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Abstract

Aims: Chronic cerebral hypoperfusion (CCH) is a common pathological factor that contributes to neurode-
generative diseases such as vascular dementia (VaD). Although oxidative stress has been strongly implicated in
the pathogenesis of VaD, the molecular mechanism underlying the selective vulnerability of hippocampal
neurons to oxidative damage remains unknown. We assessed whether the nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (Nox) complex, a specialized superoxide generation system, plays a role in VaD
by permanent ligation of bilateral common carotid arteries in rats. Results: Male Wistar rats (10 weeks of age)
were subjected to bilateral occlusion of the common carotid arteries (two-vessel occlusion [2VO]). Nox1
expression gradually increased in hippocampal neurons, starting at 1 week after 2VO and for approximately 15
weeks after 2VO. The levels of superoxide, DNA oxidation, and neuronal death in the CA1 subfield of the
hippocampus, as well as consequential cognitive impairment, were increased in 2VO rats. Both inhibition of
Nox by apocynin, a putative Nox inhibitor, and adeno-associated virus-mediated Nox1 knockdown significantly
reduced 2VO-induced reactive oxygen species generation, oxidative DNA damage, hippocampal neuronal
degeneration, and cognitive impairment. Innovation and Conclusion: We provided evidence that neuronal
Nox1 is activated in the hippocampus under CCH, causing oxidative stress and consequential hippocampal
neuronal death and cognitive impairment. This evidence implies that Nox1-mediated oxidative stress plays an
important role in neuronal cell death and cognitive dysfunction in VaD. Nox1 may serve as a potential
therapeutic target for VaD. Antioxid. Redox Signal. 21, 533–550.

Introduction

Vascular dementia (VaD) is one of the most common
cognitive disorders in the elderly, after Alzheimer’s

disease (AD). VaD is caused by a range of cardiovascular or
cerebrovascular conditions, leading to ischemic, hypoperfu-
sive, or hemorrhagic brain lesions that are characterized by
loss of cognitive functions (2, 27, 33, 59). Chronic cerebral
hypoperfusion (CCH) is strongly related to progressive
cognitive decline (23, 46). The effect of CCH is not restricted
to VaD; it is also one of the early components of AD path-
ogenesis (56). However, the mechanisms underlying the
cognitive deficit caused by CCH in VaD remain elusive.

Innovation

In the present study, we have demonstrated that neuronal
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase 1 (Nox1) was activated in the hippocampus under
chronic cerebral hypoperfusion (CCH), causing oxidative
stress and consequential hippocampal neuronal death and
cognitive impairment. Adeno-associated virus serotype 2
(AAV2)-mediated targeting of Nox1 provided protection
against hippocampal neuronal death and cognitive impair-
ment induced by CCH in rats. Nox1 may serve as a novel
molecular target for therapeutic intervention in vascular
dementia.
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Since the establishment of two-vessel occlusion (2VO),
which is the permanent bilateral occlusion of the common
carotid artery, in rats as an animal model to reproduce CCH
(51, 52), this model has been widely used to study the mo-
lecular mechanisms underlying the cognitive impairment,
white matter lesions, and neuronal damage observed in CCH,
as well as in therapeutic intervention studies (16, 34, 35, 65).
Generation and accumulation of amyloid and injury to white
matter integrity and glial activation, which result in cognitive
impairment, have also been observed in the 2VO rat model
(29). We previously reported that memory impairment is
exacerbated through the interaction between CCH and am-
yloid toxicity in a 2VO rat model (16). In that previous study,
we found that cerebral blood flow and cerebral metabolism in
the cortex of 2VO rats were decreased to 74.5% and 80.3% at
8 weeks after 2VO operation, respectively (16).

Oxidative stress is considered a major contributing factor
in the pathogenesis of VaD and AD (8, 48). Increased oxi-
dative stress in the brain parenchyma, as manifested by
protein oxidation, lipid peroxidation, and oxidative DNA
damage, is a major characteristic feature of both AD and
VaD (8, 30). Oxidative stress is important in the develop-
ment of cognitive impairment that is caused by vascular
hypoperfusion-induced pathology (3, 47). The activity of
antioxidant enzymes, such as superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPx), glutathione
reductase (GR), and heme oxygenase/biliverdin reductase, is
decreased in patients with AD (4–6, 24) and VaD (14, 47).
Reduced antioxidant enzyme levels in blood samples from
VaD patients have also been reported (28, 64). Increasing
evidence suggests that the family of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases (Noxs), which
are the enzyme complexes that transport electrons across the
membrane and generate superoxide, plays a major role in
generating reactive oxygen species (ROS) in various types of
tissue (7). NADPH oxidase (Nox2) was originally identified
in phagocytes (60) and is responsible for killing bacteria
through the release of substantial quantities of superoxide
into the phagosomes. Seven homologues, including Nox1,
Nox2, Nox3, Nox4, Nox5, Duox1, and Duox2, have been
identified in various tissues, including the central nervous
system (CNS) (15, 22, 26).

Recent studies have demonstrated that Nox activity and
expression are significantly elevated in the temporal gyri in
patients with mild cognitive impairment (MCI) (12) and in
mice with CCH (25). NOXs play an important role in in-
flammatory neuronal loss during the development of AD (9,
76). The involvement of the Nox family in neuronal death
was demonstrated under various conditions, such as exposure
to zinc (37, 54), growth-factor deprivation (70), hypoglyce-
mia (21, 67, 77), and N-methyl-D-aspartate (NMDA) acti-
vation (11). It has also been shown that the p47phox subunit
is responsible for the generation of oxidants and neuronal
death after stroke (68). Inhibition of Nox4 has been shown to
prevent stroke-induced oxidative stress and neurodegenera-
tion (45).

Several studies have focused on the role of the Nox family
and Nox2 in CNS diseases, whereas Nox1, which is an in-
ducible enzyme that belongs to the Nox family, has not been
widely studied in these diseases.

Recent studies have reported that Nox1 participates in the
ROS-dependent death of non-neuronal cells (13, 38, 41) and

dopaminergic neurons (17, 20). Therefore, in the present
work, we used an established rat model of VaD to investigate
the role of Nox1 in the cognitive impairment that results from
CCH, to test our hypothesis that Nox1-mediated ROS gen-
eration and consequential neuronal loss in the hippocampus
are responsible for cognitive impairment. In this study, we
obtained the first evidence that hippocampal Nox1 plays a
pivotal role in the development of the brain damage and
cognitive impairment induced by CCH.

Results

Increased ROS generation and neuronal death
in the hippocampus of 2VO-operated rats

To determine whether superoxide is generated in the rat
brain after 2VO operation, in situ visualization of superoxide
and its derivative oxidant products was performed using
hydroethidine histochemistry. ROS levels were increased in
both the hippocampal CA1 region and the basal forebrain
(medial septal nucleus and diagonal band) at 10 weeks after
2VO operation (Fig. 1A, B).

