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Angiotensin-Converting Enzyme Converts Amyloid
B-Protein 1-42 (AB3,_,,) to AB,_ ., and Its Inhibition
Enhances Brain A Deposition |

Kun Zou,' Haruyasu Yamaguchi,* Hiroyasu Akatsu,’ Takaaki Sakamoto,' Mihee Ko,' Kazushige Mizoguchi,?
Jian-Sheng Gong,' Wenxin Yu,' Takayuki Yamamoto,> Kenji Kosaka, Katsuhiko Yanagisawa,' and Makoto Michikawa!
Departments of ! Alzheimer’s Disease Research and 2Geriatric Medicine, National Institute for Longevity Sciences, National Center for Geriatrics and
Gerontology, Obu, Aichi 474-8522, Japan, *Japan Society for the Promotion of Science, Tokyo 102-8471, Japan, *Gunma University School of Health
Sciences, Maebashi 371-8514, Japan, and 5Choju Medical Institute, Fukushimura Hospital, Toyohashi 441-8124, Japan

The abnormal deposition of the amyloid B-protein (Ag) in the brain appears crucial to the pathogenesis of Alzheimer’s disease (AD).
Recent studies have suggested that highly amyloidogenic AB,_,, is a cause of neuronal damage leading to AD pathogenesis and that
monomeric AB,_ o has less neurotoxicity than A, _,. We found that mouse and human brain homogenates exhibit an enzyme activity
converting AB,_,,to AB,_,, and that the major part of this converting activity is mediated by the angiotensin-converting enzyme (ACE).
Purified human ACE converts AB; _,, to AB,_ ;o as well as decreases AB,_,/AB,_ 4o ratio and degrades AB,_,, and AB, _ ;. Importantly,
the treatment of Tg2576 mice with an ACE inhibitor, captopril, promotes predominant AB,_,; deposition in the brain, suggesting that
ACEregulates AB,_,/AB,_,, ratio in vivo by converting secreted AB, _,, to AB, _ 4o and degrading A Bs. The upregulation of ACE activity
can be a novel therapeutic strategy for AD.

Key words: angiotensin-converting enzyme; ACE; Alzheimer’s disease; amyloid B-protein; AB; AP deposition; AB degradation; APP
transgenic mouse .

Introduction
The progressive accumulation and deposition of the amyloid
B-protein (AB) in the brain are early pathogenically important
features of Alzheimer’s disease (AD) (Selkoe, 2004). It has been
assumed that insoluble AB amyloid is a culprit for inducing the
pathological processes of ‘AD, leading to neuronal dysfunction;
however, recent studies have shown that not the insoluble form of
A but the soluble form of AB oligomers is pathogenic (Kirkit-
adze etal., 2002; Walsh et al., 2002). AB, _,, is deposited early and
selectively in senile plaques, and this deposition is an invariant
feature of all forms of AD (Iwatsubo et al., 1994). A high AB,,/
APyq ratio is a major determinant for AD development in farnilial
AD with presenilin mutations (Borchelt et al., 1996; Duff et al.,
1996; Scheuner et al., 1996; Citron et al., 1997).

ABs (AB,_4o and AB,_,,) are constantly secreted by many

Recelved Dec. 23, 2006; revised June 11, 2007; accepted June 29, 2007.

This workwas supported by grants from the Ministry of Health, Labor, and Welfare of Japan (Research on Human
Genome and Tissue Englneering Grant H17-004), the Program for Promotion of Fundamental Studies in Health of
the National Institute of Blomedica! Innovation, and Japan Saciety for the Promotion of Science, and Grant-in-Aid
18023046 far Scientific Research on Priority Areas-Research on Pathamechanisms of Brain Disarders from the Min-
istry of Education, Culture, Sports, Sclence, and Techriology of Japan.

Correspondence should be addressed to Or. Makoto Michikawa, Department of Alzhelmer's Disease Research,
Natlonal Institute forLongevity Sclences, National Center for Gerlatricsand Gerontotagy, 36-3 Gengo, Morioka, Obu,
Aichi 474-8522, Japan. E-mail: michi@nits.go.jp.

K. Zou’s present address: Department of Neurosdence, Faculty of Pharmaceutical Sciences, iwate Medical Uni-
verslty, Yahaba 028-3694, Japan.

D0I:10.1523/INEUR0SCH, 1549-07.2007
Copyright © 2007 Soclety for Neuroscience  0270-6474/07/278628-08415.00/0

types of cell and are normally found in body fluids, including
CSF. Recently, we have shown that monoimeric AB,_,, has neu-
roprotective effects against metal-induced oxidative damage and
AB,_4z-induced neuronal death, whereas AB,_,; is highly amy-
loidogenic and thus forms oligomers rapidly at very low concen-
trations, exerting strong neurotoxicity (Zou et al., 2002, 2003).
ABi_40» but not AB,_,,, rescues neurons from B- or y-secretase
inhibitor-induced cell death (Plant et al., 2003). Moreover, the
inhibition of the effects of some nonsteroidal anti-inflammatory
drugs, which reduce the risk of AD (in 't Veld et al.; 2001), directly
blocks AB,_,, generation by changing presenilin conformation
and shifting vy-secretase function toward the production of a
shorter soluble AB (Weggen et al., 2001; Lleo‘et al., 2004).

A recent study demonstrated that AB,, is essential for paren-
chymal and vascular amyloid deposition in mice and that mice
expressing a high AB,_,, level do not develop overt amyloid pa-
thology (McGowan et al.,, 2005). Both AB,_,, and AB,_,, levels
were elevated coordinately in late-onset sporadic AD brains
(Selkoe, 2004) and non-AD human brains (Morishima-
Kawashima et al., 2000); however, insoluble AB,, level increases
exponentially and steeply in an age-dependent manner, accom-
panied by much smaller increases in AB,, level (Morishima-
Kawashima et al., 2000). Thus, although it is still debatable
whether AB,_,, is nontoxic or neuroprotective, these findings
suggest that decreasing neurotoxic AB,_,, level could be a strat-
egy for developing AD treatments.

We considered that there is a carboxyl peptidase that converts



Iouetal. « ACE Converts AB,_ o 10 AR, _ 4

secreted neurotoxic AB, _,; to AB, _4q, thus decreasing AB,,/A B,
ratio. This notion has led us to experimentally identify an AB,_
42-10-AB,_,,-converting enzyme in the mouse and human
brains. Interestingly, we found that the angiotensin-converting
enzyme (ACE) is a major AB,_,,-t0-AB,_4o-converting enzyme
in the brain. This suggests that the modulation of ACE activity
can be a novel therapeutic strategy for AD.

Materials and Methods

Captopril treatment of Tg2576 mice and tissue preparation. Male human
amyloid precursor protein Swedish mutation (hAPPsw) transgenic
Tg2576 mice were purchased from Taconic Farms (Germantown, NY).
Mice at 6 months of age were fed with captopril-supplemented diet (0.25
mg/g) or control diet ad libitum for 7 or 11 months. There were 6-15
animals in each group. Animals were housed singly in individual cages.
There were no significant differences in the amount of feed consumed or
in the weight of the mice within or between treatment groups. The aver-
age captopril intake per animal was 30 mg/kg of body weight/d. Mice
were killed by inhalation of CO,, and 0.5 m! of blood was collected from

the right atrium for the determination of serum ACE activity. Mice were -

then transcardially perfused with cold PBS. The left hemisphere of the
brain was fixed in 4% buffered paraformaldehyde solution at 4°C for 48 h
and incubated in 30% sucrose at 4°C for 48 h for histological processing.
The right hemisphere of the brain was separated into the cerebral cortex,
hippocampus, thalamus, and brainstem, and these samples were rapidly
frozen in liquid nitrogen and stored at —80°C until analysis.

Human postmortem brain tissue. Frontal cortex tissue samples from
autopsied control subjects (# = 15; male, 9, female, 6; neuropathological
diagnosis, physiological aging) and AD subjects (n = 15; male, 9, female,
6; clinical and neuropathological diagnosis, AD) were obtained from
Fukushimura Hospital (Toyohashi, Japan). Tissues were frozen imme-
diately in liquid nitrogen at autopsy and then stored at —80°C until use.
The average postmortem delay was 7.7 h and was not significantly differ-
ent between the two groups. The average age of the subjects of the control
group was 84.7 % 1.9, and that of the subjects of the AD group was 85.5
1.9 (data represent means * SEM; p = 0.75, ANOVA, Bonferroni/Dunn
test). Experiments using human brains were performed after obtaining
the informed consent of the patients’ guardians for diagnosis and bio-
chemical, molecular biological, arid genomic research. This study was
examined and approved by the Ethics Committee of Fukushimura Hos-
pital on October 6, 2005, and assigned the application number 180.

