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In addition to mitochondria, NADPH oxidase (NOX) is a source of oxidative stress, which can induce
oxidative damage in Alzheimer’s disease (AD). For this reason, several groups have investigated the effect
of its inhibition. In AD mice, NADPH oxidase 2 (NOX2) deficiency improved behavior and cerebrovascular
function, and reduced oxidative stress. In our study, we administered the NOX inhibitor apocynin to
Tg19959 mice, and found that it did not improve cognitive and synaptic deficits, and did not decrease
amyloid deposition, microgliosis and hyperphosphorylated tau. However, apocynin reduced carbonyl
levels in the cerebral cortex but not the hippocampus, which may have not been sufficient to ameliorate
symptoms. Also, the reduction of NOX-mediated oxidative stress may not be sufficient to prevent AD,
since other sources of reactive oxygen species such as mitochondria may be more important.

Published by Elsevier Ireland Ltd.

Increased oxidative stress occurs early in Alzheimer’s disease (AD)
pathogenesis, in addition to mitochondrial dysfunction. NADPH
oxidase (NOX) is another source of oxidative stress via super-
oxide production inside and outside the cell [1,13,16]. For its
activation, NOX requires the presence of several cytoplasmic fac-
tors, such as p47Phox p67Phox and Rac at the cell membrane. In
human AD brains, levels of the cytoplasmic factors in the mem-
brane fraction were elevated compared to control brains [11]. In
addition, NOX2 is involved in AB-induced cerebrovascular dysreg-
ulation [9]. Its deficiency reduced oxidative stress, and improved
cerebrovascular function and behavior in transgenic AD mice
[10].

The NOX inhibitor apocynin [12,14] also had neuroprotective
effects in in vivo mouse models of ischemia [15] and amyotrophic
lateral sclerosis [ 7]. Therefore, we studied the effects of apocynin in
a transgenic mouse model of AD, the Tg19959 mice. Tg19959 mice,
which overexpress the human APP with two mutations, develop
amyloid plaques in the cortex, the hippocampus and the amygdala
at 2-3 months of age, together with cognitive deficits at 4-5 months
of age [5]. We have also previously reported that Tg19959 mice
had increased synaptic deficits and oxidative stress, measured by
synaptophysin [5] and carbonyl levels respectively [6]. In our study,
Tg19959 mice and their wild-type littermates were given apocynin
at 300 mg/kg of body weight in the drinking water. Administration
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started at 1 month of age until 5 months of age, age when Tg19959
mice show amyloid pathology.

Tg19959 mice were obtained from Dr. George Carlson
(McLaughlin Research Institute, Great Falls, MT, USA). Tg19959
mice were constructed by injecting FVB x 129S6 F1 embryos with a
cosmid insert containing human APPggs with two familial AD muta-
tions (KM670/671NL and V717F), under the control of the hamster
PrP promoter.

Tg19959 mice and their wild-type littermates were randomly
treated with vehicle (water) or apocynin (Sigma, St. Louis, MO, USA)
in the drinking water from 1 to 5 months of age. Apocynin was given
at 300 mg/kg of body weight and dissolved in heated water. This
dose was chosen according to the study performed in ALS mice,
in which apocynin was neuroprotective [7]. Behavioral analyses
were performed at 4 months of age, and brain histopathology and
biochemistry were then assessed on the same animals.

All experiments were approved by the Institutional Animal Care
and Use Committee.

Spatial learning and memory were assessed in the Morris water
maze. An opaque basin (diameter: 120 cm; height of the wall:
51 cm) was filled with opacified water (23 °C). During the acqui-
sition period, extra-maze visual cues, such as light fixtures and
wall posters, were arranged in the room. The hidden platform
was located in the middle of the northwest (NW) quadrant, 1cm
beneath water level. Each day, mice were placed next to and fac-
ing the wall of the basin in 4 different starting positions: north,
east, south, and west, corresponding to 4 successive trials. Dis-
tances before reaching the platform were recorded for 5 days with
a video tracking system (Ethovision 3.0, Noldus Technology, Attle-
borough, MA, USA). After each trial, animals were placed in a plastic
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Fig. 1. (A) Water consumption of both vehicle and apocynin in female and male mice. No significant differences were found between groups. (B) Distance moved during the
acquisition period of the Morris water maze in Tg19959 mice (Tg) and their wild-type (Wt) littermates with (Apo) or without (Veh) apocynin. Tg19959 mice swam significantly
longer than wild-type mice (Fisher; p <0.05). Apocynin treatment did not improve their navigational and learning performances. (C) Western blotting of synaptophysin and
a-tubulin in the cortex and the hippocampus of Tg19959 mice (Tg) treated with (Apo) or without (Veh) apocynin. (D) Ratio of synaptophysin to a-tubulin normalized by
Tg19959 mice fed vehicle. No significant differences were found between groups. All data were expressed as means + standard errors.