As depicted in Figure 1C, an increase in malondialdehyde
(MDA) immunoreactivity, which is a well-established mar-
ker of lipid peroxidation, was also found in the hippocampal
CA1 subfield of rats treated with 2VO operation compared
with rats treated with sham operation. To endorse the in-
volvement of oxidative stress in 2VO operation, we assessed
the expression of redox modification markers, such as the
c-fos transcription factor and nitrotyrosine levels. As de-
picted in Figure 1C, increases in c-fos and nitrotyrosine im-
munoreactivity were found in the hippocampal CA1 subfield
of rats treated with 2VO operation compared with rats treated
with sham operation.

Oxidative DNA damage, as determined by increased 8-
hydroxy-2¢-deoxyguanosine (8-oxo-dG) immunoreactivity, was
increased in the hippocampal CA1 subfield after 2VO operation
(Fig. 2A, B). Moreover, choline acetyl-transferase (ChAT)
immunoreactivity in cholinergic neurons was decreased in the
medial septal nucleus and in the vertical diagonal bands of the
basal forebrain at 10 weeks after 2VO operation (Supplemen-
tary Fig. S1; Supplementary Data are available online at
www.liebertpub.com/ars). Hippocampal neuronal death was
determined by NeuN immunostaining, Nissl staining, and
cleaved caspase-3 immunostaining in tissue sections from the
hippocampus obtained at 10 weeks after sham or 2VO opera-
tion. Ten weeks after 2VO operation, the number of NeuN+ -
and Nissl-stained cells was decreased by 21.5% – 4.11%
( p < 0.05 vs. sham control) and 31.2% – 4.05% ( p < 0.05 vs.
sham control), respectively, in the CA1 region of 2VO-operated
rats (Fig. 2C–F). The number of cleaved caspase-3-stained
cells was increased in the CA1 region of 2VO-operated rats
(Fig. 2G, H).

Proteins extracted from sham- or 2VO-operated total
hippocampal tissue were subjected to Western blot analysis
using anti-NeuN, anti-MAP-2, and anti-glial fibrillary acidic
protein (GFAP) antibodies. The levels of expression of NeuN
( p < 0.01 vs. the sham control) and MAP-2 ( p < 0.001 vs.
sham control) were significantly decreased in the hippo-
campus of 2VO rats (Fig. 2H, I). The level of GFAP was
increased in the hippocampus at 10 weeks after 2VO opera-
tion ( p < 0.01 vs. the sham control), which implies that as-
trogliosis had occurred.
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Increased expression of Nox1 and activation of Rac1
in the hippocampus of 2VO-operated rats

Next, we determined whether Nox-derived oxidative
stress was responsible for neuronal degeneration under 2VO-

induced CCH. Nox is a multisubunit enzyme that consists of
catalytic subunits (Nox isoforms), regulatory subunits, and
the small GTPase Rac1 (17). The mRNAs that encode each
Nox isoform (Nox1, Nox2, and Nox4) and their regulatory
subunits (NOX organizer 1 [Noxo1] and NOX activator 1

FIG. 1. Increased superoxide generation in the hippocampus (HP) of 2VO-operated rats. (A) Representative fluorescence
micrographs of superoxide production as visualized by ethidium fluorescence (red) in the HP and the medial septal nucleus (MS),
and diagonal band (DB) at 10 weeks post-2VO operation. Scale bars = 30 lm. (B) Changes in the % DHE (red) stained neurons of
total cells and the number of DHE-stained neurons of Topro3 (nuclear marker, blue)-stained cells in the hippocampal CA1
subfield after sham- and 2VO operation in rats (n = 4 per group, Error bars indicate SE). **p < 0.01 versus Sham-operated rats.
(C) Representative images of tissue sections immunostained with MDA, c-fos, or nitrotyrosine from rat hippocampal CA1 taken
from sham-operated group (Sham control, n = 4) and 2VO group (n = 4) at 10 weeks after operation. (D) Changes in the % MDA
(red)-stained neurons of NeuN (green)-stained cells and the number of MDA and NeuN-stained neurons in the hippocampal CA1
subfield after sham- and 2VO operation in rats (n = 4 per group, Error bars indicate SE). MDA expression in NeuN + neurons is
demonstrated as yellow staining after merging green (NeuN) and red (DHE) images. **p < 0.01 versus Sham-operated rats. (E)
Changes in the % c-fos (red)-stained neurons of Topro3 (blue) stained cells and the number of c-fos-stained neurons of total
neurons in the hippocampal CA1 subfield after sham- and 2VO operation in rats (n = 4 per group, Error bars indicate SE).
**p < 0.01 versus Sham-operated rats. (F) Changes in the % nitrotyrosine (red)-stained neurons of NeuN (green)-stained cells and
the number of nitrotyrosine and NeuN-stained neurons in the hippocampal CA1 subfield after sham- and 2VO operation in rats
(n = 4 per group, Error bars indicate SE). **p < 0.01 versus sham-operated rats. Nitrotyrosine expression in NeuN+ neurons is
demonstrated as yellow staining after merging green (NeuN) and red (DHE) images. Scale bars = 30lm. 2VO, two-vessel
occlusion; DHE, dihydroethidium; MDA, malondialdehyde; NT, nitrotyrosine To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/ars
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FIG. 2. Increased neuronal death in the hippocampus of 2VO-operated rats. (A) Representative fluorescence mi-
crographs of DNA oxidation as visualized by 8-oxo-dG immunoreactivity (red) in the hippocampus (HP) at 10 weeks post-
2VO operation. (B) Changes in the % by 8-oxo-dG (red)-stained neurons in the hippocampal CA1 subfield after sham- and
2VO operation in rats (n = 4 per group, Error bars indicate SE). *p < 0.05 versus Sham-operated rats. Representative images
of tissue sections immunostained with NeuN (C), stained with Cresyl violet (E), and immunostained with cleaved caspase-3
(G) from rat hippocampal CA1 taken from sham-operated group (Sham control, n = 4) and 2VO group (n = 4) at 10 weeks
after operation. (D) Changes in the % NeuN (red)-stained neurons of sham control and the number of NeuN (red)-stained
neurons in the hippocampal CA1 subfield after sham- and 2VO operation in rats (n = 4 per group, Error bars indicate SE).
*p < 0.05 versus sham-operated rats. (F) Changes in the % Cresyl violet-stained neurons of sham control and the number of
Cresyl violet-stained neurons in the hippocampal CA1 subfield after sham- and 2VO operation in rats (n = 4 per group, Error
bars indicate SE). ***p < 0.001 versus sham-operated rats. (H) Changes in the % cleaved caspase-3 (red)-stained neurons of
NeuN (green)-stained cells and the number of cleaved caspase-3 and NeuN-stained neurons (yellow) in the hippocampal
CA1 subfield after sham- and 2VO operation in rats (n = 4 per group, Error bars indicate SE). **p < 0.01 versus sham-
operated rats. (I) Western blot analysis showing NeuN, MAP-2, and GFAP levels in the HP of the sham control (n = 3) or
2VO group (n = 3) at 10 weeks after operation. ( J) The intensity of each band was densitometrically determined and
normalized against b-actin. NeuN and MAP-2 levels were statistically decreased in 2VO-operated rats (n = 3, **p < 0.01 and
***p < 0.001 vs. sham-operated rats). GFAP level significantly increased in 2VO-operated rats. 8-oxo-dG, 8-hydroxy-2¢-
deoxyguanosine; GFAP, glial fibrillary acidic protein. To see this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/ars
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[Noxa1]) were identified using reverse transcription–
polymerase chain reaction (RT-PCR). Nox isoforms (Nox1,
Nox2, and Nox4) and regulatory subunits (Noxo1 and
Noxa1) were detected (Fig. 3A). Other variants were con-
stitutively expressed, whereas Nox1 was induced robustly by
chronic hypoperfusion that lasted for 2 weeks (Fig. 3A).
Nox1 expression in the hippocampus and striatum was de-
tected by Western blot analysis (Fig. 3B–D). Nox1 expres-
sion was increased in the hippocampus, whereas no increase
was observed in the striatum at 2 weeks after 2VO operation
( p < 0.01 vs. the sham control). To confirm the results of the
Nox1 immunoblotting analysis, total lysates of the SN tissues
of rats injected with 6-hydroxydopamine (6-OHDA) or ve-
hicle were used as a positive or negative control, respectively

