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Abstract

The deposition of amyloid B (AB) protein is a consistent
pathological hallmark of Alzheimer's disease (AD) brains;
therefore, inhibition of Ap fibril formation and destabilization of
pre-formed A fibrils is an attractive therapeutic and pre-
ventive strategy in the development of disease-modifying
drugs for AD. This study demonstrated that Paeonia suffruti-
cosa, a traditional medicinal herb, not only inhibited fibril
formation of both ABy_40 and ABy4o but it also destabilized
pre-formed Ap fibrils in a concentration-dependent manner.
Memory function was examined using the passive-avoidance
task followed by measurement of Ap burden in the brains of
Tg2576 transgenic mice. The herb improved long-term
memory impairment in the transgenic mice and inhibited the
accumulation of AB in the brain. Three-dimensional HPLC
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analysis revealed that a water extract of the herb contained
several different chemical compounds including 1,2,3,4,6-
penta- O-galloyl-p-b-glucopyranose (PGG). No obvious ad-
verseftoxic were found following treatment with PGG. As was
observed with Paeonia suffruticosa, PGG alone inhibited AB
fibril formation and destabilized pre-formed Ap fibrils in vitro
and in vivo. Our results suggest that both Paeonia suffruticosa
and its active constituent PGG have strong inhibitory effects
on formation of A fibrils in vitro and in vivo. PGG is likely to be
a safe and promising lead compound in the development of
disease-modifying drugs to prevent and/or cure AD.
Keywords: 1,2,3,4,6-penta- O-galloyl-B-pb-glucopyranose, Alz-
heimer's disease, amyloid §§ protein, medicinal herb, Paeonia
suffruticosa, Tg2576 transgenic mice.

J. Neurochem. (2009) 109, 1648—1657.

Abbreviations used: AD, Alzheimer’s disease; APP, amyloid
precursor protein; Af, amyloid f; MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; PGG, 1,2,3.4,6-penta-O-galloyl-f-p-
glucopyranose.
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Alzheimer’s disease (AD) is the most prevalent cause of
dementia and is characterized by loss of memory and
cognition as well as behavioral and occupational instability
in old age. One of the pathological characteristics of AD is
the progressive deposition of insoluble amyloid B protein
(AB) as a form of senile plaques (Wirths et «l. 2004). This
protein comprises peptides of approximately 39 to 43 amino
acid residues derived from the transmembrane amyloid
precursor protein (APP) (Selkoe 2002). Af can form
monomers and a variety of different aggregate morphologies
including dimers, small soluble oligomers, protofibrils,
diffuse plaques, and fibrillar deposits seen in the senile
plaques. Protofibrils, diffuse plaques, and fibrillar deposits
seem to have a predominant (3-sheet structure (Tierney ef al.
1988; Barrow and Zagorski 1991), while oligomers are
believed to be more globular (Barghom et al 2005).
Increasing evidence that the formation of these aggregates,
particularly oligomer. causes primary neurodegeneration in
AD has led to the amyloid hypothesis which states that the
accumulation of AP in the CNS is highly neurotoxic and
deteriorates synaptic functions (Selkoe 2002; Wirths er al.
2004). Moreover. several lines of evidence suggest that AP
accumulation begins at relatively early stages before cogni-
tive decline becomes manifest (Anderton et al. 1998; Selkoe
2002). Therefore, it is hypothesized that the formation,
deposition, and aggregation of AP in the brain should be
primary targets for complete amelioration of dementia.
Currently, drugs available for dementia such as acetylcho-
linesterase inhibitors exert only a temporary benefit on
cognitive dysfunction (Millard and Broomfield 1995; Park
et al. 2000; Darreh-Shori ef ¢f. 2004), and they do not
prevent or reverse the formation of AP deposits. One
potentially promising strategy for developing more effective
anti-dementia drugs is the mhibition of AP fibril formation or
destabilization of aggregated A3 or a combination of both.
Herbal remedies are used worldwide and have a long
history of use in alleviating a variety of symptoms of many
different conditions and diseases. Recently, clinical trials in
AD patients have also shown that some of these traditional
medications improved Mini-Mental State Examination
scores, P300 latency, and blood flow in the cerebral cortex
(Le Bars er al. 1997). Although inconclusive, these provoc-
ative studies suggest that even old remedies can be beneficial
in AD and related disorders. We have reported that several
traditional herbal medicines such as Formula lienalis
angelicae compositae (kamiuntanto) (Suzuki et al. 2001;
Nakagawasai ef al. 2004), Pilulae octo-medicamentorum
rehmanniae (hachimijiogan) (Iwasaki et al. 2004), and
Pulvis depressionis hepatis (yokukansan) (Iwasaki ef al.
2005) improved symptoms of dementia. The radicis cortex of
Paeonia suffruticosa (Moutan cortex; Botan-pi), a major
medicinal plant comprising Pilulue octo-medicamentorum
rehmanniae, is used as an anti-pyretic and anti-inflammatory
agent (Lin et al. 1999; Yasuda et al. 1999; Chou 2003).

© 2009 The Authors
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Paeonol, a common component of Paeonia suffruticosa, has
been shown to inhibit platelet aggregation in rabbits (Lin
et al. 1999) as well as to reduce cerebral infarction in
ischemia-reperfusion-injured rats (Hsieh ef a/. 2006). How-
ever, the underlying mechanism of traditional medicinal
herbs, including Paeonia suffiuticosa, on the formation and
metabolism of AP fibrils has never been investigated. In the
present study, we examined the effect of Paeonia suffruticosa
on the formation of AP aggregates and its ability to
destabilize pre-formed A fibrils in vitro by using fluores-
cence spectroscopy with thioflavin T.

1,2.3,4.6-Penta-0O-galloyl-B-p-glucopyranose  (PGG), a
high molecular weight tannin-type polyphenols, has been
isolated from Paeonia suffruticosa. The defining character-
istic of tannins is their ability to bind and precipitate proteins
(Hofmann et al. 2006). Li et al. (2005) previously reported
that PGG could bind to insulin receptors and activate an
insulin-mediated glucose transport signaling pathway. How-
ever, the effect of this compound on the formation and
metabolism of A fibrils has not yet been investigated.

Our results provide strong evidence that several traditional
herbs extracts including Paeonia suffruticosa and PGG have
inhibitory and destabilizing effects on A fibrils.

Materials and methods

Reagents

Af} peptides (1-40 and 1-42) and thioflavin-T were obtained from
Peptide Institute (Osaka, Japan) and from Sigma (St Louis, MO,
USA), respectively. All the reagents and drugs used were of
analytical grade.

Preparation of medicinal herb extracts

Water, 100% methanol, and 99.5% ethanol extracts of medicinal
herbs were prepared by refluxing 10 g of sliced dry herbs in 100 mL
of each solution for 30 min. The decoction after cooling to 25°C
was evaporated completely under reduced pressure to yield dried or
oily extracts. The extracts were weighed and dissolved in dimethyl-
sulfoxide at a concentration of 100 mg/mL and then stored at
—~20°C. When assaying, these extracts were dissolved in 50 mM
potassium phosphate buffer (pH 7.4) and the solutions were adjusted
to pH 7.4 when necessary.

Analysis of three-dimensional HPLC fingerprints of water extract
of Paeonia suffruticosa

Paeonia suffruticosa (0.5 g) was extracted with 30 mL of distilled
water under ultrasonication for 30 min. The soluition was filtered and
then analyzed by HPLC. The HPLC system consisted of an HPLC
pump (LC-10AD; Shimadzu, Kyoto, Japan) and a TSK-GEL 80
column (4.6 mm x 250 mm), and (A) 50 mM acetic acid-ammo-
nium acetate and (B) acetonitrile were used as the eluents. A linear
gradient of 90% A and 10% B changing over 60 min to 0% A and
100% B was used. The flow rate was controlled at 1.0 mL/min. After
the eluate was obtained from the column, the three-dimensional data
were processed with a diode array detector (SPID-M10A; Shimadzu).
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Thioflavin-T measurement

Thioflavin-T measurement was performed using the method
described by Suemoto er al. (2004) with slight modifications. For
the AP aggregate-formation assay, AP (20 uM) dissolved in the
50 mM potassium phosphate buffer (pH 7.4) with a test herbal
extract was incubated at 37°C for 96 h (AP _40) or 24 h (AP, 42).
For the destabilization assay of pre-formed AP aggregates, after
incubation of ABj_y (96 h) or AP 42 (24 h) without a test herbal
extract, a mixture of the aggregated AP and a test herbal extract was
incubated for 30 min at 37°C.

At the end of the incubation, 3 pM thioflavin-T dissolved in
100 mM glycine buffer (pH 8.5) was added to the mixture.
Fluorescence of thioflavin-T bound to AP aggregates was
measured using a microplate reader (Spectramax GEMINI XS;
Molecular Devices, Sunnyvale, CA, USA) (excitation at 442 nm
and emission at 485 nm) after incubation for 30 min at 25°C. The
percentage inhibition was calculated by comparing the fluores-
cence values of test samples with those of control solutions
without herbal extracts.

