JM (pan-tau)
PHF1 (pS 396, pS 404)

AT8 (pS202, pT205) —— =

AT270 (pT 181)

pS 199

pT212

pS 400

pS 422

JNK
p-JNK
HSP90

HSP70
HSP40

JM (pan-tau) ~
Sarcosyl insol.

saline
younger

alloxan

Anti-tauopathic effects of mild oxidative stress, Y. Yoshiike et al. 55

alloxan
older

saline

Fig. 3 Western blot analyses of Tris-buffered saline-soluble and sarcosyl-insoluble fractions derived from the brains of P301L mice treated with either saline or alloxan. Note
that clearer differences were observed between saline- and alloxan-treated groups in relatively older cohorts. These age-dependent variations made treatment effects less
substantial in some of the biochemical and functional parameters but allowed us to find significant correlations between those parameters.

" phospho-tau, and JNK. This degradation perhaps suppressed the forma-
tion of insoluble tau in P301L mice as well.

Mouse models of type 1 diabetes have been reported to show
increased phosphorylations of tau (Clodfelder-Miller et af., 2006). We
next injected a diabetogenic dose of alloxan into NTG and P301L TG mice
for confirming such a phenomenon in alloxan paradigm and for examin-
ing effects on tau homeostasis and aggregation. A single intraperitoneal
injection of alloxan at 300 mg kg™ of body weight resulted in 73.3%
lethality in mice within 10 days after injection. The excessive increase in
blood glucose levels and the drop in body weights of survived mice sug-
gested that these mice have diabetes (Fig. S4A,B). Murine cerebral cortic-
es were homogenized, and the resulting fractions were analyzed
biochemically by the same procedure as in the case of low-dose alloxan
experiments. PHF1 and AT8-positive tau were increased in alloxan-
injected NTG mice (Fig. S4C), confirming the effects of diabetes induced
by other methods such as streptozotocin injection (Clodfelder-Miller

© 2011 The Authors

et al., 2006). Surprisingly, no such increases in phospho-tau levels were
observed in alloxan-injected P301L mice in comparison with saline-
injected P301L mice. Accordingly, insoluble tau levels also showed no dif-
ference between saline- and alloxan-injected P301L mice. In search of
molecular factors rationalizing these phenomena, we found two factors
that affected TG mice but not NTG mice as a result of alloxan injection.
GSK3p level was slightly but significantly reduced in the alloxan-injected
P301L mice (Fig. S4D). Reduction in this tau protein kinase is a potential
reason for the suppression of the increase in phospho-tau levels. In addi-
tion, HSPS0 was even more clearly reduced in P30 1L mice but notin NTG
mice by the alloxan injection (Fig. S4C,D). Considering the difference
between NTG and P301L, it seems logical to suspect that the suppression
of phospho-tau enhancement in P301L mice is related to the overexpres-
sion of mutant tau. Therefore, we extrapolated that alloxan-induced oxi-
dative stress triggered adaptive stress responses such as HSP90 reduction
only where the unfolded protein, tau in this case, was overloaded. This
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Fig. 4 Correlative changes in protein levels including reduced insoluble tau as a result of alloxan injection in vivo. (A) Inverse correlation between malondialdehyde and
HSPI0 in P301L mice (P = 0.0074). A trend line was drawn based on this statistical significance. Such an inverse correlation was also observed in alloxan-injected P301L mice
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(P = 0.0003). (D) Positive correlation between HSP90 and c-jun N-amino terminal kinase (JNK) 1 (the lower band; P = 0.0256) and between HSP90 and JNK2/3 (the upper
band; P = 0.0293). (E) Positive correlations between phospho-JNK1 and phospho-tau (PHF1, P = 0.0463; AT8, P = 0.0289; AT180, P = 0.0056; AT270, P = 0.0050; pS199,
P = 0.0190; pS400, P = 0.0381) in alloxan-treated P301L mice. (F) Overall reduction in phospho-tau levels by alloxan injections (P = 0.0064; two-way ANovA), even though
treatment effects at individual phosphorylat[on sites were not statistically significant (Bonferroni post-test). (G) Significant correlations between insoluble tau and soluble tau
(phospho-tau) (JM, P = 0.0102; PHF1, P = 0.0022; AT8, P < 0.0001; AT180, P = 0.0120; pS199, P = 0.0012; pS400, P = 0.0023, pS422, P = 0. 0063} in alloxan-treated
P301L mice. (H) Reduction in insoluble tau levels by alloxan injections (P = 0.0076).

perhaps switched on the degradation machinery that lowered GSK3B We also injected alloxan into TG mice that express human mutant
level, suppressing or counteracting the diabetogenic rise in phospho and (RA0BW) tau (Tatebayashi et al., 2002). These mice received three injec-
insoluble tau levels. tions at half the dose (50 mg kg™") received by the former low-dose
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alloxan P301L cohort (100 mg kg™"). We did not detect significant
changes in either blood glucose or body weight (Fig. 5A,B). We did
observe, however, definite reductions in soluble pan-tau immunoreactiv-
ity but not in phospho-tau immunoreactivity in the cerebral cortices of
alloxan-treated R406W mice, regardless of gender (Fig. 5C,D). The
decrease in soluble tau levels significantly correlated with the decrease in
insoluble tau levels (Fig. 5E,F). These changes in tau were not observed in
other ‘regions of the brain, namely hippocampus, thalamus, olfactory
bulb, and striatum (Fig. S5). On the basis of these results, we suggest that
alloxan has a consistent mode of action in which tau insolubilization is
suppressed in the cerebral cortex of mutant tau TG mouse.

Low-dose alloxan-induced tubulin modifications indicative
- of microtubular stabilization

Candidate proteins that can become the clients of HSP90 and thus be
the target of degradation after HSP9Q inactivation are not limited to
tau and JNK. HDAC6 is one such protein (Rao et al., 2008). Indeed,
HDAC6 was decreased in tau-expressing cells treated with either an
HSP9OO inhibitor, GA, or alloxan plus GSH (Fig. 1B,C). The alloxan-
induced reduction in HDAC6 was prevented partially by a proteasomal
inhibitor, suggesting that HDAC6 was degraded by proteasomes in
response to the decrease in HSP90 (Fig. 1C). To examine the pharmaco-

logical actions of alloxan in vivo, we analyzed P301L mouse brain ho-

mogenates by Western biotting for HDACE (kFig. 6A). HDAC6 levels
were decreased (Fig. 6B,C), just as HSP90 levels were decreased (Figs 3

and 4B). One of the substrates for HDAC6 is a-tubulin (Hubbert et al.,

2002). In GA- and alloxan-treated cell lysates, we observed increased
immunoreactivity against acetylated a-tubulin (Fig. 18,C). Proteasomal
inhibition partially blocked the reduction in HDAC6 levels, which
resulted in the partial reduction in acetylated tubulin levels (Fig. 1C). To
test the relationship between HDAC6 and a-tubulin in vivo, dot blots of
P301L cortical homogenates were reacted with anti-acetylated tubulin
antibody (Fig. 6D). We observed an inverse correlation between HDAC6
and acetylated tubulin levels in alloxan-treated P301L mice (Fig. 6E),
suggesting that the reduction in HDACE levels promoted tubulin acety-
lation (Fig. 6F). Because acetylated tubulin is present in stable micro-
tubules (Piperno et al., 1987; Hubbert et al., 2002), the reduction in
HDACS levels that resulted from the oxidative stress-related decrease in
HSP90 levels might have contributed to the stabilization of microtubules
through the enhancement of tubulin acetylation.

Because the detyrosinated form of a-tubulin is also present in stable
microtubules (Khawaja et al., 1988), next we immunostained dot blots of
the same samples with anti-detyrosinated tubulin antibody (Fig. S6B). We
found that alloxan treatment significantly increased detyrosinated tubulin
immunoreactivity (Fig. S6D). in the P301L cohort, the parallel increase in
acetylated and detyrosinated tubulin was proportional to the reduction in
insoluble tau (Fig. S6A,C,E). In the R406W cohort, we also observed that
alloxan treatment caused similar increases in acetylated and detyrosinat-
ed tubulin levels, which was inversely. correlated with insoluble tau levels
(Fig. S7). These results suggest that alloxan exerts another anti-tauopath-
ic action: tubulin modifications that might contribute to microtubule sta-
bility.

