Granular Tau Oligomers Form Tau Filaments

in oligomer areas in Braak stage 0, 1Il, and V brains,
indicating that the oligomers in Braak siage I brains are
smaller than those in Braak stage I1l or V brains. Indeed, in
one Braak stage | case that contained a large number of
granular tau oligomers, we found smaller-sized granules (data
not shown).

Recent results have shown that inhibiting tau expression
halfway during the neurodegeneration process in tau trans-
genic mice induces NFT formation without producing
neuronal death (3). The findings presented here are not
sufficient 1o resolve this issue. We do know, however, that
tau overexpression in tau transgenic mice and in AD brains
increases granular tau levels, ultimately leading to NFT
formation and neuronal death (/8—2/). If the threshold
concentration of granular tau that leads to neuronal death is
higher than concentrations that lead to NFT formation,
inhibiting tau expression could prevent neuronal death, even
though NFTs are still generated. If this assumption is true,
reducing oligomeric tau might be a promising therapy for
various tauopathies, including those associated with aging.
Nevertheless, the toxic nature of granular oligomeric tau
aggregates necds to be further assessed.
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SUPPORTING INFORMATION AVAILABLE

Sarcosyl insoluble tau aggregates (Figure 1), temporal
changes n in vitro tau aggregation (Figures 2 and 3), details
of granular tau oligomer purification from human brain
(Figure 4), and tau filament breakdown by continuous AFM
imaging (Figure 5). This material is available free of charge
via the Internet at http://pubs.acs.org.
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Hematopoietic Prostaglandin D Synthase and DP, Receptor Are
Selectively Upregulated in Microglia and Astrocytes Within
Senile Plaques From Human Patients and in a Mouse Model
of Alzheimer Disease
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Abstract

Prostaglandin (PG) D5 is produced in activated microglia by the
action of hematoporetic PGD synthase (HPGDS) and plays
important roles in neuromflammation. Because the fact that neuro-
inflammation accel progression of Alzhei disease (AD)
has been documented, we investigated whether PGD, is also
involved in the pathology of AD. Here. we report that the level of
the mRNA of the receptor for PGD; (DP)) was increased in AD
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brains compared with the level in non-AD brains. Immunocyto-
chemical analysis showed HPGDS expression to be localized in the
microgha surrounding senile plaques. In situ hybridization studies
revealed that DPy mRNA was specifically localized in microglia
and reactive astrocytes within senile plaques of AD brains. In the
brain of Tg2576 mice, a model of AD. HPGDS and DP; proteins
were mainly localized i ytochemically in microglia and
astrocytes in the plagues, and the levels of their mENAs increased
in parallel with amyloid p dtpmlilon These results indicate that
PGD; may act as a mediator of I d infla ion in
AD brain and may explain the pl ologic mech under-
Iying the favorable response nf patients with AD 1o nonsteroidal
anti-infl iry drugs.
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INTRODUCTION

Alzheimer disease {AD) is the most common form of
dementia. The cognitive decline in patients with AD is
associated with neuronal degeneration, the appearance of
neurofibrillary tangles, and the formation of senile plaques
(1). It has been reported that inflammatory responses,
including the production of proinflammatory cytokines and
prostaglandins by activated microglia and astroglia, play
important roles in the pathology of AD (2-5). Senile plagues
arise from the excessive accumulation, aggregation, and
deposition of amyloid B (AB) peptide, which triggers the
activation of microglia and astrocytes around the senile
plaques. Tg2576 mice overexpressing human APP695 with
the “Swedish™ mutation (a murine model of AD) develop
memory deficits and senile plagues as they age (6). These
animals show a rapid increase in AP deposition starting
around 6 months and amyloid plaques beginning at 9 10 12
months (7).