Animals

Tg2576 APPswe mice over-express a 695-amino acid splice form
(Swedish mutation K670N M6711) of the human A precursor
protein (APP695) which resulted in a fivefold increase in AB;_40 and
a l4-fold increase in AP,y with increasing age, driven by the
hamster prion protein promoter. The animals were allowed free
access to water and standard laboratory food in a facility with the
temperature controlled at 24 = 1°C and relative humidity at
55 & 5%, with lights on from 7:00 to 19:00 hours daily. Behavioral
studies were performed between 10:00 and 12:00 hours. Experi-
mental protocols were approved by the Animal Care and Use
Committee, Tohoku University Graduate School of Medicine, and
complied with the procedures outlined in the Guide for the Care and
Use of Laboratory Animals of Tohoku University.

Step-through passive-avoidance test

The apparatus (AP model; O’Hara Co., Tokyo, Japan) for the step-
through passive-avoidance test consisted of two compartments,
illuminated compartment {100 mm x 120 mm x 100 mm; light at
the top of compartment (27W, 3000 1x)] and dark compartment
(100 mm x 170 mm x 100 mm). The compartments were sepa-
rated by a guillotine door. During the learning stage, a mouse was
placed in the illuminated safe compartment. As the compartment
was lit, the mouse stepped through the opened guillotine door into
the dark compartment. The time spent in the illuminated compart-
ment was defined as the latency time. Three seconds after the mouse
entered the dark compartment, a foot shock (0.3 mA, 50V, 50 Hz ac,
for 3 s) was delivered to the floor grids in the dark compartment.
The mouse could escape from the shock only by stepping back to
the safe illuminated compartment. Such acquisition trials during the
learning stage were carried out once a day for 5 days. It was judged
as learning avoidance from foot-shock if the mouse remained in the
illuminated compartment for 300 s after being placed there. The
retention trials were carried out once per week for 10 weeks from
Days 8 to 78 to evaluate the retention of avoidance memory. The
latency time was measured for up to 300 s without delivering foot-
shock. It was judged that the mouse retained the avoidance memory
when it stayed in the illuminated safe compartment for 300 s.

© 2009 The Authors

Acquisition and retention trials were conducted in 1l-month-oid
mice.

Immunocytochemistry

All sample brains were fixed in neutral-buffered formalin and
embedded in paraffin. Immunocytochemistry was performed using
an Amyloid B Protein Immunohistostain Kit (Wako Pure Chemical
Industries, Ltd.. Osaka, Japan) according to the manufacturer’s
instructions. Briefly, after deparaffinization, 8-yum brain sections were
immersed in 99% formic acid for 5 min, blocked with blocking serum,
and immunostained with BA27 (AB,_4) and BCOS5 (AB;_4) by a
standard avidin-biotin complex method, using 3,3’-diaminobenzidine
as chromogen and lightly counter-staining with hematoxylin.

Tissue preparation

Tissue samples were processed in Tris-buffered saline (soluble
fraction) and 70% formic acid (insoluble fraction) containing 1x
protease inhibitor mixtures as described previously (Calon et al.
2004) with slight modifications. Briefly, brain tissues were homog-
enized and sonicated in Tris-buffered saline containing protease
inhibitor mixture. The resulting homogenate was subjected to
ultracentrifugation at 200 000 g at 4°C for 20 min, and the soluble
supernatant was collected and frozen. To analyze the insoluble AB,
the insoluble pellet was senicated in 200 pL of 70% formic acid and
subjected to ultracentrifugation at 300 000 g at 4°C for 30 min, and
the soluble supernatant was collected.

AB levels

Brain AB) 40 and AP 42 levels were measured using sandwich
ELISA with a Human 3 Amyloid ELISA Kit (Wako Pure Chemical
Industries, Ltd.) according to the manufacturer’s instructions.
BANS50 is a monoclonal antibody raised against a synthetic peptide
of human ABj_y¢; it preferentially reacts with the N-terminal portion
of human AP starting at Asp-1 but does not cross-react with N-
terminally truncated AP nor with rodent-type AP. BA27 and BCO05,
which specifically recognize the C terminus of AB;_4 and A4z,
respectively, were conjugated with horseradish peroxidase and used
as detector antibodies. Mice brain insoluble fractions described
above were neutralized and subjected to BANSO/BA27 or BANSO/
BCO0S ELISA. The amount of Af3 was calculated by comparing these
absorbance values with those of control solutions without herbal
extract.

Ap ologomerization analysis

Amount of AP; 4, oligomer was measured using AB Aggregate
Human Singleplex Bead Kit (Invitrogen Corporation, Carlsbad, CA,
USA) according to the manufacturer’s instructions. Data analysis
was performed by a flow cytometer (FACSCaliber, Becton
Dickinson Immunocytometry Systems, Franklin Lakes, NJ, USA).

Cell viability assay

SK-N-SH cells were maintained in Dulbecco’s modified Eagle’s
medium (Gibco Life Technologies, Carlsbad, CA, USA) supple-
mented with 10% fetal calf serum and 4 mM L-glutamine in a
humidified atmosphere of 5% CO», and 95% air. SK-N-SH cells
were seeded in 96-well plates at a density of I x 10* cells per well.
After 24 h, we pre-incubated SK-N-SH cells for 30 min with PGG,
followed by 24 h treatment with 10 pM aggregated AP .. Cell
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viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) method. Absorbance values of
formazan were determined at 590 nm with an automatic microplate
reader.

Data analysis

Data were expressed as mean = SD. Statistical comparisons were
made using anNova with Bonferroni’s post hoc analysis. p < 0.05
was considered to be significant.

Results

Concentration-dependent effects of Paeonia suffruticosa
on kinetics of A fibril formation and breakdown

In our previous publication, it was noted that several
medicinal herbs including Uncaria rhynchophyila, Cinna-
momum cassia, and Paeonia suffruticosa showed destabiliz-
ing activity on AP fibrils (Fujiwara et al. 2006). Paeonia
suffiuticosa which was extracted either by water, methanol,
or ethanol was concentrated under reduced pressure to yield
oily residues (2.33, 1.89, and 2.14 g for water, methanol, and
ethanol, respectively). To examine the inhibitory effect of
Puaeonia suffruticosa on AP fibril formation, concentration-
dependencies were examined by the thioflavin T method. We
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observed that fluorescence intensity in AB; 40 and AP 42
declined in a concentration-dependent mamner (Fig. la and b).
ARy 40 fibril formation was inhibited by 10 pg/mL of the
water (48.5 + 0.3%). methanol (40.1 + 2.8%), and ethanol
(34.6 £ 0.2%) extracts of Paeonia suffruticosa. AB, 4 fibril
formation was also inhibited by each of the three different
extracts (10 pg/mL), although the inhibitory concentration
was lower than for AB; 4.

In the analysis of fibril destabilization, fluorescence
derived from thioflavin T was decreased in a dose-dependent
manner after the addition of each of the extracts of Paeonia
suffruticosa to pre-formed AP fibrils, and the degree of
inhibition was similar to that observed on AP aggregation
(Fig. 1c and d). Pre-formed AP, 49 fibrils were destabilized
by 10 pg/mL of the water (58.2 + 3.7%), methanol
(74.9 + 1.1%) and ethanol (71.7 + 1.0%) extracts. Over
80% of pre-formed AB; 4 and APy 4 fibrils were destabi-
lized by each of the three different extracts at the concen-
tration of 100 pg/mL.

Step-through passive-avoidance tests

Step-through passive-avoidance tests were carried out in
Tg2576 mice at 11 to 14 months of age. In the first
acquisition trial of the learning stage, all mice (11 months

Inhibition of aggregation

(a) (b)
) 1004 'g
g £ 100
8 8
. . 5 5
Fig. 1 Effects of three different Paeonia 2
‘ h 2 ®
suffruticosa extracts on the kinetics of Ap E— 501 e
formation and destabilization. a and b: Ap 8 _§ 50+
aggregate-formation assay. Reaction mix- ‘%‘ g’
tures containing 20 uM of APy (3) or 5 5
ABi_s2, (D) 50 mM phosphate buffer (pH Q g
7.4), and various extracts [water (circles), g 0 ¥ 01
methanol (upward-pointing triangles), and 2.'_ 2."

ethanol (downward-pointing triangles)] were
incubated at 37°C for 96 h (a) or 24 h (b).
AB aggregation was expressed as per-
centage of the control sample which did not

Drugs (ug/mL)