holding cage filled with paper towels to keep them dry and warm,
with an inter-trial interval of 30 min. Whenever the mouse failed
to reach the platform within the maximally allowed time of 60s, it
was placed on the platform by the experimenter for 5 s. A probe trial
was assessed 24 h after the acquisition period, removing the plat-
form from the pool. The mice were released on the north side, and
the percentage of time spent in each quadrant was measured. To
ensure that any differences were not due to visual deficits, the vis-
ible platform version of the water maze was performed two hours
after the probe trial. A pole (13 cm) was added on the platform. Ani-
mals were tested during 2 sessions of 4 trials where the platform
location was moved after each trial. In the first session, mice were
released from the north side of the pool, and in the second session
mice were released from the south side of the pool. The duration of a
single trial was 60 s with an inter-trial interval of 20 min. Distances
before reaching the platform were recorded and averaged.

After anesthesia by intraperitoneal injection of sodium pen-
tobarbital, half of the mice were transcardially perfused with ice
cold 0.9% sodium chloride and with 4% paraformaldehyde (PFA) in
1 mM phosphate buffer pH 7.4 for 24 h. Brains were removed, post-
fixed in 4% PFA, and stored in cryoprotectant solution (30% glycerol,
30% ethylene glycol in 20 mM phosphate buffer pH 7.4) until fur-
ther processing. Regions analyzed included the retrosplenial/motor
cortex and CA1/dentate region of the hippocampus. The retrosple-
nial/motor cortex was analyzed in five sections (350 wm apart) per

mouse beginning at the level of bregma-1.06 to bregma-1.94. The
CA1/dentate region was analyzed in five sections (350 p.m apart)
per mouse beginning at the level of bregma-1.34 to bregma-2.7.

For APB42 deposits, sections were pretreated with 50% formic
acid for 5min before labeling with anti-Af42 rabbit polyclonal
antibody AB5078P (1:1000) (Chemicon, Temecula, CA, USA). To
examine microgliosis, adjacent sections were labeled with rat
monoclonal anti-CD-11b (1:1000, AbD Serotec, Raleigh, NC, USA).
Immunolabeling was detected by the avidin-biotin complex per-
oxidase method and visualized with diaminobenzidine incubation
for 5 min (Vector, Burlingame, CA, USA). Sections were viewed with
the 10x objective on a Nikon Eclipse E600 microscope, and digital
images were captured using Stereo Investigator 9.12 (Microbright-
field, Burlington, VT, USA). Quantitative analysis was performed
using Scion Image 4.0.2 (Scion Corp., Frederick, MD, USA). Per-
cent area occupied by amyloid plaques or by reactive microglia
was calculated as well as amyloid plaque numbers (number per
0.75 mm?2).

The other half of the mice were euthanized by decapitation and
brains were removed, dissected, snap frozen in liquid nitrogen and
stored at —80°C for biochemistry.

Snap frozen brain tissues were homogenized in 6% sodium
dodecyl sulfate (SDS) with protease inhibitor cocktail (Complete
Protease Inhibitor Cocktail tablet, Roche Diagnostics, Mannheim,
Germany), sonicated for 1 min, and centrifuged at 14,000 rpm for
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Fig. 2. (A) Number per 0.75mm? and (B) percent area covered by amyloid plaques in the cortex and the hippocampus of Tg19959 mice (Tg) treated with (Apo) or without
(Veh) apocynin. Apocynin administration did not reduce amyloid deposition in Tg19959 mice. Cortical and hippocampal levels of 6% SDS-soluble AB4; (C) and AB4o (D)
assessed by ELISA (data normalized by Tg19959 mice fed vehicle). There was a trend towards an increase of A4 level in the cortex of Tg19959 mice treated with apocynin
compared to vehicle (Fisher; p=0.12). (E) Western blotting of hyperphosphorylated tau and a-tubulin in the cortex and the hippocampus of Tg19959 mice (Tg) treated
with (Apo) or without (Veh) apocynin. (F) Ratio of hyperphosphorylated tau to a-tubulin normalized by Tg19959 mice fed vehicle. There was a trend towards a decrease
of hyperphosphorylated tau level in the hippocampus of Tg19959 mice treated with apocynin compared to vehicle (Fisher; p=0.15). (G) Percent area covered by activated
microgliain the cortex and the hippocampus of Tg19959 mice (Tg) treated with (Apo) or without (Veh) apocynin. Apocynin administration did not change microglial activation

in Tg19959 mice. All data were expressed as means =+ standard errors.

