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Modulates Alzheimer’s Disease-Like Pathology and
Accelerates the Onset of Behavioral Changes in Human
Amyloid Precursor Protein Transgenic Mice
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Alzheimer’s disease (AD) is associated with accumulations of amyloid-� (A�) peptides, oxidative damage, mitochondrial dysfunction,
neurodegeneration, and dementia. The mitochondrial antioxidant manganese superoxide dismutase-2 (Sod2) might protect against
these alterations. To test this hypothesis, we inactivated one Sod2 allele (Sod2 �/�) in human amyloid precursor protein (hAPP) trans-
genic mice, reducing Sod2 activity to �50% of that in Sod2 wild-type (Sod2 �/�) mice. A reduction in Sod2 activity did not obviously
impair mice without hAPP/A� expression. In hAPP mice, however, it accelerated the onset of behavioral alterations and of deficits in
prepulse inhibition of acoustic startle, a measure of sensorimotor gating. In these mice, it also worsened hAPP/A�-dependent depletion
of microtubule-associated protein 2, a marker of neuronal dendrites. Sod2 reduction decreased amyloid plaques in the brain parenchyma
but promoted the development of cerebrovascular amyloidosis, gliosis, and plaque-independent neuritic dystrophy. Sod2 reduction also
increased the DNA binding activity of the transcription factor nuclear factor �B. These results suggest that Sod2 protects the aging brain
against hAPP/A�-induced impairments. Whereas reductions in Sod2 would be expected to trigger or exacerbate neuronal and vascular
pathology in AD, increasing Sod2 activity might be of therapeutic benefit.
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Introduction
Aging is an established risk factor for sporadic Alzheimer’s dis-
ease (AD) (Braak and Braak, 1997; Munoz and Feldman, 2000;
Lindsay et al., 2002), and age-associated oxidative damage and
mitochondrial decline may contribute to its pathogenesis (Muti-
sya et al., 1994; Butterfield et al., 2001; Hirai et al., 2001; Praticò,
2002; Eckert et al., 2003; Coskun et al., 2004). Although multiple
lines of evidence support a causal role of amyloid-� (A�) pep-
tides in AD (Selkoe and Schenk, 2003; Tanzi and Bertram, 2005),

direct in vivo evidence that mitochondrial dysfunction or redox
imbalance triggers or worsens AD-related neuronal deficits and
behavioral changes is only beginning to emerge (Calon et al.,
2004; Lustbader et al., 2004; Beal, 2005).

The A� cascade hypothesis and mitochondrial stress hypoth-
esis are not mutually exclusive. A�, which is derived from the
human amyloid precursor protein (hAPP), may itself promote
oxidation and compromise mitochondrial function (Hensley et
al., 1994; Cardoso et al., 2004; Cutler et al., 2004; Lustbader et al.,
2004; Wang et al., 2004; Crouch et al., 2005). Consistent with a
copathogenic interaction between A� and mitochondria, pa-
tients with trisomy 21 (Down’s syndrome), who typically develop
early-onset AD because they have an extra copy of the APP gene,
have mitochondrial dysfunction (Busciglio et al., 2002). More-
over, APP, A�, and �-secretase have been detected in mitochon-
dria (Anandatheerthavarada et al., 2003; Hansson et al., 2004;
Keil et al., 2004; Lustbader et al., 2004).

To investigate links between mitochondrial pathophysiology
and A�-induced neuronal alterations, we focused on superoxide
dismutase-2 (Sod2), the main superoxide scavenger in mito-
chondria (Li et al., 1995; Lebovitz et al., 1996). Sod2 is enriched
around amyloid plaques (Blanchard et al., 2003; Aucoin et al.,
2005) and brain microvessels (Tong et al., 2005) in hAPP trans-
genic mice but decreased in AD brains overall (Omar et al., 1999).
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Depending on their genetic background, homozygous Sod2
knock-out (Sod2�/�) mice die in late embryonic development or
postnatally within 3 weeks (Li et al., 1995; Lebovitz et al., 1996;
Huang et al., 2001). When the mice are treated with a catalytic
antioxidant that cannot enter the brain, systemic pathology is
attenuated, survival is extended, and the mice die from a severe
movement disorder characterized by cortical and brain stem neu-
rodegeneration (Melov et al., 1998). In contrast, Sod2�/� mice
are viable, fertile, and have a normal lifespan (Kokoszka et al.,
2001; Van Remmen et al., 2003).

On the Sod2�/� background, transgenic mice expressing
hAPP/A� in neurons develop many features of AD, including
age-dependent accumulation of amyloid plaques, neuritic dys-
trophy, reductions in presynaptic and postsynaptic proteins in-
volved in neurotransmission, deficits in learning and memory,
and increased risk of premature death (Chin et al., 2005; Koba-
yashi and Chen, 2005; Palop et al., 2005). Here we assessed
whether Sod2 reduction can worsen these alterations. Our study
was based on the hypotheses that in most cases of sporadic AD,
A� may be necessary, but not sufficient, to elicit neuronal impair-
ments and that pathogenic cofactors, such as reduced Sod2 activ-
ity, can determine the onset, severity, and specific nature of clin-
ical and pathological manifestations. The results we obtained in
our mouse models support these hypotheses and pinpoint Sod2
as a potentially important modulator of AD pathogenesis.

Materials and Methods
Transgenic mice and preparation of tissues. hAPP mice were from our line
J20 (Mucke et al., 2000), in which the platelet-derived growth factor
(PDGF) � chain promoter directs primarily neuronal expression of an
alternatively spliced minigene. This minigene encodes hAPP695,
hAPP751, and hAPP770 carrying the familial AD-linked Swedish
(K670N, M671L) and Indiana (V717F) mutations (hAPP770 number-
ing). Originally established in C57BL/6xDBA F1 hybrids, the line had
been crossed for more than five generations onto a C57BL/6J inbred
background using nontransgenic mice from The Jackson Laboratory
(Bar Harbor, ME). Sod2 �/� mice [strain C57BL/6-Sod2tm1Leb, stock
002973 (Lebovitz et al., 1996)] were from The Jackson Laboratory, where
they had been crossed for more than five generations onto a C57BL/6J
background from a 129/B6 hybrid background. Male heterozygous hAPP
transgenic mice on the Sod2 �/� background were mated with female
Sod2 �/� mice that lacked the hAPP transgene. All mice were wild type
for murine APP. Genotypes of the offspring (Sod2 �/�, Sod2 �/�, hAPP/
Sod2 �/�, and hAPP/Sod2 �/�) were determined by PCR analysis of tail
DNA.

For immunohistochemistry, electron microscopy, biochemistry, and
gene expression analyses, mice at different ages were anesthetized and
flush-perfused transcardially with 0.9% saline. Hemibrains were fixed in
4% paraformaldehyde in PBS for 48 h or microdissected into the hip-
pocampus, entorhinal cortex, and neocortex, frozen in liquid nitrogen,
and stored at �80°C. For electron microscopy, 25- to 30-month-old
mice were perfused first with ice-cold heparinized (10 U/ml) saline and
then with 21 ml of 2% paraformaldehyde and 0.1% glutaraldehyde in
PBS. The left hemibrain was postfixed in 2% paraformaldehyde and 2%
glutaraldehyde in 0.10 M sodium cacodylate for 24 h.

To decrease variability, only male mice underwent behavioral testing;
all other measurements were performed on groups containing both
sexes. Mice were behaviorally tested at some or all of the following ages as
indicated in Results and in the figure legends: 4 –7 months (adult), 10 –12
months (middle-aged), and 21–23 months (old). To increase sample
sizes and to ensure reproducibility of findings, most behavioral tests were
performed on two separate age-matched and genotype-balanced groups
of mice, typically at different time points, and the data were pooled for
analysis. All protocols involving the use of mice were approved by the
Institutional Animal Care and Use Committee of the University of Cal-
ifornia, San Francisco.