(Fig. 3B). Both Nox2 and Nox4 were constitutively ex-
pressed in the hippocampus and striatum (Fig. 3B–D). The
activation of the small GTPase Rac1 is indispensable for the
activation of Nox1 and Nox2 (10). GTP-bound active Rac1
was observed at 2 weeks after 2VO operation in hippocampal
tissue ( p < 0.001 vs. the sham control); moreover, Nox1 was
coprecipitated with active Rac1 ( p < 0.001 vs. the sham
control) (Fig. 3E, F), suggesting that CCH by 2VO activates
the Nox1/Rac1 system in the hippocampus.

The immunohistochemical analysis revealed that Nox1
expression in the hippocampal CA1 was profoundly in-
creased at 10 weeks after 2VO operation compared with that
observed in sham-operated animals (Fig. 4A). Nox1 expres-
sion in the hippocampal CA1 subfield steadily increased from

FIG. 3. Increased expressions of Nox1 mRNA and Nox1 proteins and Rac1 activation in the hippocampus of 2VO-
operated rats. (A) A representative PCR of Nox1 mRNA in hippocampus of 2VO-operated rats at 2 weeks after operation.
(B, C) Representative photomicrographs of Western blot analysis showing Nox1, Nox2, and Nox4 levels in the hippo-
campus and striatum of rats 2 weeks after the rats were subjected to SC and 2VO operations. To verify Nox1 antibody
specificity, total lysates of the SN tissues of rats injected with 6-OHDA or vehicle were used as a positive or negative
control, respectively. NC, negative control; PC, positive control. (D) The intensity of each band was densitometrically
determined and normalized against b-actin. Nox1 expression was significantly increased in hippocampus of 2VO-operated
rats (n = 3, *p < 0.01 vs. Sham control). (E) The activated fraction of Rac1 was determined in the hippocampus of SC and
2VO-operated rats with the active GTPase pull-down assay. Rac1 levels were measured as an internal control. After GTPase
pull-down, Nox1 was detected using Western blot analysis on the same blot to determine binding with activated Rac1 and
Nox1. (F) The intensity of each band was densitometrically determined and normalized against Rac1 or b-actin. Rac1
activation and binding with activated Rac1 and Nox1 were significantly increased in hippocampus of 2VO-operated rats
(n = 3, ***p < 0.001 vs. Sham control). 6-OHDA, 6-hydroxydopamine; NADPH, nicotinamide adenine dinucleotide phos-
phate; Nox1, NADPH oxidase 1; PCR, polymerase chain reaction; SN, substantia nigra.
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1 week after 2VO operation (Fig. 4B, C). Nox1 im-
munostaining (red) was mostly colocalized with pyramidal
neurons (NeuN), which were immunostained green in the
hippocampal CA1 subfield (as identified by the yellow
staining observed after merging the two images). To verify
the Nox1 immunohistochemical analysis, we compared Nox1-
stained hippocampal neurons at 10 weeks after the 2VO op-
eration with the dopaminergic neurons of the SN tissues of rats
injected with 6-OHDA, which was used as a specific positive
control (17). Nox1 immunostaining (red) was increased in
both hippocampal neurons (green) after 2VO operation and
dopaminergic neurons (TH-positive neurons, green) exposed
to 6-OHDA (Fig. 4D and Supplementary Fig. S2A). Nox1
immunostaining (red) was colocalized with dopaminergic
neurons (TH-positive neurons), which were immunostained
green in the SN (as identified by the yellow staining observed
after merging the two images). Nox1 antibody specificity was
evaluated by preincubation with a specific blocking peptide for
1 h. The preincubation of the Nox1 antibody with the blocking
peptides led to a failure to detect Nox1 (red) in both hippo-
campal neurons after 2VO operation and TH-stained dopami-
nergic neurons in SN exposed to 6-OHDA (Fig. 4D and
Supplementary Fig. S2A). These results suggest the hippo-
campal-neuron-specific expression of Nox1 (Fig. 4A–D).
Neither astrocytes nor microglia expressed Nox1, which was
demonstrated by coimmunostaining using NeuN and GFAP
(astrocytes) or CD11b (microglia) (Fig. 4E). The levels of
Nox2, Nox4, Noxa1, and Noxo1 expression were not altered
after 2VO operation (Supplementary Fig. S2B, C). In these
experiments, for the first time, we investigated Nox1 expres-
sion in hippocampal neurons after CCH.

Apocynin reduced superoxide generation, DNA
oxidation, and neuronal death in the hippocampus
of 2VO-operated rats

To verify the role of Nox1-mediated oxidative stress in hip-
pocampal neuronal death and cognitive impairment after CCH,
a putative Nox inhibitor, apocynin, was tested. Either vehicle
(1% DMSO in saline) or apocynin (10 mg/kg) was administered
intraperitoneally every day for 8 weeks from the same day that
the sham or 2VO operation was performed. Apocynin admin-
istration strongly reduced 2VO-elicited superoxide generation
( p < 0.001 vs. the sham control; Fig. 5A, B) and oxidative
DNA damage, as determined by the observation of increased
8-oxo-dG immunoreactivity ( p < 0.001 vs. the sham control;
Fig. 5A, C) in the hippocampus. This finding suggests that DNA

oxidation is induced by the superoxide which was generated
through Nox activation after 2VO operation.

The increased neuronal loss observed in the hippocampal
CA1 subfield of 2VO rats, as determined via NeuN im-
munostaining and Nissl staining, was significantly reduced
by treatment with apocynin (Fig. 6). The decreased number
of NeuN + cells and Nissl-stained cells after 2VO operation
recovered to 17.13% – 5.46% ( p < 0.05) and 32.31% – 5.21%
( p < 0.05) after treatment with apocynin (Fig. 6). In addition,
to confirm the role of apocynin in the ligated common carotid
artery, expression levels of proinflammatory cytokines at the
ligation site were detected by real-time PCR and immuno-
histochemistry. Expressions of interleukin-1beta (IL-1b),
Interleukin-6 (IL-6), and tumor necrosis factor alpha (TNF-a)
mRNA were increased in the ligated common carotid artery
at 1 week and 4 weeks after 2VO operation (Supplementary
Fig. S3). In the immunohistochemical analysis, expressions
of IL-1b, IL-6, and TNF-a were increased in the elastin fiber
of the tunica media in the ligated common carotid artery (Fig.
6 and Supplementary Fig. S4). Especially, increased ex-
pression of TNF-a was also determined in the neointima at 4
weeks after 2VO operation (Fig. 6). However, apocynin ad-
ministration has not changed increased expressions of IL-1b,
IL-6, and TNF-a in the ligated common carotid artery at 1 and
4 weeks after 2VO operation (Fig. 6 and Supplementary Figs.
S3 and S4).