Fibril destabilization

, (c) {d)
contain herbal extract. ¢ and d: AB aggre- = =
gate-destabilization assay. Reaction mix- g 100 ARy _4 e100'I AB,_ 4
tures containing 20 uM AB4_40 (C) OF AB1a2 E g
(d) were incubated at 37°C for 96 h (c) or 5 ‘5
24 h (d). The extracts were then added and 52 é R
incubated for another 30 min. Ap aggrega- vg 504 3*: 50
tion was assessed by the thioflavin T 2‘: 2-
method and expressed as the percentage -8 **** -8
of control aggregation in the absence of < A *
herbal extract. Values represent mean + g’ 04 § ok
SD from four independent experiments. o — v v § S r .
*p < 0.01 compared with extract-untreated < 0 10 100 0 10 100
control. Drugs (pg/mL) Drugs (pg/mlL)
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Fig. 2 Step-through latencies in the retention stages of the passive-
avoidance task in Paeonia suffruticosa-treated transgenic (Tg2576)
mice. Wild type and transgenic mice could acquire the avoidance
memory by four or five repeated learning trials. The retention trials
wetre carried out once per week for 10 weeks from Days 8 to 78 to
evaluate the retention of avoidance memory. The latency time was
measured for up to 300 s without delivering foot-shock. Wild type
(Wild: circles); transgenic mice (Tg: upward-pointing triangles);
80 mg/kg/day Paeonia suffruticosa by repeated oral administration
{Tg + 80 mg/kg/day: downward-pointing triangles), and 800 mg/kg/day
Paeonia suffruticosa (Tg + 800 mg/kg/day: diamond). Values repre-
sent the means + SD from 11 to 17 independent experiments.

old) in the wild type and Tg groups entered the dark
compartiment immediately after being placed in the illumi-
nated compartment. Repeating the acquisition trial in-
creased the latency times in both groups. All mice in the
wild type and Tg groups acquired avoidance memory,
staying in the illuminated compartment for over 300 s on
the fifth acquisition day. However, no significant differ-
ences were observed in the mean latency times between the
wild type and Tg groups on any given day during the
learning stage (data not shown). In retention trials (Fig. 2).
the step-through latency of the Tg group was significantly
reduced when compared with that of the wild type group.
Paeoniu suffruticosa-treated Tg mice were indistinguishable
from non-transgenic litterinates on days from 50 to 78 of
testing.

Ap pathology was reduced in Paeonia suffruticosa-treated
Tg mice

To determine whether oral Paeonia suffiuticosa treatment
affected the accumulation of A in brain tissue, we evaluated
AP immunoreactivity in brain sections from untreated
(Fig. 3a and c¢) and Paeonia suffruticosa-treated mice
(Fig. 3b and d) using BA27 and BCO5 antibodies which
recognize the C-terminus of human AB; 49 (Fig. 3a and b)

© 2009 The Authors
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Fig. 3 Immunostaining (a-d) and ELISA analysis of formic acid-
extractable AP levels (e and f) after dietary intake of Paeonia suffr-
uticosa in Tg2576 mice. (a—d) Hemibrain cryostat sections were
labeled with anti-ABs_s (2 and b) and AB,_4; (c and d) antibody. Image
analysis was performed on the cerebral cortex from untreated
(a and c) and Paeonia suffruticosa-treated (b and d) animals. Scale
bar = 1 mm. Levels of APy (e) and AB;_y2 (f) were quantified using
an ELISA kit on formic acid-extractable AR from cortices of the low
intake group (80 mg/kg/day) and high intake group (800 mgrkg/day).
Values represent mean + SD from 11 to 17 independent experiments.
*p < 0.05 compared with Paeonia suffruticosa-untreated control.

and AP, 42 (Fig. 3¢ and d). The number of AB-positive spots
in the cortex and hippocampus were obviously lower in the
Paeonia suffiuticosa-treated mice compared with the un-
treated mice. No AP immunoreactivity was observed in brain
sections from non-transgenic mice (data not shown).

We next measured the levels of AP 40 and A, 4 in brain
tissue samples from Tg mice using a sensitive ELISA method
(Fig. 3e and f). Consistent with the results of A immuno-
staining, the AP; 4 concentration in the samples from
Puaeonia suffiuticosa-treated Tg mice (800 mg/kg/day) was
significantly lower than the concentration in Paeonia suffi-
uticosa-untreated mice (747.8 + 322.4%, p < 0.05). In con-
trast to its effect on AP, 4, levels, Paeonia suffiuticosa
treatment had no significant etfect on A, 4 levels in the Tg
mice. The levels of A, 44 and AP, 4 were below the limit
of detection in cerebral cortex samples from non-transgenic
mice (data not shown).
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HPLC analyses of Paeonia suffruticosa: identification of
four different natural compounds and their effects on the
kinetics of AP;_42 formation and destabilization

The three-dimensional-HPLC fingerprints of water extracts
of Paeonia suffiuticosa are illustrated in Fig. 4. The water
extract contained several different chemical compounds
including paeonol, benzoic acid, and derivatives of paeon-
iflorin as well as PGG.

Concentration dependence of the inhibitory effects of
these compounds on A fibril formation was examined using
the thioflavin T method (Fig. 5a). Only PGG induced a
concentration-dependent decline in the thioflavin T fluores-
cence intensity associated with AP, 4. PGG (3 M) inhib-
ited AP, 4 fibril formation by more than 50%. Additional
thioflavin-T experiments were performed in order to deter-
mine the ability of PGG to destabilize pre-formed A fibrils.
Fluorescence derived from thioflavin T was decreased in a
dose-dependent manner after the addition of PGG to pre-
formed AP fibrils to an extent similar to that seen for the
inhibition of AP aggregation (Fig. 5b).

Next, we incubated different concentrations of PGG with
unpolymerized AB; 42 (10 #M) and monitored the formation
of amyloid using the Thioflavin T method (Fig. 6). In the
absence of PGG. AP, ;» formed Thioflavin T-binding
aggregates afler a lag phase of 2 h, whereas thioflavin T
signals were decreased to 33.6 £ 16.8% by 1 uM PGG after
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a lag phase of 24 h. Moreover. AP, 4> aggregation was
completely inhibited by 100 uM PGG.

Effect of PGG on Ap,.4, oligomers

To further characterize the breakdown products that accumu-
lated in the presence of PGG. aliquots of AP, 4 oligomer-
ization reaction mixtures in the presence or absence of PGG
were assayed by flow cytometric analysis (Fig. 7). In the
absence of PGG, the fluorescence intensity of AP, 4> oligo-
merized sample was potent compared with vehicle sample
without AP, 42 oligomers (Fig. 7a and b). Samples treated
with PGG reduced the fluorescence intensity in a concentra-
tion-dependent manner (Fig. 7c—e). These data confirmed that
PGG was a strong inhibitor of AB; 4 oligomerization.

Neuroprotective effects of PGG against AP toxicity

To evaluate whether PGG could potentially prevent A(-
induced toxicity, we pre-incubated SK-N-SH cells for
30 min with PGG, followed by 24 h treatment with 10 pM
aggregated AP, 4. SK-N-SH cell viability was signifi-
cantly impaired by Af peptides, measured by MTT assay.
PGG (10 uM) significantly protected SK-N-SH cells
against AP-induced toxicity. When measured by MTT
reduction, cell survival was restored from 56.9 + 2.5%
to 87.0 = 13.6% in response to the A, 4o aggregates
(Fig. 8).
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Fig. 4 Identification of chemicals by three-dimensional HPLC analysis of the water extract of Paeonia suffruticosa. Each peak indicates a molecule

described in the figure.
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Fig. 5 Effects of distinct compounds isolated from Paeonia suffruti-
cosa on the kinetics of APs formation and destabilization. a: AB
aggregate-formation assay. Reaction mixtures containing 20 uM of
ABq_s2. 50 mM phosphate buffer (pH 7.4), and various compounds
[1,2,3,4,6-penta-O-galloyl-p-n-glucopyranose (circles), paeonol (up-
ward-pointing triangles), benzoic acid (downward-pointing triangles),
and paeoniflorin (diamond)] were incubated at 37°C for 24 h. Ap
aggregation is expressed as percentage of control observed in the
absence of test compounds. b: AR aggregate-destabilization assay.
Reaction mixtures containing 20 1M AB,_4» were incubated at 37°C for
24 h. The extracts were added and incubated for 30 min. AB aggre-
gation was assessed by the thioflavin T method and expressed as
percentage of control aggregation observed in the absence of test
compounds. Values represent mean + SD from four independent
experiments. **p < 0.01 compared with extract-untreated control.

Af pathology is diminished in PGG-treated Tg mice

To determine the effect of oral PGG treatment accumulation
of AR in Tg type mice, we evaluated AP immunoreactivity
in brain sections from untreated and PGG-treated mice by
using antibodies BA27 and BCO5 (Fig. 9a—d). The number
of A-positive spots in the hippocampus was obviously
lower in PGG-treated mice (Fig. 9b and d) compared with
untreated mice (Fig. 9a and c¢). No AP immunoreactivity
was observed in brain sections from non-transgenic mice
(data not shown).

We next measured the levels of AB; 40 and Af 4 in brain
samples from Tg mice by using a sensitive ELISA method
(Fig. 9e and f). In the brains of Tg mice treated with PGG by
repeated oral administration, the AB; 49 and AB; 4 concen-
trations were significantly lower (2417.5 + 279.5% and
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Fig. 6 The molar ratio of the AB—PGG interaction. Reaction mixtures
containing 10 oM AB,_4o: PGG [solvent alone (circles), molar ratio
10 : 1 (upward-pointing triangles), 10 : 10 (downward-pointing tri-
angles), and 10 : 100 (diamond)] were incubated at 37°C for indicated
time. Thioflavin T fluorescence was expressed as a percentage of
control which was observed at the point of 24 h without PGG. Values
represent mean = SD from four independent experiments.