Elevated plus maze. Emotional and exploratory behaviors were as-
sessed with an elevated plus-shaped maze consisting of two open arms
and two closed arms equipped with rows of infrared photocells interfaced
with a computer (Hamilton-Kinder, Poway, CA) as described previously
(Raber et al., 2000a). Briefly, mice were placed individually in the center
of the maze and allowed ad libitum access for 10 min. The time spent and
distance moved in each of the arms were calculated from recorded beam
breaks. After testing of each mouse, the equipment was thoroughly
cleaned to standardize odors.

Startle reactivity and prepulse inhibition. Acoustic startle reactivity was
measured with two identical startle chambers (Hamilton-Kinder) con-
taining a transparent nonrestrictive Plexiglas box resting on a platform
inside a sound-proof, ventilated box. A high-frequency speaker mounted
15 cm above the box produced all of the acoustic stimuli. Mouse move-
ments were detected and transduced by a piezoelectric accelerometer
mounted under each cylinder. Movements were digitized and stored by a
computer and interface assembly. Movements were monitored for 100
ms after the onset of each stimulus, and the maximum amplitude re-
sponse (Newton) was used to determine the startle response.

For testing, mice were placed inside the chamber and exposed to a
background noise of 65 dB. After a 5 min acclimation period, each ses-
sion consisted of 80 trials of five types: 24 trials of a 40 ms, 120 dB (55 dB
above background) startle stimulus alone (to measure maximum acous-
tic startle amplitude); 14 trials without startle stimulus (to measure base-
line movements in the chamber); and 14 trials each of a 40 ms stimulus at
4, 8, or 16 dB above background (prepulse), followed by a 100 ms interval
and a 40 ms 120 dB startle stimulus. In the first five and the last five trials
of each session, the startle stimulus alone was presented to determine the
degree of habituation to the startle stimulus. The other trials of startle
stimulus alone and prepulse plus startle stimulus were presented in pseu-
dorandom order with an average intertrial interval of 15 s (range, 7–23 s).

The percentage of prepulse inhibition of the startle response was cal-
culated as follows: 100 � [(average response to prepulse plus startle
stimulus/average response to startle stimulus alone) � 100]. Thus, a high
value indicates high prepulse inhibition reflected by a large reduction in
startle response when the prepulse preceded the startle stimulus.

Water-maze test. Mice were tested as described previously (Raber et al.,
2002) with minor modifications. Briefly, the water-maze pool (diameter,
122 cm) contained opaque water (21–22°C) with a platform (diameter,
10 cm) submerged 1.5 cm. Mice were trained to locate first a cued plat-
form (days 1 and 2) and then a hidden platform (days 3–5 or 3–7) in two
daily sessions 3.5 h apart, each consisting of three trials. To increase the
likelihood that this test would detect subtle differences between geno-
types, and to account for potential age-related decline in performance
(Benice et al., 2006), we extended its acquisition phase by four sessions in
mice that were �10 months. The maximum trial length was 60 s, with an
intertrial interval of �10 min. Mice that failed to find the hidden plat-
form were led to it and put on it for 15 s. During the cued training, the
platform was moved to a different quadrant for each session. During the
hidden platform training, the platform location was kept constant
throughout training (in the center of the target quadrant). The starting
point at which each mouse was placed into the water was changed be-
tween trials. The time to reach the platform (latency), path length, and
swim speed were recorded with an EthoVision video tracking system
(Noldus, Wageningen, The Netherlands). Because there were no signifi-
cant genotype-dependent differences in average swim speeds in the last
hidden platform training session, even in the 21- to 23-month-old mice
(Sod2 �/�, 16.8 � 0.6 cm/s; Sod2 �/�, 17.0 � 0.7 cm/s; hAPP/Sod2 �/�,
15.1 � 0.8 cm/s; hAPP/Sod2 �/�, 15.1 � 0.7 cm/s), escape latency was
used as the main measure for analysis. A 60 s probe trial (platform re-
moved) was performed 1 h after the last hidden-platform session.

Rotarod test and other behavioral tests. Motor coordination and balance
were assessed by placing mice individually on a rotating drum 4 cm in
diameter suspended 42 cm over a foam pad (San Diego Instruments, San
Diego, CA) and measuring the time each mouse was able to maintain its
balance on the rod (fall latency). The speed of the rotarod was accelerated
from 5 to 35 rpm in increments of 5 rpm every 15 s. Mice that failed to
stay on for at least 5 s in the first trial were placed on the rotarod for a
second trial. hAPP expression and Sod2 reduction did not affect the
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performance of mice in the rotarod test or in the open field (tested only in
mice �10 months of age; data not shown), indicating that behavioral
changes were not attributable to impaired motor control or altered
activity.

mRNA analysis. Total RNA was extracted from brain tissues with
Trizol reagent (Invitrogen, Indianapolis, IN) and further purified with
RNeasy columns (Qiagen, Valencia, CA) according to the manufactur-
er’s recommendations. To remove genomic DNA, column-bound RNAs
were treated for 15 min at room temperature with RNase-free DNase (27
Kunitz units; Qiagen). RNA concentrations were determined by spectro-
photometric analysis of the ratio of absorbances at 260 and 280 nm. Sod2
mRNA levels in each sample were determined in duplicate by quantita-
tive fluorogenic reverse transcription-PCR (qfRT-PCR) using cyclophi-
lin mRNA as a loading control. RT reactions were performed with Re-
verse Transcription kits (Applied Biosystems, Foster City, CA) and
random hexamers plus oligo-dT (2.5 �M each) priming for first-strand
cDNA synthesis in a 50 �l reaction containing 500 ng of total RNA, 1�
reaction buffer, 5.5 mM MgCl2, 500 �M dNTPs, 0.4 U/�l RNase inhibitor,
and 1.25 U/�l Multiscribe RT (or H2O as a “no RT control”). Reactions
were incubated at 25°C for 10 min, 48°C for 30 min, and 95°C for 5 min.
qfRT-PCR reactions consisted of 10 �l of diluted cDNA reaction mixture
(equivalent to 4.0 ng of RNA template), 12.5 �l of SYBR Green PCR
Master Mix (Applied Biosystems), and 300 nM of each forward and re-
verse primer in a final volume of 25 �l. The following primers (5�–3�)
were used: mouse Sod2, CACAAGCACAGCCTCCCAG (forward) and
CGCGTTAATGTGTGGCTCC (reverse); mouse cyclophilin, CGAT-
GACGAGCCCTTGG (forward) and TCTGCTGTCTTTGGAACTTT-
GTC (reverse). Serial dilutions of pooled cDNA samples from all mice
analyzed were used to generate standard curves to determine the relative
levels of specific mRNAs in individual samples.

For the analysis of transforming growth factor �1 (TGF-�1) and apo-
lipoprotein E (apoE) mRNA levels, qfRT-PCR reactions were set up as
above, except the following primers (5�–3�) were used: mouse TGF-�1,
AGTACAGCAAGGTCCTTGCCC (forward) and GCAGCACGGT-
GACGCC (reverse); mouse apoE, AAGCAACCAACCCTGGGAG (for-
ward) and AGGCCCTGAACCGCTTCTGGGA (reverse).

Western blot analysis of Sod2 levels. Brain tissue was homogenized with
a hand-held motorized pestle (Kontes, Vineland, NJ) in 6 vol of radio-
immunoprecipitation assay buffer (150 mM NaCl, 50 mM Tris-HCl, pH
8.0, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS), containing Com-
plete Protease Inhibitor Cocktail (Roche, Indianapolis, IN) and 1 �g/ml
pepstatin. Homogenates were sonicated on ice five times for 1 s , with a 5 s
pause between pulses, and flash-frozen. Lysates were then thawed on ice
and centrifuged at 21,000 � g for 10 min at 4°C. Protein concentrations
of cleared lysates were determined with the Coomassie Plus assay (Pierce,
Rockford, IL). Protein (10 �g) was electrophoresed through 4 –12% Nu-
PAGE Bis-Tris SDS-polyacrylamide gels (Invitrogen), followed by trans-
fer to nitrocellulose membranes (Amersham Biosciences, Piscataway,
NJ), Western blotting with anti-Sod2 (0.2 �g/ml final concentration;
Sod110; Stressgen, Victoria, British Columbia, Canada), and detection of
immunoreactive bands with Super Signal West Pico Chemiluminescent
substrate (Pierce). Protein loading was assessed with anti-�-tubulin (1:
500,000; Sigma, St. Louis, MO). Specificity of the antibody for Sod2 was
confirmed by the absence of signal after probing whole-brain extract
from an Sod2 �/� mouse (see Fig. 1 B).