These findings indicate that the activation of NOX is
crucial for hippocampal ROS generation and for the neuronal
loss observed after CCH but is not involved in conforma-
tional change and inflammation in the ligated common ca-
rotid artery.

Apocynin reduced the memory impairment
induced by CCH

To evaluate the effect of apocynin on the recovery of
cognitive function after 2VO, spatial memory was evaluated
by assessing learning and memory retention using the Morris
water maze (MWM) test. In the acquisition trials, the sham-
operated animals gradually learned the location of the hidden
platform, which was evidenced by shorter latencies and fewer
search errors throughout the test period. CCH induced by
2VO resulted in a significant impairment in spatial learning
(time latencies, F(3,20) = 22.19; search errors, F(3,20) = 24.17)
compared with sham-operated controls (repeated-measures
two-way analysis of variance (ANOVA), p < 0.05; Fig. 7A,
B). Apocynin-treated 2VO animals exhibited shorter mean

FIG. 4. Increased expression of neuronal Nox1 in the hippocampal tissues of 2VO-operated rats. (A, D) Re-
presentative photographs of tissue sections stained with Nox1 (Red) and NeuN (green) antibody from rat hippocampal CA1 taken
from sham-operated group (SC, n = 4) and 2VO (n = 4)-operated rats at 10 weeks after the operation. Nox1 expression in NeuN+

neurons is demonstrated as yellow staining after merging green (NeuN) and red (Nox1) images. (B) Representative photographs
of tissue sections stained with Nox1 (red) and NeuN (green) antibody from rat hippocampal CA1 taken from sham-operated
group (SC, n = 4) and 2VO (n = 4)-operated rats at 1, 2, 4, and 10 weeks after the operation. Nox1 expression in NeuN + neurons
is demonstrated as yellow staining after merging green (NeuN) and red (Nox1) images. (C) Changes in the % Nox1 (red)-stained
neurons of NeuN (green)-stained cells and the number of Nox1(red) and NeuN (green)-stained neurons (yellow) in the hippo-
campal CA1 subfield after sham- and 2VO operation in rats (n = 4 per group, Error bars indicate SE). *p < 0.05, ***p < 0.001
versus sham-operated rats. (D) Representative photographs of disappearance of Nox1 staining (red) in hippocampal tissue
sections after antibody absorption with blocking peptide. Nox1 antibody specificity was evaluated by preincubation with specific
blocking peptide for 1 h. (E) Nox1 (red) expression was observed neither in astrocytes nor in microglia (n = 4). GFAP (green) and
CD11b (green) were stained as markers for astrocytes and microglia, respectively (n = 4). Scale bars = 30lm. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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session latencies and fewer search errors in locating the
platform compared with the 2VO group (repeated-measures
two-way ANOVA, p < 0.05; Fig. 7A, B). These results sug-
gest that, although abnormally overproduced superoxide
induces impairment in spatial memory, normal Nox-mediated-
superoxide production might be essential for learning and
memory retention. To determine whether the group differ-
ences observed in escape latencies were due to differences in
swimming, especially between the sham-operated group and
the 2VO group, swimming speeds were calculated for each
group. No differences in swimming speed were observed
among the four groups (repeated-measures two-way ANO-
VA, F(3,20) = 1.761; Fig. 7C). In the first probe trial, the time
spent in the target quadrant was not different among the
groups. However, in the second probe trial, the time spent in
the target quadrant was different among the groups
(F(3,29) = 18.10). A post hoc analysis showed that the per-
centage of time spent in the target quadrant was significantly

decreased in 2VO-operated rats ( p < 0.001) compared with
sham-operated rats (Fig. 7D) and was significantly increased
in apocynin-treated 2VO-operated rats ( p < 0.001) compared
with 2VO-operated rats (Fig. 7D). The times required to
reach the visible platform during the visible platform test
were not different among the groups (F(3,20) = 1.642; Fig. 7E).

Inhibition of Nox1 reduced superoxide generation,
DNA oxidation, and neuronal death
in the hippocampus of 2VO-operated rats

To achieve selective inhibition of Nox1, an adeno-asso-
ciated virus 2 (AAV2) containing an shRNA targeting Nox1
was stereotaxically delivered into the hippocampal CA1
subfield (Fig. 8A). These vectors expressed enhanced green
fluorescent protein (EGFP) separately, as a marker of trans-
duction efficiency. Due to the neuronal tropism of the AAV2,
the shRNA construct was selectively transferred to neurons in

FIG. 5. Increased superoxide generation and DNA oxidation in hippocampal neurons of 2VO-operated rats at-
tenuated by apocynin. (A) Representative fluorescence micrographs of superoxide production as visualized by ethidium
fluorescence (DHE, red) and 8-oxo-dG immunoreactivity (red) at 10 weeks post-2VO operation. (B) Increased % DHE (red)-
stained neurons of sham control and the number of DHE-stained neurons in 2VO-operated rats treated with vehicle were
significantly decreased by apocynin treatment. (n = 6, ***p < 0.001 vs. sham-operated rats treated with vehicle, ###p < 0.001 vs.
2VO-operated rats treated with vehicle). (C) Increased % of 8-oxo-dG (red)-stained neurons of Topro3 (blue)-stained cells and
the number of 8-oxo-dG (red)-stained neurons in 2VO-operated rats treated with vehicle were significantly decreased by apocynin
treatment. (n = 6, ***p < 0.001 vs. sham-operated rats treated with vehicle, ###p < 0.001 vs. 2VO-operated rats treated with
vehicle). Sham control, sham-operated rats treated with vehicle; SC + Apo, sham-operated rats treated with apocynin (10 mg/kg/
day for 8 weeks); 2VO control, 2VO-operated rats treated with vehicle; 2VO + Apo, 2VO-operated rats treated with apocynin. To
see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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the brain and efficiently knocked down Nox1 expression (17).
2VO operation was performed at 4 weeks after AAV2 in-
jection; *60% of NeuN + pyramidal neurons in the hippo-
campal CA1 subfield were transduced with AAV2 particles,
as indicated by EGFP signal (Fig. 8A, B). Nox1 knockdown
efficiency in the hippocampal CA1 subfield was verified by
both Western blot analysis and RT-PCR performed at 12
weeks after AAV2 injection (Fig. 8C–E). A 4-week pre-
injection with Nox1 shRNA/AAV2 viral particles (EGFP-
expressing cells) in the hippocampus CA1 area resulted in a
significant reduction in superoxide generation ( p < 0.05 vs.
scrambled shRNA and 2VO) caused by 2VO, as determined
by dihydroethidium (DHE) histochemistry (Fig. 8F, G). Re-
ductions in the intensity of 8-oxo-dG immunoreactivity
( p < 0.01 vs. scrambled shRNA and 2VO; Fig. 9A, D) and in
the number of NeuN-immunostained cells ( p < 0.05 vs.
scrambled shRNA and 2VO; Fig. 9B, E) and Nissl-stained

neurons ( p < 0.001 vs. scrambled shRNA and 2VO) sug-
gested a similar protective effect, indicating that selective
inhibition of Nox1/Rac1 activation attenuates 2VO-elicited
neuronal loss in the hippocampus (Fig. 9C, F). In parallel
with the transduction rate of the Nox1 shRNA in the hippo-
campal CA1 subfield, 2VO-mediated ROS generation, DNA
oxidation, and neuronal loss were decreased (Figs. 8F and
9A–C).