We recently reported that activated microglia express
hematopoietic prostaglandin (PG) D synthase (HPGDS) and
that PGD; produced by HPGDS promotes neuroinflammation
in a mouse model of Krabbe disease (8). These discoveries
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prompted us to clarify whether PGD; is also involved in the
plaque-associated inlammation in the AD brain. A determi-
nation of the mRNA contents of all known brain prostanoid
synthases and receptors showed that HPGDS and DPI
mRNAs were selectively expressed to a higher level in AD
brains compared with their levels in age-matched control
patients. This overexpression was localized to reactive
astrocytes and microglia closely associated with senile
plaques, suggesting that HPGDS/PGD,/DPy signaling may
accelerate chronice local inflammation around plaques in AD.
We also found that HPGDS and DP; mRNAs were
selectively expressed in reactive astrocyles and microglia
closely associated with senile plaques in the AD brains and
brains of Tg2576 mouse. Our findings suggest that HPGDS/
PGD,/DP, signaling may accelerate chronic local inflam-
mation around senile plaques in the AD brain.

MATERIALS AND METHODS

Human Tissue Source

Human brain tissues were obtained from Tokyo Met-
ropolitan Brain Bank for Aging Research according to the
neuropathologic protocols described elsewhere (9). We
obtained tissue fresh at autopsy and stored it at —80°C,
and. to avoid RNA degradation, we sclected samples with as
short a postmortem interval before autopsy as possible. The
storage period was 2 to 32 months and 2 to 31 months for
AD and control brains, respectively, and the storage period
was not significantly different between the 2 groups.

Fifteen brains each from AD patients and control
patients without clinicopathologic evidence of AD were the
basis of the present work. The diagnosis of AD was based on
the following criteria: 1) clinical dementia rating of 21 (10);
2) the topographical distribution of senile plaques matching
Braak stage C; and 3) of neurofibrillary tangles equal to or
above stage IV, as reported elsewhere (9). The selection
critenion for control patients was a clinical dementia rating
score of 0, senile plague stage 0 or A, and a neurofibrillary
tangle stage lower than stage II. The profiles of AD and
control patients are listed in Table 1. Subjects with AD were
70 to 93 years old (82.6 years on average), and the post-
mortem delay ranged from 1.5 to 17 hours (average of
8.5 hours). The age of non-AD control patients was 71 to
91 years (79.5 on average), and the postmortem delay was
2.3 to 14.8 hours (average of 12.1 hours).

The tissues were either snap-frozen in liquid nitrogen
or powdered dry ice or immediately fixed in 4% parafor-
maldehyde (Sigma, St. Louis, MO) for 2 days and processed
into paraffin blocks. Paraffin or frozen sections of 6-pm
thickness from the frontal cortex and the hippocampus were
cut with a cryostat (CM1850; Leica Microsystems, Wetzlar,
Germany) and microtome (RM 2035; Leica), and used for
immunohistochemical studies. Snap-frozen tissues, that were
en face to the paraffin sections, were also used for
quantitative reverse transcriptase (RT)-polymerase chain
reaction (PCR) analysis of mRNA expression. The frontal
cortex was selected for this purpose, because the difference
in the number of senile plaques was most prominent there
between AD and control groups. This study was approved by
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the institutional review boards of Osaka University Graduate
School of Medicine, Tokyo Metropolitan Geriatric Hospital,
Tokyo Metropolitan Institute of Gerontology, and Osaka
Bioscience Institute.

Mice

All animal experiments were performed in accordance
with Japanese law for the protection of experimental animals
and conformed to the regulations issued by the National
Institutes of Health and the Society for Neuroscience.
Homozygous Tg2576 mice were purchased from Taconic
(Hudson, NY) and maintained by interbreeding.