Sod2 activity assay. Sod2 activity was measured with the SOD assay
kit-WST (Dojindo Molecular Technologies, Gaithersburg, MD). This
assay is based on the ability of superoxide dismutases to inhibit the xan-
thine/xanthine oxidase-derived superoxide anion reduction in WST-1
formazan, the production of which is monitored by the absorbance at
440 nm. The procedure was performed according to the manufacturer’s
recommendations with the following modifications. Tissue lysates were
sonicated on ice using 20 1 s pulses with a 5 s pause between pulses to
break open mitochondrial membranes and centrifuged at 10,000 � g for
15 min at 4°C. Protein concentrations of supernatants were determined
with the Coomassie Plus assay. Sod2 activity was measured after prein-
cubating samples (34 �g of protein per reaction) in 20 mM potassium
cyanide for 40 min at room temperature to inhibit Sod1 activity. Results
were expressed as a proportion of activity (percentage of inhibition)

relative to samples from Sod2 �/� mice. The linear range of the assay was
determined by serially diluting samples and comparing the percentage of
inhibition to a standard curve generated with serial dilutions of bovine
erythrocyte (total) SOD (Sigma) and Bacillus sp. Sod2 (Wako, Tokyo,
Japan).

Mitochondrial aconitase activity. Fresh tissues were gently homoge-
nized in 3 vol (w/v) of lysis buffer (in mM: 50 Tris HCl, pH 8.0, 0.6 MnCl2,
and 2 citric acid) containing Complete Protease Inhibitor Cocktail
(Roche) with a microscale hand-held tissue grinder (Kontes). Lysates
were flash-frozen and freeze-thawed three times in liquid nitrogen and
water at room temperature, respectively, to break open the mitochon-
drial membranes. Lysates were centrifuged at 10,000 � g at 4°C for 10
min, and protein in the supernatant was quantified using the Micro BCA
protein assay kit (Pierce). Mitochondrial and cytosolic aconitases were
separated by electrophoresis on 16.5 � 14 cm, 300-�m-thick cellulose
gels (Cellogel; Accurate Chemical and Scientific Company, Westbury,
NY) in 20 mM potassium phosphate buffer and 3.6 mM citric acid at pH
7.8 in a horizontal gel chamber run cathode to anode. Activity was visu-
alized by staining for 7 min at room temperature in a solution containing
100 mM potassium phosphate buffer, 1 mM NADP �, 5 mM MgCl2, 2.5
mM cis-aconitic acid, 0.5 mg/ml MTT (2,3-bis-(2-methoxy-4-nitro-5-
sulfenyl)-2 H-tetrazolium-5-carboxanilide disodium salt), 0.1 mg/ml
phenazine methosulfate, and 100 U (1 ml) of isocitrate dehydrogenase.
Band intensities were quantified by densitometry with Gel Expert soft-
ware (Nucleotech, San Mateo, CA). The linear range of the assay was
established by comparing 18, 9, and 4.5 �g of protein for each sample.

A� ELISA and plaque quantitation. Snap-frozen hippocampi were ho-
mogenized in 5 M guanidine hydrochloride buffer (Sigma), and A� pep-
tides were quantitated by ELISA as described previously (Johnson-Wood
et al., 1997). For plaque quantitations, vibratome sections were immu-
noperoxidase labeled with an Elite kit (Vector Laboratories, Burlingame,
CA), using biotinylated anti-A�1–5 (5 �g/ml, 3D6; Elan Pharmaceuti-
cals, South San Francisco, CA) (Johnson-Wood et al., 1997) and DAB,
and counterstained with 1% hematoxylin. The percentage of area of the
hippocampus covered by 3D6 immunoreactivity (-IR) was determined
with a Quantimet 570C (Leica, Deerfield, IL). Three sections were ana-
lyzed per mouse, and the average was used to calculate group means. The
vascular amyloid score was determined by visual inspection of 3D6-
stained brain sections: 0, no vessels affected; 0.5, occasional vessels af-
fected; 1.0 –3.0, multiple vessels affected mildly (1.0 –1.5), moderately
(2.0 –2.5), or severely (3.0). The experimenter was blinded to the geno-
type of the mice.

Acid– urea gel and Western blot analysis of A�. Snap-frozen hip-
pocampi and cortex were homogenized in 80% formic acid, and A�1–
42, A�1– 40, and other C-terminally truncated A� species were detected
by high-resolution acid– urea PAGE and Western blot analysis with the
3D6 antibody (3.1 �g/ml) as described previously (Rockenstein et al.,
2005) with minor modifications. Briefly, 800 �g (hippocampus) or 1.5
mg (cortex) of total protein or 2 ng each of synthetic A�1– 42 and
A�1– 40 standards were analyzed per lane. Specificity of the 3D6 anti-
body for human A� species was confirmed by the absence of signal after
probing whole-brain extract from a nontransgenic control mouse. Den-
sitometric quantitation of A�1– 42 and A�1– 40 was performed and re-
ported as A�1– 42/A�1– 40.

Immunohistochemical analyses. Vibratome sections were immuno-
stained for microtubule-associated protein-2 (MAP2), and the percent-
age of area occupied by immunoreactive neuronal structures of defined
signal intensity was determined by computer-aided image analysis as
described previously (Buttini et al., 1999; Van Uden et al., 2002). Vi-
bratome sections were immunostained with an anti-Iba-1 antibody (1
�g/ml; Wako) to detect activated microglia (Kanazawa et al., 2002) or
with an anti-glial fibrillary acid protein (GFAP) antibody (2 �g/ml;
Chemicon, Temecula, CA) to detect activated astrocytes. The extent of
neuritic dystrophy and its relationship to amyloid deposits in the brains
of hAPP/Sod2 �/� and hAPP/Sod2 �/� mice were assessed in double-
immunolabeled sections as described previously (Masliah et al., 2000;
Rockenstein et al., 2001). Briefly, vibratome sections (40 �m) were la-
beled with mouse monoclonal antibodies against heavy and intermediate
molecular weight phosphorylated neurofilaments (1:1000, SMI312;
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Sternberger Immunocytochemicals, Baltimore, MD), which were de-
tected with FITC-conjugated secondary antibodies (1:75; Vector Labo-
ratories), and with an anti-A� monoclonal antibody (1:2000, 4G8; Sig-
net, Dedham, MA), which was detected with the Tyramide Signal
Amplification-Direct (Red) system (1:100; NEN Life Sciences, Boston,
MA). Sections from mice of the different genotypes were processed si-
multaneously under the same conditions, and results were confirmed in
an independent experiment. Controls included the development of sec-
tions that had been incubated overnight in the absence of one or the other
of the primary antibodies. Sections were imaged with a Zeiss
(Oberkochen, Germany) 63� (numerical aperture, 1.4) objective on an
Axiovert 35 microscope (Zeiss) with an MRC1024 laser-scanning confo-
cal microscope system (Bio-Rad, Wattford, UK) (Masliah et al., 2000).
For each mouse, we obtained four series of five optical sections (0.2 �m
in thickness in the z-axis covering a total depth of 10 �m) of the neocor-
tex. These images were used to determine the proportion of dystrophic
neurites associated with amyloid and the percentage of area of the neu-
ropil occupied by dystrophic neurites that were or were not associated
with amyloid deposits.