46.8 + 3.0%, p < 0.01) than those i PGG-untreated mice.
The levels of AP, 49 and AP, 4» were below the limit of
detection in cerebral cortex samples from non-transgenic
mice (data not shown).

Discussion

In AD research, much attention has focused on altering the
course of the disease through early diagnosis and interven-
tion. Clinical application of biomarkers and amyloid imaging
may be attractive and realistic diagnostic procedures by
which to identify the disease early. On the other hand, safety
is an important concern with regard to early intervention with
disease modifying drugs. Paeonia suffiuticosa has been used
medicinally in humans for more than 1000 years with
virtually no toxic effects reported.

The results of our studies using thioflavin T fluorescence
demonstrated that Paeonia suffruticosa extracts, regardless
of the extraction method used, could inhibit the assembly of
AD fibrils. All three extracts (water, methanol, and ethanol)
induced a dramatic decline in the fluorescence intensity of
thioflavin T in the pg/mL range. In our preliminary
experiment, we confirmed that these extracts did not quench
thioflavin T fluorescence at the indicated concentrations.
These results suggest two possibilities; one is that Paeonia
suffruticosa indeed destabilizes A fibrils, and the other is
that it antagonizes the binding of thioflavin T to Af. It has
been reported that absorbance of Congo red was increased by
binding to Af} protein as well as to thioflavin T. The binding
site in AP to Congo red was different from that to thioflavin
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Fig. 7 Effects of PGG on ABy_4» oligomeric species. These histograms
were developed using reagents provided in the Aggregated Ap Assay
Kit. a: buffer-control; b: 10 uM AB,_4» in absent of PGG; c—e: 10 uM
AB1_42 With PGG molar ratio 10 : 1 (c), 10 : 10 (d). and 10 : 100 (e).

100+
3
E 754
k<)
=
2z 507
E
.N
S 25-
8 —~O— AB(-)
—~9— 10MA3
i S r .
1 10
PGG (uM)

Fig. 8 Effects of PGG against Af-induced toxicity. SK-N-SH cells
were pre-treated without or with PGG for 30 min followed by incu-
bation without or with ABy_4x (10 pM) for 24 h. Cell viability was
assessed by MTT method and expressed as a percentage of control
viability, which was observed in the absence of AB;_4, and PGG.
Values represent the means + SD from four independent experi-
ments.
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Fig. 8 Immunostaining (a—d) and ELISA analysis of formic acid-
extractable Ap levels (e and f) after dietary intake of 1,2,3,4,6-penta-O-
galloyl-B-o-glucopyranose (PGG) in Tg2576 mice. (a~d) Hemibrain
cryostat sections were labeled with anti- AB,_, (2 and b) and ABy_yp
(c and d) antibody. Image analysis was performed on the cerebral
cortices from PGG-untreated (a and ¢) and -treated (b and d) animals.
Scale bar = 1 mm. Levels of ABy_4o (€) and AB,_42 (f) were quantified
on formic acid-extractable AB from cortices of the 8 mg/kg/day PGG
groups. Values represent mean + SD from seven to eight independent
experiments. **p < 0.01, compared with PGG-untreated control.

T. In our experiments, each of the three Paeonia suffiuticosa
extracts decreased the absorbance of Congo red (data not
shown), suggesting that the decrease in thioflavin T fluores-
cence by Paeonia suffruticosa extracts was caused by
destabilization of AP fibrils. Moreover, our preliminary
atomic force microscopy data also strongly support this
notion. as destabilization of A fibrils by Puaeonia suffiuti-
cosa extracts was directly visualized (data not shown). The
extracts of Paeonia suffruticosa inhibited aggregation of both
ABy 40 and AB; 4, to a similar extent. Therefore, the
inhibitory effect of Paeonia suffruticosa on amyloidogenesis
of Af may not be dependent on the distinct amino acid
sequence of its C-terminal.

Paeonia  suffruticosa  treatment prevented Ap-related
memory deficits and AD-type neuropathiology in vivo. In
our study, we found that treatment of Tg2576 mice with
Paeonia suffruticosa attenuated memory deterioration, and
this effect coincided with an approximately 20% reduction in
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AB peptide content in the brain. We hypothesize that
treatment with Paeonia suffiuticosa may have beneficial
effects on AD-type memory deterioration through a direct
interaction between Puaeonia suffruticosa and AB peptides in
the brain, leading to the prevention of AB plaque formation.

Our studies also showed that PGG at low concentrations
(ICso=3 uM) can inhibit AP aggregation or promote its
destabilization. Moreover, our preliminary scanning electron
microscopy data also strongly support this notion, as
destabilization of A fibrils by PGG was directly visualized
(Fig. S1). As other chemical compounds, such as paeonol,
benzoic acid, and paeoniflorin had no effects on AP
aggregation, PGG may be the principal active constituent
responsible for the effect of Paeonia suffiuticosa on A fibril
regulation. Previous published literatures reported that sev-
eral polyphenols, such as those from green tea or grape, had
anti-aggregation property (Ehmhoefer er ol 2008; Riviére
et al. 2008). PGG had a comparable inhibitory effect with
such published polyphenols.

The toxicity of Af is becoming more strongly linked to the
formation of oligomeric aggregates (Kirkitadze e «l. 2002).
In our experiments, PGG inhibited AP oligomerization.
Moreover, treatment of SK-N-SH cells with PGG signifi-
cantly protected the cells from A, 4, toxicity at concentra-
tions similar to those that inhibited AP aggregation. Thus,
our experiments suggest that PGG inhibited not only Ap
fibril formation but also neurotoxic A oligomer formation.
Furthermore, oral intake of PGG reduced AP plaque burden
and A peptide content in brain tissue from Tg2576 mice, as
did like Puaeonia suffruticosa. There are two possible
explanations; one is that PGG indeed destabilizes A fibrils,
and the other is that it inhibits the AP production or its
secretion in Tg2576 mice brain. We demonstrated that PGG
did not affect the level of full-length APP in Tg2576 mice
(Figure S2), suggesting that the decrease in AP plaques and
AP peptide content in brain tissue from Tg2576 mice by
PGG may be caused by destabilization of AP fibrils.
Curcumin, an active compound of Curcuma longa. was
reported to inhibit A fibri! formation and to destabilize pre-
formed A fibrils in vitro and in vivo (Ono et al. 2004; Yang
et al. 2005). It has also been reported that this compound is
highly hydrophobic and should readily enter the brain to bind
to plaques in vivo (Yang et al. 2005). Although highly
hydrophilic, unlike curcumnin. PGG has curcumin-like activity
on Af fibril regulation in vivo. Studies of the metabolism of
PGG and its ability to penetrate the blood-brain barrier by
this compound are now underway.

In conclusion, our study demonstrates that Puaeonia
suffruticosa and PGG not only inhibit AB fibril formation
but also disassemble pre-formed AP fibrils. Moreover, our
experiments suggest that PGG inhibits AP oligomerization
and A toxicity. As a result, it improved memory deficits in
Tg2576 mice. Therefore, extracts of Paeonia suffiuticosa
and PGG could have potential as therapeutic drugs for AD

© 2009 The Authors

patients and may also be useful as primary or secondary
preventive agents for healthy individuals and patients with
mild cognitive impairment. Furthennore, Paeonia suffiuti-
cosa has a satisfactory safety profile because no obvious
adverse effects of Pilulae octo-medicamentorum rehmanniae
have been reported. In our preliminary experiments, Paeoniu
suffiuticosa was tested for hepatotoxicity, nephrotoxicity, and
other biochemical parameters in transgenic mice. Fortu-
nately, this medicinal herb did not show any signs of organ
toxicity. Thus, Paeonia suffiuticosa appears to be a safe
natural product for regulating AP aggregation. Paeonia
suffruticosa and PGG may represent a new class of
therapeutic and preventive agents for AD which act to
regulate the formation and the clearance of senile plagues.
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Figure S1 Scanning electron microscope imaging of AP,
fibrils. After incubation of A4 for 24 h for preformed fibrils, the
mixture of aggregated AP and the PGG was incubated at 37°C for
1 h. A: vehicle (DMSO); B: 10 pM AB;40: 10 pM PGG (molar
ratio 1 : 1). Scale bar = 5 ym.

