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Recently, Bianca et al. (5) showed in vitro that Ab
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The present study is the first to show that superox-
de (O2

2) forming NADPH oxidase is activated in Alz-
eimer’s disease (AD) brains by demonstrating the
arked translocation of the cytosolic factors p47-phox

nd p67-phox to the membrane. In conjunction with a
ecent in vitro study showing that amyloid b activates

2
2 forming NADPH oxidase in microglia, where these
hox proteins are localized in this study, the present
esults suggest that, in AD, NADPH oxidase is acti-
ated in microglia, resulting in the formation of reac-
ive oxygen species which can be toxic to neighboring
eurons in AD. © 2000 Academic Press

Key Words: Alzheimer’s disease; NADPH oxidase;
47-phox; p67-phox; amyloid b; translocation; superox-

de; microglia.

Alzheimer’s disease (AD) is clinically characterized
y dementia and pathologically a progressive loss of
eurons, senile plaques and neurofibrillary tangles. In
enile plaques, central deposits of extracellular amy-
oid b (Ab) fibrils are surrounded by dystrophic neu-
ites, activated microglia and reactive astrocytes (1).
lthough the mechanism underlying neuronal loss in
D remains unclear, the excessive formation of Ab

rom its precursor protein and its deposition in the
rain is commonly thought as a key event in the pro-
ressive neuronal damage (2). In fact, studies investi-
ating the neurotoxic effect of Ab have resulted in the
dea that Ab, through microglial activation and conse-
uent production of toxic and inflammatory mediators
uch as nitric oxide (NO), cytokines and reactive oxy-
en species (ROS), is indirectly neurotoxic (3, 4).
5

ctivates NADPH oxidase in microglia, monocytes, and
eutrophils. NADPH oxidase in phagocytic cells is an
lectron transport system that catalyzes the one-
lectron reduction of oxygen to O2

2, a process essential
or host defence against invading microorganisms.
ADPH oxidase is composed of several proteins, and
hen the cells are in resting state the oxidase is inac-

ive, and some components are located on the plasma
embrane (flavocytochrome b), and some components

re in the cytosol (p47-phox, p67-phox, and a low-
olecular-weight GTP-binding protein, Rac). The trans-

ocation of the cytosolic components on the plasma
embrane where, in association with the subunits of

avocytochrome b, results in the activation of NADPH
xidase. Therefore, at least some of the cytosolic com-
onents such as p47-phox and p67-phox (phox refers to
hagocyte oxidase) are translocated to the membrane
hen the enzyme is activated (6).
Although Ab can activate NADPH oxidase resulting

n the formation of O2
2 in phagocytic cells in vitro (5), it

emains to be demonstrated whether or not NADPH
xidase is activated in AD. The present study is the
rst to demonstrate that the cytosolic factors p47-phox
nd p67-phox are markedly translocated to the mem-
rane in AD, and that phox proteins are expressed in
icroglia. These results strongly suggest that, in AD,
icroglial NADPH oxidase is activated, resulting in

he formation of ROS.

ATERIALS AND METHODS

Materials. Mouse monoclonal anti-human p47-phox and -human
67-phox antibodies were obtained from Transduction Laboratories
Lexington, KY). Rabbit polyclonal anti-mouse p47-phox antibody
as generated as described previously (7). Anti-microtubule-
0006-291X/00 $35.00
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associated protein 2 (MAP2) was obtained from Sigma Chemical Co.
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St. Louis, MO). Anti-glial fibrillary acidic protein (GFAP) was ob-
ained from Dako Co. (Japan), and isolectin B4 from Sigma Chemical
o. (St. Louis, MO). An enhanced chemiluminescent detection sys-

em (ECL kit) from Amersham (Buckinghamshire, England) and
ectastain ABC Elite kit from Vector Laboratories (Burlingame, CA)
ere used for immunodetection. All other chemicals were of reagent
rade and were obtained commercially.

Preparation of human and rat neutrophils and their stimulation.
eutrophils were obtained from normal adult human subjects and
ale adult Wistar rats and stimulated by phorbol 12-myristate 13-

cetate (PMA) as described previously (8). The plasma membrane
raction was used as a positive control for detecting p47-phox and
67-phox proteins.

Preparation of brain extracts. Brain tissues from the frontal lobe
btained at autopsy from 13 patients diagnosed clinically and his-
opathologically as having AD (mean age, 79 years; mean postmor-
em delay, 7 h), and from 12 age-matched non-demented control
ubjects (mean age, 78 years; mean postmortem delay, 14 h) were
sed in this study. The neuropathologic assessment of AD was made

n accordance with the criteria of the Consortium to Establish a
egistry for AD (CERAD) (9), while control brains exhibited negli-
ible microscopic neuropathological changes. The brain tissues were
rozen immediately after autopsy, and stored at 280°C until thawing
or homogenization and biochemical assays.