Electron microscopy. Ultrastructural analysis was performed as de-
scribed previously (Wyss-Coray et al., 2000; Rockenstein et al., 2001).
Briefly, brains were prepared as described above. Vibratome sections of
this tissue were further postfixed in 1% glutaraldehyde and 0.1% osmium
tetroxide in 0.1 M sodium cacodylate buffer and embedded in Epoxy.
Blocks were sectioned with an Ultracut E ultramicrotome (Leica, Nuss-
loch, Germany) and analyzed with a Zeiss EM10 electron microscope.
For each mouse and brain region (neocortex and hippocampus), 10
electron micrographs were prepared at 5000� and 10 electron micro-
graphs were prepared at 15,000�. Three mice per genotype were ana-
lyzed, and representative images are shown.

Nuclear factor �B activity assay. Nuclear extracts were prepared from
freshly isolated hippocampi as described previously (Sun et al., 1994).
Briefly, tissues were gently triturated in cytoplasmic extraction buffer [10
mM HEPES, pH 7.4, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM

dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 1
mM Na3VO4, and protease inhibitor cocktail 1 (Calbiochem, San Diego,
CA)]. After 10 min on ice, 23 �l of ice-cold 10% NP-40 was added, the
samples were mixed for 10 s at low speed on a vortex, and the nuclei were
pelleted by centrifugation at 13,000 � g at 4°C for 20 s. The supernatant
was removed, and the nuclei were resuspended and solubilized for 30
min on ice in nuclear extraction buffer: [20 mM HEPES, pH 7.4, 0.4 M

NaCl, 1 mM EDTA, 1 mM EGTA, 0.5 mM PMSF, 1 mM DTT, 1 mM

Na3VO4, and protease inhibitor cocktail 1 (Calbiochem)]. The lysate was
centrifuged for 5 min at 13,000 � g at 4°C, and the supernatant was
collected (nuclear extract). For DNA binding activity, oligonucleotide
probes containing either a nuclear factor �B (NF-�B) or Oct1 consensus
sequence (Promega, Madison, WI) were radiolabeled with [�- 32P] ATP
(Amersham Biosciences) and incubated for 10 min at room temperature
with 10 �g of nuclear extract in a solution containing 5 mM HEPES, pH
7.8, 5 mM MgCl2, 50 mM KCl, 0.5 mM DTT, 10% glycerol, 0.083 mg/ml
salmon testes DNA (Sigma), and 0.33 mg/ml poly dI-dC (Amersham
Biosciences) and separated on 5% nondenaturing polyacrylamide Crite-
rion gels (Bio-Rad, Hercules, CA). Gels were dried and exposed to film.
Autoradiographs were analyzed densitometrically with Image Quant
(Molecular Dynamics, Sunnyvale, CA).

Statistical analysis. Statistical analyses were performed with SPSS 10.0
(SPSS, Chicago, IL). Unless indicated otherwise, data represent group
means � SEM. Differences between means (two samples) were assessed
by the Student’s t test or Mann–Whitney U test. Differences among
multiple means were assessed by two-factor ANOVA followed, as indi-
cated, by Tukey’s honestly significant difference (HSD) test or least sig-
nificant difference (LSD) test. Differences in learning curves were as-
sessed by repeated-measures ANOVA. For the probe trials, main effects
and interactions between genotype and preference for the target quad-
rant were assessed by two-way ANOVA. Preference for the target quad-
rant versus each of the other three quadrants was assessed by paired t
tests, comparing the target quadrant to all of the other three quadrants.

Results
Ablation of one Sod2 allele reduces Sod2 activity to 50% of
wild-type levels
Heterozygous hAPP transgenic mice from line J20 (Mucke et al.,
2000) were crossed with mice in which one Sod2 gene had been
inactivated by homologous recombination (Sod2�/�) (Lebovitz
et al., 1996), resulting in hAPP/A�-expressing mice with two
(hAPP/Sod2�/�) or one (hAPP/Sod2�/�) functional Sod2 alleles
and Sod2�/� and Sod2�/� littermates that did not inherit the
hAPP transgene.

Figure 1. Ablation of one Sod2 allele reduces Sod2 mRNA, protein, and activity levels. A,
Reduction in hippocampal Sod2 mRNA levels in 6- to 8-month-old Sod2 �/� mice compared
with age-matched Sod2 �/� mice, as determined by qfRT-PCR. n � 10 mice per group. B,
Reduction in Sod2 protein levels in the hippocampus (Hip) and entorhinal cortex (EC) of 22- to
24-month-old and 2- to 3-day-old Sod2 �/� mice compared with age-matched Sod2 �/�

mice, demonstrated by Western blot analysis. C, Reduction in Sod2 activity in the entorhinal
cortex of 16- to 19-month-old Sod2 �/� mice compared with age-matched Sod2 �/� mice, as
determined by SOD assay. n � 7–10 mice per group. **p � 0.01; ***p � 0.001 versus either
Sod2 �/� group (Tukey’s HSD test). Error bars indicate SEM.
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In adult mice with or without hAPP expression, ablation of
one Sod2 allele reduced the levels of Sod2 mRNA, protein, and
activity to approximately half of those in nontransgenic wild-type
controls, as determined by qfRT-PCR, Western blot analysis, and
enzymatic activity assay, respectively (Fig. 1). Expression of
hAPP/A� did not alter Sod2 expression at the mRNA or protein
level in Sod2�/� and Sod2�/� mice (Fig. 1A,B). Thus, reduction
in Sod2 activity and expression of hAPP/A� did not increase
expression of the remaining wild-type Sod2 allele.

To determine whether reduction in Sod2 elicits redox alter-
ations in the brain, we measured the activity of the redox-
sensitive, iron-sulfur-center-containing mitochondrial aconitase
that has been used as an indicator of superoxide toxicity (Gardner
et al., 1995; Van Remmen et al., 2001). In 9- to 11-month-old
mice with or without hAPP/A� expression, mitochondrial acon-
itase activity in the hippocampus was, on average, 15–17% lower
on the Sod2�/� background than on the Sod2�/� background
(Sod2�/�, 0.96 � 0.11 vs Sod2�/�, 1.15 � 0.12, n � 7– 8 mice per
group; hAPP/Sod2�/�, 1.02 � 0.07 vs hAPP/Sod2�/�, 1.20 �
0.37, n � 3– 4 mice per group), but this trend did not reach
statistical significance. Thus, even when combined, high levels of
A� and reduction in Sod2 activity by 50% did not inactivate
aconitase in hippocampal mitochondria in this strain of mice.
Western blot analysis of carbonylated proteins also revealed no
clear evidence for increased oxidative damage in brains of
Sod2�/� mice with or without hAPP expression (data not
shown). Nonetheless, Sod2 reduction modulated multiple as-
pects of the hAPP/A�-dependent phenotype.

Sod2 reduction accelerates the onset of hAPP/A�-dependent
behavioral alterations
hAPP mice on the Sod2�/� background develop a range of be-
havioral alterations (Raber et al., 2000b; Higgins and Jacobsen,
2003; Palop et al., 2003; Götz et al., 2004; Chin et al., 2005; Koba-
yashi and Chen, 2005). To determine whether any of these alter-
ations are worsened by Sod2 reduction, we compared the behav-
ior of hAPP/Sod2�/� and hAPP/Sod2�/� mice in a battery of
behavioral tests; Sod2�/� and Sod2�/� mice without hAPP were
included as additional controls. Sod2 reduction had the most
striking impact on the performance of hAPP mice in the elevated
plus maze and on prepulse inhibition of acoustic startle. The plus
maze provides putative measures of emotionality and explor-
atory behavior (Pellow et al., 1985; Lister, 1987) and was recently
shown to correlate with antioxidant gene expression levels in

mice (Hovatta et al., 2005). Prepulse inhi-
bition is widely used as a measure of sen-
sorimotor gating and has been shown pre-
viously to be deficient in hAPP mice
(Geyer et al., 2002; McCool et al., 2003;
Savonenko et al., 2003).