Possible memory-enhancing effects of alloxan via reduction

in HDAC2 and phospho-tau

HDAC?2 is another HDAC that belongs to a class different from that of
HDAC6 (Haberland et al., 2009). We were interested in HDAC2 because
of its relevance to memory {Guan et al., 2009), because memory impair-
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ment is another phenotype associated with tauopathy. HDAC2-knockout
mice display memory enhancement, while HDAC2-overexpressing mice
display memory deficits (Guan et al., 2009). As with HDAC6, HDAC2 lev-
els in brain homogenates from alloxan-injected P301L mice were signifi-
cantly reduced compared with those in saline-injected mice (Fig. 6G,).
The reduction in HDAC2 was also positively correlated with the reduction
in HSP9O (Fig. 6H), as was HDACS (Fig. 6B). To determine whether this
molecular event affected memory, we tested mice on the Morris water
maze (MWM) test, which was conducted after alloxan injection and
before sacrifice. In alloxan-injected P301L mice (Fig. S3C), stay time in the
target quadrant during the probe trial (i.e., spatial memory) varied in an
age-dependent manner. In alloxan-injected P301L mice, we observed a
significant inverse correlation between HDACZ levels and spatial memory
(Fig. 6J). In other words, memory was enhanced as HDAC2 levels
decreased, which is consistent with the findings of a previous report
(Guan et al., 2009). .

Among the biochemical parameters that were analyzed during this
study, the levels of phospho-tau, specifically AT8 and AT180, and phos-
pho-JNK1 were also inversely proportional to spatial memory (Fig. 6K).
Because some of the phospho-tau levels were also inversely correlated
with MDA levels (Fig. S3D), it is possible that oxidative stress generated
by alloxan perhaps in combination with aging enhanced memory by
reducing the levels of phospho-tau proteins. These results suggest that
mild oxidative stress may have another potentially beneficial impact on
another tauopathy phenotype, namely memory deficits.

Discussion

Molecular changes induced by oxidative stress are known to accumulate
with aging (Kenyon, 2010). Because the structural integrity of a molecule
directs its functional capability and efficiency, events like oxidative stress
that can compromise the structural integrity of a molecule are considered
to be the cause of aging as well as age-related disorders (Harman, 1956;
Balaban et al., 2005; Kenyon, 2010). Many age-related disorders are
indeed characterized by the accumulation of misfolded and aggregated
proteins (Aguzzi & O’Connor, 2010). The pathological halimark of tauop-
athies such as AD is neuronal inclusions of tau protein. If all forms of oxi-
dative stress induce the accumulation of tau and tau dysfunction, then
the beneficial effects of exercise on AD cannot simply be explained by the
causal role of oxidative stress, considering the fact that substantial
amounts of ROS are generated during exercise (Rattan & Demirovic,
2010). Even though H,0, accumulates with aging, it may not be the
cause of aging (Cocheme et al., 2011). Some reports have shown that
low levels of oxidative stress can extend lifespan (Schulz et al., 2007;
Gems & Partridge, 2008; Heidler et al., 2010; Mesquita et al., 2010), indi-
cating that certain conditions present during oxidative stress could delay
aging processes. Thus, we hypothesize that a form of oxidative stress

“exists that counteracts pathological phenotypes associated with tau mis-

folding and dysfunction.

Indeed, several in vitro studies have demonstrated previously that ROS-
generating compounds such as H,0; suppress tau phosphorylation (Davis
et al., 1997; LoPresti & Konat, 2001; Zambrano et al., 2004). In the pres-
ent study, alloxan in the presence of GSH was found to act similarly as
H,0, in terms of tau phosphorylation but differently in terms of JNK
phosphorylation, for reasons yet to be determined (Fig. S1). Because sub-
strates of HSPI0 are known to degrade when HSP30 is inactivated (Dic-
key et al., 2007; Luo et al., 2007; Nieto-Miguel et al., 2008; Novoselova
et al., 2008), we assumed that the partial blockade of alloxan-induced
reductions in tau, JNK, and HDACS6, but not HSPS0, by a proteasomal
inhibitor suggests that these known HSP90 substrates are degraded in
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response to alloxan-generated ROS (Figs 1 and S2). This is consistent with
a previous report showing that ROS stimulated protein degradation in an
ubiquitin-dependent manner (Medicherla & Goldberg, 2008). Although

Insoluble tau (% saline)

Fig. 5 Analyses of alloxan injection into R406W
tau transgenic mice. No significant changes in
blood glucose concentration (P = 0.7802
among groups, Friedman test; P = 0.8050 by
treatment) (A) and body weight (P = 0.0839
armong groups, Friedman test; P = 0.2875 by

. treatment) (B) in either nontransgenic or R406W

mice by alloxan injections. (C) Western blot
analyses of Tris-buffered saline-soluble and
sarcosyl-insoluble fractions derived from the
R406W cohort. (D) Quantitation of soluble tau
with pan-tau antibody, JM, showing that alloxan
treatment significantly reduced overall tau levels
{P = 0.0002). (E) Positive correlation between
soluble and insoluble tau levels in RA06W mice
(P = 0.0017). (F) Significant reduction in
sarcosyl-insoluble tau levels in R406W mice by
alloxan treatment (P = 0.0002).

the reduction in HSP90 was consistently observed in vitro and in vivo,
upregulation of other HSPs observed in the early phase of alloxan treat-
ment in vitro was not detected in vivo. This does not necessarily mean
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Fig. 6 Alloxan injection is associated with indications of microtubule stabilization and memory enhancement along with reductions in histone deacetylases (HDACs) and
phospho-tau. (A) Western blot of sucrose-insoluble fraction derived from the brains of P301L mice. The blot was probed with anti-HDAC6 antibody. (B) Positive correlation
between HSP30 and HDACE (P = 0.0019). (C) Reduction in HDACE levels by alloxan injections (P = 0.0133). (D) Dot blot of Tris-buffered saline-soluble fraction. The blot was
probed with anti-acetylated tubulin antibody. (E) Inverse correlation between HDACE and acetylated tubulin in alloxan-treated P301L mice (P = 0.0018). (F) Increased
acetylated tubulin levels by alloxan injections (P = 0.0004). (G) Western blot of sucrose-insoluble fraction. Blot was probed with anti-HDAC2 antibody. (H) Positive correlation
between HSP90 and HDAC2 (P = 0.0027). (1) Reduction in HDAC2 levels by alloxan injections (P = 0.0435). J) Inverse correlation between HDAC2 and spatial reference
memory as measured by the percent (%) stay time in the target quadrant during the probe trial of the Morris water maze test in alloxan-treated P301L mice (P = 0.0186). (K)
Inverse correlations between memory and phospho-proteins (AT8, P = 0.0192; AT180, P = 0.0261; phospho-/NK1, P = 0.0145).

that HSPs were not elevated in alloxan-treated mice because mice were
sacrificed several weeks after the alloxan injection. Therefore, it is possible
that HSP chaperones, upregulated quickly in response to the oxidative
stress, suppressed tau aggregation, resulting in the reduction in insoluble
tau in two mutant tau (P301L and R406W) TG mice.

In contrast to saline-injected controls, in alloxan-injected P301L mice a
slight increase in MDA levels correlated with a decrease in HSP9O levels
that was associated with decreased HDACH levels, which in turn was cor-
related with an increase in acetylated tubulin (Figs 3, 4 and 6). Increases
in acetylated and detyrosinated tubulin levels in the two tauopathy mod-
els indicate that alloxan might contribute to microtubule stabilization by
promoting both the acetylation and detyrosination of a-tubulin, produc-
ing the forms of a-tubulin contained within stabilized microtubules (Piper-
no et al., 1987; Khawaja et al., 1988) (Figs 6, S6 and 57). Furthermore, in
alloxan-injected P301L mice, the reduction in HDAC2 levels was inversely
proportional to enhanced memory (Fig. 61,J), which is consistent with a
previous finding (Guan et al., 2009). In the future, it may be interesting to
test the effects of alloxan in a paradigm of HDAC2 TG mice crossed with

© 2011 The Authors

tau TG mice. Memory was also enhanced with decreasing phospho-tau
levels (Fig. 6K). Decreasing phospho-tau levels were associated with
decreasing insoluble tau levels and increasing detyrosinated tubulin levels
(Figs 4G and S6E). In alloxan-treated P301L mice, because some phos-
pho-tau levels were decreased as oxidative stress levels (i.e., MDA)
increased (Fig. $3D), beneficial roles of alloxan-induced mild oxidative
stress on the three phenotypes of tauopathy might be mediated via
decreases in phospho-tau protein levels. This is a reasonable premise
because tau phosphorylation is thought to cause tau to detach from
microtubules, which then become destabilized (Mi & Johnson, 2006;
Ballatore et al., 2007). In turn, hyperphosphorylated tau eventually forms
insoluble tau aggregates, which, perhaps in a prefibrillar state, induce
synapse loss and memory deficits (Kimura et al., 2007, 2010). Therefore,
anti-tauopathic properties of low-dose alloxan found in mouse models.
can be considered as an in vivo proof of concept that might be assumed
from in vitro data, such as the dephosphorylation of tau as a result of
acute oxidative stress (Davis et al., 1997; LoPresti & Konat, 2001; Zambr-
ano et al., 2004).

