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Age-Dependent Neurodegeneration Accompanying Memory
Loss in Transgenic Mice Defective in Mitochondrial
Aldehyde Dehydrogenase 2 Activity
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Oxidative stress may underlie age-dependent memory loss and cognitive decline. Toxic aldehydes, including 4-hydroxy-2-nonenal
(HNE), an end product of lipid peroxides, are known to accumulate in the brain in neurodegenerative disease. We have previously shown
that mitochondrial aldehyde dehydrogenase 2 (ALDH2) detoxifies HNE by oxidizing its aldehyde group. To investigate the role of such
toxic aldehydes, we produced transgenic mice, which expressed a dominant-negative form of ALDH2 in the brain. The mice had decreased
ability to detoxify HNE in their cortical neurons and accelerated accumulation of HNE in the brain. Consequently, their lifespan was
shortened and age-dependent neurodegeneration and hyperphosphorylation of tau were observed. Object recognition and Morris water
maze tests revealed that the onset of cognitive impairment correlated with the degeneration, which was further accelerated by APOE
(apolipoprotein E) knock-out; therefore, the accumulation of toxic aldehydes is by itself critical in the progression of neurodegenerative

disease, which could be suppressed by ALDH2.
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Introduction
A decline in cognitive function is associated with aging, mainly as
a result of oxidative stress in the brain (Mattson, 2004). Reactive
oxygen species (ROS), strong oxidizing molecules including hy-
droxyl radicals, modify proteins, nucleic acids, and polyunsatu-
rated fatty acids of the lipid membrane, and injure cells. Lipid
peroxidation leads to the formation of highly reactive a,f-
unsaturated aldehydes, primarily malondialdehyde and
4-hydroxy-2-nonenal (HNE) (Schneider et al., 2001). In partic-
ular, HNE is a strong electrophile and has the ability to readily
adduct and damage proteins (Uchida, 2003). The accumulation
of HNE-adducted proteins in pyramidal neurons has been ob-
served in the brains of patients with Alzheimer’s disease (AD) and
Parkinson’s disease (Yoritaka et al., 1996; Lovell et al., 1997;
Montine et al., 1997; Sayre et al., 1997). HNE application in vitro
mimics the pathological changes noted in AD, including modifi-
cation of tau (Takeda et al., 2000; Liu et al., 2005) and 3-amyloid
(Murray et al., 2007), inhibition of the glucose transporter (Re-
agan et al., 2000), and microtubular disruption (Gadoni et al.,
1993), and eventually leads to cell death (Mark et al., 1997).
HNE is adducted with glutathione via glutathione
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S-transferase (Xie et al., 1998), oxidized by aldehyde dehydroge-
nase (ALDH) to form 4-hydroxy-2-noneoate (Tjalkens et al.,
1999), or reduced by aldo-keto reductase, alcohol dehydrogenase
(ADH) or amyloid B-peptide-binding ADH (ABAD) to form
1,4-dihydroxynonene (Srivastava et al., 1998; Murakami et al.,
2008). These multiple pathways are used to detoxify HNE in cells
(Siems and Grune, 2003). We found previously that mitochon-
drial ALDH2-deficient neuronal cells exhibited increased vulner-
ability to HNE (Ohsawa et al., 2003a). The cells accumulated
HNE and showed decreased resistance to oxidative insult, sug-
gesting that ALDH2 functions as a protector against oxidative
stress by oxidizing HNE. However, ALDH2 is well known to
oxidize acetaldehyde produced from ethanol into acetate (Higu-
chi et al.,, 2004). A mutant allele, ALDH2*2, has a single point
mutation (G—A) in exon 12 of the active ALDH2*1 gene and is
confined to Asians. This mutation results in a substitution of
glutamate 487 to lysine (E487K), acting in a dominant-negative
manner (Bosron and Li, 1986). Individuals with the ALDH2*2
allele exhibit the alcohol-flushing syndrome attributable to an
elevated blood acetaldehyde level.

We reported previously that a molecular epidemiological
analysis revealed a higher concentration of lipid peroxides
(LPOs) in the sera of ALDH2-deficient females than in those
carrying an active ALDH2 (Ohsawa et al., 2003b), and that
ALDH2 deficiency is a risk factor for late-onset AD, synergisti-
cally acting with the &4 allele of the apolipoprotein E gene
(APOE-g4) (Kamino et al., 2000). This finding was recently con-
firmed by studies in China and Korea (Jo et al., 2007; Wang et al.,
2008). To verify the role of ALDH2-deficiency in age-associated
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neurodegenerative diseases, we examined physiological changes,
and learning and memory impairments by using transgenic (Tg)
mice expressing ALDH2*2 in the brain. Here, we show that
ALDH2-deficient mice present with age-dependent signs of neu-
rodegeneration such as loss of pyramidal cells, activation of glial
cells, and prominent deficits in cognition.