Inhibition of Nox1 reduced the memory impairment
induced by CCH

As shown in Figure 10, sham-operated control rats injected
with scrambled shRNA quickly became proficient at locating
the submerged platform during the training sessions; how-
ever, the 2VO rats injected with scrambled shRNA showed
poor improvement over the course of training compared with

FIG. 6. Hippocampal neuronal loss in 2VO-operated rats is attenuated by apocynin. (A) Representative photographs
of tissue sections stained with the NeuN (green) antibody, Cresyl violet, or TNF-a (green) antibody from rat hippocampal CA1
and common carotid artery taken from the sham-operated group (Sham control, n = 6) and 2VO group (n = 6) with or without
apocynin. Scale bars = 30lm (upper and middle panel), 50lm (lower panel). (B, C) Decreased NeuN- and Nissl-positive cell
counts in 2VO-operated rats treated with vehicle were significantly decreased by apocynin treatment. (n = 6, ***p < 0.001 vs.
sham-operated rats treated with vehicle, #p < 0.05 versus 2VO-operated rats treated with vehicle). (D) Increased mean intensity of
TNF-a expression in neointima and tunica media of ligated common carotid artery was not decreased by apocynin treatment at 4
weeks after 2VO operation (n = 6, ***p < 0.001 vs. sham-operated rats treated with vehicle). Sham control, sham-operated rats
treated with vehicle; SC + Apo, sham-operated rats treated with apocynin (10 mg/kg/day for 8 weeks); 2VO control, 2VO-
operated rats treated with vehicle; 2VO + Apo, 2VO-operated rats treated with apocynin; L, lumen; TNF-a, tumor necrosis factor
alpha. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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the control rats. The decreased spatial memory observed in
2VO rats injected with scrambled shRNA was significantly
recovered by the inhibition of Nox1 using Nox1 shRNA/
AAV2 particles (repeated-measures two-way ANOVA,
F(3,36) = 18.9, p < 0.05 vs. scrambled shRNA/2VO; Fig. 10A).
There was no significant difference in the swimming speed
(repeated-measures two-way ANOVA, F(3,36) = 2.645; Fig.
10B) between the training trials and the visible platform test.
The times required to reach the visible platform during the
visible platform test (mean – SE) for the four groups were not
significantly different between the sham-operated, 2VO, and
2VO plus Nox1 shRNA/AAV2 groups (repeated-measures
two-way ANOVA, F(3,24) = 2.473; Fig. 10C). In addition,
differences in performance were observed during the probe
trial, as assessed by the percentage of time spent in the target
quadrant or by the number of platform crossings during the
30 s probe (Fig. 10D, E). One-way ANOVA of the time spent
in the target quadrant and number of platform crossings on
the second probe trial showed that the between-group effects
were significant (F(3,20) = 5.998 and F(3,26) = 6.743, respec-
tively). A post hoc analysis revealed that 2VO rats which
were subjected to Nox1 shRNA/AAV exhibited significant
improvements during the probe trials compared with 2VO
rats that were treated with scrambled shRNA/AAV (scb
shRNA/AAV) (percentage of time spent in the target quad-
rant, p < 0.05; number of platform crossings, p < 0.05; Fig.
10D, E). In the novel object recognition (NOR) test and novel
object location (NOL) test, discrimination ratios were sig-
nificantly different between scramble shRNA plus sham

control and scramble shRNA plus 2VO (NOR, F(3,36) = 5.728,
p < 0.05; NOL, F(3,36) = 2.517, p < 0.05; Fig. 10F). In the no-
vel location recognition test, the discrimination ratio was
significantly different between scramble shRNA plus 2VO
and Nox1 shRNA plus 2VO (F(3,28) = 5.728, p < 0.05; Fig.
10F). In the odorant discrimination test, the percentage of
time spent digging was significantly different among groups
( p < 0.05). A post hoc analysis revealed that the increased
percentage of time spent digging in the odorant discrimina-
tion test was significantly decreased in rats treated with Nox1
shRNA compared with scramble shRNA-treated/sham-
operated rats ( p < 0.05; Supplementary Fig. S5). In parallel
with the transduction rate of the Nox1 shRNA in the hippo-
campal CA1 subfield, the decreased spatial memory observed
in 2VO rats was recovered during the performance of the
probe trial, as assessed by the percentage of time spent in the
target quadrant or by the number of platform crossings ob-
served during the 30 s probe, NOR, and odorant discrimina-
tion tests (Fig. 10D–F).

Discussion

In this study, we showed that the Nox complex mediates
oxidative stress, hippocampal neuronal death, and cognitive
impairment caused by CCH in 2VO-operated rats. We also
demonstrated for the first time that the Nox1 isoform is
constitutively expressed in hippocampal neurons and that its
level is elevated after CCH in rats. Accumulation of the Nox1
complex, production of ROS, and nuclear DNA damage were