Aging Cell © 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland

103



60 Anti-tauopathic effects of mild oxidative stress, Y. Yoshiike et al.

In the present study, we identified one condition associated with mild
oxidative stress that ameliorates several phenotypes of tauopathy, namely
the formation of tau inclusions, microtubule destabilization, and perhaps
memory decline. However, other pathological outputs such as neurode-
generation were not examined in this study. Considering the toxic nature
of ROS, we would expect that some neurons were also damaged in the
brain as a result of the alloxan injection. Meanwhile, our previous report
suggested that the substantial neuronal losses observed in P301L TG mice
are the consequence-of insoluble tau accumulation (Kimura et al., 2010).
Therefore, it is difficult to extrapolate how the alloxan-induced decrease
in insoluble tau levels might influence neuronal numbers. Atleast in vitro,
a-tubulin level was decreased in samples treated with overnight with
alloxan (Fig. 1C). From observations of Fig. S2 (Supporting information),
we suggested that this is a consequence of toxicity induced by H,0, gen-
erated from alloxan. It is predicted that such a toxic impact of H,0, could
" have affected the concentrations of variety of molecules, even those gen-
erally used as positive controls. We used B-actin and NSE as controls but
detected no marked changes in their levels. The degree of toxicity to the
brain and other organs resulting from the alloxan injections certainly
requires further investigation. Nonetheless, in the end, we would like to
emphasize once again that certain beneficial conditions associated with
oxidative stress have been reported (Schulz et al., 2007; Gems & Par-
tridge, 2008; Heidler et al., 2010; Mesquita et al., 2010) and do exist, as
demonstrated in the present study: one that induced several events that
counteracted tauopathy-related phenotypes in vivo.

Experimental procedures

Reagents

Chemicals used in this study were purchased from the following compa-
nies: alloxan from Tokyo Kasei Kogyo (Tokyo, Japan); GSH, H;0,, SDS
and sarcosyl from Nacalai, Kyoto, Japan; lactacystin from Milliore (Billeri-
ca, MA, USA); geldanamycin, dimethyl sulfoxide, catalase, and deferox-
amine from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture

For analyzing the acute effects of alloxan treatment on neuronal cells
in vitro, we used the Neuro2A cell line, which stably expresses Myc-
tagged tau (P301L); it was previously established by infecting neuroblas-
toma cells with retrovirus. harboring ¢<DNA-encoding Myc-tagged tau
(P301L) and through puromycin selection (Hatakeyama et al., 2004).
The cells were cultured under an atmosphefe of 5% CO; at 37 °C in
Dulbecco’s modified Fagle's . medium (Sigma-Aldrich) supplemented
with 10% fetal calf serum (Thermo Scientific, South Logan, UT, USA),
gentamycin (invitrogen, Camarilio, CA, USA), puromycin (Nacalai), and
G418 (Nacalai). Two days before treatment, cells were plated onto six-
well plates (Corning, Corning, NY, USA) at 5.5-6.0 x 10 cells per well
in medium without puromycin and G418. After being rinsed with PBS,
cells were lysed by homogenization in Tris-buffered saline [TBS; 10 mm
Tris, 150 mm NaCl (pH 7.4), 1 mm EDTA, 1 mm EGTA] or by sonication
either in modified RIPA buffer [50 mm Tris (pH 7.4), 1% NP-40, 0.25%
sodium deoxycholate, 150 mm NaCl, 1 mm EGTA] or in 2% SDS,
depending on each experiment as specified in the figure legends. All
lysis solutions contained protease inhibitors (5 pg mL™" pepstatin,
5 ug mL™" leupeptin, 2 ug mL™" aprotinin, and 0.5 mm 4-(2-aminoeth-
yhbenzenesulfonyl flucride hydrochloride) and phosphatase inhibitors
(1 pum okadaic acid, 1 mm NasVO,, and 1 mm NaF). After centrifugation
at 100 000 g for 30 min (or 20 000 g for 20 min when TBS lysis buffer

was used) at 4 °C, the supernatant was collected and its total protein
concentration was measured and normalized with the Bradford
method.

immunoblotting

Some samples were solubilized in Laemmli sample buffer and subjected
to SDS-PAGE and then to Western blotting. Other samples were directly
blotted onto a nitrocellulose membrane for dot blot analysis. Membranes

-were incubated with primary antibody followed by a species-appropriate

HRP-conjugated secondary antibody. Chemiluminescent detection (GE
Healthcare, Piscataway, NJ, USA) was used for visualization. The primary
antibodies used were antibodies against total tau (anti-pan-tau or tau5,
Biosource; or IM, developed in our laboratory); phosphorylated tau
(PHF1, generously provided by Dr. Peter Davies, Albert Einstein College of
Medicine, NY); AT8, AT180, and AT270 (Innogenetics, Gent, Belgium);
pS199, pT212, pT231, pS400, and pS422 (Invitrogen); pS262 (Anaspec,

_Fremont, CA, USA); taul (Millipore, Billerica, MA, USA), which recognizes

dephosphorylated tau at Ser-199 and Ser-202; JNK, phospho-JNK, AKT1,
phospho-GSK3pB, p38 MAPK, and phsopho-p38 MAPK (Cell Signaling,
Danvers, MA, USA); GSK3B (BD Transduction, Franklin Lakes, NJ, USA);
MARK2 (Abgent, San Diego, CA, USA); phopho-MARK2 (IBL, Gunma,
Japan); PP2A-c (Millipore); demethyl PP2A-c, CaM kinase II, phospho-
CaM kinase I, and HDACS6 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA); HSP90, HSP70, and HSP40 (Enzo Life Sciences, Farmingdale, NY,
USA); HSP27 and detyrosinated tubulin (Millipore); a-tubulin and acety-
lated tubulin (Sigma-Aldrich); ubiquitin (Enzo Life Sciences); and HDAC2
(Abcam, San Francisco, CA, USA). Quantification and visual analysis of
immunoreactivity were performed with a computer-linked LAS-3000 Bio-
Imaging Analyzer System (Fuijifilm, Tokyo, Japan). Statistical analyses
were conducted using rrism4 (GraphPad Software, La Jolla, CA, USA). The
significance of treatment effects was confirmed by two-tailed Mann—
Whitney test unless otherwise stated in each figure legend. For the analy-
ses of ‘high-dose’ P301L cohort, unpaired t-test was used because paired
t-test requires three or more pairs (Fig. S4D). Friedman test was used to
detect differences between groups. Significance of linear dependency
was tested with Pearson’s correlation. All data in this study are presented
as means = SEM. ‘

Animals

We used hemizygous tau mice on a C57BL/6J background. The mice
were derived from two lines that express human tau containing a muta-
tion (P301L or R406W) associated with frontotemporal dementia with
parkinsonism linked with chromosome 17 (FTDP-17) (Tatebayashi et al.,
2002; Kimura et al., 2010). Expression of mutant human tau was driven
by CaM kinase Il promoter, as described previously (Tatebayashi et al.,
2002; Kimura et al., 2010). The P301L cohort (P301L TG and NTG con-
trols) consisted of only males, while the R406W cohort (R406W TG and
NTG controls) consisted of both males and females at approximately a
1:1 ratio. The ‘low-dose’ P301L cohort (20- to 27-month-old) was given
an intraperitoneal injection of either alloxan (100 mg kg™ in a volume of
8.0 mL kg™") or saline vehicle in their home cages. Thus, the ‘low-dose’
P301L cohort was divided into four groups, each containing the following
number of animals: 11 NTG mice treated with saline, 11 NTG mice trea-
ted with alloxan, 10 P301L TG mice treated with saline, and nine P301L
TG mice treated with alloxan. After conducting behavioral tests, including
the Morris water maze or MWM as described previously (Kimura et al.,
2007), mice were sacrificed. The 'high (diabetogenic)-dose’ P301L cohort
(11- to 14-month-old) was given an intraperitoneal injection of either
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alloxan (300 mg kg™" in a volume of 12.0 mL kg™ or saline vehicle.
Within 10 days after the injection, 73.3% of 300 mg kg™ alloxan-
injected mice had died. Thus, the final number of animals in *high-dose’
P301L cohort was four NTG mice treated with saline, two NTG mice trea-
ted with alloxan, four P301L TG mice treated with saline, and two P301L
TG mice treated with alloxan. Behavioral tests were not performed for
this cohort.