Materials and Methods

Transgenic mice. To generate Tg mice that express ALDH2%2, a transgene
containing a mouse version of ALDH2*2 under the control of the human
elongation factor-la (EF1a) promoter was constructed. A DNA frag-
ment containing ALDH2*2 in plasmid pBluescript SK (Ohsawa et al.,
2003a) was digested with Xbal and inserted into the Xbal site of plasmid
pEF1-BOS (Mizushima and Nagata, 1990). The 4.2 kb ApaLI-Pvul frag-
ment of EFla promoter-ALDH2*2 derived from the resultant plasmid
was purified and dissolved in TE buffer at a concentration of 3 ug/ml. Tg
mice were produced in accordance with a standard procedure. In brief,
the DNA fragment was microinjected into 800 fertilized eggs taken from
superovulated C57BL/6 females. The injected eggs were surgically trans-
ferred to the oviducts of C57BL/6 pseudopregnant females to produce
male chimeric mice. Sixteen mice carrying the transgene were selected by
PCR of tail DNA with primers 5'-NNTCTAGAGCCACCATGGCT-
CAGGGCGCCCATA and 5'-GAAGGGTTGACGGTGGGAAATGTT.
F, heterozygous animals were backcrossed to C57BL/6 mice for more
than five generations, and homozygous mice (ALDH2*2 /") were fi-
nally obtained. Next, three independent lines (DAL101, DAL102, and
DAL103) were selected according to the expression of ALDH2*2 in the
brain determined by the following method. Poly(A) * RNA was extracted
from the brain and mismatch reverse transcription (RT)-PCR was per-
formed with ALDH2-specific primers 5 -AGATGTCAGGGAGTGG-
CAGG (see Fig. 1, primer A) and 5'-GTGGCACTTTGACAGTAA-
CCGTCTTAACGT (see Fig. 1, primer B). The amplified cDNA fragment
was incubated with Acll and subjected to PAGE. Two digested fragments
(54 and 30 bp) were derived from exogenous ALDH2*2, whereas the
fragment not digested with Acll (84 bp) was from endogenous ALDH2.
To quantify the expression of ALDH2 and ALDH2*2 transcripts in each
region of the brain, their cDNA was qualified by ABI7700 with real-time
RT-PCR primers and probe 5-ACCTGTCCCAAGCTCTGCAG, 5'-
GGAGACTGGGCCCCAAAC, and 5'-CTGGCACTGTGTGGATC-
AACTGCTACG for endogenous ALDH2, and 5'-AAAACC-
CAACAAGATATACTGAGAAAAAC, 5'-GACCTGATACTCTCA-
AGGGTCCC, and 5'-CACTGTCTAGAGTGAGGGTCCCCACCTG for
exogenous ALDH2*2. DAL101 was further mated with ApoE ~/~ mice
(purchased from Taconic Farms) and offspring carrying the genotype
ALDH2*2*"*[ApoE ~'~ were obtained.

All mice were kept on a 12 h light/dark cycle with ad libitum access to
food and water. The studies were approved by the Animal Care and Use
Committee of Nippon Medical School. All experiments were performed
by examiners blinded to the genotypes or treatments of the mice.

Primary culture of neurons. Primary cultures of cortical neurons were
prepared from 17 d mouse embryos by the method described previously
(Ohsawa et al., 2007). In brief, neocortical tissue was cleaned of menin-
ges, minced, and treated with trypsin. After mechanical dissociation by
pipetting, cells were resuspended in DMEM (Invitrogen) supplemented
with insulin (5 pg/ml), transferrin (5 ug/ml), putrescine (100 um), sele-
nium (5 ng/ml), and penicillin-streptomycin, and then plated onto poly-
L-lysine-coated plates at a density of 5 X 10* cells/cm?. After 3 d of the
culture, we used neurons for analysis of cell viability. For preparing hip-
pocampal cells, hippocampus of 17 d mouse embryo was cleaned of
meninges, minced, and treated with protease mixture (SUMILON). Af-
ter mechanical dissociation by pipetting, we resuspended cells in nerve
cell culture medium (SUMILON), and then plated onto poly-L-lysine-
coated plates at a density of 5 X 10* cells/cm?, changed one-half of the
medium once every 2 d, and then used neurons at day 1 and day 9 for
analysis of neurite outgrowth and cell viability, respectively. Neuronal
identity was confirmed by immunostaining with the neuron marker anti-
TUJ-1 (Covance) and/or anti-MAP2 (Sigma-Aldrich) and astrocyte
marker anti-glial fibrillary acidic protein (GFAP) (Thermolmmunon)
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antibodies. After incubation with BODIPY FL goat anti-mouse IgG (In-
vitrogen), cells were imaged by confocal scanning microscopy (Olym-
pus) using excitation and emission filters of 488 and 510 nm, respec-
tively. Preparations containing >90% neurons were used for
experiments. Apoptosis was detected by DNA strand breaks using termi-
nal deoxynucleotidyl transferase-mediated biotinylated UTP nick end-
labeling (TUNEL) according to the procedure of the manufacturers
(MBL).

Preliminary observation and neurological reflexes. Mice were first ob-
served in their home cages for general activity and levels of aggression.
Each mouse was then observed in a bare cage for general health, presence
of whiskers, and appearance of fur. Mice were challenged to evaluate
reflex responses including eye blink, ear twitch, whisker touch, and right-
ing reflexes (Miyakawa et al., 2001).

Open-field test. Locomotor activity was measured using an open-field
apparatus (45 X 45 X 65 cm) (Kim et al., 2006). Animals were placed in
the center of the apparatus in standard indoor-lighting conditions and
total distance traveled for 10 min was recorded. Between sessions, the
apparatus was wiped clean with 70% ethanol.

Wire hanging test. The neuromuscular strength was tested by the wire
hanging test (Hamann et al., 2003). In brief, mice were placed on a wire
netting, which was lightly shaken, causing the mouse to grip the wire.
After a 5 s cutoff time, the wire netting was turned upside down (180°)
and the latency to fall was recorded for the maximum time.

Immunohistochemistry. The brain was removed and left one was kept
at —80°C for biochemical assay. The right brain was further fixed for 4 h
at room temperature by using 4% paraformaldehyde in PBS and subse-
quently cryoprotected with 30% sucrose in PBS. Frozen brain was sec-
tioned at 8 wm thickness using a cryostat (Leica), mounted on slides, and
air-dried. To stain sections with antibodies against NeuN (clone A60;
Millipore), GFAP, and phospho-Tau (clone AT8; Pierce), the M.O.M. kit
(Vector Laboratories) was used by the method according to the manu-
facturer. For double staining with anti-NeuN, antimonoclonal antibody
and rabbit anti-GFAP polyclonal antibody (Abcam), we used Texas Red
goat anti-mouse IgG (Invitrogen) and BODIPY FL goat anti-rabbit IgG
(Invitrogen) as secondary antibodies and visualized signals with a laser-
scanning confocal microscope.