ACE activity assay. Cortical tissue (50-100 mg) was homogenized in a
fourfold (w/v) volume of ACE homogenization buffer (50 mm HEPES,

-pH 7.4, 150 mm NaCl, 25 pm ZnCl,, and 0.5% Triton X-100) and centri-
fuged at 4°C at 10,000 X g for 15 min. ACE activity in the supernatant
against the synthetic substrate N-hippuryl-l-histidyl-I-leucine wis deter-
mined using an ACE colorimetrickit (Buhlmann Laboratories, Schonen-
buch, Switzerland). The reaction time was 6 h. ACE activity was then
normalized by the initial weight of the brain tissue. For mouse serum
ACE activity assay, serum was diluted at 1:2, All samples were measured
in triplicate. '

Western blot analysis for determining conversion of AB,_,, 10 AB,_uy
Somatic ACE-deficient mice (002680) were obtained from The Jackson
Laboratory (Bar Harbor, ME). AB,_,, (Peptide Institute, Osaka, Japan)
was freshly dissolved in 0.1% NH,.H,O at 200 pm for each experiment.
The wild-type mouse brain cortex, including the hippocampus, was ho-
mogenized in a twofold volume (w/v) of a buffer containing 10 mm
Tris.HC, pH 7.5, and 0.15 m NaCl, and the homogenate was centrifuged
a1 500 X g for 10 min. The supernatant was mixed with synthetic AB,_,,
to a final concentration of 30 um and incubated at 37°C for 8 h. Ten

. microliters of the mixture was subjected to SDS-PAGE and blotted on a
nitrocellulose membrane. To enhance the reactivity to an anti-AB,_,,
antibody, the membrane was boiled in PBS for 3 min after blotting,
probed with an anti-AB,_,, monoclonal antibody (1A10) (IBL,
Takasaki, Japan), and visualized with SuperSignal (Pierce, Rockford, IL).
Because of the high level of exogenous AB,_,., the membrane was not
boiled before the reaction with a polyclonal anti-AB, _,, antibody.

Thioflavin-T binding assay for ageregated AB. Determination of the
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aggregated state of AP was performed on the basis of a previously estab-
lished method (Levine, 1995, 1999). The incubated AB peptides were
centrifuged at 17,000 X g for 60 min, the supernatant was removed, and
the precipitate was suspended in 1 ml of § ju thioflavin-T in 50 mw
glycine-NaOH, pH 8.5. Steady-state fluorescence intensities for each
sample were determined as described previously (Zou et al., 2002).

. Matrix-assisted laser desorption ionization-time of flight mass spectrom-
etry. Purified human ACE (2 U/ml) (Millipore, Billerica, MA) was added
to 30 um AB,_,, dissolved in 0.19 NH,.H,O and incubated at 37°C for
6h. Captopril (2mwm) was added to stop the digestion, and the sample was
frozen in —80°C until use. The sample was subjected to matrix-assisted
laser desorption/ionization-time of flight mass spectrometry (MALDI-
TOF-MS) to detect the generation of AB, _,,. The same amount of ACE
or AB,_,, incubated alone under the same conditions as described above
was used as control. .

Biotinylation of AB,_; and determination of AB,_ -10-AB,_.~
converting activity in human brain. AB,_,, was biotinylated using a Pro-
tOn biotin labeling kit (Vector Laboratories, Burlingame, CA). In brief,
0.5 mg of AB,_, was dissolved in DMSO and diluted with distilled water
t0 100 pl. AB,_,, wasbiotinylated with a biotin-labeling reagent, and free
biotin was remioved using gel filtration slurry provided with the kit. The
human frontal cortex tissue sample used was from a 76-year-old autopsied
non-AD subject. The brain tissue was homogenized in a fourfald volume
(w/v) of PBS, and the homogenate was mixed with biotinylated AB, s, ata
concentration of 0.5 pg/ul. The mixtures were incubated at 37°C for 8 h
with or without an ACE inhibitor (1 um), namely captopril or enalapril.
After incubation, 8 mm 3-[(3-cholamidopropyl)dimethylammonio)-1-
propanesulfonate was added to extract ABs. The samples were centrifuged at
4°C and 10,000 X g for 10 min, and the supernatant was applied to avidin
agarose provided with the kit to purify biotinylated ABs. Avidin agarose
was washed with PBS four times, and biotinylated ABs were eluted with
50 mm DTT in SDS-PAGE sample buffer. Biotinylated AB,_,, converted
from biotinylated AB,_,, was detected by Western blot analysis using an
anti-AB,_,, monoclonal antibody (1A10). .

Immunchistochemistry. The left hemispheres of the brains of Tg2576
mice were sagittally cut into 30 wm sections using a freezing microtome
(RM 2145; Leica, Wetzlar, Germany). Thioflavin-S staining was per-

formed as described previously (Wyss-Coray et al., 2001). For each-

mouse, thioflavin-S-positive plaques were counted in four to five sec-
tions per left hemisphere of the brain at a magnification of 40X, Serial
sections were immunostained with anti-AB,_,, and anti-AB,_,, end-
specific polyclonal antibodies, namely, RIB40 and RIB42, respectively (2
pg/ml; IBL), after a brief formic acid pretreatment, and immunopositive
signals were visualized using an ABC elite kit (Vector Laboratories). Im-
ages of the cerebral cortex and hippocampus were captured using a dig-
ital camera attached to a microscope and analyzed using simple PCI
software (Compix Imaging Systems, Lake Oswego, OR). AB,_,, and
APB,_42 plaques were estimated as the percentage of immunostained area
(positive pixels) divided by the examined area (total pixels). The quanti-
fication of thioflavin-S-positive plaques and areas attained by anti-
AB,_4 and anti-AB,_,, antibodies was performed in a double-blind
manner.

APB ELISA. Mouse cortices for ELISA were homogenized in 10 volumes
of amixture containing 5.0 M guanidine.HCl and 50 mm Tris. HCl, pH 8.0
(whv), as described previously (Johnson-Wood et al., 1997). The brain
homogenates were further diluted at 1:20 for 13-month-old and 1:500 for
17-month-old mice in a dilution buffer provided with the ELISA kit
(Wako, Osaka, Japan). AB,_,, and AB,_,, standards (Peptide Institute)
were prepared such that the final composition included the same con-
centration of guanidine. Purified human ACE (2 U/ml) with 10 pm
AB,_4; was diluted at 1:1000 with a dilution buffer containing complete
protease inhibitor mixture (Roche, Mannheim, Germany). AB,_,, and
AB,_y, levels were determined using the ELISA kit. Fibroblasts stably
expressing human APP695 (Shiraishi et al., 2004) were grown in DMEM
(Invitrogen, Grand Island, NY) containing 10% fetal calf serum. The
medium was changed at 100% confluence, and the fibroblasts were
treated with or without captopril. The levels of AB, _,, and AB,_,. in the
medium were determined 24 h after the treatment of fibroblasts with
caplopril. All samples were measured in triplicate.

=
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Results
We used two specific anti-AB, _,, and anti-AB, _,, antibodies to
examine AB,_,, generation in a tissue homogenate mixed with
exogenously added synthetic AB,_,.. There was no cross-
reaction between the two antibodies, which was confirmed by
Western blot analysis (Fig. 1A). The coincubation of A, _,, with
mouse cerebral homogenate generated AB, _,,, indicating the ex-
istence of an AB;_,;-to-AB,_,-converting enzyme. Also, the
generation of AB, _,, from synthetic AB,_,, was inhibited by the
ACE inhibitors captopril and enalapril (Fig. 1B; supplemental
Table 1, available at www.jneurosci.org as supplemental mate-
rial). This converting activity was also found in the mouse cere-
bellum, kidney, heart, spleen, lung, skeletal muscle, and serum,
indicating that the AB,_,,-to-AB,_,o-converting enzyme is dis-
tributed widely. In our Western blot system, neither endogenous
AB,_4 nor AB,_,, was detected in these samples (data not
shown). Moreover, Western blot analysis showed that the brain
homogenate and serum from somatic ACE-deficient mice con-
tain a markedly decreased capacity of generating AB,_,, from
APB,_42 compared with those from wild-type (ACE+/+) and het-
erozygote (ACE+/—) mice (Fig. 1C). ACE is a dipeptidyl car-
boxypeptidase that catalyzes the cleavage of C-terminal dipep-
tides of several substrates and is widely distributed in mammalian
tissues. These lines of evidence suggest that ACE in the brain
homogenate plays a major role in the conversion of AB)_g to
ABi_s