Figure 82 Effects of PGG on the level of amyloid precursor
protein (APP) in Tg2576 mice. Immuunoblotting of brain levels
of APP after dietary 1,2.3.4,6-penta-O-galloyl-B-np-glucopyranose
(PGG) in Tg2576. Levels of APP were quantitated by immunoblot-
ting with full length APP antibody from cortices of 8 mg/kg/day-
PGG groups. The samples were separated on a 10% polyacrylamide
gel, followed by immunoblotting with anti-full length APP antibody.
Arrowheads point to APP. Similar results were obtained from at
least 3 independent experiments.
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Background: There is an urgent need for early diagnosis and treatment of
dementia to ease caregiver burden and medical costs associated with the
increasing number of affected patients. Molecular imaging with target-specific
ligands is contributing to the early diagnosis of dementia and the evalua-
tion of anti-dementia therapy. Objective: This article reviews recent advances
in the molecular imaging field applied to dementia. To illustrate the utility
of molecular imaging in the clinical management of dementia, results from
recently published papers using new imaging probes are compared with
those from conventional imaging strategies. Conclusion: The recent devel-
opment of B-sheet binding agents including FDDNP, PIB, SB-13, BF-227 and
BAY94-9172 enables the non-invasive detection of amyloid deposition in
the brain. These agents would be useful for the early and accurate diagno-
sis of Alzheimer’s disease, patient selection for disease-modifying therapeu-
tic trials and monitoring the effect of anti-amyloid therapy. Also, monitoring
neurotransmitter function contributes to the differential diagnosis of
dementia and refinement of treatment protocols. New targets for molecular
imaging are focusing on protein misfolding diseases associated with the
neurotoxic deposition of aggregated tau, a-synuclein and prion proteins.

Keywords: acerylcholine, Alzheimer’s disease, amyloid-f protein, dementia, imaging, molecular imaging,

near-infrared, positron emission tomography, prion, single phoron emission computed tomography, tau

Expert Opin. Med. Diagn. (2009) 3(6):705-716

1. Introduction

Dementia is a common and life-threatening disease in elderly people. The preva-
lence of dementia increases after the age of 65, resulting in an increasing medical
and socio-economic burden. Alzheimer’s disease (AD) is the most common cause
of dementia and currently affects 4 million people in the US. AD generally
begins insidiously with mild memory problems and progresses to the develop-
ment of functional impairment in multiple cognitive domains within a few years.
Elderly people usually complain of increasing forgetfulness with age. However,
not all subjects with mild memory impairments progress to dementia. It is impor-
tant to develop diagnostic methods that have adequate sensitivity and specificity
to distinguish those who are likely to develop AD from those memory-impaired
individuals who do not. In addition, it is important to predict accurately who
might be at an increased risk for AD from a large pool of elderly people. The
arrival of new therapies that may delay disease progression emphasizes the need to
improve the diagnostic certainty early in the course of AD.

Structural neuroimaging techniques, such as computed tomography (CT) and
magnetic resonance imaging (MRI), are routinely used in the screening of cerebro-
vascular and space-occupying lesions, in the differential diagnosis of normal-pressure

hydrocephalus and AD, and in the evaluation of brain atrophy. Widespread cortical

10.1517/17530050903133790 © 2009 Informa UK Ltd 1SSN 1753-0059 705
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atrophy, a thinning of the medial temporal lobe structures
and white matter hyperintensities are, although not pathogno-
monic, consistent structural neurcimaging findings associated
with the progression of AD, where there is a significant over-
lap with the normal ageing process and with other pathologi-
cal conditions. Modern molecular neuroimaging techniques
such as positron emission tomography (PET) and single pho-
ton emission computed tomography (SPECT) have helped in
the differential diagnosis of dementia while also allowing the
exploration of specific molecular mechanisms of AD.

The pathological hallmarks of AD are the deposition of
senile plaques (SPs) and neurofibrillary tangles (NFTs).
Whereas NFTs are intraneuronal bundles of paired helical
filaments mainly composed of the aggregates of an abnor-
mally phosphorylated form of tau protein, senile plaques
consist of extracellular aggregates of amyloid P-peptide (AB).
Dementia with Lewy bodies (DLB) represents the second
most frequent cause of neurodegenerative dementia in the
elderly. Insoluble aggregates of a-synuclein called Lewy
bodies are the pathological hallmarks of DLB as well as
Parkinson’s disease (PD), however Lewy bodies are found not
only in PD and DLB, but also in AD and other neurode-
generative conditions. Furthermore, neocortical AR burden
is frequently observed in DLB patients, indicating substan-
tial overlap in the pathology of AD and DLB. To under-
stand precisely the molecular mechanisms of dementia, it is
thus important to identify the contribution of each of these
pathologies to the dementia syndrome.

2. Cerebral glucose metabolism and cerebral
blood flow

Molecular neuroimaging using PET and SPECT has been
widely used for the early and differential diagnosis of demen-
tia. Regional hypoperfusion and hypometabolism in the
posterior cingulate and temporoparietal cortices is one of
the earliest changes in AD and is a prognostic marker in
subjects with mild cognitive impairment (MCI) (11, The
development of voxel-by-voxel analysis techniques has made
substantial contributions to the early identification of these
regional brain changes [21. A comparison study of fluoro-deoxy
glucose (FDG)-PET and perfusion SPECT indicated that
FDG-PET is more sensitive than SPECT because the magni-
tude of the hypometabolism observed with FDG-PET is gen-
erally greater than the degree of the hypoperfusion seen with
SPECT 3. FDG-PET is a sensitive technique for the early
identification of AD patients where hypometabolism has
been observed even in cognitively normal individuals who have
a higher genetic risk of developing AD 4. In a multi-center
study, the prognostic value of FDG-PET showed a high degree
of sensitivity (93%) in the evaluation of dementia (s]. However,
the specificity (73%) is not completely at a satisfactory level
for the prediction of progressive dementia.

Another important application of FDG-PET lies in the
differential diagnosis of AD from other causes of dementia,

such as DLB and frontotemporal dementia (FTD). The
consortium on dementia with Lewy bodies (CDLB) char-
acterized DLB as a progressive cognitive decline, extrapyra-
midal symptoms, episodic confusion, hallucinations and
fluctuating cognitive impairment (6. However, several
follow-up studies indicated that although the CDLB crite-
ria present an appropriate specificity, it is laden with a
relatively poor sensitivity [71. In addition, differential diag-
nosis of DLB from AD is difficult even in the later stages
of the disease. DLB differs from AD in the treatment
response experienced by patients. For example, DLB
patients are at high risk for severe reactions to antipsy-
chotic drugs. This highlights a need to develop a sensitive
diagnostic tool to provide greater precision in the ante-
mortem diagnosis of DLB. Clinical PET and SPECT studies
showed a characteristic pattern of regional glucose hypo-
metabolism and hypoperfusion in the primary visual cortex
and the occipital association cortex in addition to the tem-
poroparietal pattern of abnormal cerebral blood flow and
metabolism found in AD [s].

The ideal biomarker for AD should have a diagnostic sen-
sitivity > 80% for detecting AD and a specificity of > 80%
for distinguishing other dementias. Hanyu er 4/ indicated
that a diagnostic strategy combining perfusion SPECT and mini
mental state examination (MMSE) performance has produced
a sensitivity of 81% and a specificity of 85% in the differen-
tiation of DLB from AD 19}, which indicates that perfusion
SPECT is an ideal diagnostic marker for DLB. PET measures
of glucose hypometabolism and SPECT measures of hypop-
erfusion in the occipital cortex could help to enhance the
clinical diagnosis of DLB, particularly in the early stages of
the disease, allowing the maximum therapeutic benefit in the
treatment of DLB patients. A recent multi-center study dem-
onstrated the usefulness of FDG-PET in the differential
diagnosis of AD, DLB and FTD n10). Differential diagnosis of
AD and FTD is a particularly good application for FDG-PET
because of the sharp contrast in their pattern of glucose hypo-
metabolism. The addition of FDG-PET to clinical informa-
tion increased the diagnostic accuracy and confidence for
both AD and FTD (111, In the US, the Center for Medicare
and Medicaid Services has recently approved the use of
FDG-PET for differential diagnosis of AD from FTD.

3. Imaging neurotransmitter, neuroreceptor
and neuroenzymatic function

The evaluation of neurotransmitter functions in the brain is
helpful for the determination and monitoring of treatment
protocols, prediction of disease progression, as well as for the
early diagnosis of dementia. Many radiotracers have been devel-
oped for the assessment of neurotransmitter functions,
including dopamine, acetylcholine (ACh), serotonin, histamine,
benzodiazepine, adenosine, NK-1 and opioid (Table 1) 1121,
Some of them have been applied for the assessment of the
neurotransmitter changes in dementia {13.14].
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Table 1. Radiopharmaceuticals for brain positron
emission tomography imaging.

Functions Drugs
Blood flow 150-H,0
Blood volume 150-CO
Glucose metabolism 18E.FDG
Oxygen metabolism 50-0,

Hypoxia

Amino acid metabolism
Neurotransmitter
Dopamine D, receptor

Dopamine D, receptor
Dopamine transporter

Dopamine synthesis

Muscarinic acetylcholine
receptor

Nicotinic acetylcholine
receptor

Acetylcholine esterase

Serotonin 5-HT, 5 receptor

Serotonin 5-HT,, receptor

Histamine H, receptor

Central benzodiazepine
receptor

Peripheral benzodiazepine
receptor

Adenosine receptor
NK-1 receptor
Opioid receptor

Protein aggregate
Amyloid B protein

8F_fluoromisonidazole

Y C-methionine

11C-SCH23390, ""C-NNC112

MC-raclopride, ''C-methylspiperone,
MC-nemonapride, ''C-FLB457

YC-B-CIT, "'C-CFT, V'C-cocaine,
Y C-methylphenidate, ''C-PE2!