Immunoblot analysis. The left hippocampus was dissected and
Dounce-homogenized in cold lysate buffer [10 mm Tris, pH 7.4, 320 mm
sucrose, 1% Triton X-100, 1% CHAPS (3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate), 0.025% NaNj;, 1 mm EDTA, 1
mM EGTA, 50 mm sodium fluoride, 2 mm sodium orthovanadate, and
protease inhibitor Complete tablets EDTA-free (Roche)] and stored at
—80°C. Protein concentration was determined with the BCA protein
assay kit (Pierce). Equal amounts of protein (100 ug) were separated on
10-20% polyacrylamide gels (Daiichi), transferred onto PolyScreen
transfer membranes (PerkinElmer), and incubated in blocking buffer
consisting of TBS (10 mm Tris, pH 7.6, and 150 mm NaCl) with 5%
bovine serum albumin. For immunodetection of specific bands on the
blots, Can Get Signal immunoreaction enhancer solution (Toyobo) was
used by the method according to the manufacturer. Blots were incubated
with primary antibodies to tau phospho-Ser-202/205 (AT-8; 1:500;
Pierce), pan-tau (TAU-5; 1:1000; Millipore), p35 and p25 C terminus
(C-19; 1:200; Santa Cruz), and cyclin-dependent kinase 5 (Cdk5) (C-8;
1:100; Santa Cruz) and further incubated with alkaline phosphatase-
conjugated secondary antibodies (1:10,000; Cappel). Signals were visu-
alized with AttoPhos substrate (Roche). Blots were stripped with strip-
ping buffer (62.5 mm Tris, pH 6.8, 100 mm 2-mercaptoethanol, 2% SDS)
and reprobed with antibody to B-actin (1:10,000; Sigma-Aldrich) to
normalizing the amounts of loaded proteins.

HNE concentration. Concentration of HNE in the brain was deter-
mined using a colorimetric assay kit (HAE-586; OXIS International)
according to the manufacturer’s instructions. The protein concentration
of each sample was measured using a BCA protein assay reagent (Pierce).

Visual object recognition test. The visual object recognition test (vORT)
was used to test recognition memory (Wang et al., 2004). Mice were first
habituated in a 25 X 40 cm cage for 6 h before training. During 10 min of
training, two plastic blocks with different shapes and colors were pre-
sented. Object recognition was scored by the number of approaches to
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and/or sniffs of the object and was reported as percentage preference
(recognition index). One day after training, one of the conditioned
blocks was replaced with a novel object to test for memory retention, and
recognition index was scored during 5 min of testing.

Water maze test. The apparatus used for water maze tasks was a circular
pool (1.5 m diameter) painted white and filled with water maintained at
25°C, and rendered opaque by the addition of nontoxic white paint. The
maze is located in a room containing several simple visual, extramaze
cues. Mice were trained in the morning to swim to a 10-cm-diameter
circular clear acryl resin platform submerged 1 cm beneath the surface of
the water and invisible to the mice while swimming. Mice were moni-
tored by a camera mounted above the pool, and all trials were stored on
PC for subsequent analysis. In each trial, the mouse was placed and
released into the pool at one of four designated start points in a pseudo-
random order and allowed to find and escape to the submerged platform
and remain there for 20 s. If a mouse failed to find the platform within
60 s, it was guided carefully to the platform and allowed to remain there
for 20 s. After this, each mouse was dried gently with a towel and placed
into a holding cage for 30 min until the start of next trial. Mice were given
four trials a day for 5 d. Retention of the spatial training was assessed 1 h
after the last training trial. A single probe trial consisted of a 60 s free swim
in the pool without the platform. Mice were placed and released at the
location opposite the site where the platform had been located and the
time spent in each quadrant was recorded. Finally, after the probe trial, a
visible platform was placed in the training quadrant 1 cm above the
surface of the water. As in the place-learning task, the escape latencies
were measured during at least four trials per session except that the test
was conducted in a single day.

Statistical analysis. We performed statistical analyses using StatView
software (SAS Institute) by applying an unpaired two-tailed Student’s ¢
test and ANOVA followed by Fisher’s exact test for single and multiple
comparisons, respectively. To calculate survival curves, the Kaplan—
Meier method was used and the survival periods were compared with the
log rank test (Mantel-Cox) for univariate analysis. We performed exper-
iments for quantification in a blinded manner.

Results

Expression of ALDH2*2 in the brain and vulnerability of
ALDH2*2-expressing neurons to HNE

The mouse version of the dominant-negative form of ALDH2
(ALDH2*2) was introduced under an EF1a promoter (Fig. 1A),
which constitutively expresses genes in most tissues
(Wakabayashi-Ito and Nagata, 1994). Because the expression ex-
tent depends on the location inserted, we paid attention to the
expression of ALDH2*2 in the brain and selected three indepen-
dent transgenic founders (DAL101, DAL102, and DAL103) and
confirmed expression of ALDH2*2 by RT-PCR in the brain (Fig.
1B). One founder (DAL101), which expressed the highest
amount of ALDH2*2, was maintained as homozygotes and
mainly used for additional experiments. The amount of exoge-
nous ALDH2*2 transcripts relative to endogenous ALDH?2 tran-
scripts was higher in the olfactory bulb, cortex, hippocampus,
and midbrain in DAL101 (Fig. 1C).