At 4 –7 months of age, only hAPP/
Sod2�/� mice, but not hAPP/Sod2�/�

mice, spent more time in the open arms of
the elevated plus maze than the control
groups (Fig. 2A), whereas by 10 –12
months, both hAPP/Sod2�/� and hAPP/
Sod2�/� mice showed this behavioral al-
teration (Fig. 2B), suggesting that Sod2 re-
duction promotes an earlier manifestation
of this hAPP/A�-dependent phenotype.
The increased time young adult hAPP/
Sod2�/� mice spent in the open arms did
not result from generalized hyperactivity,

because the distance moved in the closed arms was similar in all
four groups of mice, and total basic movements were not differ-
ent in hAPP/Sod2�/� and hAPP/Sod2�/� mice (data not
shown). Similar to mice at 10 –12 months, 21- to 23-month-old
hAPP-expressing mice on both Sod2 backgrounds tended to
spend more time in the open arms of the elevated plus maze than
the control groups. However, at 21–23 months, even Sod2�/�

and Sod2�/� mice without hAPP/A� expression spent more time
in the open arms than younger mice of the same genotype ( p �
0.001 for age effect by ANOVA), diminishing differences between
mice with and without hAPP expression. hAPP/Sod2�/� mice
still spent significantly more time in the open arms relative to
Sod2�/� mice without hAPP expression (Fig. 2C).

Sod2 reduction also accelerated the onset of hAPP/A�-
dependent deficits in prepulse inhibition of acoustic startle (Fig.
3A,B). A 120 dB pulse superimposed on a 65 dB background
noise elicited marked startle responses in all mice tested (Fig. 3C).
To inhibit this response, prepulses of three different intensities
were selected in pilot experiments (4, 8, and 16 dB above back-
ground). At 10 –12 months of age, hAPP/Sod2�/� mice, but not
hAPP/Sod2�/� mice, had impaired prepulse inhibition com-
pared with Sod2�/� mice (4 dB prepulse) or with Sod2�/� and
Sod2�/� mice (8 dB prepulse) (Fig. 3A). At 21–23 months, both
hAPP/Sod2�/� and hAPP/Sod2�/� mice showed deficits in pre-
pulse inhibition (8 dB prepulse) (Fig. 3B).

At both ages, the magnitude of the startle response to pulses 55
dB above background was slightly increased in hAPP mice rela-
tive to mice without hAPP expression (Fig. 3C). This finding is
consistent with observations in a different line of hAPP/Sod2�/�

mice, which also had impaired prepulse inhibition and exagger-
ated startle responses (McCool et al., 2003). For all genotypes, the
magnitude of the startle response was lower at 21–23 months
than at 10 –12 months ( p � 0.05 for a main effect of age for all
four genotypes). However, there was no Sod2 genotype effect on
the magnitude of the startle response at either age, nor was there
any age-by-genotype interaction, confirming that specific deficits
in prepulse inhibition in hAPP/Sod2�/� mice at 10 –12 months
of age did not result from decreased startle reactivity.

Sod2 reduction had little or no impact on other behavioral
measures. For example, hAPP mice from line J20 have profound
learning and memory deficits in the Morris water maze even at
5–7 months of age (Palop et al., 2003), and these deficits were not
significantly increased by the deletion of one Sod2 allele (Fig. 4).

Figure 2. Sod2 reduction accelerates the onset of hAPP/A�-dependent behavioral alterations in the elevated plus maze. A, At
4 –7 months, only hAPP mice on the Sod2 �/� background spent significantly more time in the open arms of the maze than the
control groups. n � 12–19 mice per group. B, At 10 –12 months, hAPP mice showed this alteration on both the Sod2 �/� and the
Sod2 �/� backgrounds. n � 13–17 mice per group. C, By 21–23 months, time in the open arms had increased also in the control
groups, diminishing the relative differences between the groups. n � 13–16 mice per group. *p � 0.05 versus mice without
hAPP on the same Sod2 background (LSD test); ***p � 0.001 versus any of the other groups (LSD test and Tukey’s HSD test). Error
bars indicate SEM.
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Sod2 reduction augments hAPP/A�-dependent depletion
of MAP2
PDGF-hAPP mice with high levels of A� expression develop age-
dependent depletions of MAP2 (Games et al., 1995; Hsia et al.,

Figure 3. Sod2 reduction accelerates the onset of hAPP/A�-dependent deficits in prepulse
inhibition (PPI) of acoustic startle. Mice were tested for sensorimotor gating by measuring PPI of
acoustic startle. A positive prepulse inhibition value indicates that the response to a startle
stimulus was lower when the stimulus was preceded by a prepulse (4, 8, or 16 dB) than when it
was presented alone. A, At 10 –12 months, only hAPP mice on the Sod2 �/� background had
impaired PPI. n � 13–17 mice per group. B, At 21–23 months, hAPP mice showed this alter-
ation on both the Sod2 �/� and the Sod2 �/� backgrounds. n � 13–16 mice per group. C, At
both ages, all groups of mice exhibit robust startle reactivity, as indicated by comparing baseline
activity in the startle chamber (background noise) to the response to a 120 dB stimulus (55 dB
over background). Although the magnitude of this response is lower in the 21- to 23-month-old
mice relative to the 10- to 12-month-old mice ( p � 0.05 for a main effect of age for all four
genotypes), there is no age-by-genotype interaction. ANOVA revealed a main effect of hAPP
genotype ( p � 0.05) at both ages but not of the Sod2 genotype at either age, although Tukey’s
HSD post hoc test revealed no significant differences between Sod2 �/� and hAPP/Sod2 �/�

mice or Sod2 �/� and hAPP/Sod2 �/� mice at either age ( p � 0.051 for hAPP/Sod2 �/� vs
Sod2 �/� at 21–23 months of age). *p � 0.05; **p � 0.01 versus Sod2 �/� mice without
hAPP; #p � 0.05 (Tukey’s HSD test). Error bars indicate SEM.

Figure 4. Expression of hAPP/A� alone is sufficient to elicit severe probe trial deficits in the
Morris water maze. Mice were first trained in two daily sessions to locate a visually cued plat-
form and then a hidden platform. After the last hidden-platform session, the platform was
removed for a probe trial to assess whether mice favored the target quadrant in which the
platform had been during hidden platform training. At 4 –7 (A), 10 –12 (B), and 21–23 (C)
months of age, A�-expressing mice showed no preference for the target quadrant relative to
the other three quadrants, whereas mice without hAPP/A� expression preferred the target
quadrant. n � 11–19 (A, B) and n � 7–9 (C) mice per group. *p � 0.05, **p � 0.01, ***p �
0.001 versus all of the other three quadrants for that group of mice (paired t test). Two-way
ANOVA revealed a main effect of hAPP ( p � 0.05), but not Sod2, on time spent in the target
quadrant at all three ages. Error bars indicate SEM.
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1999), which is normally most abundant in neuronal dendrites.
Consistent with these findings, 9- to 11-month-old hAPP/
Sod2�/� mice had decreased levels of MAP2 in the hippocampus
and neocortex (data not shown). Sod2 reduction had no effect on
the severity of these alterations at this age, although cortical
MAP2 levels tended ( p � 0.074) to be lower in hAPP/Sod2�/� mice
than in hAPP/Sod2�/� mice (data not shown). However, by 21–24
months, Sod2 reduction significantly worsened both the hippocam-
pal and the cortical MAP2 depletion in hAPP mice (Fig. 5).