Quantitative Reverse Transcriptase-Polymerase
Chain Reaction Analysis of mRNA

By quantitative RT-PCR analysis, we determined the
mRNA contents of enzymes involved in prostanoid syn-
thesis, including cyclooxygenase (COX)-1, COX-2, HPGDS,
lipocalin-type PGD synthase (L-PGDS), microsomal PGE
synthases (mPGES-1 and mPGES-2), cytosolic PGE syn-
thase (cPGES), PGF synthase, prostacyclin synthase, throm-
boxane (TX) A synthase, and those of prostanoid receptors
for PGD; (DP, and DP;), PGE; (EP,, EP;, EPs, and EPy),
PGF,, (FP), PGl (IP), and TXA; (TP), as well as the
mRNA content of cytosolic phospholipase A; (¢cPLA;) and
peroxisome proliferator-activated receptor (PPAR)-y. After
removal of the pia-arachnoid membrane, total RNA was
prepared from the frontal cortex of 17 AD patients and 12
control patients by using ISOGEN (Nippon Gene, Tokyo,
Japan) according to the manufacturer’s instructions. In the
mouse model, 3 each of Tg2576 and age-maiched wild-type
mice at ages 6 months, | year, and 2 years were subjected to
quantitative RT-PCR for determination of COX-1, COX-2,
HPGDS, DPy, and DP; mRNA levels. All primers were
synthesized by Sigma-Aldrich Japan (Tokyo, Japan). First-
strand cDNAs were synthesized from | pg of total RNA by
using avian myeloblastosis virus reverse transcriptase
(Takara, Kyoto, Japan) and oligo dT-adaptor primer
(Takara) at 50°C for 40 minutes after denaturation at 72°C
for 3 minutes. The cDNA was amplified by use of a real-
time PCR LightCycler system (Roche Diagnostics, India-
napolis, IN), a LightCycler-FastStart DNA Master SYBR
Green | (Roche Diagnostics), and gene-specific primers
under the following conditions: an initial denaturation at
94°C for 10 minutes, followed by 40 cycles of denaturation
at 94°C for 15 seconds, annealing for 5 seconds, and ex-
tension at 72°C for 10 seconds. The oligonucleotide primers
and annealing temperatures used are shown in Table 2. All
oligonucleotide primers were synthesized by Sigma Genosys
Japan (Tokyo, Japan). PCR products were evaluated by
melting-curve analysis following the manufacturer’s instruc-
tions, checked after agarose gel electrophoresis, and
sequenced. All values were corrected with reference to the
value for glyceraldehyde-3-phosphate dehydrogenase
(G3PDH), used as an internal standard.

Immunocytochemistry
Rabbit polyclonal antibodies against human HPGDS,
L-PGDS. and mPGES-1 (11), and rabbit polyclonal
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TABLE 1. Clinicopathologic Features of the Patients

Postmortem Interval

Patient  Age  Sex  Newropathologic Diageosis SP NFT  CERAD (hours) Cause of Death

1 a2 F Unremarkable A ] MNormal 13:25 DIC, Hear failure

2 83 M Unremarkable ] 1 Normal 17:43 AMI

3 82 M Unremarkable A I Normal 12:16 COPD

4 81 M Unremarkable 0 1 Normal 214 MDS, congestive heart failure

Cs 80 M Unremarkable 0 n Normal 8:50 Hepatocellular carcinoma

Ch 9 F Unremarkable A 1 Normal 252 AAA, COPD

c7 78 M Unremarkable 1] 1] Normal 2:30 COPD, sudden death

8 7% M Unremarkable 0 { Normal 935 Sepsis

9 78 F Unremarkable A | Normal 2:39 Sepsis

[ [1] 77 M Unremarkable o I Normal 10:25 Lung cancer (small cell carcinoma)

(41} 76 M Unremarkable A 1] Normal 5:14 Lung cancer (small cell carcinoma)

Ci2 il M Unremarkable 0 | Normal 13:54 Severe pneumonia, sepsis

ADI 93 M AD C v Definite 1:47 Leiomy of h, abdominal
dissemination

AD2 9l M AD = v Definite 9:40 Carcinoma of the bile duct

AD3 B8 F AD C Vi Definite 5:25 AMI, sepsis

AD4 87 M AD C vi Definite 7 Lung cancer

ADS 87 F AD C v Definite 16:56 MRSA sepsis

AD6 8BS F AD C Vi Definite 16:40 lleus, preumonia

AD7 B4 M AD G v Definite 9:50 Pncumonia, ileus

ADS B4 AD C v Definite E:4) Cholecystitis

AD9 B4 F AD (o v Definite 9:35 Congestive heant failure, OMI

ADIO 82 F AD C vl Definite 4:14 Perforation of gastric ulcer

ADI1I B2 F AD C v Definite ¥:53 Sudden death

ADI2 1] M AD £ v Definite 12:57 AMI, septal perforation

ADI3 8l M Al C vi Definite 6:00 Pulmonary emphysema, respiratory failure

AD14 76 M AD c Vi Definite 15:47 Sepsis, early gastric cancer

ADIS 75 M AD C vl Definite 9:54 Pneumonia

AD16 74 M AD C vl Definite 5:12 Pneumonia, DIC

ADI7 0M AD (s v Definite 11:42 Hodgkin lymphoma, p i

The diagnosis of AD was based on a clinical dementia rating (CDR) of 21, topographical distribution of senile plaques (SP) matching Braak stage C, and that of nevrofibrillary
tangles (NFTs) equal 10 of above stage 1V (%) The selection criterion for control wnem wis » CDR score ur 0. senile plaque stage 0or A, and an NFT stage lower than stage 1