To evaluate the effect of ALDH2*2 in neurons, we exam-
ined the ability of HNE detoxification and found that expo-
sure to HNE resulted in a more rapid decrease of viable cells in
the ALDH2*2-expressing neurons. At first, hippocampal neu-
rons were prepared from embryonic 17 d DAL101. Moderate
neuritogenesis was seen after 1 d in culture. Then, cells were
treated with HNE and incubated for an additional 1 d. Immu-
nostaining with anti-MAP2 antibody showed that neurite
length of neurons prepared from DAL101 was shorter than
that from non-Tg control (CTL) mice (C57BL/6) (Fig. 2A,B).
After 9 d in culture, when a mature synaptic network was
established, the hippocampal neurons were treated with HNE
and further incubated for 1 d. Immunostaining with anti-
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Figure 1.  Generation of DAL mice. 4, Schematic drawing of the transfected DNA fragment.
DAL mice were generated by the injection of 4.2 kb Apall-Pvul fragment into fertilized eggs. B,
RT-PCR analysis revealed that three transgenic founders expressed exogenous ALDH2*2 in the
brain. For PCR, primers shown in A were used (see Materials and Methods). The obtained PCR
fragments (N) were digested with Acll (D). Two short fragments (54 and 30 bp) were derived
from exogenous ALDH2*2, whereas the nondigested fragment was from endogenous ALDH2.
*Nonspecific bands. €, In the brain of DAL101, real-time RT-PCR analysis revealed more exog-
enous ALDH2*2 transcripts relative to endogenous ALDH2 transcripts in the olfactory bulb,
cortex, hippocampus, and midbrain. Data are mean == SEM (n = 4).

MAP2 antibody revealed that the MAP2-positive neurites de-
rived from DAL101 mice were decreased by the treatment with
3 uM HNE (Fig. 2C,D). Additionally, apoptosis was more in-
duced by the treatment with HNE in neurons derived from
DAL101 mice (Fig. 2 E, F). Furthermore, cortical neurons were
prepared from embryonic 17 d DAL101 and cultured for 3 d.
Twenty-four hours after treatment with 1 um HNE, 77.1% of
ALDH2*2-expressing neurons were injured and detached
from the dish, whereas control neurons prepared from CTL
mice were attached and showed normal morphology with
neuron-specific TUJ-1-positive neurites (Fig. 2G). The sensi-
tivity of ALDH2*2-expressing neurons to HNE was dose-
dependent (Fig. 2 H). At that time, a higher amount of HNE
was accumulated in ALDH2*2-expressing neurons (Fig. 21),
indicating that the metabolism ability of exogenous HNE de-
creased. These findings clearly show that the decline of
ALDH2 activity makes neurons less resistant to HNE.

Accumulation of HNE in the brain is accelerated and lifespan
is shortened

To clarify the relationship of ALDH2*2-expressing neurons with
HNE, we measured HNE in the brain and found that a higher
amount of HNE was accumulated in the brain of old DAL mice
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Figure2.

Neuronal vulnerability of DAL mice against HNE and its accumulation in the brain. Primary-cultured cellsisolated from the brain of DAL101 (red bar) and C57BL/6 (blue bar) were treated

with HNE and further incubated for 1d. 4, B, After 1d in culture, hippocampal cells were treated with 1 m (4) or the indicated amount (B) of HNE and immunostained with the dendrite-specific
antibody to MAP2. Scale bar, 100 .m. Neurite length of each cell was measured under a microscope in at least 10 cells per well (mean == SD; n = 4). *p << 0.05. C, D, Nine days after the culture,
hippocampal cells were treated with the indicated amount of HNE and immunostained with anti-MAP2 antibody. Scale bar, 100 um. Dead cells were washed out in the staining procedure and living
cells were enumerated under a fluorescent microscope in four fields of view (FOVs) per well (mean = SD; n = 4). *p << 0.05. E, F, Nine days after the culture, hippocampal cells were treated with
1 pm (E) or the indicated amount (F) of HNE and stained with TUNEL (green) and propidium iodide (PI) (red). Scale bar, 100 pum. Quantification of TUNEL-positive cells was performed under a
fluorescent microscope in four FOVs per well and compared with the total number of cells (analyzed by Pl staining) (mean = SD; n = 4). *p << 0.05. G, H, Three days after the culture, cortical cells
were treated with the indicated amount of HNE and surviving neurons were fixed and immunostained with the neuron-specific antibody to TUJ-1. Scale bar, 200 m. Dead cells were washed out
in the staining procedure, and living cells were enumerated under a fluorescent microscope in four FOVs per well (mean == SD; n = 4). *p << 0.05; ***p << 0.001. I, HNE—protein conjugates were

calculated from pixel intensity in cells stained with anti-HNE antibody. Intensity was measured with NIH Image (mean == SD; n = 4). *p << 0.05; ***p < 0.001.

(Fig. 3A). These results indicated that ALDH2*2 inhibited the
degradation of HNE and enhanced oxidative stress in the brain.

One year after birth, female DAL101 showed no differences in
weight (Fig. 3B), general health, sensory responses, or locomotor
activity (Fig. 3C); however, male DAL mice showed muscle weak-
ness (Fig. 3D) and some hair decolorization (n = 8 of 8) (Fig.
3E,F). It is noteworthy that the median lifespan of DAL101 was
significantly shorter than that of CTL mice (96 vs 126 weeks; p <
0.0001) (Fig. 3G). The maximal lifespan of DAL101 was 129
weeks compared with 153 weeks for the CTL mice. The causes of
death were not determined in many cases. In all the cases, no
inflammation, other indicators of infectious disease, or tumors
above levels seen in DAL mice were found.