VC-DOPA, "8F-DOPA
1TC-NMPB, "'C-TRB, '8F-FP-TZTP

" C-nicotine, '8F-norchloro-
fluoro-homoepibatidine,
18F-fluoro-A-85380

NC-MP4A, 1'C-PMP,
"C-physostigmine, ''C-donepezil

C-WAY100635, '8F-FCWAY

1'C-methylspiperone,
C-MDL 100907,
'8F-altenserin, '8F-setoperone

1C-doxepin, ''C-pyrilamine

NC-flumazenil, 18F-flumazenil

IC-PK11195, "'C-FEDAA1106,
HC-PBR28, M'C-DPA-713, ""C-CLINME

HC-MPDX, M'C-TMSX
YC-CP-99994, '8F-SPA-RQ

1 C-carfentanyl, V'C-diprenorphine,
18F-cyclofoxy

YC-PIB, 11C-SB13, VIC-BF227,
8F-FDDNP, '8F-BAY94-9172

One of the major alterations found in the brains of AD

patients is a loss of neurons in the cholinergic nucleus basa-
lis of Meynert {15]. A loss of the cholinergic markers cholin-
eacetyltransferase (ChAT) and acetylcholinesterase (AChE) is
observed in post-mortem AD brains 16 In addition, a loss
of the cholinergic function is closely related with the severity
of cognitive impairment in dementia 17]. Therefore, the
cholinergic hypothesis has served as the basis for treatment
in AD (18], and attempts to treat the cognitive dysfunction
in AD have been focused on enhancing the cholinergic

function through AChE inhibitors {19. AChE inhibitars in
AD therapy should boost endogenous levels of ACh in the
brain and thereby enhance the cholinergic neurotransmis-
sion. Several AChE inhibitors are now used for the symp-
tomatic treatment of AD. Functional imaging of cholinergic
neurotransmission is a useful strategy for the determination
of the treatment protocol of demented patients. The use of
tracers that are hydrolyzed specifically by AChE permits the
measurement and imaging of local AChE activity in
humans (20. Clinical PET studies using ["'C]MP4A and
["'CJPMP indicated that AChE activity is prominently
reduced in AD (21221, A recent [''C]MP4A PET study dem-
onstrated further significant reduction of AChE activity in
the medial occipital cortex of PD and DLB patients [231.
The reduction of cortical k, value was greater in DLB
patients (27.1%) than AD patients (13%), suggesting it
might be useful in differentiating AD from DLB. The sec-
ond approach to the evaluation of AChE function is using
the AChE inhibitors themselves as radiotracers. This method
enables a direct investigation of the pharmacokinetics of
AChE inhibitors using PET. Donepezil hydrochloride is at
present the AChE inhibitor most widely used for the treat-
ment of AD and shows a selective binding of AChE com-
pared with butyrylcholinesterase (24). Radiolabeled donepezil
can thus be used as a tracer to measure the concentration of
brain AChE /n wive. A [V'Cldonepezil PET study clearly
revealed higher concentrations of tracer distribution in the
striatum and cerebellum than in the neocortex and a promi-
nent reduction of donepezil binding in the brains of AD
patients (2s1. The correlation of donepezil binding with
severity of dementia was observed with AD patients. The
amount of therapeutic drug bound to AChE is considered
to be a key factor in determining the treatment response in
each patient. A post-treatment PET study following the
administration of 5 mg donepezil a day revealed an ~ 60%
reduction of [''Cldonepezil binding throughout the brain (25,
This finding indicates that the AChE occupancy by orally
administered donepezil was ~ 40% in daily doses of 5 mg.
A [M'CIMP4A PET study revealed a mean 39% reduction in
AChE activity after oral administration of 3 — 5 mg donepe-
zil 26). These findings together suggest that inhibition of
AChE activity matches occupancy of AChE inhibitor bind-
ing sites. The /n vive evaluation of AChE occupancy using
[""C]donepezil PET could thus be a powerful strategy for
determining the optimal dose of donepezil in AD therapy.
Nicotinic ACh receptors have also been implicated in a vari-
ety of central processes, such as memory and cognition (27.28}.
Abnormally low densities of nicotinic ACh receptors have
been measured iz witro in autopsy brain tissue of AD
patients 29 Only PET studies using ['!Clnicotine found
reduced uptake and binding in the temporal and frontal
cortices of AD patients 2%, However, a recent PET study
using 2-['*F]fluoro-A-85380 found no evidence of in vivo
nicotinic ACh receptor loss in early AD despite significant
cognitive impairment {30]. Although the main focus of
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neuroceptor studies in AD has been the study of nicotinic
ACh receptors, muscarinic ACh receptors, especially the M1
and M2 muscarinic ACh receptors subtypes, have also been
implicated in AD 1313 Highly selective subtype-specific radio-
ligands for M1 or M2 muscarinic ACh receptors are not yet
available (323, but radiotracers that can assist in both quantify-
ing muscarinic ACh receptor densities and monitoring AD
therapy are being developed (331,

One of the major neuropathological findings in DLB is
the loss of dopaminergic neurons in the substantia nigra.
Such neuronal loss can be quantified by assessing striatal
dopaminergic terminals with PET or SPECT, using ligands
specific for the dopamine transporter, such as ['?*1]-B-CIT
and ['?*IJFPCIT (34.35). The evaluation of presynaptic dop-
amine synthesis by ['®F]FDOPA PET demonstrated a prom-
inent reduction in striatal accumulation in DLB patients (34,
while the assessment of striatal dopaminergic terminals with
vesicular monoaminergic transporter type 2 (VMAT?) tracers
is also useful in distinguishing AD from DLB (37], suggesting
that the assessment of the nigrostriatal dopaminergic func-
tion using PET and SPECT would be an informative diag-
nostic adjunct in distinguishing DLB from other types of
neurodegenerative dementia. Another strategy to gain an
accurate differential diagnosis of DLB from AD is the assess-
ment of the cardiovascular autonomic dysfunction using
scintigraphy with [1?I]metaiodobenzylguanidine (MIBG).
This tracer enables the quantification of the post-ganglionic
cardiac sympathetic innervation. Several studies using (23]
MIBG scintigraphy have demonstrated a reduced cardiac
retention compared with mediastinal uptake in DLB, as
opposed to AD [3839).

4. Imaging of neuroinflammation

Microglia are the primary resident immune susveillance cells
in the brain and are thought to play a significant role in the
pathogenesis of several neurodegenerative disorders, including
AD p40l. In vivo measurement of microglial activation may
help chart the progression of neuroinflammation as well as
assess the efficacy of therapies designed to modulate neu-
roinflammation. Activated microglia can be measured using
radioligands for the peripheral benzodiazepine receptor.
[""C]PK11195 has been widely used for this purpose in
several neurodegenerative disorders. A recent PET study
using [M'C]PK11195 demonstrated significant increase in
microglial activation in AD brains and correlation of cortical
microglial activation with the severity of dementia, which is
compatible with a role of microglia in neuronal damage (41.42.
However, recent PET studies also indicated that cortical
microglial activation measured by ["'C]PK11195 is not asso-
ciated with amyloid deposition in the early stage of AD [43,44).
Despite its wide application, [1'CJPK11195 has a high
lipophilicity and a high nonspecific binding, which makes
it difficult to perform an accurate and sensitive measurement
of microglial activation. Therefore, efforts are being made

to develop more sensitive radiotracers for the peripheral
benzodiazepine receptor [45].

5. Imaging amyloid deposits in the brain

As mentioned before, the pathological hallmarks of AD are
SPs and NFTs (6. SPs are composed of amyloid-$ (AB)
protein. AB is a 4 kDa 39 — 43 amino acid metalloprotein
derived from the proteolytic cleavage of the amyloid
precursor protein (APP) by B- and y-secretases. The abnormal
accumulation of SPs has been implicated as the central event
in the etiology and pathogenesis of AD 47] and precedes the
cognitive decline observed in AD (s]. [ wvive detection of
SPs in the brain enables the identification of AD pathology
even in subjects in their presymptomatic stage. A deeper
understanding of the molecular mechanism of AP formation,
degradation and neurotoxicity is being translated into new
therapeutic approaches. The most promising approaches
focus on reducing AP formation through B- and y-secretase
inhibitors or on increasing the removal of AP by immuno-
therapy or metal-protein attenuating compounds aimed at
blocking the formation of AP oligomers and fibrils, inhibit-
ing neurotoxicity {49.50. For the assessment of preventive
intervention and monitoring of therapeutic effects, it is desir-
able to measure non-invasively the amount of AB deposit in
the living brain.