Thus, we next performed Western blot analysis, ELISA, and
MALDI-TOF-MS to examine whether purified human ACE
cleaves the 2 aa at the C terminus of synthetic AB, _,, to generate
APB,_4o- After the incubation of AB,_,, with ACE, AB,_,, level
increased in a time-dependent manner, whereas AS,_,, level de-
creased (Fig. 1 D, G). Determination of the level of AB, _,, gener-
ated and AB,_,, remaining in the solution containing synthetic
AP,_4, and ACE shows that the levels of AB,_,, and AB,_,, were
inversely and significantly correlated (supplemental Fig. 1C,
available at www.jneurosci.org as supplemental material). AB,_,,
generation was completely inhibited by ACE inhibitors, namely,
EDTA, captopril, and enalapril (Fig. 1 D; supplemental Table 2,
available at www.jneurosci.org as supplemental material). Be-
cause AB,_,, can easily aggregate in aqueous buffers, it is impor-
tant to understand whether ACE can mediate the cleavage of the
aggregated form of AB,_,,. We performed thioflavin-T assay to
monitor AB,_,, aggregation. The thioflavin-T fluorescence of
AB,_,, incubated with or without ACE or of the mouse brain
lysate showed no increase after 8 h of incubation. After 24 h of
incubation, the thioflavin-T fluorescence of AB,_,, incubated

alone and with the brain homogenate markedly increased; how- .

ever, ACE strongly inhibited the increase in thioflavin-T fluores-
cence (supplemental Fig. 14, available at www.jneurosci.org as
supplemental material). These results suggest that AB,_,, is con-
verted from nonfibril AB,_,, within 8 h of incubation. We pre-
viously reported that AB,_,, with random structures trans-
formed to a B-sheet structure after 4 h of incubation at 37°C (Zou
et al, 2003). Together with the present finding that the level of
APB,_4 converted from AB,_,, increased until 8 h of incubation,
it is possible that ACE generates AB,_,, from AB,_,, with both
random and B-sheet structures.

Next we examined whether ACE degrades or converts aggre-
gated AB,_,.. ACE did not reduce the thioflavin-T fluorescence
of aggregated AB,_4; after 24 h of incubation (supplemental Fig.
1B, available at www.jneurosci.org as supplemental material),
and no AB,_,, converted from AB,_,, was detected by Western
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Figure1, ACEconverts AB;_ ; t0AB,_ . A, We confirmed the spedificities of monodonal
anti-AB,;_ 4, (1A10) and-polyclonal anti-AB;_ ., antibodies. One micogram each of AB,_
andAp,_ , was stbjected to SDS-PAGE and then blotted onto a nitrocellulose membrane, and
the membrane was probed with anti-AB,_ ., and anti-AB,_, antibodies. B, Mouse brain
homogenate was mixed with or without synthetic AB, _ , and incubated at 37°C for 8 h. An
anti-AB,_ , antibody was used for detecting A B, _ ., generation. Captopri! {1 s} or enalapril
{1 ) markedly inhibited the generation of AB,_ , from AB,_ .. €, Top, The genotypes of
ACE(+/-+), ACE(+/—), and ACE(—/— ) mice were confirmed by Western blot analysis of the
brain homogenate using an anti-ACE pelydonal antibody (AF1513; R & D Systems). Middle,
Bottom, Mousebrain homogenate (middle) or serum (bottom) was mixed with 30 pmAB,_
andincubatedat37°Cfor 8 h. The generation of A B, _ ., was detected by Wester blot analysis.
b, Purifiedhuman ACE (2 U/ml) wasmixed with syntheticAB, _ (30 ), and themixture was
incubated at 37°C with or without ACE inhibitors, Top, AB,_,, Was generated in a time-
dependent manner. Bottom, EDTA (10 rs), captopril (1 zus), and enalapril (1 ) completely
inhibited the conversion of A, _ ,, t0 AB, _ . £ MALDI-TOF-MS revealed a new peak with a
mass of 4330 (corresponding to that of A, _ ;) after the incubation of AB,_, with AG,
indicating AB,_, generation. £, Captopril blocked AB,_,, generation in the mixture of
AB,__, and purified human ACEin a dose-dependent manner, The density of AB,_  bands
was measured by densitometry and normalized to the mean of the bands in the case ofincuba-
tion without captopril. ICg, was estimated to be ~-10 nw. G, Time-dependent alterations in
AB,_qandAB;_ levelsin the solution of AB,_ ; (10 pum) alone; AB,_ (10 paw) ang ACE
(20/mi); or AB;_ 5 {10 pase), ACE (2 U/mi), and captopril (1 pu). Each'solution was incubated
at 37°C for the time indicated. Ten microliters of each solution were collected at different time
points and immediately frozen at —80°C until analysls. The levels of AB,_ 5 and AB,_ 4, in
each sample were determined by ELISA. Data are the mean = SEM of three samples,
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Table 1. Kinetic parameters for conversion of AB1-42 to AB1- 40 by human
kidney ACE

Substrate Product K., () ko (s kKL s me )

AB o AB,. 7 42 600

ABy_q, peptides (0,25, 5, 10, 15, 20, 25, 30, and 50 sum) were incubated at 37°C for 8 h with human kidney ACE
{0.45 ). The level of A, _ o, was determined by ELISA, and K,,, k.,,, and k,,/K,, were then calculated.

blot analysis (data not shown), suggesting that ACE cannot de-
grade aggregated AB,_,, or convert aggregated AB,_,. to AB,_,,.
MALDI-TOF-MS demonstrated peaks with molecular masses of
4330 and 4514 after incubation for 8 h, which matched the pre-
dicted masses of AB,_,, and AB,_,. respectively (Fig. 1E).
MALDI-TOF-MS of the reaction mixture of ACE and AB,_,,
revealed several peaks with masses corresponding to those of
ABi_35 AB13ss ABy2p ABy oy and AB, g inadditionto AB,_y,.
Interestingly, however, no AB,_ss AB,_;, or AB,_» was detected
by our MALDI-TOF-MS. No AB,_,, was detected by MALDI-
TOF-MS in a solution of purified ACE or synthetic AB,_,, af-
ter incubation at 37°C (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). The ICq, of captopril
needed for purified human ACE to convert AB, _;, to AB,_,, was
~10 nM, indicating the specific inhibitory effect of captopril on
ACE-mediated AB,_;,-to-AB,_,, conversion (Fig. 1E).

Next we determined the level of AB,_,, converted from
ABy_s, and that of AB,_,, remaining in the mixture of AB,_,,
and ACE using an ELISA kit. To determine the level of AB, _,, lost
from the solutions as a result of the “sticky” nature of AB,_,,, we

also determined AB,_,, level in the absence or presence of ACE "

with' an ACE inhibitor as control. During the incubation of
AB;_4, with ACE for 2-8 h, ~10-20% of the degraded AB,_,,
was converted to AB,_,,. These results indicate that AB,_,, can
be generated from AP, _,, through the action of ACE and that
ACE deaves AB,_,. at other sites as well (Fig. 1F), which are
supported by the results of MALDI-TOF-MS. Moreover, AB,o/
AP, ratio increased during the incubation period, suggesting
that ACE decreases AB,,/AB,, ratio via its AB,_s»-t0-AB,_0-
converting activity (data not shown). To understand the catalytic
efficiency of ACE converting Af3,_,, to AB,_,, we performed a
kinetic assay of this conversion. The K,,,, k..., and k_ /K, of the
APBy_4x-to-AB,_,, conversion by ACE were determined to be 7
pM, 4.2 s7', and 600 s ~'-mM ~!, respectively (Table 1). These
values were similar to those of ACE for angiotensin I (Ang I)
hydrolysis (Hayakari et al., 2003). Thus, this AB,_,.-to-AB,_4,
conversion activity of ACE is likely favorable in vivo under nor-
mal physiological conditions.