ALDH2 deficiency by itself induces age-dependent

brain degeneration

To examine whether ALDH2 deficiency induces neurodegenera-
tion, we looked for abnormal neuronal loss in aged DAL mice by
hematoxylin and eosin (H&E) staining and found the degenera-
tion (Fig. 4A—D) and decrease in pyramidal neurons in the CA1
region of the hippocampus (Table 1). At 1 year of age, 20% of
DAL mice showed neurodegeneration, whereas CTL mice did not
(1 of 5DALvs 0 of 5 CTL; p = 0.2918). At 1.5 year of age, 77.8%
of DAL mice showed neurodegeneration, whereas CTL mice did
not (7 of 9 DAL vs 0 of 8 CTL; p = 0.0053). The obvious neuro-
degeneration in a 1 year DAL mouse was similar to thatin 1.5 year
DAL mice. In the hilus of the dentate gyrus of aged DAL mice, the
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Characterization of DAL mice. A, A higher amount of HNE was accumulated in the brain of DAL101in an age-dependent manner. Filled bars, DAL101; open bars, (57BL/6. HNE levels were

normalized against protein contents (mean = SD; n = 6). *p << 0.05. B, No significant difference in body weight was found between 1-year-old DAL101 (filled bars) and C57BL/6 (open bars)
(mean = SD; n = 4). ¢, Nosignificant difference in walking distance in the open-field test was found between 1-year-old DAL101 (filled bars) and (57BL/6 (open bars) (mean = SD;n = 4).D, Time
to exhaustion and fall in hang test. Significant muscle weakness between 1-year-old DAL101 (filled bars) and C57BL/6 (open bars) was found in male (mean = SD; n = 4). **p < 0.01. E, F, Hair
decolorization in 1-year-old male DAL101. Scale bar, 50 um. G, Kaplan—Meier curve representing the survival of DAL101 and C57BL/6. Significant shortening of lifespan was found in DAL101 mice
(p < 0.0001). Bold lines, Total male and female mice; thin line, male mice; thin dotted line, female mice.

neurons were also decreased (Table 1). Neuronal loss in the CA1
area of DAL mice was confirmed by immunostaining with anti-
NeuN antibody (Tang et al., 2005) (Fig. 4E—H). Furthermore,
marked increase in immunostaining with anti-GFAP antibody, a
marker of activation of astrocytes, was found in the hippocampus
of old DAL mice. At 1 year of age, 60% of DAL mice showed
activation of astrocytes, whereas CTL mice did not (3 of 5 DAL vs
0 of 5 CTL; p = 0.1667). At 1.5 year of age, 55.6% of DAL mice
showed activation of astrocytes, whereas CTL mice did not (5 of 9
DAL vs 0 of 8 CTL; p = 0.0447) (Fig. 41,]). Because the increase
of reactive astrocytes is a sensitive marker of brain injury (Isacson
etal., 1987), these results indicate obvious impairment in neuro-
nal function in these mice. As expected, we found neither the
neuronal degeneration nor increase in reactive astrocytes in the
brain of DAL mice at 6 months of age (Fig. 5, Table 1).

Next, we focused on the hyperphosphorylation of the tau pro-
tein. Tau-related pathologies are hallmarks of AD and other
tauopathies (Takashima, 2006), and have been characterized in
mice (Liou etal., 2003). The antibody, AT8, requires serine 202 to
be phosphorylated to generate its epitope and is used frequently
to assess the hyperphosphorylation of tau (Biernat et al., 1992).
Staining brain sections of DAL mice at 1 and 1.5 year of age with
ATS8 yielded labeling of pyramidal neurons in the hippocampus

of 44.4% of DAL mice, whereas those of wild-type littermates did
not (4 of 9 DAL vs 0 of 13 CTL; p = 0.0361) (Fig. 4K,L). No
obvious alternation was observed in the other brain regions. Im-
munoblot analysis also confirmed an increase in hyperphospho-
rylation of tau at the AT-8 site in the hippocampus of DAL mice
(Fig. 4 M). We examined the relationship between the DAL mice-
specific increase in hyperphosphorylation of tau and expression
levels of Cdk5 activator p25, p35, and Cdk5 (Cruz and Tsai,
2004); however, no obvious change in p25, p35, and Cdk5 levels
was observed (Fig. 4 M), suggesting that the other putative factors
contribute to the abnormal hyperphosphorylation of tau in DAL
mice.

Onset of cognitive impairment correlates with

brain degeneration

To examine whether ALDH2 deficiency affects cognitive impair-
ments, three independent genetic lines (DAL101, DAL102, and
DAL103) were applied to the simple vVORT. Because of relatively
low physical demands in the test, male mice were used (Fig. 3D).
Memory formation depends on the hippocampus (Miyamoto et
al., 2005). During 10 min of training, two objects (global, a; tri-
angle, b) were presented to a mouse. C57BL/6 mice, which were
used as a control, and all DAL mice approached or sniffed each
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Hippocampal degeneration in DAL mice. 4, B, K, Twelve-month-old (57BL/6. E, F, I, Eighteen-month-old (57BL/6. C, D, L, Twelve-month-old DAL101. G, H, J, Eighteen-month-old

DAL101. A, C, Hippocampus was stained with H&E. Scale bar, 200 wm. B, D, The CA1 region stained with H&E was expanded. Scale bar, 50 wm. E, G, Hippocampus was stained with the antibody
to NeuN. Scale bar, 250 wm. F, H, The CA1 region stained with the antibody to NeuN was expanded. Scale bar, 50 m. 1, J, The CA1 region was stained with antibodies to GFAP (green) and NeuN
(red). Scale bar, 50 um. K, L, The CAT region was stained with anti-phosphorylated tau antibody (AT8). Scale bar, 50 um. M, Representative immunoblots of hippocampal lysates from 18-month-old
(57BL/6 (lanes 1-3) and DAL101 (lanes 4 — 6) mice probed with antibodies to phosphorylated tau (pTau), pan-tau (Tau), CdkS5 activator proteins (p25 and p35), Cdk5, and actin.