Sod2 reduction elicits an aggressive cerebrovascular
amyloidosis in hAPP mice
Even at 21–24 months of age, Sod2�/� mice (Fig. 6A) and
Sod2�/� mice (Fig. 6B) without hAPP/A� expression had a nor-
mal cerebrovascular architecture characterized by discrete endo-
thelial cell layers, smooth basement membranes, and well de-
fined, undisturbed smooth muscle cell layers. In age-matched
hAPP/Sod2�/� mice, the smooth muscle cell layer of some cere-
bral blood vessels contained large deposits of amyloid fibrils, al-
though the basic structural organization of the vessel walls re-
mained relatively intact (Fig. 6C). hAPP/Sod2�/� mice had a
more prominent and widespread cerebrovascular amyloidosis
that was accompanied by striking disruptions of the vascular ar-
chitecture (Fig. 6D). The extensive amyloid deposits in vessel
walls of hAPP/Sod2�/� mice were associated with a marked cur-
vature and waviness of the basement membrane (Fig. 6E). These
vascular changes in hAPP/Sod2�/� mice were sometimes accom-
panied by the presence of foamy macrophage-like cells contain-
ing lipid vacuoles (Fig. 6F), which were seen only rarely, and
without lipid vacuoles, in hAPP/Sod2�/� mice (data not shown).

Cerebrovascular amyloidosis in hAPP mice was also detect-
able by labeling of brain sections with antibodies against human
A�. Quantitation of the resulting immunoreactivity revealed sig-
nificantly greater vascular A� deposition in hAPP/Sod2�/� mice
than in hAPP/Sod2�/� mice at 9 –11 and 21–24 months of age
(Fig. 7A,C; and data not shown) and a positive correlation be-
tween age (from 9 to 24 months) and vascular amyloid deposi-
tion in both groups of mice ( p � 0.05 for hAPP/Sod2�/� and p �
0.01 for hAPP/Sod2�/� mice; Spearman rank test). Notably, the
slope of the line generated by this correlation, a measure of the
rate of accumulation, was greater in the hAPP/Sod2�/� group
(data not shown). No amyloid deposits in the parenchyma or the

vasculature were detected in 3-month-old mice from either
group (data not shown), and thus these mice were excluded from
the correlation analysis.

Sod2 reduction decreases parenchymal plaque burden in old
mice but does not affect levels of soluble A� in young mice
without plaques
At 9 –11 months, hAPP/Sod2�/� and hAPP/Sod2�/� mice had a
similar overall burden of parenchymal amyloid plaques in the
frontal cortex (Fig. 7B) and hippocampus (data not shown), al-
though plaques appeared to be smaller in hAPP/Sod2�/� mice
than in hAPP/Sod2�/� mice at 9 –11 months of age (Fig. 7C).
However, by 21–24 months, the parenchymal plaque load in
hAPP/Sod2 �/� mice was less than half of that in hAPP/
Sod2 �/� mice, a striking contrast to the prominent vascular
amyloidosis in hAPP/Sod2 �/� mice (Fig. 7).

Figure 5. Sod2 reduction worsens the extent of hAPP/A�-dependent depletion of MAP2.
Brain sections were immunostained for MAP2. At 21–24 months, reductions in MAP2-
immunoreactive neuronal structures in the hippocampus (A) and neocortex (B) were worse in
hAPP/Sod2 �/� mice. n � 6 –13 mice per group. *p � 0.05, **p � 0.01 as indicated by
brackets; **p � 0.01, ***p � 0.001 versus Sod2 �/� mice without hAPP (Tukey’s HSD test).
Error bars indicate SEM. IR, Immunoreactivity.

Figure 6. Sod2 reduction alters amyloid deposition and worsens hAPP/A�-dependent neu-
rodegenerative alterations. Electron microscopy was used to detect ultrastructural alterations
in the frontal cortex of mice at 21–24 months of age. A–C, In Sod2 �/� (A) and Sod2 �/� (B)
mice without hAPP, cerebral blood vessels had a normal appearance, but in hAPP/Sod2 �/�

mice (C), some cerebral blood vessels had amyloid deposits in the smooth muscle cell layer
(asterisks). However, hAPP/Sod2 �/� mice showed little or no disruption of the vascular archi-
tecture. D, hAPP/Sod2 �/� mice, on the other hand, had more prominent vascular amyloid
deposits that were frequently associated with gliosis (arrowhead) and dystrophic neurites (ar-
row). E, Some hAPP/Sod2 �/� mice had extensive amyloid (asterisks) in the smooth muscle cell
layer associated with prominent waviness of the basement membrane (arrow). F, Blood vessels
in hAPP/Sod2 �/� mice were also sometimes associated with perivascular foamy macrophage-
like cells containing abundant lipid vacuoles.
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The distribution of amyloid deposits in
old hAPP/Sod2�/� mice is remarkably
similar to that elicited in hAPP mice by
astroglial overexpression of TGF-�1
(Wyss-Coray et al., 1997, 2001). More-
over, TGF-�1 mRNA levels in postmor-
tem brain tissues from humans with AD
correlate positively with vascular amyloid-
osis and negatively with parenchymal
plaque load (Wyss-Coray et al., 1997). We
therefore compared TGF-�1 mRNA levels
by qfRT-PCR in the hippocampus of 6- to
8-month-old mice. Although relative
TGF-�1 mRNA levels tended to be some-
what higher in hAPP/Sod2�/� mice than
in hAPP/Sod2�/� mice (161.5 � 16.0 vs
142.2 � 10.8; mean � SEM; n � 10 mice
per group), this trend was not statistically
significant.

Because deposition of amyloid in the
vasculature is also influenced by expres-
sion of apoE (Fryer et al., 2005), we mea-
sured mouse apoE mRNA levels in the hip-
pocampus of 6- to 8-month-old mice.
hAPP/A� expression significantly lowered
apoE mRNA levels, but Sod2 reduction
did not further augment this effect
(Sod2�/�, 1.70 � 0.14 vs hAPP/Sod2�/�,
1.28 � 0.04, and hAPP/Sod2�/�, 1.26 �
0.08; p � 0.05; n � 10 mice per group). In
the absence of hAPP/A� expression, Sod2
reduction tended to lower apoE mRNA
levels (Sod2�/�, 1.70 � 0.14 vs Sod2�/�,
1.40 � 0.08; n � 10 mice per group), but
this trend did not reach statistical
significance.

Another factor that has been impli-
cated in the redistribution of amyloid
deposits from the parenchyma to the
vasculature is the relative concentration
of A� peptides ending at residue 40 ver-
sus residue 42 (Herzig et al., 2004). Vas-
cular amyloid deposits are typically en-
riched in A�40 and parenchymal
plaques in A�42 (Van Dorpe et al., 2000;
Herzig et al., 2004; Fryer et al., 2005).
Thus, in mice with established differ-
ences in vascular and parenchymal amy-
loid burden, it is impossible to deter-
mine whether differences in their A�42/A�40 ratio are a cause
or a consequence of their different amyloid distributions.
Measurement of soluble A� levels in the hippocampus of 3- to
4-month-old mice that had not yet formed detectable amyloid
deposits revealed no differences between hAPP/Sod2 �/� mice
(n � 19) and hAPP/Sod2 �/� mice (n � 8) in A�1–x (212.0 �
11.3 vs 227.1 � 12.3 pg/mg tissue), A�1– 42 (54.8 � 5.3 vs
61.7 � 10.6 pg/mg tissue), and A�1– 42/A�1–x (0.25 � 0.01 vs
0.26 � 0.03) ratios. Because A�1– 42/A�1– 40 ratios may be

the key determinant of vascular amyloid deposition (Van Dorpe
et al., 2000; Herzig et al., 2004; Fryer et al., 2005) and ELISAs
using the 266 antibody do not distinguish between A�1– 40 and
other C-terminally truncated forms, we performed Western blot

analysis with the 3D6 antibody after separating the various A�
species by high-resolution, highly denaturing acetic acid– urea
PAGE. This method reliably detects A�1– 42 as well as
C-terminally truncated A� species (DeMattos et al., 2001; Rock-
enstein et al., 2005). Western blot analysis in tissues from 3- to
4-month-old mice revealed no differences in A�1– 42/A�1– 40
ratios between hAPP/Sod2�/� and hAPP/Sod2�/� mice (n � 5
per group) in the hippocampus (0.39 � 0.09 vs 0.51 � 0.14) and
cortex (0.45 � 0.12 vs 0.34 � 0.05).