To determine whether the human brain shows this A8, _,,-to-
AB,_4,-converting activity and whether the activity is inhibited
by ACE inhibitors, we used the frontal cortex from a 76-year-old
non-AD subject. To exclude the effect of endogenous AB,_,,, we
labeled synthetic AB,_,, with biotin. The sites of biotinylation
were at lysine residues amino acid positions 16 and 28 in AS,_ ..
The biotinylated ABs were purified with avidin agarose, and bio-
tinylated AB,_,o generated from biotinylated AB,_,, was de-
tected by Western blot analysis. Similar to the results for the
mouse brain homogenate, the incubation of AB,_,, with the hu-
man brain homogenate resulted in the generation of AB,_,,, and
this generation was inhibited by an ACE inhibitor, namely cap-
topril or enalapril (Fig. 24; supplemental Table 3, available at
www.jneurosci.org as supplemental material). No endogenous
AP_4 was detected in the human brain homogenate that was
incubated without biotinylated AB,_,, (Fig. 2A). These results
indicate that the human brain also shows AB,_,,-to-AB,_ 4~
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Figure 2. The human brain shows AB,_ ,-to-AB,_ -converting activity, and this ACE
activity decreases in AD brain, 4, The frontal cortex from a non-AD subject was homogenizedin
PBS. Biotinylated AB,_ ,, Was added to the resulting homogenate, and the mixture was incu-
bated at 37°C for 8 h with or without 1 s ACEinhibitar, namely captopril or enalapril. Biotin-
ylated ABs were then purified using avidin agarose, and the conversion of AB,_ ¢ to ABy_ 4
was detected by Westem blot analysis using an anti-A 8,_ ., monodonal antibedy (1A10) and
ananti-AB,_ ,, polydonal antibody. B, The cortices from the frontal gyri of the non-AD subjects
and AD patients were homogenized in a fysis buffer, The resulting homogenate was centri-
fuged, and ACE activity in the supematant was determined using an ACE colorimetric kit. The
ACE activities of 15 non-AD control individuals (Cont) and 15 AD patients were measured. €, The
ACE expression level in the frontal cortex of those 30 subjects was determined by Westem blot
analysis, and a representative image is shown. Twenty micrograms of protein from the brain
homogenate were subjected to SDS-PAGE and Western blot analysis. The membrane was
probed with an anti-ACE polyclonal antibody. D, The relative densities of the ACE bands were
determined by densitometry. AD cases exhibited a significantly decreased ACE expression level.
Data are the mean + SEM of 15 samples. *p << 0.05 versus non-AD control by Mann—Whitney
Utest, .

converting activity and that this activity is mainly mediated by
ACE. To determine whether ACE activity and ACE expression
level are altered in AD brains, we measured ACE activity and
determined ACE expression level by Western blot analysis. AD
brains showed reduced ACE activity and expression level com-
pared with age-matched non-AD brains (Fig. 2 B-D).

To determine whether ACE inhibition promotes AD pathol-
ogy, we administered captopril, a blood-brain barrier-
penetrating ACE inhibitor, to an AD mouse model (hAPPsw,
Tg2576) (Hsiao et al., 1996) and assessed its effect on brain amy-
loid deposition. Tg2576 mice were fed with a captopril-
supplemented diet (captopril, 30 mg/kg of body weight/d) from 6
months of age. The mice were killed at 13 and 17 months of age,
and their brains were analyzed. In the 13-month-old mice, cap-
topril treatment resulted in a trend toward an increase in the
number of thioflavin-S-positive plaques (n = 6 per group; con-
trol neocortex, 27.9 £ 6.3; neocortex of captopril-treated mice,
349 = 7.3; p = 0.8728; control hippocampus, 11.3 * 3.2; hip-
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pocampus of captopril-treated mice, 21.3 + 5.8; p = 0.2623,
Mann-Whitney U test). Interestingly, the ELISA of ABs demon-
strated a significantly higher AB, _,, level in the neocortex of the
13-month-old captopril-treated mice than in that of the control
mice (control, 504.6 * 14.1 pmol/g; captopril-treated mice,
643.7 % 49.0 pmol/g; p = 0.0374); however, the level of AB,_,,
remained unchanged (control, 1690.2 + 141.4 pmol/g; captopril-
treated mice, 1700.0 * 249.8 pmol/g; p = 0.9361, Mann-Whit-
ney U test). These results suggest that captopril treatment en-
hances AB,_,; deposition to a greater extent than AB,_,,
deposition in the brain,

The analysis of the 17-month-old captopril-treated mice
showed 2.5-fold and twofold increases in the number of
thioflavin-S-positive plaques in the cortex and hippocampus, re-
spectively, compared with that of the control mice (Fig. 3B,G).
Moreover, AB,_,,-immunopositive areas in the neocortex and
hippocampus were respectively 2.6-fold and twofold larger in the
17-month-old captopril-treated mice than in the control mice
(Fig. 3A,C,H). Captopril treatment resulted in an increase in
APB,\_4o-immunopaositive area; however, the increase was not sta-
tistically significant (Fig. 3A, D,1). These histological findings are
supported by ELISA results. AB,_y, level increased significantly
higher (1.6-fold higher) in the neocortex of the captopril-treated
mice than in that of the control mice, whereas AB,_,, level
showed no significant increase in the neocortex of the captoptil-
treated mice (Fig. 3E, F). Consistent with a previous study
(Kawarabayashi et al., 2001), the present study also showed that
small “diffuse plaques” appear to be labeled preferentially by the
anti-AB,_,, antibody, whereas big “cored plaques” are labeled by
the anti-AB,_,, antibody (Fig. 34). Captopril treatment de-
creased serum ACE activity by 40% and neocortex ACE activity
by 26% in the 17-month-old captopril-treated Tg2576 mice com-
pared with that in the control mice (Fig. 3],K). The activity of
brain ACE significantly and inversely correlated with enhanced
thioflavin-S-positive plaque formation in the neocortex of the
mice (Fig. 3L). These findings indicate that ACE inhibition pro-
motes a greater degree of and earlier AB,_,, deposition than
APB,_4, deposition, suggesting that alow ACE activity in the brain
promotes AD development by enhancing AB,_,, deposition.

To determine whether acute ACE inhibition hasa direct effect
on the levels of brain ABs, we treated Tg2576 mice with captopril
by one-shot oral gavage. The Tg2576 mice used for this experi-
ment were 9 months of age, younger than those used for chronic
treatment and supposed to have few AB deposits. The one-shot
oral gavage of captopril (30 mg/kg of body weight in a volume of
150 pl} to Tg2576 mice resulted in a significant decrease in serum
ACE activity (control, 248 * 21 U/L; captopril-treated mice,
43 = 2U/L; p <0.01, Mann-Whitney U'test; n = 6 each group).
The ACE activity in the neocortex of the captopril-treated mice
was significantly lower than that of the control mice (control,
38 £ 4 mU/L; captopril-treated, 32 + 5 mU/L; Mann-Whitney U
test, p < 0.05; n = 6 each group). However, the acute ACE inhi-
bition resulted in no significant increase in the level of AB,_,,
(control, 391 * 99 pmol/g; captopril-treated mice, 619 * 94
pmol/g; p = 0.15, Mann-Whitney U test; n = 6 each group) or
AB\_4o .(control, 929 * 164 pmol/g; captopril-treated mice,
1270 % 156 pmol/g; p = 0.20, Mann-Whitney U'test; nn = 6 each
group) in the Tg2576 mouse brain. These results suggest that
ACE inhibition does not significantly alter brain AB degradation
in the acute phase.

To exclude the possibility that captopril affects y-secretase
processing, thereby altering AB,,/AB,, ratio, we treated fibro-
blasts stably expressing hAPP695 with captopril and quantified
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the secreted AB,_,o and AB,_,,. No cellular ACE in this cell line
was detected by Western blot analysis using several anti-ACE
antibodies [MAB3500 and MAB3502 (Millipore); ACENabm-
9B9 (RD], Flanders, NJ); 2E2 (Serotec, Oxford, UK); 19501 (QED
Bioscience, San Diego, CA); AF1513 (R & D Systems, Minneap-
olis, MN)] (Fig. 4A) (data not shown). No ACE activity was
detected in this cell line either (Fig. 4 B). We used a mouse kidney
homogenate as a positive control. ACE and ACE activity in the
kidney homogenate were clearly detected, and ACE activity was
inhibited by captopril (Fig. 44, B). The treatment with captopril
did not alter AB,_,, or AB,_.; level or AB,,/AB,, ratio in fibro-
blasts, indicating that captopril has no effect on y-secretase activ-
ity in terms of the shift from AB,_, secretion to AB, _,, secretion
(Figs. 4C,D). These results suggest that the enhanced predomi-
nant AB,_,, deposition in the captopril-treated Tg2576 mice is
caused by the inhibition of ACE-mediated AB,_,;-to-AB,_,q-
converting activity and AB,_,, and AB,_,, degradations, and not
by altering <y-secretase processing.

Discussion

Here, we reported for the first time that ACE converts A8, _,, to
AP, _4 and that a chronic inhibition of ACE enhances predomi-
nant AB,_,, deposition in vivo. A high AB,_,, level or a high
AB,2/ABy, ratio appears crucial in AD pathogenesis. Although
their molecular mechanisms are not yet fully understood, AB,_,,
and AB,_,, generations are supposed to be modulated by the shift
of y-cleavage (Weggen et al., 2001; De Strooper, 2003; Lleo et al.,
2004). In addition to the 7y-cleavage shift theory, AB,_,, and
AB,_,; have recently been suggested to be generated from a
longer form of AB species generated by s-cleavage at every three
residues in its carboxyl portion; however, the enzyme involved in
carboxypeptidyl cleavage has not yet been identified (Qi-
Takahara et al.,, 2005). Our present study showed a novel catab-
olism pathway for modulating AB,_,, degradation; that is, ACE
generates, AB,_,, from secreted AB,_,, by carboxydipeptidyl
cleavage in the mouse and human brains.