AAA, abdntnmnl aortic ancurysm; AD, !\I.ﬂmnm dlm .-\MI acute my

ILE‘.MD to E Alll'pd‘r, frlAllh:lmlrsD!m COPrD,
ysy MRSA. methicillin-resistant Staph aureus; OMI,

chronic ok e | y disease; DI, gul
ncclusive mesemeric m:llﬂml

MDS,

(0.1 pg/mL) and rat monoclonal (0.2 pg/ml) anti-mouse
HPGDS antibodies (12) were raised and purified in Osaka
Bioscience Institute. The specificity of each antiserum
(1:1000 dilution) was confirmed by the disappearance of
immunoreactivity afler incubation of the antiserum with an
excess amount of the corresponding purified recombinant
immunogen. The other primary antibodies used in this study
were as follows: anti-cow glial fibrillary acidic protein
(GFAP) (1:5000 dilution; DakoCytomation, Glostrup, Den-
mark) for astrocytes; anti-human CDG68 antibody (1:100
dilution; DakoCytomation) and anti-Ibal (a generous gift of
Dr. Shinichi Kousaka. National Center of Neurology and
Psychiatry, Japan) for microglia/macrophages; and anti-
human AP (11-28) antibody (1:100 dilution: IBL, Gunma,
Japan) for detecting amyloid plaques.

Tg2576 and control mice were used for immunocyto-
chemical analysis. Under deep ether anesthesia, the mice
were perfused via the heart with physiologic saline, followed
by 4% paraformaldehyde in 0.1 M sodium phosphate (pH 7.4)

© 2007 American Association of Neuropathologists, Ine.

for 10 minutes. The brains were removed and postfixed in the
same fixative overnight. Coronal slices were taken and
routinely embedded in paraffin. Additionally, 2 each of
Tg2576 and control mice were perfused with physiologic
saline only and processed for the preparation of fresh-frozen
sections. Both paraffin and frozen sections (5-pm thickness)
were mounted on 3-aminopropyltniethoxysilane-coated slides.

Deparaffinized sections were preincubated with 0.3%
H,0, (Wako, Osaka, Japan) in methanol followed by PBS
containing 0.2% Triton X-100 (MNakarai Tesque, Kyoto,
Japan). Afler pretreatment with 0.1% trypsin (Sigma) at
37°C for 15 minutes, they were sequentially incubated with
primary antibody, biotinylated secondary antibody (2 pg/mL;
Vector Laboratories, Burlingame, CA), and avidin-biotin-
complex (ABC) by using an ABC elite system (Vector
Laboratories) according to the manufacturer’s protocol

For double immunostaining, deparaffinized sections
were incubated at 4°C overnight with either anti-GFAP or
anti-CD68 antibody together with rabbit anti-human HPGDS
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TABLE 2. Primer Sequences and Annealing Temperatures Used for Quantitative Reverse Transcriptase-Polymerase Chain
Reaction Analysis

