAP2 immunofluorescence in APE1WT and APE1 cKO brains after tFCI, respectively; the dashed line depicts the MAP2− infarct area on
each brain section (30-μm thick). The right and left hemispheres are labeled with R and L, respectively. (Scale bar, 1 mm.) Areas of neuronal tissue loss were
measured on six equally-spaced coronal sections within the MCA territory per brain, and subsequently converted into infarct volumes. Data are mean ± SEM, n = 8
per group. **P ≤ 0.01 vs. the matched APE1 WT group.
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Fig. S4. Astrocytes and microglia are relatively resistant to cell death in the white matter after mild ischemic injury. Double-label staining of TUNEL with the as-
trocyte marker GFAP (Upper) or the microglial/macrophage marker Iba1 (Lower) in the CC/EC of APE1WT and APE1 cKO mice, respectively, at 48 h following 30 min
tFCI. Few TUNEL+ cells are also GFAP+ or Iba1+, suggesting that, compared with oligodendrocytes, astrocytes and microglia/macrophages in the white matter are less
vulnerable to ischemia-induced cell death. Images are representatives of five mice per group with similar results.

Stetler et al. www.pnas.org/cgi/content/short/1606226113 7 of 9

www.pnas.org/cgi/content/short/1606226113


Fig. S5. APE1 deficiency exacerbates striatal cell death after tFCI and is associated with PARP1 activation. (A) Colocalization (yellow arrows) of TUNEL (green) with
the mature oligodendrocytic marker APC (red) in the striatum at 48 h following 30 min of tFCI. Note that the number of TUNEL/APC double-positive cells was
greater in APE1 cKO than in APE1 WT postischemic striatum. (B) Colocalization (yellow arrows) of PAR (green) with APC (red) in the striatum at 48 h following
30 min tFCI. PAR/APC double-positive cells were quantified from randomly selected microscopic fields. n = 6 per group. (C) Western blot analysis of PAR in protein
extracts derived from the striatum after sham operation (S) or 48 h after ischemia (I). Immunoblot results for PAR were semiquantified. n = 4 per group. #P ≤ 0.05;
##P ≤ 0.01; ###P ≤ 0.001 vs. sham controls with the same genotype; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 vs. the matched APE1 WT group.
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Fig. S6. Full-lengthWestern blots of MBP staining. Shown are the original full-length blots fromwhich Fig. 6Bwas generated. Actin immunoblotting served as the
loading control. Multiple bands were identified by the anti-MBP antibody, possibly due to the existence of different MBP isoforms in the mouse brains (47). Dashed
line boxes indicate regions that are presented in Fig. 6B.
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