ACE is a zinc métallopeptidase and a dipeptidyl carboxypep-
tidase that cleaves 2 aa from the C terminus of Ang I and converts
Ang I to the vasoactive and aldosterone-stimulating peptide Ang
IT (Corval et al., 1995). ACE is a membrane-bound enzyme in

. endothelial cells and several types of epithelial and neuroepithe-

lial cells. The active site of ACE is located in the extracellular
space, and the unbound form of ACE circulating in biological
fluids, such as plasma and CSF, and both types of ACE have
enzymatic activity (Zubenko et al., 1985; Rigat et al., 1990; Sibony
et al,, 1993). These lines of evidence support our findings that
ACE converts AB,_,; to AB,_,, and degrades ABs under physio-
logical conditions, thereby contributing to the prevention of AS
deposition in the brain. In this study, ~10-20% of degraded
APB,_4, was converted to AB,_,, in the presence of ACE.
Previous studies showed that the major cleavage site of AB,_,
is between amino acid positions 7 and 8 (Hu et al., 2001; Oba et
al., 2005). If the AB,_,, generated from AB,_,, was subsequently
cleaved between amino positions 7 and 8 by ACE, then AB,_,,
could have been detected by MALDI-TOF-MS. However, no gen-
eration of AB,_;, ABs_40, 0T AB;_., in the reaction mixture of
ACE and AB,_,, was detected by MALDI-TOF-MS, indicating
that no cleavage between amino positions 7 and 8 occurs in our
system. What causes this discrepancy remains undetermined. It is

. possible that AB,_,, and AB,_,, have different conformations,

which may allow ACE to access these species differently. Another
explanation may be that the ACE used in this study contained the
plasma membrane domain from the human kidney, and that
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Figure3. Long-term inhibition of ACE activity enhances A, _ , deposition in the 17-month-old hAPPsw transgenic mouse (Tg2576) brain, Tg2576 mice at 6 months of age were treated with
aptopril (30 mg/kg of body weight/d) and killed after 11 months of treatment. 4, Sagittal brain sections of 17-month-old control diet-fed and @ptopril-supplemented diet-fed mice were stained
with antibodies specific for AB, _; and AB, _ ,, to detect human A3 deposition. Representative images of hippoampi and neocortices with or without treatment are shown. The left four panels
are images immunostained by the anti-AB,_ ,, antibody, and the right four panels are images of brain sections immunostained by the anti-A3, _ ., antibody. Scale bar, 500 gum, B/, Determi-
nations of the number of thioflavin-S-positive plaques (B, 6} and immunopositive area demonstrated by anti-AB, _ ,, antibody (C, ¥ ) and anti-AB, _ ., antibody (D, /) Inbraln neocortex (B-D) and
hippocampus [G-; n = 15 for control diet (Cont; open dircles); n = 11 for captopril diet (Capt; filled dircles)). £, F, AB,_ , (E) and AB,_,, (F) levels determined by ELISA in brain neocortex of
17-month-old mice fed with control and captopril-supplemented diets. The ELISA data induded both soluble and insoluble ABs. J, K, Serum {J) and néocortex (K) ACE activities in mice fed with
control dietand captopril-supplemented diet. L, Significant inverse correlation between ACE activity and the number of thioflavin- -S-positive plaguesin neocortex. Data are themean = SEM; p was
determined by the Mann-Whitney U test (B-K) and Spearman rank test (L), *p < 0.05; **p < 0.01; *Rp < 0,001,
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Figure 4,  Effect of captopril on AB,_o/AB,_ , r2tio in hAPP-gxpressing fibroblasts. 4,
Fibroblast homogenate and wild-type mouse kidney homogenate (40 g of protein) were
subjected to Western blot analysis using an anti-ACE potydonal antibody. No cellular ACE in
fibroblasts was detected, whereas ACE in the mouse kidney homogenate as a positive control
was dearly detected. B, ACE activities in the fibroblast and kidney homogenates were deter-
mined. ACE activity in the fibroblast homogenate was very low, wherea' that in kidney homog-
enate was detectable, which was dearly inhibited by captopril (1 um) treatment (filled bars, no
a@ptopril; open bars, captopril). €, Fibroblasts stably expressing human APP69S were grown in
DMEM containing 10% FBS. The cells were treated with or withaut captopril at 100% confluence
after changing the autture medium. TheA B, _ ., andAB, _ , levels in the medium were deter-
mined by ELISA after 24 h. Rlled bars, AB,_ 4, open bars, AB,_ . D, AB/AB,, ratio was
alalated. € D, Note that captapril did not alter the fevels of sereted ABs {Q) or AB,/AB,
- ratlo (D).

used in previous studies was the secreted form of ACE in human
seminal plasma or Cos7-secreted conditioned media. Additional
studies are required to clarify this. In this study, MALDI-
TOF-MS demonstrated a peak corresponding to AB,_,, in the
reaction mixture of ACE and AB,_,, but no peak corresponding
to AP1-38. This suggests that ACE does not cleave the 2
C-terminal amino acids of AB,_y,.

In addition, one may question why AB,_,, level increases if
AB_4o can be digested further. It is possible that the most pre-
dominant substrate at the start of the reaction is AB,_,, and that
the degradation of AB,_,, is negligible because the level of AB, _,,
generated from AB,_,; is extremely low (Fig. 1 F).

To understand the role of ACE in vive, we induced a chronic
ACE inhibition in Tg2576 mice and found that the ACE inhibi-

tion enhances AB deposition in vivo. However, it is important to
" determine whether acute and short-term treatment with capto-
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pril also increases brain soluble A level. To exclude the effect of
A deposition, we used younger Tg2576 mice, whose brain shows
almost no A deposition (Kawarabayashi et al., 2001), in this
experiment. An acute, one-shot oral administration of captopril
to the young Tg2576 mice resulted in a significant decrease in
serum and brain ACE-activities; however, the level of brain
ABy_4; or AB,_,o was not significantly affected. A recent in vivo
study also shows that ACE inhibitors at doses similar to those
used clinically do not increase the levels of brain ABs (Eckman et
al., 2006). Previous studies using purified human seminal plasma
ACE and cultured cells showed that ACE degrades ABs and ACE
inhibition increases AB levels in APP- and ACE-transfected cells
(Hu et al., 2001; Hemming and Selkoe, 2005; Oba et al., 2005).
However, these findings seem to disagree with those of in vivo
studies. One explanation may be that other AB-degrading en-
zymes, such as neprilysin, the insulin-degrading enzyme, and the
endothelin-converting enzyme may compensate for the acute re-
duction in ACE activity in vivo. An important issue to be stressed
is that even a high captopril dose induces only a slight decrease in
brain ACE activity; however, long-term captopril treatment in-
duces a marked and significant enhancement of AB deposition in
the aged mouse brain. Thus, additional studies are required to
determine the chronic effect of ACE inhibitors at clinical doses on
AD pathology and development.