Table 1. Number of neurons in the hippocampus of (57BL/6 and DAL101 mice

months of age) mice, but notaged DAL101

(57BL/6 DAL101

p (11-14 months of age), DAL102 (12

0Old n==a6
CAT (no./mm?) 2172.01 + 259.76
Hilus (no./mm?) 591.67 + 88.86

n=38

Young n=>5 n=4
(AT (no./mm?) 2023.20 + 218.47 2083.50 = 197.39
Hilus (no./mm?) 434.00 = 44.50 427.50 * 67.02

1593.00 = 356.38
462.50 + 84.98

months of age), and DAL103 (12 months
of age) mice, approached or sniffed the

33?% novel object more times than the original

object (Fig. 6B). These results indicated
06810 that aged DAL101 showed a deficit in vi-
08658  sual recognition memory, whereas young

The brain sections of old (1-1.5 years of age) and young (0.5 year of age) mice were stained with H&E, and the total numbers of neurons in area CA1 and hilus

of the dentate gyrus were counted. Data are presented as mean == SD.

object approximately an equal number of times during the train-
ing period (Fig. 6A), indicating comparable attention, motiva-
tion, and visual perception. One day after training, one of the
conditioned objects was replaced with a novel object (cubic, ¢).
During 5 min of testing, young C57BL/6 (6 months of age) and
DAL101 (6—8 months of age) mice and aged C57BL/6 (12

DALI101 and aged CTL mice showed intact
ability to detect a novel object. This age-
dependent deficit in recognition memory
agrees with the histological neuronal de-
generation described above. Similar disability was observed in
other lines of aged DAL mice (DAL102 and DAL103), indicating
that the memory deficit was not specific to aged DAL101.

To examine more carefully whether ALDH2 deficiency affects
cognitive impairment, DAL101 was tested in the Morris water
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Ll = £ maze (MWM), a  hippocampus-
! dependent paradigm used to assess the

ability to acquire, process, and recall spa-
tial information by using escape latency as
an indicator of learning (D’Hooge and De
Deyn, 2001). Because of the physical de-
mands of this study, only female mice were
used. At 6 months of age, no obvious pa-
y : . thology was apparent in any brain region
- @ ' A of DAL mice (Fig. 5, Table 1). Neverthe-
: 3 less, analysis of cognitive function at this

age is of great importance to evaluate
whether mice are born with learning and
memory impairment or whether they de-
velop cognitive deficit in an age-
dependent manner. We found that, at 6
months of age, DAL mice had intact spatial
learning and memory, and no deficits in
probe trials (Fig. 7A, B). They required 3 d
of training to reach criterion (escape la-
tency of <20 s) and spent significantly
more time over the trained quadrant com-
pared with other quadrants during probe
trials. No obvious difference between DAL
and CTL mice was observed. These results
indicated that DAL mice were born nor-
mally and did not develop cognitive deficit
during young adulthood.

At 1and 1.5 year of age, DAL mice were
still able to learn the MWM task; however,
they required 5 d of training to reach cri-
terion (escape latency of <20 s) compared
with the 3 d of age-matched CTL mice
(Fig. 7A). Furthermore, time spent in the

target quadrant of DAL mice during probe
trials was significantly shorter than that of
CTL mice and not significantly more com-
pared with other nontarget quadrants
(Fig. 7B). To assess whether the spatial
o ) learning and memory deficits observed in
Training Retention test DAL mice were attributable to deficient es-
70+ 70 - cape motivation or impairment of visual
P .
and/or motor performance, the visible
e platform was used. Escape latencies after
60 1 [ the training in this experiment were not
1 ot different between DAL and CTL mice (Fig.
50 + = 7C). Swimming speeds were also deter-
mined to exclude the possibility of differ-
40 - ent swimming abilities. No significant dif-
ference in speeds between DAL and CTL
mice was observed, whereas speeds de-
creased age-dependently (Fig. 7D), sug-
gesting that sensorimotor disturbances
were not differentially affecting their
performance.

Figure5.  Noobvious hippocampal degeneration was observed in the hippocampus in young DAL mice. 4, B, Hippocampus was
stained with H&E. Scale bar, 200 m. €, D, The CA1 region stained with H&E was expanded. Scale bar, 50 wum. E, F, The CAT region
was stained with anti-GFAP antibody. Scale bar, 50 um. 4, C, E, Six-month-old (57BL/6. B, D, F, Six-month-old DAL101.
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Figure 6. Decreased object recognition memory in aged DAL mice. ALDH2 deficiency impaired memory for object recognition.
A, Training for visible object recognition. During 10 min of training, two objects (a and b) were presented to a mouse. (57BL/6
mice, which were usgd asa control F(TL), and all DAL mice had equal preferences f.ort.wo objects,aand b. Flll.ed bars, Aggd mice; accelerated by APOE-knock-out
open bars, young mice (see Materials and Methods). The numbers on the bars indicate the number of animals examined. B, R M
Testing for novel object recognition. During 5 min of testing, one of the conditioned objects was replaced by a novel object (0.~ V€ rePorted pre\.no.usl)'f that the AL]? H2*2
Young mice and aged CTL mice, but notaged DAL mice, showed recognition memory 1d after atraining session. *p << 0.05, *p < allele is a synergistic risk for AD with &4
0.01 versus index in a training session; *p << 0.05, **p << 0.01. allele of the apolipoprotein E gene (Ka-
mino et al., 2000). We then sought to ex-
amine whether apoE affect phenotypes of

Cognitive impairments in DAL mice are
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DAL mice and examin_e/cl DAL mice with- A o C57BL/G -e- DAL101
out apoE (DAL/ApoE ~'") at 6 months of 60- .
age in the MWM. They were not able to 6 months 12 months 18 months
learn the MWM task, whereas both DAL - % P=00427 1 P=0.0199
and ApoE '~ mice required only 3 d of 8 40
training to reach criterion (escape latency % 30
of <20 s) (Fig. 8A). Furthermore, time S n=6 n=6
spent in the target quadrant of DAL/ 520
ApoE '~ mice during probe trials was sig- 10
nificantly shorter than that of both DAL n=5 n=4 =
and ApoE /" mice (Fig. 8 B). Escape laten- 0 3 4 5 1 2 3 4 5 1 2 3 4 5
cies after training using the visible plat- Trial (day) Trial (day) Trial (day)
form were not different among DAL/ B c D
ApoE~'~, DAL, and ApoE '~ mice (Fig. L
8C), suggesting that sensorimotor distur- Lﬁ, 60- Probe 60- Visible 30 1 Age (months)
bances were not differentially affecting = 5 Hs
their performance. Thus, these results in- g 50 8 501 o 12
dicate that the ApoE depletion enhances 240- . § 40 O 18
th.e learning and memory deficits of DAL ‘g) 30 ’—‘ ,ll g 30
mice. T o