15min at 12°C. Protein concentration was measured (DC Pro-
tein Measurement Kit, Bio-Rad, Hercules, CA, USA). SDS-soluble
human AB42 and AB40 ELISAs were performed using commercial
kits (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s
instructions.

The same brain lysates used for ELISA were re-used for west-
ern blotting. Protein concentration was measured (DC Protein
Measurement Kit, Bio-Rad, Hercules, CA, USA), and equal pro-
tein amounts of the homogenates were electrophoresed through
4-12% Tri-Bis NuPage (Invitrogen, Carlsbad, CA, USA). After trans-
fer to polyvinylidene fluoride (PVDF), membranes were blocked
in 5% non-fat dry milk in phosphate buffer saline with 0.05%
Tween 20 (PBST) and exposed overnight to primary antibody at
4°C.Horseradish peroxidase-conjugated (HRP) secondary antibody
binding was visualized with enhanced chemiluminescence.

Primary antibodies and concentrations used for western
blotting were: mouse monoclonal anti-synaptophysin (1:1000,
Millipore, Billerica, MA, USA); mouse monoclonal anti-human PHF-
tau (1:1000, Pierce, Rockford, IL, USA); rabbit monoclonal anti-Rac1
(1:500, Cell Bioloabs, San Diego, Ca, USA); mouse monoclonal anti-
a-tubulin (1:10,000) and mouse anti-f3-actin (1:10,000) (Sigma, St.
Louis, MO, USA). Films were scanned at 600 dpi, and densitome-
try was quantified with Scion Image 4.0.2 (Scion Corp., Frederick,
MD, USA). Ratios were calculated using densitometric values of the
protein of interest divided by densitometric values of a-tubulin or
B-actin.

Brain protein carbonyl levels were measured using the Oxy-
blot Protein Oxidation Detection Kit (Millipore, Billerica, MA, USA)
according to the manufacturer’s protocol, with the following mod-
ifications: 5% non-fat dry milk/PBST was used as blocking solution
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Fig. 3. (A) Western blotting of Rac1 and B-actin in the membrane enriched fraction of the wild-type (Wt) and Tg19959 cortex (Tg) treated with (Apo) or without (Veh)
apocynin. (B) Ratio of Rac1 to 3-actin normalized by wild-type mice fed vehicle. There was a trend towards an increase in Rac1 level in Tg19959 mice compared to wild-type
littermates (Fisher; p=0.06). Apocynin reduced significantly Rac1 level in Tg19959 mice (Fisher; p <0.05). (C) Western blotting of carbonyls and a-tubulin in the cortex and
the hippocampus of Tg19959 mice (Tg) treated with (Apo) or without (Veh) apocynin. (D) Ratio of carbonyls to a-tubulin normalized by Tg19959 mice fed vehicle. Apocynin
decreased significantly carbonyl level in the cortex of Tg19959 mice treated with apocynin compared to vehicle (Fisher; p <0.05). All data were expressed as means =+ standard

errors.

and antibody diluent; the membrane was blocked for 1 h; and the
primary antibody incubation was overnight. Bands were visualized
by enhanced chemiluminescence. Films were scanned at 600 dpi,
and Scion Image 4.0.2 (Scion Corp., Frederick, MD, USA) was used
for densitometry.

ANOVA was used to compare the 4 groups: Tg19959 mice fed
vehicle, Tg19959 mice fed apocynin, wild-type mice fed vehicle,
and wild-type mice fed apocynin. Post hoc Fisher PLSD (Fisher)
tests were used for further analyses between groups. When only
two groups were involved, two-tailed t-tests were used to compare
Tg19959 mice fed vehicle and Tg19959 mice fed apocynin (Statview
5.0.1, SAS Institute Inc., Cary, NC, USA).