FIG. 7. Effect of apocynin on chronic cerebral hypoperfusion-induced Morris water maze (MWM) performance
deficits in rats. Spatial memory evaluation using time latency (A), search error (B), swimming speed (C) % time in target
quadrant (D), and (E) time latency in visible platform test. n = 6/group, *p < 0.05, ***p < 0.001 versus Sham control,
#p < 0.05, ###p < 0.001 versus 2VO control. Sham control, sham-operated rats treated with vehicle; SC + Apo, sham-operated
rats treated with apocynin (10 mg/kg/day for 8 weeks); 2VO control, 2VO-operated rats treated with vehicle; 2VO + Apo,
2VO-operated rats treated with apocynin; NS, not significant.
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FIG. 8. The transduction efficiency of scramble shRNA or Nox1 shRNA expression in hippocampal neurons and
reduced superoxide generation by Nox1 knockdown in 2VO rats. (A) Representative photographs of tissue sections
expressed EGFP (green) and stained with the NeuN (red) antibody fromrat hippocampal CA1 taken from rats at 4 weeks after scramble
shRNA/AAV2 or Nox1 shRNA/AAV2 injection. shRNA expression in NeuN+ neurons is demonstrated as yellow staining after
merging green (EGFP) and red (NeuN) images. (B) Establishment of U6 promoter-based Nox1 shRNA/AAV vector. U6 promoter-
driven shRNA expression system was established in AAV vector. EGFP expression is separately controlled by a CMV promoter as a
marker for the transduction efficiency. Nox1 shRNA sequence was designed based on the siRNA sequence (boxed red nucleotides).
EGFP expression levels were measured as % volume of EGFP expression in NeuN+ neurons in both hippocampal CA1 subfields. Left:
left hemisphere of brain; Right: right hemisphere of brain. (C–E) Nox1 knockdown efficiency in the hippocampal CA1 subfield was
verified by both Western blot analysis and RT-PCR performed at 12 weeks after AAV2 injection. n = 4/group, ***p < 0.001 versus
Sham control with scramble RNA/AAV2, ###p < 0.001 versus 2VO control with scramble RNA/AAV2. Scb, scramble (F) AAV
particles containing scramble shRNA or Nox1 shRNA were stereotaxically injected into the rat hippocampal CA1 subfield. After 4
weeks of incubation, animals were subject to either sham or 2VO operation. Fifteen weeks later, hippocampal CA1 subfields were
visualized with DHE (red) for superoxide detection (n = 5/group). Cells expressing EGFP (green) represent AAV-transduced cells.
shRNA expression in NeuN+ neurons is demonstrated as yellow staining after merging green (EGFP) and red (NeuN) images. (G)
Increased % of DHE-stained cells in EGFP-expressed cells and the number of DHE- and EGFP-positive cells in 2VO-operated rats
injected with scrambled shRNA were significantly decreased by Nox1 knockdown. (n = 5, ***p < 0.001 vs. Scb RNA control,
###p < 0.001 vs. ScbRNA 2VO). Scb RNA control, Sham-operated rats injected with scramble shRNA AAV particles; Nox1 shRNA
control, Sham-operated rats injected with Nox1 shRNA AAV particles; ScbRNA 2VO, 2VO-operated rats injected with scramble
shRNA AAV particles; Nox1 shRNA 2VO, 2VO-operated rats injected with Nox1 shRNA AAV particles. Scale bar = 20lm. AAV2,
adeno-associated virus serotype 2; EGFP, enhanced green fluorescent protein; RT-PCR, reverse transcription–polymerase chain
reaction. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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found in degenerating hippocampal neurons. In addition,
nuclear 8-oxo-dG staining preceded the other indications of
neuronal degeneration. These results strongly indicate that
Nox1-mediated oxidative damage may serve as critical up-
stream processes in neurodegeneration and cognitive im-
pairment. We provide important evidence that the ROS
produced by the Nox1/Rac1 complex accumulate in hippo-
campal neurons and damage nuclear DNA, which may be
responsible for hippocampal neuronal neurodegeneration,
and that Nox1-derived ROS cause cognitive impairment in
chronic cerebral hypoperfused rats. The evidences that sup-
port this conclusion were as follows: (i) accumulation of the

Nox1/Rac1 complex in hippocampal neurons in the 2VO-
operated rat model; (ii) increased DHE and 8-oxo-dG stain-
ing in the nucleus; and (iii) subsequent attenuation of
hippocampal neurodegeneration and cognitive impairment,
either by chemical inhibition of Nox1 through apocynin or by
genetic interventions targeting Nox1.

NADPH oxidase (Nox2 or gp91phox)-derived super-
oxide plays a role in bacterial killing through phagocy-
tosis in polymorphonuclear leucocytes (60). Nox1 is the
first homolog of Nox2 and was found in several tissues
and cells, including the colon, smooth muscle, uterus, and
prostate (69). Since then, a family of homologues has

FIG. 9. Increased DNA oxidation and neuronal loss in the hippocampal neurons of 2VO-operated rats attenuated
by Nox1 knockdown. Representative photographs of tissue sections stained with (A) 8-oxo-dG (blue), (B) NeuN (red)
antibody, and (C) Cresyl violet from rat hippocampal CA1 taken from sham-operated group (Sham control) and 2VO group
with scramble (scb) shRNA or Nox1 shRNA (n = 5/group). (D) Increased DNA oxidation (8-oxo-dG-positive cells) was
significantly decreased by Nox1 knockdown (n = 5, ***p < 0.001 vs. scb shRNA control; ##p < 0.01 vs. scb shRNA 2VO). (E,
F) Decreased NeuN- or Nissl-positive cell counts were statistically recovered by Nox1 knockdown (n = 5, ***p < 0.001 vs.
sham control with scb shRNA; #p < 0.05 and ###p < 0.001 vs. 2VO with scb shRNA). Scb RNA control, Sham-operated rats
injected with scramble shRNA AAV particles; Nox1 shRNA control, Sham-operated rats injected with Nox1 shRNA AAV
particles; ScbRNA 2VO, 2VO-operated rats injected with scramble shRNA AAV particles; Nox1 shRNA 2VO, 2VO-
operated rats injected with Nox1 shRNA AAV particles. Scale bar = 20 lm. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/ars
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been found in various cells and tissues, especially in the
brain (39, 63).

In the CNS, although NADPH oxidase-mediated ROS are
required for normal cellular functions, such as long-term
potentiation (72) and cardiovascular homeostasis (57), excess
ROS generation may contribute to pathological conditions.
Interestingly, several of the activators and effectors of the
NADPH oxidase complex have also been implicated in the
signal transduction mechanisms that underlie synaptic plas-
ticity and memory formation (43, 44). A recent study has
reported that NADPH-oxidase-derived ROS may play a
protective role in regulating cerebral vascular tone during
disease (49).

Several studies have shown that ROS derived from Nox2
in microglia, an immune component in the brain, cause oxi-
dative stress in several brain diseases (18, 40). Recent studies,
however, have indicated that Nox2 expression is not limited
to microglia (1) and that other homologues, including Nox1,
are involved in various pathological conditions in neuronal
cells. Glutamate toxicity in SH-SY5Y neuroblastoma cells is
largely attenuated by the inhibition of NADPH oxidase ac-
tivation (53).

Our results demonstrated that CCH increased Nox1 ex-
pression in hippocampal neurons, suggesting that Nox1-
mediated oxidative stress is a common feature observed in
hippocampal cells under long-lasting ischemia. Consistently
increased expression of Nox1 was observed in hippocampal

neurons starting at 1 week after CCH. Both Nox2 and Nox4
were also detected in hippocampal neurons under normal
conditions, but the expression levels of Nox2 and Nox4 were
not altered by 2VO operation. Very little is known regarding
the function of Nox1 in the CNS. A recent study showed the
involvement of NADPH oxidase-generated ROS in the apo-
ptotic death of cerebellar granule neurons and speculated a
role for Nox1 in this process (19). Moreover, Jackman et al.
investigated whether Nox1 is essential for superoxide pro-
duction in large cerebral arteries in response to angiotensin II
after ischemic stroke (32). Western blot analysis showed that
the basal level of Nox1 detected in sham control rats might
come from the vasculature of the brain (32).

Nox1-mediated superoxide generation requires other
components, including Rac1 activation and Noxo1 and
Noxa1, which are the homologues of p47phox and p67phox,
respectively (22). Rac1, a small Rho GTPase, is a subunit that
is important for the activation of Nox1-derived superoxide
generation (22, 73). To activate the NADPH oxidase system,
activated Rac1 forms a Nox1 enzyme complex in conjunction
with Noxo1 and Noxa1 (20). In the present study, we found
that hippocampal neurons were equipped with Noxo1 and
Noxa1; moreover, CCH-mediated Rac1 activation was ob-
served.