_"S' 20 =X 204
Discussion £ 10 2 10
We reported here that transgenic mice ex- & oA 0 m
pressing a mouse version of dominant- 'g 6 12 18 6 12 18 L
negative ALDH2 showed enhanced accu- F Age (months) Age (months) d,;\q’ oy\:\

mulation of ROS end products and age-
dependent learning and memory deficits.

Figure 7. Age-dependent onset of cognitive impairment in DAL mice. Performance on the MWM test. 4, At the age of 6

ALDH enzymes efficiently oxidize HNE, a  months, time toreach a hidden platform (latency) was similarin the DAL101 and C57BL/6 mice. However, the 12-and 18-month-
highly toxic product of lipid peroxidation  old DAL101 mice showed profound impairment compared with C57BL/6 mice. B, Probe test performed 1 h after the hidden
(Ohta et al., 2004; Vasiliou et al., 2004).  platform acquisition period. At the age of 6 months, time spent in the target quadrant was similar in the DAL101 (filled bars) and
Interestingly, mitochondria ALDH2 me-  (57BL/6(openbars) mice. However, the 12- and 18-month-old DAL101 mice spenta shorter time searchingn the target quadrant
tabolize nitroglycerin, which has been  than(57BL/6 mice (mean = SD).*p < 0.05.C, Time toreach visible platform locations. Filled bars, DAL101; open bars, (57BL/6.

used for over a century in the therapy of
cardiovascular disease (Chen et al., 2002).
Nitroglycerin tolerance developed by chronic therapy is associ-
ated with a decrease in ALDH2 activity and an increase of ROS
(Chen and Stamler, 2006), and, at that time, ALDH?2 itself is
inactivated by various oxidants (Wenzel et al., 2007). However,
ALDH2 activity was found to increase in liver with age and in the
brain of AD patients (Picklo et al., 2001; Yoon et al., 2006), sug-
gesting that sufficient amount of active ADLH?2 is needed to de-
toxify the increased HNE that occurs in aging and neurodegen-
erative diseases.

The construction of model animals by genetic manipulation is
one of the best methods to analyze the involvement of particular
genes in the defense against oxidative stress at the animal level. In
mice defective in Mn-superoxide dismutase (SOD), oxidative
stress accumulated, and mitochondrial dysfunction and subse-
quent cell death were observed (Melov et al., 1998). Because the
model mice died during the first few postnatal weeks, their pa-
thology was too severe to investigate age-dependent degenera-
tion. Furthermore, mice defective in phospholipid hydroperox-
ide glutathione peroxidase (PHGPx) were embryonic lethal
(Imaietal., 2003). PHGPx is the only known enzyme that directly
reduces lipid hydroperoxide; however, knock-out mice deficient
in Cu, Zn-SOD, cellular glutathione peroxidase, and catalase de-
veloped normally and showed no marked pathological changes
under normal physiological conditions (Reaume et al., 1996; Es-
posito et al., 2000; Ho et al., 2004), indicating that their defects in
major antioxidant defense mechanisms are strongly compen-
sated by each other. In the case of DAL mice, no obvious patho-
logical features, including cognitive function, were observed in
young mice (6 months of age), indicating that no physiological

D, Swimming speed during probe trial.

and neurological changes would occur during their growth and
development. After maturation, oxidative stress accumulated in
the brain and cognitive deficits developed in aged DAL mice. The
importance of this model mouse is the age-dependent onset of
neurodegenerative disorders, which will be helpful for under-
standing human disease.

ALDH belongs to a large family consisting of at least 16 differ-
ent genes in humans, and are involved in the metabolic systems of
various alcohols and aldehydes according to their distribution
and substrate specificity (Vasiliou and Nebert, 2005). It is likely
that knocking out one such gene causes moderate change in al-
dehyde metabolism, because the knocked-out enzyme would be
complemented with other members of the gene family. In fact, in
ALDH2 knock-out mice, methoxyacetaldehyde metabolism is
markedly reduced in liver, but no apparent abnormality was ob-
served (Kitagawa et al., 2000). This discrepancy suggests that the
phenotype observed in DAL mice is not simply attributable to the
decrease in the ALDH2 activity. ALDH2*2 may inactivate not
only ALDH2 but also the other member, such as ALDH5A, of the
ALDH family presumably by forming heterotetramers. In hu-
mans, however, the suppression of ALDH2 activity by ALDH2*2
causes various disorders, presumably because of increased oxida-
tive stress. For instance, ALDH2 deficiency was found to contrib-
ute to the risk of complication with diabetes mellitus, hyperten-
sion, myocardial infarction, osteoporosis, and cancer (Suzuki et
al., 1996; Amamoto et al., 2002; Takagi et al., 2002; Yokoyama
and Omori, 2003; Yamaguchi et al., 2006). Therefore, we ex-
pected the development of model animals closer to humans by
introducing the ALDH2*2 gene. The resultant DAL mice showed
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Figure 8.  Onset of cognitive impairment in DAL mice was enhanced by lacking in ApoE.
Performance on the MWM test. 4, At the age of 6 months, DAL101 mice in the absence of ApoE
(DAL101/ApoE /™) showed profound impairment compared with DAL101 and Apof ~/~
mice. p < 0.05 against DAL101 and ApoF /™ mice, respectively. B, Probe test performed 1h
after the hidden platform acquisition period. DAL101/Apof ~/~ spenta shortertime searching
in the target quadrant than DAL101 and Apof ~/~ mice (mean = SD). *p < 0.05. €, Time to
reach visible platform locations. D, Swimming speed during probe trial.