In the meantime, the R406W cohort (22- to 25-month-old) was given
three intraperitoneal injections, at an interval of 2 weeks between injec-
tions, of either alloxan (50 mg kg™ in a volume of 8.0 mL kg™") or saline
vehicle in their home cages. The breakdown for the R406W cohort was
eight NTG mice treated with saline, seven NTG mice treated with alloxan,
ten R406W TG mice treated with saline, and seven R406W TG mice trea-
ted with alloxan. Approximately 1 month after the injections, the cohort
of R406W mice was sacrificed. The MWM test was not conducted before-
hand.

At two points during the course of experiments, just before injection
and before sacrifice, blood glucose levels and body weight were mea-
sured after overnight fasting. Blood was taken from the tale, and glucose
content was measured with an Accu-Chek Aviva blood glucose monitor
(Roche, Basel, Switzerland).

Mouse brains were homogenized in TBS containing protease inhibi-
tors and phosphatase inhibitors, as described in the Cell culture section.
After centrifugation at 20 000 g for 15 min at 4 °C, the supernatant
was collected as the (TBS) ‘soluble’ fraction. Sarcosyl-insoluble, paired
helical filament-enriched fractions were prepared from the TBS-insolu-
ble pellets according to the procedure developed by Greenberg and
Davies (Greenberg & Davis, 1990). The resulting precipitate was re-
homogenized in five volumes of 0.8 m NaCl and 10% sucrose solution
and centrifuged at 20 000 g for 15 min at 4 °C. Then, 1% SDS at a
volume four times the brain weight was added to the pellet, which was
sonicated to make the ‘sucrose-insoluble’ fraction. MDA levels in this
fraction were measured using an assay kit (Bioxytech MDA-586; OXIS
International, Beverly Hills, CA, USA) for reducing nonspecific reactions
with Tris according to the manufacturer's protocol. Meanwhile, a one-
tenth volume of 10% sarcosyl solution was added to the sucrose-solu-
ble supernatant, which was then mixed by vortex, incubated for 1 h at
37 °C, and centrifuged at 150 000 g for 1 h at 4 °C. The resulting pel-
“let Was solubilized in Laemmli sample buffer and analyzed as the (sarco-
syl) ‘insoluble’ fraction. All experiments using mice were performed
according to procedures approved by the Animal Care and Use Com-
mittee of the Institute of Physical and Chemical Research (RIKEN,
Saitama, Japan).
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ABSTRACT. The binding of curcumin to senile plaques (SPs) and cerebral amyloid angiopathy (CAA) was examined in the aged brain of
various animal species and a human patient with Alzheimer’s disease (AD), together with its binding to neurofibrillary tangles (NFTs).
Brain sections were immunostained with anti-amyloid B protein 1-42 (A42) and anti-amyloid f protein 1-40 (AB40) antibodies. These
" sections were also stained with alkaline Congo red, periodic acid-methenamine silver (PAM), and curcumin (0. 009% curcumin solution)
with or without formic acid pretreatment. The sections from the AD brain were also immunostained for anti-paired helical filament-tau
(PHF-tau), and were stained with Gallyas silver for NFTs. Some SPs in the AD, monkey, dog, bear, and amyloid precursor protein trans-
genic mouse (APP Tg-mouse) brains contained congophilic materials, and were intensely positive for curcumin. In addition, curcumin
labeled some diffuse SPs negative for Congo red in the AD, monkey, bear, and APP Tg-mouse brains. In all animals, CAA was intensely
positive for both Congo red and curcumin. The specific curcumin staining activity was lost by formic acid pretreatment. In the AD
brain, NFTs positive for PHF-tau and Gallyas silver were moderately stained with curcumin. These findings indicate that curcumin spe-
cifically binds to the aggregated Aﬁ molecules m various animals, and further to phosphorylated tau protein, probably according to its

conformational nature.

KEY worps: 3 amyloid, cerebra.l amylo1d angiopathy, curcumin, neurofibrillary tangle, senile plaque.

doi: 10.1292/jvms.11-0307; J. Vet. Med Sci. 74(1): 51-57, 2012

Senile plaques (SPs), cerebral amyloid angiopathy
(CAA), and neurofibrillary tangles (NFTs) are the most
characteristic histopathological features in the brains of
patients with Alzheimer’s disease (AD). SPs and CAA con-
sist of amyloid g protein (Af), and they are detected by
Congo red or periodic acid-methenamine silver (PAM)
staining. SPs are morphologically classified into two types:
diffuse plaques (DPs) and mature plaques (MPs). DPs are
the earliest stage of plaque formation, and negative for
Congo red [29]. MPs are the progressive stage of Af aggre-
gation and positive for Congo red [28]. MPs also have swol-
len neurites or glial hallow. On the other hand, NFTs are
formed in the cytoplasm of a neuron as aggregates of highly
phosphorylated tau, a microtubule-associated protein.
NFTs are detected clearly by Gallyas silver staining. These
histopathological features are frequently observed in the
aged brains of various nonhuman animal species. SPs and
CAA have been observed in the brain of aged nonhuman
primates [7, 17, 21, 24], dogs [3, 9, 16, 24, 26], cats [18], a
camel [19], bears [6, 27], a wolverine [22], and a great spot-
ted woodpecker [20], whereas NFTs have been reported
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only in a chimpanzee [23], sheep [5], bears [6], and a wol-
verine [22].

Curcumin, a yellow phenolic plgment and an ingredient
for curry, has potent protective and curative activities
against neoplastic-, inflammatory-, amyloid and oxidant-
associated disorders [1, 8, 13]. It has been reported that cur-
cumin binds to AP aggregates in vivo and inhibits the forma-
tion of SPs [2, 10, 11, 30]. Because of its specific binding
ability, use of curcumin has been expected to prevent or
treat AD. Recent investigations have demonstrated that
SPs, CAA, and NFTs are detected by curcumin staining in
AD model mice (APPswe/PS1dE9 mice) [10] as well as AD
brains [14]. However, such binding of curcumin is not well
known in animals other than mouse and human.

In the present study, we examined the binding of cur-
cumin to SPs and CAA in the aged brain of various animal
species, and to NFTs in the AD brain.

MATERIALS AND METHODS

Tissue samples and histology: We examined the cerebral
cortex from an AD patient, a Japanese macaque, dogs, a cat,
an American black bear, a Bactrian camel, a great spotted
woodpecker, and an amyloid precursor protein transgenic
mouse (APP Tg-mouse) (APP23, The Jackson Laboratory,
Bar Harbor, ME, U.S.A.). Sex, age, and breed of the ani-
mals are shown in Table 1. Brain tissue samples were fixed
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Table 1. Histopathologic features of the brain of the aged animals examined

Case Species Breed or Sex Age CAA NFT
No. remark DP MP

1 Human AD patient Female T3y + + + +
2 Japanese macaque NA unknown >26y + + + -
3 Dog Miniture.dax ~ Female . 13y + - + -
4 Dog ) Beagle Male 14y + - + -
5 Dog Mongrel Male 14y + + + -
6 Dog unknown unknown 14y + + + -
7 Dog unknown unknown 18y + + + -
3 Dog Maltese unknown 18y + - + -
9 Dog Mongrel Female 20y + - + -
10 Cat Monglel Female 20y + + -
11 American black bear NA Female 20y + + + -
12 Bactrian camel NA Female >20y + - - -
13 Great spotted woodpecker NA Male >16y - - + -
14 Mouse APP23Tg Female 30m + + + -

SP: Senile plaque, DP: Diffuse plaque MP: Mature plaque CAA: Cerebral amyloid angiopathy, NFT: Neurofibrillary tangle, y:

Years, m: Months and NA: Not applicable.

in a 10% neutral buffered formalin solution and embedded
in paraffin by a routine procedure.