Primer Primer Sequence Annealing Temperature (°C)
Human

HPGDS Forward SUGAATAGAACAAGCTGACTGGC-Y 57
Reverse S-AGCCAAATCTGTGTTTTTGG-3

L-PGDS Forward S-CAGGAAAAACCAGTGTGAGACC-Y 57
Reverse S-AGAGGGTGGCCATGCGGAAG-Y

mPGES-1 Forward SLCTGCTGGTCATCAAGATGTACG-Y 59
Reverse §-ACACACCGTGGCCTACCTGGG-Y

mPGES-2 Forward §-TACCAGTACAAGACGTGTCCCTTC-Y 56
Reverse S-GGTAGTAGGTGATGATCTCTTCCAG-Y

ePGES Forward S TACATTCAGTTGTCTCGGAGGAAG-3 56
Reverse SATCATCTGCTCCATCTACTTOTGG-3

PGFS Forward S-GGCAGTOTGAAGAGAGAAGACATA-Y 56
Reverse S-AATCCTGCATCCTTACACTTCTCC-Y

DP, Forward §-CCTCTGAAGAAGCAGAAGACCT-3 56
Reverse §.CCTCAGCTTACCACAGAGTGA-Y

DP, Forward S-CTCCTCCATCTTCTTTCTCAACA-Y 56
Reverse S TTCAGGAGUAGCACATTGTAGTA-3

EPy Forward SLAACCTGAGCCTGGCGOGCGAGGCGA-S 58
Reverse 5-AGAAGACCATGCAGCCGCCCAGGAA-Y

EPy Forward S-GTGCGAGTATTCGTCAACCAGT-Y 57
Reverse S TGACATGGCAGAAGATGTCCTT.3

EP, Forward 5-GACAGTCACCTTTTCCTGCAAC-Y 57
Reverse S-CCAGOGCGAACAGCTATTAAGAA-Y

EP, Forward SLCCTGAGAAAGACAGTGCTCAGTAA-Y 55
Reverse S-CTGAGGTCTCTGATATTCGCAAAG-Y

FP Forward S-ATTTAGACAGAAGTCCAAGGCATC-3 56
Reverse S-AACAAGCACACACCACTTAACATC-3

G3PDH Forward S TGAACGGGAAGCTCACTGG-Y 0
Reverse S-TCCACCACCCTGTTGCTGTA-Y

Mouse

COX-1 Forward S-AGATAATCTGGAACGACAGTATCACC-Y 60
Reverse S-CATAGTUCACCAGCATAGAAGTGTTA-Y

Cox-2 Forward SCAACTGTACCCTGCCCTGCTGGTGOAAAA-Y 59
Reverse S-AGATGACATTAACCCTACAGTACTAATC 3

HPGDS Forward S.GAATAGAACAAGCTGACTGGC-Y 57
Reverse S AGCCAAATCTGTGTTTTTGG-3

DPy Forward S TTTGGGAAGTTCGTGCAGTACT-3 6
Reverse S-GCCATGAGGCTGGAGTAGA-3

DPy Forward S TGGCCTTCTTCAACAGCGT-3" 56
Reverse S ACGCAGTTGGGGAATTCG-Y

GIPDH Forward S-TGAACGGGAAGCTCACTGG-Y 60
Reverse STCCACCACCCTGTTGETGTA-Y

COX, mlwsmmx CI’(ILS csﬂmllt‘ P(-I:? DI". and DP, prodtanoid N:tqmn for PGDy; El".. EPy. EPy, and EF,. for PGEy, FP. recepior

for MGy, GIPDH, p y HPGDS, hematop f {PG) D synihase; L-BGDS, lipocalin-type PGD synthase; mPGES,
| PGE synthase: PGFS, PGF synth
antiserum. The sections were then reacted with alkaline  (Sigma) coupled to hexazotized new fuchsin (Merck,

phosphatase-conjugated anti-mouse 1gG antibody (2 pg/mlL;
Aurora, Cambridge, UK) and biotin-conjugated anti-rabbit
[gG o antibody (Vector Laboratones), followed by ABC. The
reaction products of horseradish peroxidase and alkaline
phosphatase activities were visualized with diaminobenzidine
(Dotite, Kumamoto, Japan) and naphthol AS-BI phosphate
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Darmstadt, Germany), respectively, as substrates.

All sections were analyzed, and images were obtained
with an Olympus BX5 1 microscope (Olympus, Tokyo, Japan)
equipped with a DP50 digital camera. The digital images were
adjusted 1o an appropriate figure size required bul were
otherwise not processed.
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FIGURE 1. (A-H) Expression of prostaglandin synthase mRNA in the frontal cortex of AD (n = 17) and control brains (n = 12), as
evaluated by quantitative RT-PCR analysis. The numbers of copies relative to those of G3PDH are shown, The mean values and SE
are indicated by the crossbars. AD, Alzheimer disease; COX, cyclooxygenase; cPGES, cytosolic PGES; HPGDS, hematopoietic
prostaglandin (PG) D synthase; G3PDH, glyceraldehyde-3-phosphate dehydrogenase; L-PGDS, lipocalin-type PGD synthase;

mPGES, microsomal PGE synthase; PGFS, PGF synthase.