Although these A deposits are still well beyond the resolu-
tion of conventional neuroimaging techniques, the density of
these deposits in the brain tissue can be measured through
specific radiotracer and nuclear medicine techniques. Many
B-sheet binding agents have been developed as AP binding
radiotracers for PET and SPECT imaging. The chemical
structures of PET amyloid imaging agents are shown in
Figure 1. The first compound to emerge as an amyloid-imaging
agent was Chrysamine-G (51). This compound shows similar
binding characteristics as Congo Red but, unfortunately, its
blood-brain barrier (BBB) permeability of Chrysamine-G is
limited. Other derivatives including 1-bromo-2,5-bis-(3-
hydroxycarbonyl-4-hydroxy) styrylbenzene (BSB), 1-iodo-2,5-bis-
(3-hydroxycarbonyl-4-hydroxy) styrylbenzene (ISB), X-34 and
methoxy X-04 have also been developed to improve BBB
permeability (52-55]. Among them, BSB successfully visualized
the brain amyloid deposits of APP transgenic mice after the
intravenous administration of this compound. However, the
BBB permeability of this agent was still inadequate to use as
a clinical PET tracer. A marked progression in the develop-
ment of amyloid-imaging tracers was the development of
2-(1-{6-[(2-['*F]fluoroethyl) (methyl)amino]-2-naphthyl}
ethylidene)malononitrile(['*F]JFDDNP) (ss.571. This compound
is highly lipophilic and can easily cross the BBB, and has
been used in human PET studies. The ['3FJFDDNP PET
scan successfully differentiated people with AD and MCI
from those with no cognitive impairment (s8. This agent
has some limitations in its practical use owing to its low
signal-to-background ratio. Direct comparison of ['®F]
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Figure 1. Chemical structures of g-sheet binding agents,

FDDNP PET and ["'C]PIB PET showed lower specific bind-
ing of ['SFJFDDNP in AD patients than that of [''C]PIB o).
However, marked differences in tracer distribution were
observed between these tracers. Intriguingly, negligible PIB but
strong FDDNP binding was in the medial temporal cortex of
AD patients, suggesting higher binding affinity of FDDNP to
NFTs than PIB o).

At present, the most successful amyloid-binding agent is a
thioflavin-T derivative, N-methyl-[!C] 2-(4’-methylaminophenyl)-
6-hydroxybenzothiazol ([!'C]PIB), which has been shown to
possess a high affinity for AB fibrils 61.621. An autoradio-
graphic study using AD brain sections revealed that [''C]
PIB, in addition to binding to the classical fibrillar AR
plaques, also binds to a range of AP-containing lesions,
including diffuse plaques and cerebrovascular amyloid
angiopathy {631, Micro-PET evaluations in transgenic mice
models of AD were performed with a high specific activity
[M'CIPIB, showing [''C]PIB retention colocalizing with
plaques [64]. It was also reported that PIB preferentially
binds one kind of the N-terminal truncated AP1-42(43)
species in senile plaques, more specifically, the one truncated
at position three (AB3(pE)), displaying a fivefold higher
affinity for AB3(pE)1-42(43) than for AB1-42(43). This is

relevant because the accelerated formation of plaques seems

to be associated with this AP3(pE)1-42(43) species (65,
In vitro binding studies indicated that PIB preferentially
binds to APB1-42 fibrils with high affinity 6. Positive PIB
staining of DLB brain sections colocalized with immunore-
active AP plagues, but failed to stain Lewy bodies, whereas
image quantification analysis suggested that given the small
size and low density of Lewy bodies within the brains of
DLB subjects, any contribution of Lewy bodies to the [1'C]
PIB PET signal would be negligible 66. In a similar way as
with o-synuclein fibrils, PIB binds to NFTs with a compara-
tively lower affinity than AP (s3], further confirming that the
in vive PIB cortical uptake primarily reflects AP-related
cerebral amyloidosis.

[UCIPIB retention can be quantified through binding
potential (BP), distribution volume ratios (DVR) or, semi-
quantitatively, through standardized uptake value ratios
(SUVR). DVR can be calculated through Logan graphical
analysis of dynamic PET data and either using metabolite-
corrected arterial plasma as input function or the radioactivity
in the cerebellar cortex — a region generally devoid of SPs - as
a reference region. Quantitative assessment of PIB retention
was validated by studies performed in controls, MCI and AD
patients (67.68). These studies showed that DVR of PIB in AD

patients was nearly twice that in controls in the neocortex.
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The quantitative DVR measurement based on arterial input
function is generally considered as the gold standard; however,
the semiquantitative SUVR method without arterial blood
sampling is widely used as a simple approach to estimate AR
burden. Comparison of several quantitative and semiquantita-
tive methods showed that the SUVR approach was the most
robust in terms of test—retest variability and maximum effect
size between AD patients and controls [es;. However, disad-
vantages of the SUVR include inherent bias and potential
for time-varying outcomes. A recent report selected the
50 — 70 min post-injection time window for SUVR measure-
ment in PIB-PET as the best compromise between physio-
logic validity, agreement of outcomes and study feasibility {9).
Cerebral atrophy can cause underestimation of PET measure-
ments. Thus, the failure to account for the effect of partial-
volume effects in brains with expanded sulci has contributed
to the confounding results in functional imaging studies of
ageing and dementia {70}. A recent study indicated that partial
volume correction led to a small positive bias, but did not
affect discriminatory performance between AD patients and
controls {71]. However, partial volume correction is paramount
in the analysis of patients with severe cerebral atrophy.
[UCJPIB PET studies in human subjects have shown a
robust difference between the retention pattern in AD
patients and healthy controls, with AD cases showing a sig-
nificantly higher retention of [''CIPIB in the neocortical
areas of the brain affected by AP deposition (7273, The
[''CJPIB retention in the neocortical areas is correlated with
the AB plaque load (Pigure 2) [74-76]. Most of frontotemporal
dementia cases show no increase in PIB retention. By con-
trast, ~ 80% of DLB cases showed abnormal PIB DVR
values in the neocortex [73. [!C]PIB DVR values in the
neocortex are also higher in DLB patients than in cases of
PD with dementia (PDD) 771. The differential amyloid load
of DLB and PDD suggests that these clinically similar con-
ditions can be differentiated on the basis of amyloid deposi-
tion. The uptake of [''CJPIB in the brain is also clevated in
subjects diagnosed with cerebrovascular amyloid angiopathy
and shows a similar distribution as in AD cases (78). ['!C]
PIB binding in the brain is correlated with the rate of cere-
bral atrophy in AD subjects {79], and with decreased cerebro-
spinal fluid (CSF) AB1-42 in both demented and non-demented
subjects [s0]. Multimodality studies in early AD patients
have shown that the AB deposition correlates with atrophy
and metabolism reduction in posterior cortical regions [s1].
Also, this deposition is inversely correlated with the activa-
tion of language centers, leading to a functional reorganiza-
tion of the language system (s21. Intriguingly, ~ 30% of the
healthy control subjects showed a cortical binding of [''C]
PIB, predominantly in the prefrontal cortex and the posterior
cingulate/precuneus areas, with some of them displaying the
same degree of retention as observed in AD subjects (73,83.84).
Approximately 20 — 30% of healthy, age-matched subjects
showed elevated BP values, predominantly in the prefrontal
and posterior cingulate cortices (73831. The demonstration

of [M'CIPIB binding in a proportion of elderly normal
subjects supports the post-mortem observation that the
AB aggregation occurs predominantly before the onset of
dementia [43]. However, there is at present no evidence of
how many PIB-positive normal individuals will develop
dementia or how long the interval is between the detection
of significant AP burdens and the onset of dementia. Longi-
tudinal studies are needed to elucidate the relation between
amyloid deposition and time course of AD.

Amnestic MCI is considered a prodromal state of AD,
though not all individuals with MCI will develop AD; MCI
converters and non-converters are difficult to distinguish pro-
spectively from a clinical and neuropsychological perspective.
Analysis of PIB-PET images in MCI subjects revealed a
bimodal distribution of PIB retention in the neocortex. About
two-thirds of MC! cases showed neocortical PIB retention
similar in distribution (and sometimes in degree) to AD,
whereas the other thitrd of MCI cases showed no cortical
retention, similar to healthy elderly individuals 738586, A
recent study demonstrated higher PIB retention in MCI con-
verters than in non-converters, suggesting the utility of amy-
loid imaging in the prediction of progression to dementia [86].
Comparison of FDG-PET and PIB-PET demonstrated better
group discrimination in non-amnestic and amnestic MCI
subjects by PIB-PET (7). A direct comparison of MRI with
PIB-PET was also performed in the control, MCI and AD
populations [s7]. The voxel-by-voxel comparisons of AD versus
control patients revealed differences in the topographical distri-
bution of amyloid deposition and in grey matter loss, suggest-
ing that these two imaging strategies provide complementary
information about AD pathology.