Numerous studies have shown that the I allele of ACE D/I
polymorphism is associated with an increased risk of late-onset
AD (Hu et al., 1999; Kehoe et al., 1999; Elkins et al., 2004; Leh-
mann et al,, 2005) and that I polymorphism is associated with a
decreased serum ACE level (Rigat et al,, 1990). ACE activity in
CSF from patients with a moderately severe senile dementia of
the AD type has been shown to decrease to 41% of that in CSF
from non-AD patients (Zubenko et al., 1985). Because ACE in-
hibitors are widely used in patients with hypertension, which is a
risk factor for AD, it is important to determine the effects of ACE
inhibitors on AB deposition in vivo. We have treated an AD
mouse model (hAPPsw, Tg2576) (Hsiao et al., 1996) with capto-
pril, ablood-brain barrier-penetrating ACE inhibitor, and found
that, consistent with our in vitro findings, treatment with capto-
pril enhances the depositions of AB,_,, and AB,_,,, but more
prominently that of AB, _,. in mouse brains. This suggests that a
certain amount of AB,_,, is generated by ACE from secreted
AB,_,; and that treatment with ACE inhibitors may be a risk
factor for AD. There have been very few clinical studies analyzing
the effects of ACE inhibitors on AD development and cognitive
decline in AD patients, and results to date are inconclusive
(Birkenhager et al., 2004; Gard and Rusted, 2004; Ohrui et al.,
2004; Khachaturian et al., 2006). Therefore, additional studies are
required to determine the effects of ACE inhibitors both on AS
deposition in the brain of patients during long-term medication
with ACE inhibitors and on the cognitive ability of AD patients
without hypertension. Together, the results of this study suggest
that the upregulation of ACE activity may decrease AB,,/AB,
ratio and the levels of ABs and can be used as a strategy for
developing novel therapeutic regimens for AD patients without
hypertension.
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The mechanism underlying plaque-independent neuronal
death in Alzheimer disease (AD), which is probably responsible
for early cognitive decline in AD patients, remains unclarified.
Here, we show that a toxic soluble A assembly (TAB) is formed
in the presence of liposomes containing GM1 ganglioside more
rapidly and to a greater extent from a hereditary variant-type
(“Arctic”) AP than from wild-type AB. TAB is also formed from
soluble AB through incubation with natural neuronal mem-
branes prepared from aged mouse brains in a GM1 ganglioside-
dependent manner. An oligomer-specific antibody (anti-Oligo)
significantly suppresses TAB toxicity. Biophysical and struc-
tural analyses by atomic force microscopy and size exclusion
chromatography revealed that TA is spherical with diameters
of 10-20 nm and molecular masses of 200-300 kDa. TAB
induces neuronal death, which is abrogated by the small inter-
fering RNA-mediated knockdown of nerve growth factor recep-
tors, including TrkA and p75 neurotrophin receptor. Our
results suggest that soluble AB assemblies, such as TAB, can
cause plaque-independent neuronal death that favorably occurs
in nerve growth factor-dependent neurons in the cholinergic
basal forebrain in AD.

* The poor correlation between amyloid load in the brain and
the degree of neurological deficits in patients with Alzheimer
disease (AD)? (1) or animal models of AD (2, 3) argues against
amyloid fibrils being the primary toxic AB species. Recently,
soluble AB assemblies, also referred to as AB oligomers (4),
protofibrils (5, 6), or AB-derived diffusible ligands (7), have
attracted attention because of their potency to impair neuronal
function or induce neuritic degeneration (7-13). Several possi-
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bilities have been proposed in regard to the toxicities of soluble
Ap assemblies (e.g. the binding of assemblies to target mole-
cules on neuronal membranes (7, 14) and the ubiquitous dis-
ruption of the plasma membrane in association with the per-
turbation of ionic homeostasis (15)). It is also noteworthy that
neurotoxicities induced by soluble AB assemblies are mediated,
at least in part, by the activation of signal transduction path-
ways, including those involving Src family kinases, extracellular
signal-regulated kinase, or sphingomyelinases (7, 11, 16, 17).
Notably, the level of soluble AB assemblies increases in the
brain and cerebrbspinal fluid of AD patients (18, 19, 20, 21, 22),
and oligomer-specific immunoreactivity is readily observed in
the AD brain (23). Furthermore, the inhibition of long term
potentiation and the impairment of cognitive function in vivo
can be induced by natural AB oligomers (9, 24) or a specific AS
assembly called AB*56, which has recently been isolated from
Tg2576 mice (expressing a human amyloid precursor protein
variant-linked familial AD) (25). Additionally, recent studies
using AD mouse models revealed that soluble AB assemblies
may play a role in the induction of tau pathology (26) and that
the genetic deletion of B-secretase, which is responsible for AB
production, rescues temporal memory deficit in conjunction
with the suppression of the increase in the levels of cerebral
Ap-derived diffusible ligands (27). These lines of evidence indi-
cate the pathological relevance of these soluble AB assemblies

in AD development. However, it remains to be elucidated how

these assemblies are formed in vivo.

Several mutations within the AB sequence have been
reported to be responsible for the development of familial AD
and hereditary cerebral amyloid angiopathy (28 -32). Among
these mutations, the Arctic mutation, unlike other mutations,
accelerates the development of clinical and neuropathological
features indistinguishable from those of sporadic AD, although
it does not increase AB42 level or AB42/AB40 ratio (30). The
pathological features induced by the Arctic mutation, including
predominant A deposition in the brain parenchyma, have also
been confirmed in transgenic mice (33). Notably, AB bearing the
Arctic mutation shows a propensity to form neurotoxic nonamy-
loid assemblies, including prototibrils, amyloid pores, and small
nonfibrillar assemblies (13, 30, 34). Thus, researchers have focused
onthe Arctic mutation in terms of the mechanisms underlying the
formation of soluble and insoluble A8 assemblies.

Inregard to the assembly of wild-type and hereditary variant-
type ABs, we have recently observed that Arctic-type AB, unlike
other hereditary variant-type ABs (i.e. Dutch-type, Italian-type,
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and Flemish-type ABs), preferably assembles in the presence of
GM1 ganglioside, as does wild-type AB (35, 36). We also
reported that GM1 ganglioside level increases in synaptosomes
prepared from aged, human apolipoprotein E4 knock-in mice
(37). Thus, it is possible that an alteration in the expression or
distribution of GM1 ganglioside is the background to the
assembly and deposition of AB in the brain parenchyma. This
possibility has been supported by findings of recent studies as
follows: 1) GM1 ganglioside level increases in membrane
microdomains isolated from the frontal cortex but not from the
temporal cortex, reflecting earlier and later stages of AD
pathology, respectively (38), and 2) GM1 ganglioside level also
increases in amyloid-positive nerve terminals obtamed from
the AD cortex (39).

In this study, we aimed to characterize the toxicity of assem-
blies formed from Arctic-type AB in the presence of GM1 gan-
glioside. We found that a toxic soluble AB assembly (TAP) is
formed more rapidly and to a greater extent from Arctic-type
ABinthe presence of GM1 ganglioside than from wild-type AB.
Furthermore, our results suggest that TAB induces nerve
growth factor (NGF) receptor-mediated neuronal death. Thus,
we propose that soluble AB assemblies, such as TAB, are
responsible for plaque-independent neuronal death that favor-
ably occurs in NGF-dependent neurons in AD.

MATERIALS AND METHODS

Preparation of Seed-free AB Solutions and Liposomes—Syn-
thetic wild-type AB (AB40) and Arctic-type AB (AB40) (Pep-
tide Institute, Osaka, Japan) were dissolved in 0.02% ammonia
solution at 500 uM. To obtain seed-free A solutions, the pre-
pared solutions were centrifuged at 540,000 X gfor 3 h using an
Optima TL ultracentrifuge (Beckman) to remove undissolved
peptides that can act as preexisting seeds. The supernatant was
collected and stored in aliquots at —80 °C until use. Immedi-
ately before use, the aliquots were thawed and diluted with
Tris-buffered saline (150 mm NaCl and 10 mm Tris-HCl, pH
7.4). To prepare liposomes, cholesterol (Sigma), sphingomyelin
(Sigma), and GM1 ganglioside (Matreya LLC) were dissolved in
chloroform/methanol at a molar lipid ratio of 50:50:0, 45:45:10,
42.5:42.5:15, or 40:40:20. The mixtures were stored at —80 °C
until use. Immediately before use, the lipids were resuspended
in Tris-buffered saline at a ganglioside concentration of 2.5 mm,
and the suspension was subjected to freezing and thawing and
sonication.

Cell Culture—Cerebral cortical neurons were prepared from
embryonic- day 17 Sprague-Dawley rats and cultured in a
serum-free medium consisting of Dulbecco’s modified Eagle’s
medium nutrient mixture and N2 supplement. Rat pheochro-
mocytoma PC12 (PC12) cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (Invitrogen) supplemented with 10% heat-
inactivated horse serum (Invitrogen) and 5% fetal bovine serum
{Invitrogen). For their differentiation, PC12 cells were plated
on 2-cm? poly-L-lysine-coated (10 mg/ml) dishes at a density of
20,000 cells/cm? and cultured for 6 days in Dulbecco’s modified
Eagle’s medium supplemented with 100 ng/ml NGF (PC12N)
(Alomone Laboratories, Jerusalem, Israel). Human neurablas-
toma SH-SY5Y (SY5Y) cells were cultured in Dulbecco’s mod-
ified Eagle’s medium/Ham's F-12 medium supplemented with
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10% fetal bovine serum. All of the cells were cultured in humid-
ified 5% CO, at 37 °C.

AB Incubation in the Presence of GM1 Ganglioside—A seed-
free AB solution was incubated at 37 °C and 50 M, unless oth-
erwise indicated, in the presence or absence of GM1 ganglio-
side-containing liposomes, as previously reported (40). The
concentration of GM1 ganglioside in the incubation mixtures
was 500 uM, and the molar ratio of GM1 ganglioside in the
liposomes varied, as indicated in each figure.