- Paraffin sections (4 to 8 um thick) were stained w1th alka-
line Congo red or PAM to detect SPs and CAA. In addition,
sections from the AD brain were stained with Gallyas silver
[4] to detect NFTs. The sections were preferably compared
at the same regions.

Immunohistochemistry: Immunostaining with anti-Af1-
42 (Ap42: BCO5, AB-Protein Immunohistostain Kit, Wako,
Osaka, Japan) and anti-Af 1-40 (Ap40: BA27, Af-Protein
Immunohistostain Kit, Wako) antibodies was carried out in
accordance with the manufacturer’s procedure for the Ap-
Protein Immunohistostain Kit (Wako). Immunostaining
with anti-PHF-tau antibody (PHF-tau: ATS, 10 ug/ml,
Thermo, Kanagawa, Japan) was carried out in the following
methods. Deparaffinized sections were first autoclaved at
120°C for 10 min in 10 mM citrate buffer for antigen
retrieval. . Tissue sections were then treated with 1% hydro-
gen peroxide in methanol for 3 min to inhibit endogenous
peroxidase activity and further incubated in 8% skimmed
milk in tris-buffered saline (TBS) at 37°C for 30 min to
block nonspecific reactions., The sections were incubated
with a primary antibody at 4°C overnight. Following 3
washings in TBS, sections were then incubated with an
HRP-labeled polymer-conjugated secondary antibody
against mouse IgG (Dako Japan, Kyoto, Japan) at 37°C for
60 min. Finally, the reaction products were visualized with
0.05% 3-3’-diaminobenzidine and 0.03% hydrogen perox-
ide in tris~HCI buffer. Counterstaining was carried out with
Mayer’s hematoxylin.

Curcumin staining: Deparafflmzed sections were
immersed in 80% ethanol, 0.3% Triton X-100, and 0.1 M
TBS (pH 7.4) containing 3% bovine serum albumin (BSA)
and 0.5% Tween 20, for 10 min each. Curcumin powder
(Cayman Chemical Company, Ann Arbor, MI, U.S.A.) was
resolved in 0.1 M TBS (pH 7.4) containing 3% BSA and
0.5% Tween 20 at 25 1M (0.009% curcumin solution). Sec-

tions were incubated with the curcumin solution at 37°C for
60 min. Following 3 washings in TBS, the sections were
rinsed once in distilled water (DW), and coverslipped with a
non-fluorescent mounting medium. All sections were
examined using a confocal laser scanning microscope
(LSMS510, Carl Zeiss, Oberkochen, Germany) (green: exci-
tation wavelength 488 nm/emission filter 505 to 550 nm,

red: excitation wavelength 488 nm/ emission filter over 650

nm) or a fluorescence microscope (DMI3000B, Leica
microsystems, Wetzlar, Germany) (green: excitation filter
470 + 40 nm/emission filter 525 + 50 nm, red: excitation fil-
ter 546 + 12 nm/emission filter 605 % 75 nm). Emission
wavelength of curcumin in water is about 550 nm when
excited with wavelength 430 nm [15]. In the present study,
we used merged pictures of red and green fluorescences to
obtain higher-contrasted pictures (Fig. 1). Furthermore,
some sections were stained with curcumin after a 5-min pre-

‘treatment with 99% formic acid (Wako).

Image processing: Ap40- or AB42-posmve areas (pixels)
were measured in randomly selected regions of the cerebral
cortex of each section using the Image J image analysis soft-
ware (NIH, Bethesda, MD, U.S.A.). The means of the data
were analyzed by Student’s #test.

RESULTS

Immunohistochemistry: AP40- or AB42-positive SPs
were found in the brains of all animals except for a wood-
pecker (Table 1 and Fig. 2). In the brains of an AD patient,
a monkey, a bear, a camel, and a APP Tg-mouse, most SPs
were distinct, whereas those of dogs and cats had an indis-
tinct boundary. In the brains of an AD patient, dogs, and a
bear, Ap42-positive SPs were observed more than Ap40-
positive SPs. In the brains of cats and a camel, the majority
of SPs were positive for AB42 and negative for AB40. Ina
monkey and a APP Tg-mouse, there was no difference
between AB42- and Ap40-positive areas (Fig. 2).
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Red o _Green Merge

Fig.1. A ctji"cumin stained section of a Japanese macaque. AB-positive meningeal vessels are depicted with (a) red fluorescence (excitation
filter 546 + 12 nm/emission filter 605 + 75 nm) or (b) green fluorescence (excitation filter 470+40 nm/ emission filter 525 + 50 nm) and the

pictures are merged (c).

SIapao
| - Aga2

AD patient

APP-Tgmouse

Fig.2. Immunostain for SPs using antibodies for AB40 (a, d, g, j) and AB42 (b, e, h, k), and the semi-quantitative data (c, £, i, 1)
for AB40 ([]) or AB42 (g&). AD patient (a, b, ¢), dog No.9 (d, e, 1), cat (g, h, i) and APP Tg-mouse (j, k, 1).
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Comparison of Congo red stam (a,d, g j,m, p) PAM stain (b, e, h, k, 1, @) and curcumin stain (c,f,i,L,0,1) for SPs AD patient (a,

CIAg40
B Apa2

CAB4Q
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Immunostam for CAA using antibodies for AB40 (a, d, g) and AP42 (b, e, h), and the senn—quantltatlve data (c, £, 1) for
AB40 (]‘_]) or Ap42 (.) AD patlent (a, b, c), Japanese macaque (d, e, f) and great spotted woodpecker (g, h, ).

Cor‘xgo red PAM

: Kéuubw

Jesg
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" b, ¢), Japanese macaque (d, e, f), dog No. 5 (g, h, i), American black bear (j, k, 1), Bactrian camel (m, n, o) and APP Tg—mouse (p q,1).

CAA was observed in the meningeal and parenchymal
vessels and capillaries of all animal species excluding a
camel by both AB42 and AB40 immunostains (Table 1 and
Fig. 3). CAA was labeled more intensely for AB40 com-
pared with that for Ap42 (Fig. 3).

NFTs were found only in the AD bram by PHF-tau
immunostain (Table 1).

Curcumin stain: SPs (Fig. 4): Both congophilic MPs and
Congo red-negative DPs were observed in the AD, monkey,
bear, and APP Tg-mouse brains. Curcumin stained all these

SPs. DPs were found in all dogs examined, whereas a few
MPs were found only in three dogs (Nos. 5, 6, and 7). Such
canine MPs were intensely stained with curcumin, but
canine DPs were negative. In the camel, only DPs were
found and they were positive for.curcumin. AP42-positive
deposits were found in the cat brain, but they were negative
for curcumin as well as Congo red and PAM.

CAA (Fig. 5): In all animals except for a camel, CAA was
intensely stained with curcumin. In a woodpecker and some
dogs, perivascular AB deposits were also intensely positive
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Curcumin

Congored

AD patient

Dog

Woodpecker

Fig. S.

Fig. 6.

NFTs in the cerebral cortex of an AD patient. Immun-
ostain for PHF-tau (a), Gallyas silver stain (b) and curcumin
stain (c). !

for Congo red and curcumin (Fig. 5-0,p).

NFTs (Fig. 6): NFTs found in the AD brain were positive
for Gallyas silver and curcumin. Gallyas silver stain was
more sensitive than curcumin stain.