Longitudinal assessment of PIB retention is potentially use-
ful for the assessment of treatment efficacy of anti-amyloid
therapies. Two serial PIB-PET studies demonstrated that
AD patients showing cognitive decline and deterioration of
cerebral glucose metabolism were stable in neocortical PIB
retention over 2 years and an overall change in neocortical
PIB retention of AD patients was below the test-retest
reproducibility (3 — 7%) for PIB-PET [s8,89). Jack er al
recently demonstrated the dissociation between PIB rate of
change and annual change in brain atrophy as measured by
MRI (90). They demonstrated that PIB retention proceeds at
a constant slow rate whereas the atrophy rate in MRI accel-
erates during the course of AD. In addition, clinical symp-
toms of AD were closely associated with the rate of atrophy
as measured by MRI, but not to the rate of AR} deposition
as measured by PIB-PET. From these results, it can be
speculated that amyloid deposition reaches a plateau before
the presentation of dementia and its slow increase does
follow a parallel course with the clinical progression of AD.

Although SPECT studies with '#l-labeled 6-iodo-2-
(49-dimethylamine-) phenyl-imidazo[1,2-o] pyridine (IMPY)
and its derivatives have not yet fulfilled their potential as
amyloid-imaging probes {91}, other promising candidates for
amyloid-imaging agents can be found among stilbene and
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Figure 2. Representative sagittal and transaxial positron emission tomography images showing the different regional uptake
of [''CJPIB in two asymptomatic healthy age-matched controls (PiB-negative HC and PiB-positive HC), a participant with mild
cognitive impairment (MCI) and a participant with Alzheimer's disease {(AD) (right), along with schematics showing the
stages of Ap deposition in the human brain as proposed by Braak and Braak (1997) (left).

Braak, H., & Braak, E (1997). Frequency of stages of Alzheimer-related lesions in different age categories. Neurobiology of Aging, 18(4), 351-357

AD: Alzheimer's disease; SUVR: Standardized uptake value ratios

styrylpyridine  derivatives 1921, In an early clinical study, the
HC labeled stilbene derivative 4-N-methylamino-4’-hydroxystilbene
(SB-13) demonstrated an abnormal tracer uptake in the AD
brain (931. Benzoxazole derivatives are also promising alternatives
for amyloid-imaging probes 4. A PET study using the
1C-labeled benzoxazole derivative 2-(2-[2-dimethylaminothiazol-
5-yl]ethenyl)-6-(2-[fluorolethoxy) benzoxazole (BF-227) dem-
onstrated the retention of this tracer in cerebral cortices of
AD patients, but not in those of healthy elderly subjects.
AD patients were clearly distinguishable from healthy elderly
individuals using neocortical uptake of ['C]BF-227 [95.
A voxel-by-voxel analysis demonstrated a higher retention of
[M'C]BF-227 in the posterior association cortex of AD
patients. The pattern of this distribution corresponds well
with the distribution of neuritic plaque depositions in post-
mortem AD brains. These findings suggest that [M'C]BF-227
is a promising PET probe for /n wivo detection of dense
amyloid deposits in AD patients.

Owing to the limited half-life of ''C (20.4 min), the use
of "C-labeled agents is limited to facilities with an on-site
cyclotron. '8F has a much longer radioactive half-life (109.7 min)
than "'C, allowing AP imaging at PET centers without on-site
cyclotrons. There are two major difficulties in developing

'%F-labeled PET agents: fluorination increases lipophilicity,
resulting in slower clearance from myelin-rich brain structures
such as white matter, and incorrect labeling with '8F some-
times leads to defluorination and '8F accumulation in bone.
A recent PET study using the '®F-labeled stilbene derivative
rrans-4-(N-methylamino)-4"-{2-[2-(2-{"8F}fluoro-ethoxy)-
ethoxy]-cthoxy}-stilbene (BAY94-9172) showed widespread
neocortical retention in AD patients (96]. The binding of
["*FIBAY94-9172 matched the histopathological distribu-
tion of amyloid plaques in AD and clearly discriminated
between AD and healthy controls. This tracer provides
images of similar appearance to [!'C]PIB PET without the
inherent limitation of the 20 min half-life.

6. Expert opinion

AD and many other neurodegenerative disorders, including
FTD, progressive supranuclear palsy, corticobasal degeneration,
PD, DLB, multiple system atrophy and prion discase, belong to
the family of protein misfolding diseases, characterized by pro-
tein self-aggregation and deposition (Table 2). The tissue deposits
observed in the brains of these diseases usually contain an
enriched -sheet structure, suggesting a potential target for
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Table 2. Protein misfolding diseases and their fibrillar deposits.

Protein

Fibrillar deposits Diseases
Amyloid B Senile plague Alzheimer's disease
Cerebrovascular amyloid Down's syndrome
Cerebral amyloid angiopathy
Tau Neurofibrillary tangle Alzheimer’s disease
Pick body Frontotemporal lobar degeneration
Tufted astrocytes Progressive supranuclear palsy
Astrocytic plaque Corticobasal degeneration
a-Synuclein Lewy body Parkinson’s disease
Glial cytoplasmic inclusions Dementia with Lewy bodies
Multiple system atrophy
Prion Prion plague Creutzfeldt—Jakob disease
Variant Creutzfeldt-Jakob disease
Gerstmann-Straussler-Scheinker disease
TDP-43 Neuronal cytoplasmic inclusion

Neuronal intranudclear inclusion

Skein-like inclusion

Frontotemporal lobar degeneration
Amyotrophic lateral sclerosis
Guam parkinsonism-dementia complex

Table 3. Comparison of positron emission tomography
and near-infrared fluorescence imaging.

PET imaging Near-infrared

fluorescence imaging

Amount of probe  Low (nanograms  High (micrograms to

required per body) milligrams per body)

Spatial resolution  High (several Low {(depending on the
millimeters) depth of object)

Time resolution Low (min) High (sec)

Quantitativity High (absolute Low (relative
quantitation) guantitation)

Measurable No limit Limited (< 10 cm)

depth range (whole brain)

Invasiveness Yes (radiation No

exposure)
Cost of imaging High (several Low (tens or hundreds
devices million US$) of thousands US$)

non-invasive imaging by B-sheet binding agents. Thus, molecular
PET imaging has the potential to be extended to this wide spec-
trum of protein misfolding diseases. Specifically, an in vivo
imaging technique for aggregated tau proteins is most needed
because NFTs as well as SPs are the major hallmarks in the
pathology of AD. Neuropathological studies suggest that the loss
of neuronal function and disease severity are more closely cor-
related to the density of NFTs than to the density of SPs.
Furthermore, the deposition of NFTs also starts before the pre-
sentation of clinical symptoms in AD 8], Even in the very early
stages of AD, patients display a considerable number of NFTs in
the entorhinal cortex and the hippocampus, sufficient for the
neuropathological diagnosis of AD. Prevention of NFT formation

is thus an important target of anti-dementia drugs. The
inhibition of abnormal tau hyperphosphorylation, its aggre-
gation, and the direct stabilization of microtubules appear to
be promising therapeutic strategies in AD [9s]. Thus, the
non-invasive evaluation of tau pathology would not only
assist in the early diagnosis of AD and other tauopathies,
but also facilitate the monitoring of the efficacy of such new
treatments. Although FDDNP-PET is reported to detect
both AP and tau pathologies in the AD brain [s6-58), no
surrogate markers are available for selectively evaluating the
deposition of NFTs. Selective tau imaging agents for PET
and SPECT are still in the development stage (971. Prion
proteins are another target of PB-sheet binding agents.
Actually, AR binding agents have shown a high binding
affinity to prion amyloid deposits because these prion deposits
share the common secondary [B-sheet structure with brain
AP deposits in the AD. Therefore, existing B-sheet binding
agents would be useful for the in wive detection of prion
amyloid plaques in the brain. A clinical PET study using
EDDNP and PIB in familial Creutzfeldt-Jacob disease (C]D)
patients with a PrP gene mutation 18] showed a moderate
retention of FDDNP and no retention of PIB in the brain,
suggesting that FDDNP has a greater binding affinity for
prion amyloid plaques than PIB. Similar lack of PIB retention
was reported for two cases of autopsy-confirmed sporadic
CJD 199]. For an early and accurate diagnosis of prion disease,
agents that can sensitively detect prion amyloid deposits
should be explored further.

Near-infrared fluorescence imaging is expected to have
a major impact in molecular AP imaging, as an alternative
to PET. A study using a near-infrared fluorescence oxazine
dye, AOI987, has successfully demonstrated the in vivo
detection of amyloid plaques in the mouse brain using
near-infrared fluorescence imaging [100]. For imaging
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amyloid in the brain, near-infrared fluorescence probes are
required to have a long wavelength (> 600 nm), enough
to penetrate the body tissue, and highly selective binding
to AB. The major limitations of near-infrared fluorescence
imaging are the low spatial resolution, the low quantitative
ability and the limited measurable depth range (Table 3).
However, the greatest benefit of near-infrared fluorescence
imaging is the relatively lower cost of the imaging devices
than in PET imaging. This technique is potentially useful
for the screening of amyloid deposition in the population
that has a risk of developing dementia.

Molecular imaging is a powerful tool for understanding
the pathophysiology of AD. In vive detection of amyloid
plaques enables the detection of AD patients in their
early stage. Clinical application of tau-specific ligands will
contribute towards improved differential diagnosis of
dementia and monitoring the severity of tau pathology in
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