Brain tissue samples from the cerebral cortex were homogenized,
nd centrifuged at 3000g for 10 min and the supernatant thus
btained was centrifuged at 105,000g for 60 min. Then the superna-
ant was used as the cytosolic fraction, and the pellet was resus-
ended with the homogenization buffer, and used as the membra-
ous fraction (10).

Preparation of cell extracts from rat primary cultures of neurons,
strocytes, and microglia. Primary cortical neurons were prepared
rom 19-day-old rat fetuses as described previously (11). Astroglial
rimary cultures were prepared from newborn rat pups as described
reviously (12). Highly enriched microglial primary cultures were pre-
ared from a primary culture of neonatal rat cerebral tissue by the
ethod of Nakajima et al. (13). The animals were treated in accordance
ith the guidelines published in the NIH Guide for the Care and Use of
aboratory Animals (14). The purity of neurons, astrocytes, and micro-
lia was estimated to be .95% by staining with anti-MAP2, -GFAP,
nd isolectin B4 antibodies, respectively (data not shown).
Cell lysates were prepared as described previously (11, 12).

Immunochemical detection. Immunochemical detection was per-
ormed using anti-p47-phox or -p67-phox antibodies (1:2000) accord-
ng to a method described previously (10, 12). Immunoreactivity was
isualized using the ECL method and analyzed by quantitative den-
itometry using a computed image analysis program (NIH image
.51). Results are given as mean 6 standard error of the mean
SEM). Statistical significance was determined using analysis of
ariance (ANOVA) and Dunnett’s two-tailed test.

ESULTS

resence of p47-phox and p67-phox Proteins
in Human Brain Tissue

The membranous fraction of stimulated human neu-
rophils was used as a positive control for p47-phox and
67-phox proteins. Anti-human p67-phox antibody
Transduction Laboratories) detected p67-phox pro-
eins in not only human samples (brain tissues and
eutrophils) but also rat samples (neurons, astrocytes
nd microglia of primary cultures, and neutrophils),
hile anti-human p47-phox antibody (Transduction
6

aboratories) detected p47-phox proteins in human
amples, but not in rat samples. In contrast, anti-
ouse p47-phox antibody (7) detected p47-phox pro-

eins in rat samples, but not in human samples (data
ot shown). Therefore, anti-human p47-phox antibody

Transduction Laboratories) was used for human sam-
les, while anti-mouse p47-phox antibody (7) for rat
amples.
On immunoblots, anti-p47-phox and -p67-phox anti-

odies detected p47-phox and p67-phox proteins, re-
pectively, both in the cytosolic and membranous frac-
ions of the control human brain. In contrast, p47-phox
nd p67-phox proteins were predominantly present in
he membranous fraction of the AD brain (Fig. 1).

ranslocation of p47-phox and p67-phox
to the Membrane from the Cytosol in AD

Total levels of p47-phox and p67-phox proteins were
ignificantly increased in AD samples compared with
ontrols. Membrane p47-phox and p67-phox levels, ex-
ressed as a percentage of total p47-phox and p67-
hox, were dramatically and significantly increased in
D, indicating a significant translocation from the cy-

osol to the membrane in AD (Fig. 2).

xpression of p47-phox and p67-phox in Microglia

Anti-p47-phox and -p67-phox antibodies reacted
ith a 47 kDa and a 67 kDa protein band, respectively,
n immunoblots of the lysates of primary cultures of

FIG. 1. Presence of p47-phox and p67-phox in human brain tis-
ue. The cytosolic (10 mg protein/lane) (C) and membranous (10 mg
rotein/lane) (M) fractions from the frontal cortices of control and AD
ere used in the immunoblot analysis of p47-phox and p67-phox
roteins. The membranous fraction of stimulated human neutrophils
as used as a positive control for p47-phox and p67-phox (P). Anti-
odies to p47-phox and p67-phox reacted specifically with the 47- and
7-kDa protein bands, respectively, on immunoblots of the membra-
ous fraction of human neutrophils. Antibodies to p47-phox and
67-phox detected p47-phox and p67-phox proteins, respectively, in
oth the cytosolic and membranous fractions of the control human
rains. Several nonspecific protein bands were also identified. In
ontrast, p47-phox and p67-phox proteins were predominantly
resent in the membranous fraction in AD.
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icroglia and of the membranous fraction of stimu-
ated rat neutrophils. The p47-phox and p67-phox pro-
eins were not detected in the lysates of primary cul-
ures of either neurons or astrocytes (Fig. 3).