Formic acid pretreatment (Fig. 7): By formic a<:1d pre-
treatment, curcumin-positive SPs and CAA in all animal
species became negative. :

DISCUSSION

DPs are thought to be the initial stage of plaque forma-

Congored Curcumin

osnoW B,

Jékadpobm

Comparison of Congo red stain (a, c, e g1, k, m, o) and curcumin stain (b,d,f,h,j,1,n, p) for CAA. AD patlent (a b), Japanese
macaque (c, d), dog No. 5 (e, f), cat (g, h), American black bear(i, j), APP Tg-mouse (k, 1), great spotted woodpecker(m, n), and perivas--
cular AB-positive deposits in the great spotted woodpecker (o, p).

tion, and they are negative for Congo red [29]. In contrast,
MPs are plaques of the more progressive stages, and they
are positive for Congo red [28]. Both DPs and MPs can be
detected by PAM stain and A immunostain [25, 29]. The
present study revealed that DPs were found in all animals
other than the woodpecker, and MPs were found in the AD
patient, monkey, dog, bear, and APP Tg-mouse (Table 1),
indicating the difference of AP aggregation status among
stages and animal species.

The shape of SPs in the APP Tg-mouse was flower-like
and different from that in other animals. Artificially overex-
pressed APP may induce such abnormal AP aggregates in
the mouse. In addition, SPs in the APP Tg-mouse were
more strongly stained with curcumin than those in AD
patients and other animal species. These results indicate
that highly aggregated A is apt to bind to curcumin. On the
other hand, curcumin did not stain canine and feline DPs.
Generally, most canine and all feline SPs are DPs [26], and
they had indistinct boundaries. Feline SPs are formed in
very old animals, suggesting that such feline AB aggregates
occur at the very early stage of SP formation [18]. Thus, AB
in canine and feline DPs may be less aggregated than that in
AD patient and monkey. These findings also indicate that
curcumin may bind to A aggregates at later stages. Further-
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more, DPs in the AD patient, mo‘nkey,‘ bear camel and APP
Tg-mouse were stained with curcumin. It is thought that
curcumin binds to SPs more sensitively than Congo red,
since Congo red-negative DPs were positive for curcumin.

By formic acid pretreatment, the binding of curcumin to
SPs, CAA, and NFTs was lost. For the AR immunostain,
formic acid pretreatment is used to restore and reinforce A
immunoreactivity [12]. Formic acid more likely solubilizes
AB-derived amyloid fibrils and therefore disrupts the poly-
mer fibrillar configuration while exposing the AP epitopes.
The dlsrupted structures enhance the immunoreactivity of
the antibody to AB However, A could bind to neither
Congo red nor curcumin when its protem structure was lost.
Since thechemlcal structure of curcumin is partly similar to
that of Congo red [30], curcumin may bind to the AP aggre-
gates by the recognition of their structure by a smnlar man-
ner to that of Congo red.

Generally, it is thought that SPs in human mainly consist
of Ap42, and CAA consists of Ap40. It has also been shown
that DPs of AD patients and dogs mainly consist of Ap42,
and their MPs mainly consist of AB40 [16]. The present
study indicated that most SPs consist of AB42 in AD, dog,
bear, camel, and cat brains, whereas most SPs consist of
both AB42 and AB4O in monkey and APP Tg-mouse brains.
Regarding CAA, it mainly consists of AB40 and Ap42 in the
AD, monkey, cat, APP Tg-mouse, and woodpecker brains,
whereas CAA consists of AB40 in the dog and bear. Cur-
cumin stalned both SPs and CAA whlch were positive for
AB40 and/or AB42 in the present study. These results sug-
gest that the bmdmg of curcumin to AB does not depend on
the C-terminal structure of Ap.

In the present study, NFTs in the AD brain were stained

M. MUTSUGA ET AL.

ic acid-pretreatment

1ic ‘ai:eid’pret'reaunent

‘with curcumin as described in a previous report [14]. How-
ever, the Gallyas silver stains labeled NFTs more sensitively
than curcumin stain. This result indicates that curcumin
binds to abnormal tau protein, but the binding activity is
weaker than that to AP, and reveals the limited utility of cur-
cumin stain for the detection of NFTs.

In conclusion, curcumin can bind specifically to abnor-
mal tau proteins as well as to highly aggregated AB. Such
curcumin binding is more sensitively than Congo red. Fur-
_ thermore, curcumin stain is more simple and less nonspe-

cific than Congo red stain. The present results clearly
indicate the utility of curcumin as a specific marker for AB
detection in various animals. - :
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Abstract. Inhibition of amyloid-B (AB) aggregation is an attractive therapeutic strategy for treatment of Alzheimer’s disease
(AD). We previously reported that vitamin A and B-carotene inhibit fibrillation of A4 and AB4, (Ono et al, 2004, Exp Neurol).
In this study, we firstly examined the effects of vitamin A (retinoic acid, retinol, and retinal), B-carotene, vitamin B2, vitamin
B6, vitamin C, vitamin E, coenzyme Q10, and a-lipoic acid on oligomerization of AB4y and ARy, in vitro; vitamin A and
B-carotene dose-dependently inhibited oligomerization of AB4p and AB4,. Furthermore, retinoic acid decreased cellular toxicity
by inhibition of AB4, oligomerization. Second, we analyzed how vitamin A inhibits A§ aggregation by using fluorescence
spectroscopy and thioflavin T assay with two A fragments, AB;.;s and Apys.3s. A fluorescence peak of retinoic acid was greatly
restrained in the presence of APss.s, and retinoic acid inhibited aggregation of Aas.s, but not of AB;.j6, which suggest the
specific binding of retinoic acid to the C-terminal portion of AB. Thus, vitamin A and 3-carotene might be key molecules for
prevention of AD. ’ ‘

Keywords: Alzheimer’s disease, amyloid-@, oligomer, vitamin A
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INTRODUCTION of metastable, quaternary protein structures [6-9].
PICUP-stabilized oligomers have significant biochem-
ical properties such as increased neurotoxic activity
and B-sheet ratios of secondary structures with higher

oligomer order [10-12].

Alzheimer’s disease (AD) is characterized by neu-
ropathological features comprising amyloid deposits,
neurofibrillary tangles, and neuronal loss [1, 2]. Aggre-

gation of amyloid-B (AR) has been considered a critical
step in AD pathogenesis. The most potent neurotoxic
assemblies appear to be oligomeric rather than fibrillar
in nature [3, 4]. ,
Photo-induced cross-linking of unmodified proteins
(PICUP) [5] is a useful method for characterizing
oligomer size distributions and quantitative study

I'These authors contributed equally to this work.

*Correspondence to: Masahito Yamada, MD, PhD, 13-1 Takara-
machi, Kanazawa 920-8640, Japan. Tel.: +81 76 265 2290; Fax: +81
76 234 4253; E-mail: m-yamada@med.kanazawa-u.ac.jp.

We previously reported that various vitamins and
their analogs, such as vitamin A [13], B-carotene [13],
coenzyme Q10 (CoQ10) [14], and a-lipoic acid (LA)
[15], inhibit fibrillation of A4 and AB4y in vitro.

Using PICUP, electron microscopy (EM), atomic
force microscopy (AFM), and cytotoxicity assay, we
examined the effects of vitamins and their analogs on
oligomerization of AB4o and AB4z in vitro. Further, we
investigated the binding site of vitamin A using fluores-
cence spectroscopy and thioflavin T (ThT) assay with
AR fragments.

ISSN 1387-2877/11/$27.50 © 2011 —IOS Press and the authors. All rights reserved -
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MATERIALS AND METHODS
Peptide, chemicals, and reagents

AB4o, AB42, ABi16, and APps.35 were obtained
from Peptide Institute Inc. (Osaka, Japan). Glutathione
S-transferase (GST) was obtained from Sigma-Aldrich
Co. (St. Louis, MO). Chemicals were obtained from
Sigma-Aldrich Co. and were of the highest purity
available. Water was produced using Milli-Q system
(Millipore Corp., Bedford, MA).