Sod2 reduction worsens neuritic dystrophy
Because Sod2 reduction decreased the parenchymal plaque bur-
den in old hAPP/Sod2�/� mice (Fig. 7B), we wondered whether
Sod2 reduction would also decrease the extent of plaque-

Figure 8. Sod2 reduction promotes plaque-independent neuritic dystrophy. Dystrophic neurites in the frontal cortex were
detected at 25–30 months by electron microscopy. A, Neuritic dystrophy (arrow) without evidence for parenchymal amyloid
deposits in an hAPP/Sod2 �/� mouse. B, C, This type of neuritic dystrophy (arrows) was increased in hAPP/Sod2 �/� mice.

Figure 7. Sod2 reduction promotes cerebrovascular amyloidosis but reduces the parenchymal plaque burden. A, hAPP/
Sod2 �/� mice had more vascular amyloid deposits than hAPP/Sod2 �/� mice at both 9 –11 and 21–24 months of age. B, In
contrast, parenchymal plaque loads were similar at 9 –11 months but lower in hAPP/Sod2 �/� mice at 21–24 months. n �8 –13
mice per group. *p � 0.05, **p � 0.01, ***p � 0.001 relative to Sod2 �/� mice at the same age (Mann–Whitney U test). Error
bars indicate SEM. C, Representative images of frontal cortex sections immunostained for A� with the 3D6 antibody depicting
more prominent parenchymal plaques in hAPP/Sod2 �/� mice and more prominent vascular amyloidosis in hAPP/Sod2 �/�

mice at 9 –11 and 21–24 months of age.
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associated neuronal alterations. We fo-
cused on dystrophic neurites, marked bul-
bous dilations, and curvy trajectories of
neuronal processes that typically, although
not always, colocalize with parenchymal
plaques (Onorato et al., 1989; Masliah et
al., 1993; Knowles et al., 1999; Brendza et
al., 2005). Despite their decrease in paren-
chymal plaques, hAPP/Sod2�/� mice
showed a marked increase in neuritic dys-
trophy. Compared with hAPP/Sod2�/�

mice (Fig. 8A), hAPP/Sod2�/� mice had
many more dystrophic neurites contain-
ing thickened, electrodense material (Fig.
8B,C). Notably, much of this neuritic dys-
trophy in hAPP/Sod2�/� mice did not ap-
pear to colocalize with amyloid deposits.
To more directly assess plaque-
independent neuritic dystrophy, confocal
image analysis of sections from 21- to 24-
month-old mice were double-labeled with
antibodies against neurofilaments
(SMI312) and A� (4G8). Dystrophic neu-
rites that were at least 10 �m away from
amyloid deposits, as determined by confo-
cal analysis of four series of five optical sec-
tions (0.2 �m in thickness in the z-axis
covering a total depth of 10 �m) and re-
ported as percentage of area covered, were
more abundant in hAPP/Sod2�/� mice
than in hAPP/Sod2�/� mice (0.73 � 0.11
vs 0.33 � 0.06; n � 8 –13 mice per group;
**p � 0.01, Mann–Whitney U test).

Sod2 reduction increases microgliosis
and activation of the injury-responsive
transcription factor NF-�B but
decreases astrocytosis in old hAPP mice
Compared with Sod2�/� mice, hAPP/
Sod2�/� mice had increased levels of Iba-
1-IR, a marker of microglial activation in
the hippocampus and cortex (Fig. 9A,B).
In both brain regions, Sod2 reduction sig-
nificantly enhanced the microgliosis in
hAPP mice but did not affect microglial
activation in the absence of hAPP/A� ex-
pression. Compared with Sod2�/� mice,
hAPP/Sod2�/� mice also had increased

Figure 9. hAPP/A� expression and Sod2 reduction result in the activation of microglia and NF-�B. A, Sections of the hip-
pocampus (top) and frontal cortex (bottom) of 21- to 24-month-old mice were immunostained for the microglial activation
marker Iba-1. B, Quantitation of Iba-1-IR in the frontal cortex revealed low levels of microglial labeling in mice without hAPP on
either Sod2 background and microgliosis in hAPP/A�-expressing mice that was exacerbated by Sod2 reduction. n � 7–13 mice
per group. *p � 0.05; ***p � 0.001 versus Sod2 �/� without hAPP (Tukey’s HSD test). C, Quantitation of GFAP-IR in the frontal
cortex revealed low levels of astrocyte labeling in mice without hAPP on either Sod2 background and astrocytosis in hAPP/A�-
expressing mice that was lessened by Sod2 reduction. ***p � 0.001 versus any of the other groups; ### p � 0.001 as indicated by
bracket (Tukey’s HSD test). D, NF-�B DNA binding activity (top) was determined by EMSA using nuclear extracts from the

4

hippocampi of 25- to 30-month-old mice. Competition with
unlabeled “cold” oligonucleotide abolished the signal and es-
tablished the specificity of the assay for NF-�B (data not
shown). A separate EMSA was performed to measure the DNA
binding activity of Oct1 (bottom) as a control for the quality of
the nuclear extract preparation. E, NF-�B and Oct1 DNA bind-
ing activity were quantitated by densitometric analysis;
NF-�B activity was normalized against Oct1 activity and plot-
ted as a proportion of activity in hAPP/Sod2 �/� mice. n �
6 –9 mice per group. *p � 0.05, ***p � 0.001 versus
Sod2 �/� mice without hAPP; #p � 0.05; n.s., not significant
(Tukey’s HSD test). Error bars indicate SEM. IOD, Integrated
optical density.
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levels of GFAP-IR, a marker of astroglial activation, in the hip-
pocampus and cortex (Fig. 9C). Sod2 reduction decreased the
astrocytosis in the brain parenchyma of hAPP mice but did not
affect astrocytosis in the absence of hAPP/A� expression. hAPP/
Sod2�/� mice still had a prominent perivascular astocytosis (data
not shown).

Finally, we assessed the activity of NF-�B, an injury-response
transcription factor, the DNA binding activity of which is acti-
vated by numerous stimuli, including reactive oxygen species and
inflammatory mediators (Staal et al., 1990; Garcı́a-Ruiz et al.,
1995; May and Ghosh, 1998; Nadeau and Rivest, 2000; Kabe et al.,
2005). To determine NF-�B activity, we performed electro-
phoretic mobility shift assays (EMSAs) on nuclear extracts from
hippocampi of 25- to 30-month-old mice. hAPP/A� expression
significantly increased NF-�B DNA binding, and this effect was
augmented by Sod2 reduction, resulting in the highest levels of
NF-�B activity in hAPP/Sod2�/� mice (Fig. 9D,E).

Discussion
Most common neurodegenerative disorders likely result from
complex interactions between genetic and environmental risk
factors (Farrer et al., 1997; Munoz and Feldman, 2000; Lindsay et
al., 2002). One such factor may be aging-related alterations in the
redox state of mitochondria (Hirai et al., 2001; Eckert et al., 2003;
Beal, 2005) Our study shows that partial reduction in the main
mitochondrial superoxide scavenger Sod2 accelerates the onset
of hAPP/A�-dependent behavioral abnormalities and worsens a
range of AD-related molecular and pathological alterations.

How might Sod2 reduction modulate the phenotype of hAPP
mice or AD? An obvious mechanism is increased mitochondrial
levels of superoxide radicals and resultant oxidative damage. To
assess this possibility, we measured mitochondrial aconitase ac-
tivity, a well-established mitochondrial sensor of superoxide that
is lower in the heart and liver of adult Sod2�/� mice than in
Sod2�/� controls (Williams et al., 1998; Van Remmen et al.,
2001). In the hippocampus of Sod2�/� mice with or without
hAPP expression, there was only a trend of reduced mitochon-
drial aconitase activity compared with Sod2�/� controls, and we
are unaware of any reports documenting more significant mito-
chondrial impairments in brain tissues of adult Sod2�/� or hAPP
mice under baseline conditions. Because long-lived cells with
high levels of energy consumption have evolved effective combi-
nations of antioxidant defense systems (Halliwell and Gutteridge,
1985), neuronal mitochondria may be better protected against
Sod2 reduction than mitochondria in peripheral organs.