ISCUSSION

The present study showed for the first time that
ADPH oxidase is activated in AD brains by demon-

trating the significant translocation of the cytosolic

FIG. 2. Translocation of p47-phox and p67-phox proteins from th
embranous (10 mg protein/lane) fractions from the frontal cortices of

nd p67-phox proteins. The membranous fraction of stimulated hum
control (C) and 5 AD (A) cases for p47-phox and p67-phox proteins

nd p67-phox levels, the membranous and cytosolic p47-phox and p6
lots. The protein concentrations in each fraction were expressed r
47-phox and p67-phox, expressed as a percentage of total p47-phox
he cytosol to the membrane in AD. The white bars represent contro
EM. Significance: *P , 0.01 vs control levels.
7

actors p47-phox and p67-phox to the membrane in AD
rains. Because both antibodies to p47-phox and p67-
hox used in the present study recognized several non-
pecific proteins besides their specific p47-phox and
67-phox proteins, respectively, it seemed inappropri-
te to use these antibodies perform immunocytochem-
cally. Therefore, in the present study we prepared
eparate rat primary cultures of neurons, astrocytes,
nd microglia and confirmed that these phox proteins
re limited in expression to microglia.

tosol to the membrane in AD. The cytosolic (10 mg protein/lane) and
control and 13 AD were used in the immunoblot analysis of p47-phox
neutrophils was used as a positive control (P). The immunoblots of

e shown in (I) and (II), respectively. To calculate the total p47-phox
hox levels were determined by densitometric scanning of immuno-

tive to control samples, which were set to 1.0 (III-a). Membranous
d p67-phox, is shown in (III-b). Note the marked translocation from
ses, whereas the black bars represent AD cases. Error bars indicate
e cy
12
an
ar
7-p

ela
an

l ca
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One of the most striking cellular responses induced
y the pathological feature of AD is indisputably elab-
rated by microglia (4, 15, 16). That the response of
icroglia to Ab might include stimulation of hydrogen

eroxide (H2O2) production through activation of
ADPH oxidase was demonstrated in vitro for rat mi-

roglia as well as in neutorophils and monocytes ex-
osed to Ab (5). NADPH oxidase activation is an es-
ential component of the human cellular immune
esponse of phagocytes and is also involved in nonspe-
ific tissue damage associated with a variety of inflam-
atory diseases. It is known that various reactions

articipate in the signal transduction for NADPH oxi-
ase activation. Cytokines such as interleukin-1 and
umor necrosis factor-a, which are induced in AD (17,
8) and have triggering and priming effect on NADPH
xidase (6), may contribute to NADPH oxidase activa-
ion in addition to Ab. Activation of NADPH oxidase
esults in production of O2

2. This is then rapidly con-
erted to secondary toxic ROS such as hydrogen per-
xide (H2O2), hydroxyl radicals (•OH), and hypochlor-
us acid (HOCl) or reactive nitrogen species (RNS)
uch as peroxynitrite, which can efficiently kill micro-
rganisms. NADPH oxidase is a highly regulated
embrane-bound enzyme complex that is composed of
number of cytosolic and membrane-bound proteins.

47-phox and p67-phox, two of the components of
ADPH oxidase, are normally located in the cytosol in

esting cells and their translocation from the cytosol to
he membrane is required for O2

2 generation in vitro
nd in vivo (6). The present study clearly indicated the
arked translocation of p47-phox and p67-phox to the
embrane, strongly suggesting that NADPH oxidase

s activated in AD brains. Therefore, these results sug-
est that, in AD, NADPH oxidase is activated. To con-
rm this, it is preferred to determine NADPH oxidase
ctivity in brain tissues. However, the active form of
ADPH oxidase has been found to be quite unstable

FIG. 3. Expression of p47-phox and p67-phox in microglia. The
embranous fraction of stimulated rat neutrophils was used as a pos-

tive control (P). Antibodies to p47-phox and p67-phox reacted with the
7- and 67-kDa protein bands, respectively, on immunoblots of the
ysates of primary cultures of microglia (M) and of a positive control (P).
he p47-phox and p67-phox proteins were not detected in the lysates of
rimary cultures of either neurons (N) or astrocytes (A).
8

ctivity of NADPH oxidase in human brain tissues.
ormation of ROS and RNS from NADPH oxidase may
e responsible for the prominent oxidative damage to
eurons in AD. That O2

2 and possibly NO are produced
y cells distinct from neurons, e.g. microglia, suggests
n important role for diffusible reactive species such as

2O2, NO and peroxynitrite (3).
The present study is consistent with the notion that
icroglia display phagocytic activity and may be a key

nstigator of neuronal injury associated with Ab depo-
ition (4). Therapeutic measures that reduce the mi-
roglial response could therefore be useful to impede
he pathological processes in AD. Although the exact
ole of p47-phox and p67-phox in NADPH oxidase as-
embly is still unknown, p47-phox and p67-phox are
equired for O2

2 generation. Therefore, agents that sup-
ress the translocation of p47-phox and p67-phox may
e useful in curbing neuronal injury in AD.
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