PICUP

PICUP was performed as described previously
[10, 11]. Briefly, the general method was to
mix 25 uM AB4p, ABsr or 250 pM GST (Sigma-
Aldrich, St. Louis, MO) with 4 mM tris(2,2"-bipyridyl)
dichlororuthenium(Il) hexahydrate (Ru(bpy)) and
80 mM ammonium persulfate (APS) in 10 mM phos-
phate (pH 7.4). Test compounds (retinoic acid, retinol,
retinal, Bcarotene, vitamin B2, vitamin B6, vitamin
C, vitamin E, CoQ10, and LA) (Sigma-Aldrich) were
diluted with 10 mM phosphate (pH 7.4) to produce con-
centrations of 25 and 250 pM. The mixtures were then
irradiated for 1 s with visible light, and the reaction was
quenched with 1M dithiothreitol (Invitrogen, Carls-
bad, CA) in water. Each sample was electrophoresed
on a 10-20% Tris-tricine gradient gel (Invitrogen)
and visualized by silver staining (SilverXpress, Invit-
rogen). Densitometry was then performed using a
luminescent image analyzer (LAS 4000 mini, Fujifilm,
Tokyo) and image analysis software (Multi gauge ver-
sion 3.2, Fujifilm). The intensity of each band in a lane
from the SDS gel was normalized to the sum of the
intensities of all the bands in that lane, according to
the formula R; = I;/ 5 ;_; I; , where R; is the normal-
ized intensity of band i and I; is the intensity of each
band i. R; varies from 0-1.

EM

EM was perfomed as described previously [10, 11].
Samples were examined using a JEOL JEM-1210
transmission electron microscope. 10 pul of same sam-
ple with that used in PICUP experiments were spotted
onto glow-discharged, carbon-coated Formvar grids
(Okenshoji, Tokyo, Japan) and incubated for 20 min.
The droplet was then displaced with an equal volume of
2.5% (v/v) glutaraldehyde solution and incubated for
an additional 5 min. Finally, the peptide was stained

with 8 pl of 1% (v/v) filtered (0.2 pm) uranyl acetate
solution (Electron Microscopy Sciences). This solu-
tion was wicked off, and the grid air-dried.

AFM

AFM was performed as described previously [10,
11]. For AFM, peptide solutions were characterized
using a Nanoscope IIla scanning probe microscope
(Veeco Digital Instruments, Santa Barbara, CA). All
measurements were carried out in the tapping mode
under ambient conditions using single-beam silicon
cantilever probes. A 10 pl aliquot was spotted onto
freshly cleaved mica (Veeco Digital Instruments),
incubated at room temperature for 5 min, rinsed with
water, and then blown dry with air.

Effective concentration (ECsp)

ECs was defined as concentrations of compounds
required to inhibit AB4p or A4 oligomerization to
50% of the control value. ECsg was calculated using
the GraphPad Prism software (version 4.0a).

Preparation of cytotoxicity experiments

For the preparation of cytotoxicity experiments,
PICUP reagents and retinoic acid were removed from
AB samples (25 pM un-cross-linked AB42, 25 pM
cross-linked A4z, or 25 pM cross-linked AR4y with
250 uM retinoic acid) by size exclusion chromatog-
raphy (SEC) as described previously [11]. 1.5cm
diameter cylindrical columns were packed manually
with 2 g of Bio-Gel P2 Fine (Bio-Rad Laboratories,
Hercules, CA), which produced a 6 ml column vol-
ume. The column first was washed twice with 25 ml
of 50 mM NH4HCOs3, pH 8.5. Two-hundred sixteen
wl of cross-linked sample then was loaded. The col-
umn was eluted with the same buffer at a flow rate
of ~0.15 ml/min. The first 1 ml -of eluate was col-
lected. The fractionation range of the Bio-Gel P2
column -is 100-1800Da. AB4> peptide thus elutes
in the void volume whereas Ru(bpy) (MW =748.6),
APS (MW =228.2), retinoic acid (MW =300.4), and
DTT (MW=154.2) enter the column matrix and
are separated from AR. Fractions were lyophilized
immediately after collection. Reconstitution of the
lyophilizates to a concentration of 25 pM in 10mM
sodium phosphate, pH 7.4, followed by the SDS-PAGE
analysis, showed that removal of reagents and retinoic

- acid, lyophilization, and reconstitution did not alter

the oligomer composition of any of the peptide popu-
lations under study (Supplementary Fig. 1; available
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online: http://www.j-alz.com/issues/27/vol27-2.html
#supplementarydata02). Finally, AB samples were pre-
pared at0.2, 2, and 20 pMin 10 mM sodium phosphate,
pH74.

Cell culture

Human embryonic kidney (HEK) 293 cells were
cultured in 75-cm? flasks (Corning, Corning, NY)
in Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma-Aldrich) containing 10% fetal bovine serum
and incubated in a humidified chamber (85% humidity)
containing 5% CO; at 37°C. One day before AP sam-
ple treatment, the cell culture medium was replaced
with serum-free DMEM, and the cells were trypsinized
and re-plated onto precoated 96-well plates with poly-
D-lysine at a final cell density of 20,000 cells/well.

Cytotoxicity assays

We tested the toxicity of un-cross-linked, cross-
linked, and cross-linked with retinoic acid of ABiy
after removal of the reagents and reconstitution using
3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium

bromide (MTT) assay. MTT assays are a rapid and

sensitive method for determination of gross AP
toxicity in cultures of dissociated cells [16]. Aliquots

of 50 ul were added to HEK cells to yield final A

concentrations of 0.1, 1, and 10 pM. Twenty-two
hours after the cells were incubated with peptide
samples, MTT was added to each well, and the plates
were kept in a CO; incubator for an additional 2 h. The
cells were then lysed by adding lysis solution (50%
dimethylformamide, 20% SDS at pH 4.7) and were

incubated overnight. The degree of MTT reduction

(i.e., cell viability) in each sample was subsequently
assessed by measuring absorption at 590nm at
room temperature using a plate reader (PerkinElmer,
Turku, Finland). Background absorbance values, as
assessed from cell-free wells, were subtracted from

the absorption values of each test sample. Controls

included medium with 10 mM sodium phosphate. We
confirmed that 50% (vol/vol) 10mM sodium phos-
phate did not influence the absorbance of the medium
only. The absorbance measured from twelve wells
were averaged, and reported as mean & S.E. percent-
age of cell viability V =100 — ((Agediom — A48)/

(Amedium)) % 100, where Asp and Amedium Were

absorbance values from A-containing samples and

medium with 10 mM sodium phosphate, respectively.

Fluorescence spectroscopy characterizing
fluorescence of retinoic acid

Fluorescence emission of retinoic acid in the pres-
ence or absence of AP fragment [ABj.16 or AB2s-35]
was characterized as described previously [17] on
a Hitachi F-7000 fluorescence spectrophotometer
(Tokyo, Japan). The reaction mixtures (200 p.L) con-
taining 25 pM retinoic acid, 0-2.5 pM ABj.16 or
APBrs.35, and 10mM phosphate buffer, pH 7.4 were
analyzed at 25°C with a black microfluorimeter cell
(GL Sciences Inc., Tokyo, Japan). Excitation and emis-
sion fluorescence spectra were obtained immediately
after the reaction mixture was made. Excitation and
ernission were scanned in the range of 200-600nm
and 200-600 nm, respectively. The scanning speed was
2400 nm/min, and excitation and emission slits were
set at 5 and 5nm, respectively. Every scanning was-
finished in 5min, and the peak fluorescence intensi-
ties (excitation at 485 nm and emission at 600 nm for
retinoic acid) were recorded. ' -

Peptide aggregation

Aggregation assay was performed as described else-
where [13]. The reaction mixture contained 25 pM
AB1.16 or APas.as, 0, 25 or 250 uM retinoic acid,
and 10 mM phosphate (pH 7.4). 0.6 ml aliquot of AB
solution prepared above was placed in a 1 ml micro-
centrifuge tube. The tubes were incubated at 37°C for
0-48 h without agitation.

ThT assay

A fluorescence spectroscopic study was performed
as described before [13] on a Hitachi F-2500 fluo-
rescence spectrophotometer (Tokyo, Japan). Optimum
fluorescence measurements were obtained at the exci-
tation and emission wavelengths of 445 and 490 nm,
with the reaction mixture containing 5 uM ThT (Wako
Pure Chemical Industries. Ltd, Osaka, Japan) and
50 mm of glycine-NaOH buffer, pH 8.5.

Statistical analysis

One-way factorial ANOVA followed by Bonferroni
post hoc comparisons were used to determine statis-
tical significance among data sets. These tests were
implemented within GraphPad Prism software (ver-
sion 4.0a, GraphPad Software, Inc., San Diego, CA).
Significance was defined as p < 0.05.
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RESULTS

Effects of vitamins and their analogs on AB
oligomerization

In the absence of cross-linking, only AB4o
monomers (Fig. 1A, lane 2) or AB4, monomers and
trimers (Fig. 1B, lane 2) were observed. The AB42
trimer band has been shown to be an SDS-induced
artifact [18].