Nonetheless, over prolonged periods, even subtle redox alter-
ations in mitochondria might impair redox-sensitive signaling
pathways and increase the susceptibility of neurons to other chal-
lenges. Sod2�/� mice are more sensitive than Sod2�/� mice to
kainate (Liang and Patel, 2004), ischemia/reperfusion (Kim et al.,
2002), mitochondrial toxins (Andreassen et al., 2001), overex-
pression of familial amyotrophic lateral sclerosis mutant Sod1
(Andreassen et al., 2000), and hAPP/A� (present study). A� may,
in turn, sensitize mice to superoxide-induced mitochondrial al-
terations [e.g., through the redox activity of its Met-35 (Butter-
field and Bush, 2004; Lustbader et al., 2004) or through interac-
tions with the mitochondrial enzyme A�-binding alcohol
dehydrogenase (Lustbader et al., 2004)].

Although the precise mechanisms by which Sod2 reduction
promotes A�-induced neuronal deficits remain to be deter-
mined, our study clearly highlights the impact this reduction can
have on neuronal integrity and function. Neuronal expression of
hAPP/A� in transgenic mice results in cognitive and behavioral

alterations (Higgins and Jacobsen, 2003; Palop et al., 2003; Götz
et al., 2004; Kobayashi and Chen, 2005). Sod2 reduction acceler-
ated the onset of hAPP/A�-dependent behavioral alterations in
the elevated plus maze, which provides putative measures of
anxiety-like behavior. hAPP mice with reduced Sod2 exhibited less
anxiety-like behavior (or more disinhibition) in the plus maze, con-
sistent with recently identified correlations between anxiety-like be-
havior and antioxidant levels (Hovatta et al., 2005; Krömer et al.,
2005). Although the exact relationship between these alterations in
mice and AD in humans is tentative, AD patients clearly have altered
emotional behaviors and activity levels (Chung and Cummings,
2000; Harper et al., 2004; Hatfield et al., 2004).

Sod2 reduction also accelerated the onset of hAPP/A�-
dependent alterations in prepulse inhibition of acoustic startle, a
measure of sensorimotor gating (Geyer et al., 2002). Prepulse
inhibition could be affected by age-dependent hearing deficits,
which have been documented in C57BL/6 mice [http://jaxmice.
jax.org/strain/000664.html (Walton et al., 1995)]. Indeed, the in-
tensity of startle response declined with age in all groups of mice,
suggesting an age-dependent decrease in hearing and/or a loss of
muscle strength. However, hearing loss is unlikely to account for
the effect of Sod2 reduction on prepulse inhibition at 10 –12
months. At this age, all groups of mice exhibited a robust startle
response to the 120 dB stimulus that was partially inhibited by a
lower intensity prepulse, and there was no difference in startle
reactivity between hAPP/Sod2�/� and hAPP/Sod2�/� mice. In
addition, prepulse inhibition increased with prepulse stimulus
intensity in all groups, suggesting that the mice discriminated
between the different prepulse intensities. Finally, prepulse inhi-
bition deficits were present only at selected prepulse intensities.
Therefore, it is likely that Sod2 reduction accelerates the onset of
bona fide prepulse inhibition deficits in hAPP mice. These results
may relate closely to prepulse inhibition deficits in patients with
early AD (Veki et al., 2006). That Sod2 reduction did not worsen
impairments in spatial learning and memory may be attributable
to the fact that they were already very severe in hAPP/Sod2�/�

mice. Whether Sod2 reduction can modulate these cognitive
functions in hAPP mice with lower levels of A� production and
less severe deficits remains to be determined.

Sod2 reduction had striking effects on A� deposition, increas-
ing vascular amyloidosis and decreasing parenchymal plaques. In
a different line of hAPP transgenic mice, Sod2 reduction in-
creased the overall amyloid burden (Li et al., 2004). A side-by-
side comparison of the models may be required to explain these
differences. Although many hAPP transgenic lines with moderate
to high-level A� production show some vascular amyloidosis by
12–15 months, vascular amyloidosis is usually less prominent
than parenchymal plaques (Calhoun et al., 1999; Wyss-Coray et
al., 1999; Van Dorpe et al., 2000; Christie et al., 2001; Kuo et al.,
2001; Castellani et al., 2004). Because vascular amyloid increased
before parenchymal amyloid decreased in our hAPP/Sod2�/�

mice (relative to hAPP/Sod2�/� mice), it is unlikely that Sod
reduction caused a direct redistribution of A� from plaques into
the vasculature. Factors that can tip the balance from parenchy-
mal to vascular amyloid formation include high A�40/A�42 ra-
tios (Mucke et al., 2000; Herzig et al., 2004), increased astroglial
production of TGF-�1 (Wyss-Coray et al., 1997, 2001), and apo-
lipoprotein E4 (Fryer et al., 2005; Mazur-Kolecka et al., 2006).
We found no significant effects of Sod2 reduction on A�40/A�42
ratios or on TGF-�1 and apoE mRNA levels in hAPP mice. Thus,
Sod2 reduction may promote vascular over parenchymal A�
deposition by an alternative mechanism. Interestingly, A�42 and
A�40 differ in the way they self-aggregate, and oxidation of
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Met-35 in A�42 makes A�42 aggregate like A�40 (Bitan et al.,
2003). Thus, Sod2 reduction might create a prooxidative milieu in
which A�42 is deposited like A�40, promoting vascular over paren-
chymal amyloid formation.

A� deposition in the vasculature, known as cerebral amyloid
angiopathy (CAA), occurs in 80 –90% of AD patients (Castellani
et al., 2004; Greenberg et al., 2004; Attems, 2005). Yet, the rela-
tionship between CAA and neuronal deficits remains a matter of
active study and debate (Iadecola et al., 1999; Castellani et al.,
2004; Greenberg et al., 2004; Attems, 2005; Mazur-Kolecka et al.,
2006). Interestingly, Sod2 reduction enhanced CAA in our hAPP
mice before it enhanced MAP2 deficits, raising the possibility that
CAA may actually contribute to neuronal impairments. Further-
more, aged hAPP/Sod2�/� mice had a prominent vasculopathy
and a marked increase in dystrophic neurites, most of which were
not colocalized with parenchymal amyloid deposits. These find-
ings highlight a potential cooperation between A� and mito-
chondrial superoxide in the pathogenesis of vasculopathy and
neuritic dystrophy. They are consistent with recent studies dem-
onstrating an association between neuritic beading and mito-
chondrial impairments induced by activated microglia in
primary cell cultures (Takeuchi et al., 2005).

Additional studies are needed to determine whether the glial
alterations we observed in hAPP/Sod2�/� mice, compared with
hAPP/Sod2�/� mice, are protective or harmful and whether they
result directly from Sod2 reduction within glial cells or represent
innate immune responses to neuronal injury and vascular amy-
loid. Increased activation of microglia/macrophages could pro-
mote the degradation of parenchymal A� (Wyss-Coray et al.,
2001; Simard et al., 2006). However, microglial activation by A�
may also contribute to neuronal injury (Wyss-Coray and Mucke,
2002). Interestingly, NF�-B expression in microglia was neces-
sary for nonfibrillar A� to elicit microglia-dependent neurotox-
icity in mixed cultures of primary neurons and glia (Chen et al.,
2005). In the current study, Sod2 reduction significantly wors-
ened the hAPP/A�-dependent activation of microglia and NF-
�B. Thus, NF-�B activity may both reflect and mediate the in-
creased neuronal impairments in hAPP/Sod2�/� mice. Because
reduction in Sod2 activity increased the severity of diverse AD-
related neuronal impairments and accelerated the onset of hAPP/
A�-dependent behavioral changes, preventing or reversing Sod2
reductions may be of therapeutic benefit.
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