ThT Assay—ApB solutions were incubated in the presence of
liposomes at 50 pM and 37 °C for various durations. The ThT
fluorescence intensity of the incubation mixtures was deter-
mined using a spectrofluorophotometer (RF-5300PC) (Shi-
madzu Co., Kyoto, Japan). The optimum fluorescence intensity
of amyloid fibrils was measured at excitation and emission
wavelengths of 446 and 490 nm, respectively, with the reaction
mixture (1.0 ml) containing 5 umM ThT and 50 mm glycine-
NaOH at pH 8.5. The fluorescence intensity was measured
immediately after preparing the mixture.

LDH Release Assay—The LDH assay was performed on
medium using an LDH assay toxicity kit (Promega, Madison,
WI). The degree of LDH release in each sample was assessed by
measuring absorbance at 490 nm using an Emax precision
microplate reader (Molecular Devices Corp., Sunnyvale, CA).
Background absorbances, as assessed using cell-free wells, were
subtracted from the absorbances of each test sample. Absor-
bances measured from three wells were averaged, and the per-
centage degree of LDH release was calculated by dividing the
absorbance measured from each test sample following treat-
ment with 1% Triton X-100to induce the release of intracellular
LDH according to instructions provided by the manufacturer.

Electron and Atomic Force Microscopies—For electron
microscopy, the samples were diluted with distilled water and
spread onto carbon-coated grids. The grids were negatively
stained with 2% uranyl acetate and examined under a JEM-
2000EX transmission electron microscope (Tokyo, Japan) with
an acceleration voltage of 100 kV. Atomic force microscopy
(AFM) assessment was performed as described elsewhere (41).
Briefly, the samples were dropped onto a freshly cleaved mica.
After leaving them to stand for 3 min and then washing with
water, the samples were assessed in a solution using a Nano-
scope Illa (Digital Instruments, Santa Barbara, CA) set in the
tapping mode (42). OMCL-TR400PSA (Olympus, Japan) was
used as a cantilever. The resonant frequency was ~9 kHz.

Size Exclusion Chromatography—The molecular mass of
TApB was determined using a Superose 12 size exclusion col-
umn (1 X 30 cm; GE Healthcare) equilibrated with phos-
phate-buffered saline (pH 7.4) at a flow rate of 0.5 ml/min.
Thirty-five fractions were collected and analyzed by dot
blotting using anti-Oligo.

Preparation of Synaptosomes—Synaptosomes were prepared
as previously described (43). A hippocampus or a whole brain
minus the hippocampus was homogenized in 0.32 M sucrose
buffer containing 0.25 mm EDTA. The homogenate was centri-
fuged at 580 X g for 8 min. The supernatant was centrifuged at
145,000 X g for 20 min. The resulting pellet was suspended in
0.32 M sucrose buffer without EDTA and layered over Ficoll in
sucrose buffer. Following centrifugation at 87,000 X g for 30
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min, the synaptosome-rich interface was removed and recen-
trifuged to remove any remaining Ficoll.

RNA Interference—Stealth™ small interfering RNA (siRNA)
duplex oligoribonucleotides against PC12 cell TrkA (Gen-
Bank™ number NM_021589) and the p75 neurotrophin
receptor (p75NT®) (GenBank™ number NM_012610) were
synthesized by Invitrogen. The siRNA sequences used were as
follows: rTrkA-siRNA (position 1370) sense (5'-GCCCUC-
CUCCUAGUGCUCAACAAAU-3") and antisense (5'-AUUU-
GUUGAGCACUAGGAGGAGGGC-3'); rTrkA-siRNA-con-
trol sense (5'-GCCCUCCGAUCUCGUCAACAUCAAU-3")
and antisense (5'-AUUGAUGUUGACGAGAUCGGAGGGC-
3'); rp75-siRNA (position 1212) sense (5'-CAGCCUGAA-
CAUAUAGACUCCUUUA-3') and antisense (5'-UAAAG-
GAGUCUUAUAUGUUCAGGCUG-3'); rp75-siRNA-control
sense (5'-CAGGUAAACAUAUAGUCCCUCCUUA-3') and
antisense (5'-UAAGGAGGGACUAUAUGUUUACCUG-3').
The control siRNA had a random sequence. siRNA oligonu-
cleotides were transfected into PC12 cells using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol.

RESULTS

Toxicity of AB Assembly Formed from Arctic-type AB—We
treated primary neurons with seed-free wild- or Arctic-type
ApB, which had been preincubated for 2 h in the absence or
presence of GM1 ganglioside (10 or 20% molar ratio in the lipids
composing liposomes). Unexpectedly, extensive neuronal
death was observed in the culture treated with Arctic-type AB,
which had been preincubated for 2 h in thé presence of GM1
ganglioside at a 10% molar ratio in liposomes (Fig. 14). The
extent of neuronal death under this condition was greater than
that under any other conditions examined in this study (Fig. 1,
A and B).

To quantitatively characterize the toxic AB assembly, we
examined its toxicity against NGF-treated PC12 cells (PC12N
cells). We found that PC12N cells are also sensitive to the toxic
Ap assembly formed from Arctic-type AB (Fig. 1C). We per-
formed an LDH release assay of cultures of PC12N cells under
various conditions. The level of LDH released from the PC12N
cells, which were treated with the toxic AB assembly, increased
depending on AB dose (Fig. 10), GM1 ganglioside dose (Fig.
1£), and the duration of the exposure of the cells to the toxic A
assembly (Fig. 1F). In regard to the time course of A8 preincu-
bation with GM1 ganglioside, the level of released LDH
increased with peak value at 2 h and then decreased in conjunc-
tion with an increase in the ThT fluorescence intensity of the
incubation mixtures (Fig. 1G).

The Toxic AP Assembly Is Soluble—Importantly, the toxicity
of the AB incubated in the presence of GM1 ganglioside was
observed exclusively in the supernatant obtained by ultracen-
trifuging the incubation mixture (Fig. 24), suggesting that the
toxic AB assembly is soluble. To examine the possibility that a
TAB s formed in the presence GM1 ganglioside, we performed
dot blotting using an oligomer-specific antibody (anti-Oligo)
(23). TAB in the incubation mixtures was readily recognized by
anti-Oligo (Fig. 2B). The specificity of TAB recognition by anti-
Oligo was confirmed by the finding that TAB toxicity was sig-
nilicantly neutralized by coincubating the mixtures with anti-
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Oligo in the cultures of PC12N cells and primary neurons (Fig.
2C). However, coincubation with a monoclonal antibody
(4396C), which inhibits A fibrillogenesis through binding to
GM1 ganglioside-bound A as a seed (40), failed to inhibit the
induction of TAB toxicity (Fig. 2D).

TAPB Formation- from - Wild-type AB—We then examined
whether TAB is also formed from wild-type AB (AB40). We
first investigated how TAB is formed from wild-type AB in the
presence of liposomes containing GM1 ganglioside. Interest-
ingly, TA is favorably formed from wild-type AB in the pres-
ence of GM1 ganglioside at a 15% molar ratio in liposomes (Fig.
34). TAB toxicity was not significant in the nanomolar range of
AB (Fig. 3B).

Biophysical and Structural Features of TAB—To determine
the biophysical and structural features of TAB, we performed
SDS-PAGE of the incubation mixtures containing TAB. How-
ever, no high molecular weight bands corresponding to possible
Ap assemblies were detected. Bands were observed only after
cross-linking pretreatment with glutaraldehyde (Fig. 44), con-
sistent with previous findings showing that soluble AB assem-
blies are probably degraded by denaturing gel electrophoresis
(6) unless they are cross-linked (44, 45). A morphological anal-
ysis of TAB by electron microscopy failed to detect any definite
structure under conditions in which protofibrils, which had
been prepared as previously reported (30), were readily detect-
able (Fig. 4B). In contrast, spherical particles with diameters of
10-20 nm, along with rod-shaped structures, were observed by
AFM in the supernatant obtained by ultracentrifuging the incu-
bation mixtures containing TA B (Fig. 4C). We then determined
the molecular mass of TAB by size exclusion chromatography,
which was followed by dot blotting using anti-Oligo. The
immunoreactivity was recovered as a single peak with relative
molecular masses of 200300 kDa (Fig. 4D). The recovery of
TAB immunoreactivity in the same fraction was also observed
in the incubation mixture containing wild-type AB (A840) and
GM1 ganglioside at a 15% molar ratio in liposomes (Fig. 4D).
Furthermore, the collected peak showed a significant toxicity
against PC12N cells (Fig. 4E).