" 25 uM A4p cross-linked without vitamins existed
as a mixture of monomers and oligomers of orders
2-4 (Fig. 1A, lane 3), whereas that cross-linked with
25 M retinoic acid, retinol, retinal, or B-carotene
(AB4o:compound ratio=1:1) existed as monomers,
dimers, trimers, and weak tetramers (Fig. 1A, lanes
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6, 8, 10, and 12). AB4o cross-linked with 250 uM
retinoic acid (AB49: compound ratio=1: 10) existed
as monomers and weak dimers (Fig. 1A, lane 7). Sim-
ilar patterns were observed for A4 cross-linked with
250 pM retinol or retinal (Fig. 1A, lanes 9 and 11),
but AB4g cross-linked with 250 M B-carotene existed
as monomers and oligomers of orders 2-3 (Fig. 1A,
lane 13).

AByy cross-linked without vitamins existed as a
mixture of monomers and oligomers of orders 2-6
(Fig. 1B, lane 3). AB4y cross-linked with 25 pM
retinoic acid (AB42: compound ratio=1:1) existed
as monomers and oligoniers of orders 2-5 (Fig. 1B,
lane 6). However, A4y cross-linked with 25 pM
retinol or retinal existed as monomers and oligomers
of orders 2-5 and weaker hexamers (Fig. 1B, lanes §
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Fig. 1. AP oligomerization (A and B) and dose-dependent inhibition of AB oligomerization (C and D). PICUP, which was followed by SDS-
PAGE and silver staining, was used to determine the effects of 25 and 250 WM vitamin B2, retinoic acid, retinol, retinal, or $-carotene on
oligomerization of AB4g (A) or A4z (B). Lane 1, molecular weight markers; lane 2, AP alone (un-cross-linked); lane 3, AB alone (cross-
linked); lane 4, AP with vitamin B2 (25 pM); lane 5, AR with vitamin B2 (250 pM); lane 6, AR with retinoic acid (25 pM); lane 7, AB with
retinoic acid (250 pM); lane 8, AR with retinol (25 pM); lane 9, AB with retinol (250 pM); lane 10, AB with retinal (25 uM); lane 11, AB
with retinal (250 wM);. lane 12, AR with B-carotene (25 pM); and lane 13, AR with B-carotene (250 wM). PICUP, which was followed by
SDS-PAGE and silver staining, was used to determine the effects of 0, 25, 50, 100, 150, and 250 1M retinoic acid (filled circles), retinol (open
circles), retinal (filled squares), or B-carotene (open squares) on oligomerization of AB4o (C) or AB42 (D). Points represent means of four
independent experiments. At all points, standard errors were within symbols. The average without compounds was regarded as 100%. Each gel

is representative of each of three independent experiments.
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and 10), and A B4y cross-linked with 25 uM B-carotene
existed as monomers through pentamers and strong
hexamers (Fig. 1B, lane 12). APy cross-linked with
250 pM retinoic acid (AB42: compound ratio=1:10)
existed as monomers and trimers (Fig. 1B, lane 7).
Similarly, AB4y cross-linked with 250 pM retinol or
retinal produced the same bands (Fig. 1B, lanes 9
and 11), whereas AP4y cross-linked with 250 pM -
carotene existed as monomers and oligomers of orders
2-4 (Fig. 1B, lane 13).

As shown in Figs. 1C, D, and Supplementary
Fig. 2, oligomerization of both AB4o and AP4p were
blocked in a dose-dependent manner by retinoic
acid, retinol, retinal, and B-carotene. In the ABaso
system, ECso of retinoic acid was 61.5+2.02
(mean £ S.E., n=3) pM. ECsq of retinol, retinal,
and B-carotene was 122.3+£5.81, 115.6:4.62, and
128.0 +3.39 pM, respectively. In the APg4y system,
ECsp of retinoic acid, retinol, retinal, and B-carotene
was 29.44+1.37, 46.6 +6.1, 69.5+6.5, and 1153 +
6.43 uM, respectively. The overall activity of the four
compounds examined was in the order of retinoic
acid > retinol =retinal > 3-carotene. :

Vitamin B2 had no inhibitory effect on ohgomenza—
tion (Figs. 1A and B, lanes 4 and 5). Similarly, vitamins
B6, C, E, CoQ10, and LA had no inhibitory effect on
oligomerization (Supplementary Fig. 3).

It was possible that the strong inhibition of AB
oligomerization could have resulted from an effect
of the inhibitor on the PICUP chemistry itself. To
evaluate this possibility, cross-linking reactions were
also performed on GST (~26 kDa), a positive con-
trol for the cross-linking chemistry. Un-cross-linked
GST exhibited a strong monomer band and a relatively
weak dimer band. Cross-linking produced a strong
dimer band, expected because GST exists normally
as a homodimer, as well as higher-order cross-linked
species. No alterations in GST cross-linking were
observed in the presence of retinoic acid, retinol, reti-
nal, or B-carotene at either of the two compound:
proteinratios tested, 1 : 1 or 10: 1. Thus, the significant
inhibition of AP4g and AB4; oligomerization is from

a direct interaction with retinoic acid, retinol, retinal,

or -carotene.

APB assembly morphology

" To determine the morphologies of the assemblies
formed following AP cross-linking with or without
250 pM retinoic acid, we examined cross-linked sam-
ples by EM and AFM. Un-cross-linked AB40 produced

irregular, globular structures that often had thread-
like components. The average diameter (d) of the
globular structures was 1.43nm (Fig. 2A; Table 1).
Analysis of cross-linked oligomers revealed popula-
tions with much larger d (d=10.69 nm; Table 1). The
structures were more complex, including those that
appeared to be composed of globular subunits attached
to each other forming twisted, rope-like structures
(Fig. 2B). However, the structures of AP4¢ cross-
linked with 250 M retinoic acid were similar to those
of un-cross-linked AB4p (Fig. 2C), with d=1.51nm
(Table 1). Similar data were obtained from EM analysis
of AB4. Diameters of un-cross-linked A4z, cross-
linked AB4p, and APsp cross-linked with 250 uM
retinoic acid were 2.15, 21.22, and 2.18 nm, respec-
tively (Figs. 2G-1, Table 1).

We next studied oligomer morphology by AFM.
Un-cross-linked AB4g had the average height (k) of
0.20nm (Fig. 2D; Table 1). Larger structures with &
of 0.88 nm were observed for AB4g after cross-linking
(Fig. 2E; Table 1). The structures of AP4 cross-linked
with 250 pM retinoic acid were smaller than those
of cross-linked AB4g (h=0.34 nm; Fig. 2F; Table 1).
The average heights of un-cross-linked AB42, cross-
linked AB4z, and ABg4y cross-linked with 250 pM
retinoic acid were 0.31, 1.09, and 0.36 nm, respectively

. (Figs. 2)J-L; Table 1). ‘

Cellular toxicity

The ability of retinoic acid to inhibit formation
of low-n AP oligomers suggested that it might be
useful in blocking AB-mediated cellular toxicity. To
address this question, we used HEK 293 cells to per-
form MTT assay [19] to probe cellular metabolism.
When un-cross-linked and cross-linked AB4y were
added immediately to cells at final concentration of
1 uM, their cell viabilities were ~57% and ~47%,
respectively, as well as showing that cross-linked
APB4y were significantly more toxic than un-cross-

" linked AB42 (p<0.01) (Fig. 3). Treatment of AP
with retinoic acid reduced the cytotoxicity to ~16%,
which was a highly significant reduction relative to
cross-linked Af4y as well as un-cross-linked AB42
(p<0.01) (Fig. 3). Similar observations were made in
experiments with AB42 at 10 uM retinoic acid. Un-
cross-linked and cross-linked APy, displayed ~56%
and ~36% cell viability levels. Retinoic acid treat-
ment increased cell viability up to 62.5% significantly
(»p<0.01) (Fig. 3).

In experiments with AB4y at 0.1 uM, un-cross-
linked and cross-linked AP4y displayed ~73% and