Apocynin can act as a NADPH oxidase inhibitor, and its
neuroprotective effects have been reported in several CNS
disorders (31, 36). Therefore, we tested whether apocynin

FIG. 10. Inhibition of Nox1 reduced the memory impairment in 2VO rats. The MWM test was employed to evaluate
spatial memory. (A) time latency, (B) swimming speed, (C) time latency in visible platform test, (D) % time in target
quadrant, and (E) number of passes through the platform were measured. (F) The novel object recognition and location test
were performed at 13 weeks after 2VO. Exploratory time spent for novel objects was recorded, and the discrimination ratio
was calculated. n = 10/group, *p < 0.05, **p < 0.01, ***p < 0.001 versus scb shRNA/Sham control; #p < 0.05 versus scb
shRNA/2VO. Time latency in visible platform test (C) was not different among groups. scb shRNA/Sham control, Sham-
operated rats injected with scramble shRNA AAV particles; scb shRNA/2VO, 2VO-operated rats injected with scramble
shRNA AAV particles; Nox1 shRNA/2VO, 2VO-operated rats injected with Nox1 shRNA AAV particles; Nox1 shRNA/
SC, sham-operated rats injected with Nox1 shRNA AAV particles.
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reduces the ROS generation mediated by CCH and impair-
ment of cognitive function. As previously reported, apocynin
can penetrate the intact blood–brain barrier, offering neuro-
protective effects against neuronal damage, particularly be-
cause of global and focal cerebral ischemia (61). However,
the effect of apocynin on brain damage after experimental
stroke depends on the dose used. In fact, the administration of
apocynin at a dose of 2.5 mg/kg 30 min before reperfusion
improved neurological function, reduced infarction volume,
and reduced the incidence of cerebral hemorrhage. At higher
doses (3.75 and 5 mg/kg), it increased brain hemorrhage (71).
In addition, apocynin (5 mg/kg) protects against the oxidative
stress and injury induced by global cerebral ischemia–
reperfusion in the gerbil hippocampus (74). Other reports
have indicated that the therapeutic potential of the systemic
administration of apocynin is in the dose range of 2.5–
12 mg/kg in various animal models (42, 66). Amyotrophic
lateral sclerosis (ALS) mice treated with 300 mg/kg of
apocynin showed an increase in their average life spans (31).
Recent studies, however, have reported the controversial
finding that apocynin may work as an antioxidant instead of
an NADPH oxidase inhibitor, especially in the vascular
system (62). Zhang and colleagues demonstrated that apoc-
ynin significantly inhibited intracellular ROS generation,
toll-like receptor 4-mediated proinflammatory cytokine ex-
pression, and proliferation and migration of vascular
smooth muscle cells in wire injury-induced carotid neointima
(55). These results suggest that apocynin may have a tissue-
specific role. Based on these facts, an apocynin dose of
10 mg/kg was selected for our experiments. Brain sections of
animals treated with 10 mg/kg of apocynin did not exhibit
cerebral hemorrhage, either in sham controls or in 2VO-op-
erated rats (data not shown). Both CCH-induced ROS and
hippocampal neuronal death were significantly decreased by
cotreatment with apocynin. Subsequent cognitive dysfunc-
tion was recovered by apocynin treatment. However, apoc-
ynin-treated sham-operated animals exhibited impairment in
spatial learning. These results closely agreed with those of
previous reports about pharmacological inhibitors of
NADPH oxidase, as well as with studies that used mutant
mice which are genetically deficient for either gp91phox or
p47phox and indicated that NADPH oxidase is involved in
long-term potentiation (LTP) (43). Nevertheless, a particu-
larly important finding was that apocynin is protective
against behavioral deficits in the 2VO animal group. We also
confirmed the role of apocynin in the ligated common carotid
artery of 2VO animals. Increased expression of proin-
flammatory cytokines in the ligated common carotid artery
has not been altered by apocynin treatment.

To selectively target Nox1 in hippocampal neurons in vivo,
we developed an adeno-associated virus serotype 2 (AAV2)-
mediated overexpression or knockdown system. Many re-
ports, including our recent study (17, 50), have shown that
AAV2-mediated gene transfer provides an effective means of
achieving long-term expression of target genes in nondivid-
ing cells, such as neurons (75), and that AAV-mediated
shRNA delivery to the CNS for targeted knockdown of
specific genes can also be successfully achieved (58). Four
weeks after an AAV2 injection into the rat hippocampal CA1
subfield, more than 60% of the neurons were EGFP positive,
indicating that our AAV system worked efficiently in hip-
pocampal neurons. Similarly, the AAV2-mediated delivery

of the Nox1 shRNA construct led to reduced DNA oxidative
damage, a reduction of about 40% in hippocampal neuronal
death, and attenuation of cognitive impairment induced by
CCH. In parallel with the transduction rate of the Nox1
shRNA in the hippocampal CA1 subfield, 2VO-mediated
ROS generation, DNA oxidation, neuronal loss, and cogni-
tive impairment were decreased.

Conversely, other relevant sources of ROS in the brain,
such as mitochondria (48) and xanthine oxidase, may be
involved in 2VO (47). In addition, recent studies have dem-
onstrated that CCH induced the activation of the brain renin–
angiotensin system. A renin inhibitor ameliorated brain
damage and working memory deficits in the model of chronic
cerebral ischemia through the attenuation of oxidative stress
(25). Therefore, various molecular and cellular mechanisms
may be related to ROS generation and cognitive impairment
in 2VO.

In summary, our study demonstrated that CCH may induce
its toxic effects on hippocampal neurons by overactivating
the Nox system, particularly Nox1, which, in turn, generates
ROS and, eventually, results in hippocampal neuronal death
and subsequent impairment of cognitive function. The results
of this study also imply that hippocampal Nox1 may serve as
a novel target for pharmacological intervention in VaD.

Materials and Methods

Materials

Rabbit anti-Nox1, goat anti-Nox1, rabbit anti-Nox2, rabbit
anti-Nox4, rabbit anti-Noxo1, and rabbit anti-Noxa1 from Santa
Cruz biotechnology; rat anti-CD11b from Serotec; and anti-goat
immunoglobulin G (IgG), anti-rat IgG, and anti-rabbit IgG an-
tibodies from Jackson ImmunoResearch were used. Other ma-
terials are described in the Supplementary Methods.

Animals and surgery

All procedures were approved by the Animal Experiment
Review Board of Laboratory Animal Research Center of Kon-
kuk University. Males are more susceptible to the cerebrovas-
cular complications of hypertension, such as a stroke and VaD
(62). Therefore, CCH was induced in male Wistar rats (weighing
200–250 g; 10 weeks age; Samtako BioKorea. Co. Ltd.).

The rats were anesthetized with 70% nitrogen and 30%
isoflurane. Through a midline cervical incision, both com-
mon carotid arteries were exposed and double ligated with
silk sutures (2VO). The sham-operated animals (SC) were
treated in a similar manner to the operated rats except for the
common carotid arteries occlusion. Detailed procedures are
described in the Supplementary Methods. Detailed animal
allocation and timeline for experiment were described
(Supplementary Fig. S6).