In order to determine whether apocynin affected water intake,
we measured water consumption and did not found any differences
between groups (Fig. 1A).

Behavioral analysis was performed at 4 months of age, using
the Morris water maze. During the acquisition period of the Mor-
ris water maze, apocynin administration did not improve spatial
learning deficit in Tg19959 mice (Fig. 1B). Since we did not observe
significant memory impairment in Tg19959 mice compared to
wild-type mice in the probe trial, we cannot rule out the effect
of apocynin on memory retention. Indeed, there was no significant
difference in the time spent in the target quadrant nor in the num-
ber of platform crossings in all 4 groups (data not shown). We also
measured levels of synaptophysin, and consistent with our behav-
ioral data on spatial learning, these levels were not affected by
apocynin treatment (Fig. 1C and D).

In addition, we studied the effect of apocynin on amyloid
deposition, microglial activation, levels of soluble A} and hyper-

phosphorylated tau. We found that the drug did not change any of
these parameters (Fig. 2). However, there was a trend towards an
increase of soluble AR 4g levels in the cerebral cortex (Fig. 2D) and
a decrease of hyperphosphorylated tau levels in the hippocampus
(Fig. 2F).

Finally, we investigated possible reasons why apocynin treat-
ment was not protective. We found an increased Rac1 level in the
membrane enriched fraction of the cortex in Tg19959 mice as com-
pared to wild-type littermates. After apocynin treatment, the Rac1
levels were diminished in Tg19959 mice (Fig. 3A and B). We also
measured NADPH oxidase activity which was below detection level
in all groups with or without apocynin (data not shown).

Apocynin administration reduced significantly protein car-
bonyl levels in the cerebral cortex of Tg19959 mice, mainly in
two Tg19959 treated mice, but not in the hippocampus (Fig. 3C
and D).

NOX is a source of oxidative stress that can play a role in AD.
In this work, we studied the effect of apocynin in Tg19959 mice
and their wild-type littermates at 300 mg/kg of body weight. This
dose was chosen according to the study conducted by Harraz et al.
in a mouse model of ALS, where apocynin was neuroprotective
[7]. We found that after 4 months of treatment, apocynin given
at 300 mg/kg did not improve AD-like symptoms either cognitively
or pathologically. There was no effect on spatial learning, amyloid
plaques or microglial activation. We cannot rule out the effect of
apocynin on memory retention due to the lack of memory deficit
in Tg19959 mice relative to wild-type mice. This may be explained
by the fact that Tg19959 mice were able to perform as well as their
wild-type littermates by the end of the training period (on day 5). A
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study at later and more severe stages and with increasing apocynin
concentration could be complementary to fully address the role of
apocynin in AD.

We also investigated whether apocynin affected oxidative stress
and NOX pathway, and we observed that it reduced carbonyl levels
in the cortex but not in the hippocampus. However, we found some
variability in the level of protein carbonyl among Tg19959 treated
mice. Therefore, the effect of apocynin on protein carbonyls in this
transgenic mouse model is still unclear. It is also possible that apoc-
ynin may target other oxidative stress markers more specifically
than protein carbonyls. Moreover, NOX expressing neurons in the
cortex are more abundant than in the hippocampus [8].

Rac1 is a major trigger to NOX activation and ROS generation
[4]. After translocation to the cell membrane, Rac1 and other cyto-
plasmic factors, such as p47Phox p67Phox activates NOX. Apocynin
is known to inhibit the translocation of these elements to the mem-
brane, which prevents NOX activation [14]. Thus in our study we
examined Rac1 expression at the membrane. We found that Racl
levels, which were primarily elevated in Tg19959 cortex, were
reduced after apocynin treatment, suggesting that apocynin may
been partially functional. However, we cannot rule out the effect of
apocynin on NOX activity since it was negligible in Tg19959 mice
and their wild-type littermates at 5 months of age. Our finding is
consistent with recent data showing that NOX activity is increased
in MCIbut notin AD patients [3].Itis possible that NOX activation in
the brainis notachronic eventin AD, but only occurs intermittently.

Our data demonstrated that administration of apocynin at
300 mg/kg of body weight did not improve AD-like phenotype in
5-month-old Tg19959 mice. Additional investigations are required
to further understand the effect of apocynin in AD models. How-
ever, it is possible that by targeting NOX-mediated oxidative stress,
apocynin may not be sufficient to prevent AD. Other sources of ROS
such as mitochondria may be critical in disease progression [2].
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