TAB Formation in the Presence of Natural Neuronal
Membranes—Next, we tested whether TAB can be formed in
the presence of natural neuronal membranes. We incubated
Arctic-type ABin the presence of synaptosomes prepared from
brains of mice from three different age groups. The degree of
TAp formation was significantly higher in the incubation mix-
ture containing synaptosomes prepated from the hippocampus
of aged (2-year-old) mouse brains than in any other incubation
mixtures, including those containing synaptosomes from the
hippocampus or the whole brain minus the hippocampus from
younger (1-month-old and 1-year-old) mouse brains (Fig. 54).
To determine the possibility that an alteration in the lipid
composition of neuronal membranes, particularly GM1 gan-
glioside, underlies the acceleration of TAB formation, we
determined the levels of GM1 ganglioside, cholesterol, and
phospholipids in synaptosomes prepared from hippocampi
of young (1-month-old) and aged (2-year-old) mouse brains.
Notably, the GM1 ganglioside level significantly increased,
whereas cholesterol level significantly decreased with age
(Fig. 58).
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FIGURE 1. Toxicity of AB assembly formed in the presence of GM1 ganglioside against primary neurons and PC12N cells. A, primary cortical neurons cultured
for 48 h In serum-free N2-supplemented medium were treated at 37 °C for 48 h with incubation mixtures containing seed-free wild-type Af3 (A340) or Arctic-type AB
{A£40) at afinal concentration of 25 jum, which had been preincubated at 50 umand 37 °C for 2 hinthe absence or presence of GM1 ganglioside-containing liposomes.
The GM1 ganglioside concentration inthe incubation mixtureswas 500 um; the molar ratio of GM1 ganglioside in liposomes varied as indicated. Neurons were stained
with calcein AM (Iinvitrogen)/ethidium homodimer, showing green staining for viable cells and red staining for dead cells. Bar, 50 um. B, the number of viable neurons
in the culture shown in A was determined. Each column indicates the average of three percentages = S.D. relative to that of control cultures in which neither A nor
GM1 ganglioside was added. *, p < 0.0001 (one-way analysis of variance combined with Scheffe’s test). C, representative images of NGF-treated PC12 (PC12Nj) cells
treated at 37 °C for 48 h with incubation mixtures containing Arctic-type A3 (A340) at a final concentration of 25 um, which had been preincubated at 50 umand 37 °C
for 2 hin the absence or presence of GM1 ganglioside-containing liposomes. The GM1 ganglioside concentration in the incubation mixtures was 500 jm, and the
molar ratio of GM1 ganglioside in liposomes was 10%. Bar, 50 um. D and £, dose-response curves for the leve! of LDH released from cells treated with incubation
mixtures containing A, which had been preincubated as described in C, The concentrations of AB and GM1 ganglioside varied as indicated. The LDH value indicates
the percentage level of LDH released following treatment with incubation mixtures relative to the level of LDH released following treatment with Triton X-100. D, the
points indicate LDH levels in the incubation mixtures containing GM1 ganglioside minus those lacking GM1 gangliosides, which were negligible below 25 jwm AB. F
and G, time course curves for leve! of LDH released from the cells treated with incubation mixtures containing AB, which had been preincubated as described in A The
durations of celltreatment (F) and Af3 preincubation inthe presence of GM1 ganglioside (G) varied as indicated. ThT fluorescence intensities in the incubation mixtures
are also shown in G. D-G, each point indicates the average of four values = S.D.
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FIGURE 2. Recognition of toxic Ap assembly by oligomer-specific anti-
body. A, the level of LDH released from PC12N cells treated at 37 °C for 48 h
with supernatant (sup) or precipitate (ppt) obtained by ultracentrifuging
(540,000 X g, 15 min) incubation mixtures (whole) containing Arctic-type A
(A340) at final concentration of 25 um, which had been preincubated at 50 pm
and 37 °C for 2 h in the absence or presence of 500 um GM1 ganglioside (the
molar ratlo of GM1 ganglioside in liposomes was 10%). Each value indicates
the percentage level of LDH released following treatment with incubation
mixtures relative to the level of LDH released following treatment with Triton
X-100. Each column indicates the average of three values = S.D. %, p < 0.0001.
B, dot blot analysis of supernatant (sup) obtained by ultracentrifuging incu-
bation mixtures (whole) containing Arctic-type Ap alone, GM1 ganglioside
alone, or Arctic-type A3 plus GM1 ganglioside. The blots were reacted with
antl-Oligo (BIOSOURCE Inc., Camarillo, CA) or cholera toxin subunit B-horse-
radish peroxidase conjugate (Sigma) (CTX). C, the level of LDH released from
PC12N cells and primary neurons treated at 37 °C for 48 h with incubation
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FIGURE 3. TAB formation from wild-type AB. A, the level of LDH released
from NGF-treated PC12 (PC12N) cells treated at 37 °C for 48 h with incubation
mixtures containing Arctic-type AS3 (Aj340), wild-type Aj3 (Ap40) at a final
concentration of 25 um, which had been preincubated at 50 umfor2hat 37 °C
in the presence of GM1-ganglioside-containing liposomes. The GM1 gangli-
oside concentration in the incubation mixtures was 500 um, and the molar
ratio of GM1 ganglioside in liposomes varied as indicated. Each value indi-
cates the percentage level of LDH released following treatment with incuba-
tion mixtures relative to the level of LDH released following treatment with
Triton X-100. Each column indicates the average of three values = 5.D.% p <
0.0001. B, the level of LDH released from PC12N cells treated at 37 °C for 48 h
with incubation mixtures containing wild-type A at various concentrations,
which had been preincubated in the absence or presence of 500 um GM1
ganglioside (the molar ratio of GM1 ganglioside in liposomes was 15%). Each
point indicates the LDH level in the incubation mixtures containing GM1 gan-
glioside minus that of the incubation mixtures lacking GM1 gangliosides,
which was negligible below 25 um for wild-type AS.

100

Putative Mechanism Underlying TAB-induced Neuronal
Death—To characterize cell death induced by TAB, we per-
formed nuclear staining with a membrane-permeable dye,
Hoechst 33258. PC12N cells, which were treated with incuba-
tion mixtures containing TA for 12 h, showed characteristics
of apoptotic changes, including retracted neurites, shrunken

mixtures containing Arctic-type Af (AB40) at a final concentration of 25 um,
which had been preincubated at 50 um and 37 °C for 2 h in the presence of
GM1 ganglioside and anti-Oligo. Each column indicates the average of three
values £ SD. *, p < 0.0001, D, the level of LDH released from PC12N cells
treated at 37 °C for 48 hwith Arctic-type A3, which had been preincubated in
the presence of GM1 ganglioside and 4396C. Each column indicates the aver-
age of three values = 5.D. n.s., not significant.
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FIGURE 4. Biophysical and structural analyses of TAB. A, Westem blot of supernatants of incubation mixtures containing Arctic-type Af (A40), which had been
incubated at 50 pum and 37 °C for 24 h in the absence or presence of 500 um GM1 ganglioside (the molar ratio of GM1 ganglioside in liposomes was 10%). Ten
nanograms of AS in the incubation mixtures was subjected to SDS-PAGE (4-20% gradient gel) with (+) or without () cross-linking pretreatment using glutaralde-
hyde. The blot was reacted with 4G8. B, electron micrographs of incubation mixture containing Arctic-type Aj3 preincubated to allow protofibril formation (a) or of
incubation mixture containing TAS formed from Arctictype AS (b). Typical protofibril structures were observed in a; however, no definite structures aside from
liposomes were observed in b. Bar, 100 nm. C, AFM image of fraction containing TAP formed from Arctic-type Af3. The supematant obtained by ultracentrifuging
{540,000 X g, 3 h) the incubation mixture containing TAj3 was subjected to AFM. Spherical particles along with rod-shaped structures were observed. No definite
structures were observed in the supernatants ofincubation mixtures containing Arctic-type Af3 alone or GM1 ganglioside alone. The amplitude range is 0.1 V. Bar, 200
nm. D, size exclusion chromatography of incubation mixtures containing A3, which had been preincubated in the absence or presence of GM1 ganglioside, on a
Superose 12 column. Elution samples from 35 fractions were dot-blotted on nitrocellulose membranes. The blot was reacted with anti-Oligo or 4G8. The immunore-
activity with anti-Oligo was recovered as a single peak with an apparent molecular mass of 200-300 kDa. Five representative fractions are shown. Peaks 2 and 4
correspond to fractions containing TAf3 and monomeric AS, respectively. mAU, milli-absorbance unit. E, toxicities of peaks (2 and 4) collected from incubation mixtures
containing Arctic-type A$3 (shown in D) against PC12N cells, Each column indicates the average of three values = $.D.*, p < 0.0001.
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