Western blot analysis

Tissues were washed with ice-cold phosphate-buffered
saline (PBS) and lysed on ice in RIPA buffer (50 mM
Tris-HCl pH 7.4, 150 mM NaCl, 1% NP40, 0.25% Na-
deoxycholate, and 0.1% sodium dodecyl sulfate [SDS])
containing a protease inhibitor mixture and phosphatase in-
hibitors (Sigma-Aldrich). Thirty lg of soluble protein was
subjected to SDS-PAGE and electrotransferred onto a PVDF
membrane. Specific protein bands were detected by using a
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specific anti-Nox1 antibody (Santa Cruz Biotechnology) and
Enhanced Chemiluminescence (Pierce).

Rac1 activation assay

One milligram of protein extracted from hippocampal
tissue was incubated with 20 ll of agarose beads containing
the p21-binding domain (PBD) of the p21-activated protein
kinase 1 (PAK1), an effector of activated Rac, for 1 h at 4�C.
The beads were collected by centrifugation and washed twice
in the lysis buffer. The beads were resuspended in sample
buffer and boiled for 5 min. Detailed procedures are de-
scribed in the Supplementary Methods.

In situ visualization of superoxide

In situ visualization of superoxide and its derivative oxi-
dant products was performed by hydroethidine histochemis-
try, as previously described (40). Detailed procedures are
described in the Supplementary Methods.

Nissl staining

Nissl staining was performed by incubating the samples in
0.1% of Cresyl violet solution for 5–10 min at room tem-
perature, quickly rinsing them in distilled water, dehydration
in serially diluted ethanol, and cleaning in xylene. Detailed
procedures are described in the Supplementary Methods.

Immunohistochemistry

After perfusion with saline and 4% paraformaldehyde in
PBS, brains were removed, and the forebrain and midbrain
blocks were immersion fixed in 4% paraformaldehyde and
cryoprotected in sucrose. Serial coronal sections (40lm) were
cut on a cryostat, collected in cryopreservative, and stored at
- 20�C. For immunolabeling studies, sections were incubated
with a blocking solution (5% horse serum and 0.3% Triton
X-100 in PBS, pH 7.5) and then with primary antibodies at 4�C
overnight. Finally, the sections were incubated with secondary
antibodies in a blocking solution at room temperature for 1 h.
For antibody blocking, Nox1 antibody was preabsorbed with a
five-fold high concentration of blocking peptide (Santa Cruz
Biotechnology) in 500ll of PBS at room temperature for 1 h.

Detailed procedures are described in the Supplementary
Methods.

Quantitative analysis

Sections including the hippocampus from four rats per
group were subjected to analysis. Five regions of interests
(ROIs) of 0.1 mm2 per one section in the CA1 of the hippo-
campus (bregma - 3.0 to - 4.20 mm; six sections per rat,
every fifth sections) were selected. The number of DHE-,
MDA-, c-fos, nitrotyrosine-, 8-oxo-dG-, NeuN- or Nissl-
positive neurons of total cells was counted in each ROI and
averaged. Data were represented as a percentage of total cell
and signal positive cell counts. All quantitative analyses were
carried out in a blind manner.

Total RNA extraction, RT-PCR, and real-time PCR
analysis

Total RNA was extracted from the hippocampal tissue using
the Trizol reagent. Reverse transcription was performed for

40 min at 42�C with 1lg of total RNA using 1 U/ll of super-
script II reverse transcriptase. Oligo (dT) and random primers
were used as primers. The samples were then heated at 94�C for
5 min to terminate the reaction. The cDNA obtained from 1lg
of total RNA was used as a template for PCR amplification.
Detailed procedures and real-time quantitative RT-PCR meth-
ods are described in the Supplementary Methods.

Adeno-associated virus 2-mediated Nox1 knockdown

AAV particles containing either Nox1 shRNA/AAV or scb
shRNA/AAV (17) were stereotaxically injected into the
hippocampal CA1 subfield for 4 weeks before 2VO or sham
operation (n = 10/group). Rats were deeply anesthetized
(ketamine and xylazine mixture 30 mg/kg, intraperitoneal
[IP]) and placed in a rat stereotaxic apparatus. Nox1 shRNA/
AAV and scb shRNA/AAV were then injected into both sites
in the hippocampal CA1 subfield (coordinate: ante-
roposterior, - 3.3 mm; mediolateral, – 2.0 mm; dorsoventral,
- 3.5 mm). Detailed procedures are described in the Supple-
mentary Methods.

Behavior test

The MWM test was employed to evaluate the learning and
memory of rats (16). The MWM procedure was based on a
principle, where if the animals were placed in a large pool of
water, they would attempt to escape from the water by finding
an escape platform. Moreover, novel location recognition and
NOR behavior test and olfactory discrimination task were
performed to evaluate cognitive impairment. Detailed pro-
cedures are described in the Supplementary Methods.

Data analysis and statistics

Parameters for spatial memory, including the search error and
time latency as well as swimming speed, were analyzed by two-
way repeated measures ANOVA followed by a post hoc least
significant difference’s multiple Comparison Test. One-way
ANOVA was conducted to compare the results of the probe
trials, cued behavior, percent exploratory preference, percent
time spent digging, and quantitative data of the Western blot
analysis and immunohistochemistry (mean – SE). Statistical
analysis was performed using a one-way ANOVA followed by
Newman–Keuls Multiple Comparison Test. Null hypotheses of
no difference were rejected if p-values were less than 0.05. Data
analyses were performed with the SPSS software version 12.0.
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Abbreviations Used

2VO¼ two-vessel occlusion
6-OHDA¼ 6-hydroxydopamine
8-oxo-dG¼ 8-hydroxy-2¢-deoxyguanosine

AAV2¼ adeno-associated virus serotype 2
AD¼Alzheimer’s disease

ALS¼ amyotrophic lateral sclerosis
CAT¼ catalase
CCH¼ chronic cerebral hypoperfusion

ChAT¼ choline acetyl-transferase
CNS¼ central nervous system
DHE¼ dihydroethidium

EGFP¼ enhanced green fluorescent protein
GAPDH¼ glyceraldehyde 3-phosphate dehydro-

genase
GFAP¼ glial fibrillary acidic protein

GPx¼ glutathione peroxidase
GR¼ glutathione reductase
IgG¼ immunoglobulin G

IL¼ interleukin
IP¼ intraperitoneal

LTP¼ long-term potentiation
MCI¼mild cognitive impairment

MDA¼malondialdehyde
MWM¼Morris water maze

NADPH¼ nicotinamide adenine dinucleotide
phosphate

NMDA¼N-methyl-D-aspartate
NOL¼ novel object location
NOR¼ novel object recognition
Nox¼NADPH oxidase

Nox1¼NADPH oxidase 1
Nox2¼ gp91phox
Nox4¼NADPH oxidase 4

Noxa1¼NOX activator 1
Noxo1¼NOX organizer 1

PBS¼ phosphate-buffered saline
ROI¼ region of interest
ROS¼ reactive oxygen species

RT-PCR¼ reverse transcription–polymerase chain
reaction

scb shRNA/AAV¼ scrambled shRNA/AAV
SN¼ substantia nigra

SOD¼ superoxide dismutase
TNF-a¼ tumor necrosis factor alpha

VaD¼ vascular dementia
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