accumulated oxidative stress and their lifespan decreased (Fig. 3).
Aging is associated with changes in physiological characteristics,
including muscle weakness and hair decolorization, and many
physiological functions. The causes, however, are multifactorial
and several studies have suggested that oxidative stress plays an
important role. ALDH2 could reduce oxidative stress in multiple
organs. Indeed, we have observed amytrophy developed in mus-
cles of Tg-mice expressing ALDH2*2 (I. Ohsawa, K. Nishimaki,
Y. Suzuki, T. Nukina, E. Kodaira, M. Sano, S. Yamaguchi, S.
Yagihashi, and S. Ohta, unpublished observation). The molecu-
lar mechanisms that trigger dementia symptoms have been
highly elusive; however, marked increases in oxidative stress, typ-
ically represented by HNE, were reported in the hippocampus
and superior and middle temporal gyrus of patients with mild
cognitive impairment and in those with early AD compared with
age-matched healthy individuals (Williams et al., 2006). These
results, which are in agreement with the results of LPO analysis in
CSF (Pratico et al., 2002), suggest that oxidative stress, typically
represented by HNE, is involved in the causes of the onset of
dementia. As shown in Figure 3A, age-dependent accumulation
of HNE in the brain of DAL mice was observed and the ALDH2-
defective hippocampal and cortical neurons were highly suscep-
tible to HNE (Fig. 2). These findings suggest that earlier accumu-
lation of HNE in the ALDH2-deficient brain is responsible for a
trigger of cognitive decline.

The accumulation of aldehydes, including HNE, not only in-
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duces neuronal death but also causes synaptic dysfunction be-
cause of mechanisms such as reducing Na *,K "-ATPase activity
(Pedersen etal., 1999) and markedly inhibits microtubule forma-
tion and neurite outgrowth (Neely et al., 1999). Furthermore,
there have been a number of reports on the relationship between
neurofibrillary tangle (NFT) and oxidative stress (Zarkovic,
2003). Positive immunohistochemical staining of the DAL
mouse brain with phosphorylation-specific monoclonal anti-
body against tau (Fig. 4L) suggested that the accumulation of
HNE induced by ALDH2 deficiency causes age-dependent tau
hyperphosphorylation, which is a pathological feature character-
istic of AD. It has been further reported that HNE induces struc-
tural changes in phosphorylated tau by its modification of it and
formation of NFT-like tau assemblies in vitro (Takeda et al., 2000;
Liuetal., 2005). Cdk5 is thought to be responsible for hyperphos-
phorylation of tau in AD and activated by p35, which may be
cleaved to more stable fragment p25 (Cruz and Tsai, 2004). How-
ever, although some experiments using animals overexpressing
Cdk5, p35, or p25 have supported a causal relationship between
Cdk5/p25 and NFT, there is still discrepancy among studies. As
shown in Figure 4 M, no obvious change of their expression level
was observed, whereas tau was hyperphosphorylated in the hip-
pocampus of old DAL mice. Thus, p35/p25 may be not essential
for the tau hyperphosphorylation in DAL mice.

To examine the effects of ALDH2 deficiency on memory, we
used two tests, VORT and MWM. In both tests, the form of mem-
ory depends on the hippocampus. Aged DAL mice showed a
deficit in both visual recognition memory and spatial learning
and memory, whereas young DAL mice showed intact ability to
form these memories (Figs. 6, 7). This age-related deficit in mem-
ory agrees with histological neuronal degeneration in the hip-
pocampus of aged DAL mice (Fig. 4). We observed a similar
disability of recognition memory in three independent lines of
aged DAL mice (DAL101, DAL102,and DAL103), indicating that
the expression of ALDH2*2 in the brain is sufficient to induce
deficit in hippocampal-dependent learning and memory.

We found that the deletion of ApoE enhances learning and
memory deficits of DAL mice (Fig. 8). The strength of binding
between human APOE and HNE was €2 > &3 > &4, which was in
agreement with the preventive activity of APOE against cell death
caused by HNE (Pedersen et al., 2000). Thus, APOE eliminates
free HNE and the possession of APOE-¢4, the APOE with the
weakest HNE elimination ability, leading to the accumulation of
HNE in neurons and increasing oxidative stress. These results
agree with our previous epidemiological investigation (Kamino
et al., 2000), in which ALDH2*2 and APOE-&4 alleles synergisti-
cally increased the risk of AD. Together, the accumulation of
HNE in ALDH2-deficient mice is further intensified by the loss of
ApoE. However, no obvious neurodegeneration, activation of
astrocyte, nor hyperphosphorylation of the tau protein was ap-
parent in any brain region of DAL/ApoE ~/~ mice at 6 months of
age. Thus, additional investigations will be required to clarify
cellular and molecular mechanisms of cognitive impairments in
these mice.

Because highly toxic aldehydes are generated spontaneously
by lipid peroxidation, there are a variety of mechanisms for their
detoxification including binding with glutathione and reduction
by aldose reductase, ADH and ABAD. Also, multiple ALDHs are
considered to oxidize aldehydes. It is quite interesting that mito-
chondrial ALDHS5A as well as ALDH2 plays an important role in
the detoxification of HNE in the CNS (Murphy et al., 2003). In
this study, we established transgenic mice with reduced ALDH2
activity and found that age-dependent neurodegeneration ac-



6248 - ). Neurosci., June 11, 2008 - 28(24):6239 - 6249

companying memory loss was caused by the introduction of a
single mutant gene. This study emphasizes that the contribution
of toxic analdehyde(s) derived from oxidative stress is sufficient
to develop age-dependent neurodegeneration with memory loss.
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