In Situ Hybridization

In situ hybridization was performed by using a
digoxigenin (DIG)-anti-DIG technique. For preparation of
the human DP; riboprobe. a 484-base pair fragment was
amplified by use of FastStant Tag DNA polymerase (Roche
Diagnostics) with human DP,-specific primers (forward, 5-
GGGGTACTCTGTGCTCTACTCCAG-3" and reverse, 5-
ACTGGATTCCATGTTAGTGGAATTG-3"), subcloned
into pGEM-T Easy vector (Promega, Madison, WI), and
converted into the corresponding RNA. Five-micrometer-
thick cryosections were fixed in 10% formalin (Wako) for
| hour and hybridized at 58°C for 16 hours with the DIG-
labeled riboprobe for DP; in 50% formamide (Wako). 5 x
saline sodium citrate, 5 x Denhardt’s solution, 0.25 mg/mL
yeast tRNA, and 0.5 mg/mL herring sperm DNA. Aller the
sections had been washed with PBS, the DIG-labeled RNA
was detected by using a Genius DNA labeling and detection

i 2007 American Association of Neuropathologists, Inc.
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kit (Roche Diagnostics) according to the manufacturer's
protocol.

For identification of DP,-expressing cells, the sections
were reacted with the DP-specific riboprobe and then
immunostained with either anti-human GFAP antibody, anti-
human CD68 antibody, or anti-human AR (11-28) antibody
detected by using either immunofluorescence or immunoper-
oxidase. For fluorescence labeling, a biotinylated riboprobe
was used in place of the DIG-labeled riboprobe. For double
immunofluorescence, we confirned the colocalization by
omitting | of the first antibodies during the process.

Primary Cultures of Mouse
Microglia and Astrocytes

We prepared primary cultures of microglia from wild-
type mouse brains at postnatal day 1. Cerebral cortices were
dissected. and the leptomeninges were completely removed.
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FIGURE 2. (A-G) mRNA expression of prostanoid receptors in the frontal cortex of Alzheimer disease (AD) (n = 17) and control
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The tissues were minced, suspended in PBS (GIBCO, Grand
Island, NY) containing 0.05% trypsin (GIBCO) and 0.01%
DNase | (Sigmay), and then incubated for 10) minutes at 37°C.
After incubation and centrifugation, the cell pellets were
washed 3 times with PBS. The cells were then filtered
through a 75-pm nylon mesh, centrifuged, suspended in
Dulbecco's modified Eagle’s medium (Nakalai Tesque) con-
1aining 10% fetal bovine serum (JRH Biosciences, Lenexa,
KS), 100 [U/mL penicillin (GIBCO), and 100 pg/mL
streptomycin (GIBCO), and transferred to culture dishes.
For microglial cultures, the medium was changed to
Dulbecco’s modified Eagle's medium contaiming 10% fetal
bovine serum after a 24-hour culture period. This medium
was exchanged for fresh medium twice weekly thereafier.
The supematants including microghial cells were collected
and subcultured at 1 » 10° cells/well (6-well plate). After
incubation in Dulbecco’s modified Eagle’s medium without
fetal bovine serum for 6 hours, the microglia were
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stimulated by the addition of AR (1-40) (Peptide Institute,
Osaka, Japan) for 24 hours. After the cells had been washed
with PBS, RNA was extracted from them and subjected to
quantitative RT-PCR.

Data Analysis

The difference of means among groups of data was
analyzed by analysis of variance, Statistical significance was
established at the level of p < 0.05 or 0.01.

RESULTS

Expression of Prostanoid-Producing Enzymes
in Alzheimer Disease Brains

Using the frontal cortex obtained from AD and control
patients, we examined the mRNA expression level of
all enzymes involved in prostanoid synthesis. Quantitative

© 2007 American Association of Newropathologists, Inc
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FIGURE 3. Expression of hematopoietic prostaglandin synthase (HPGDS) in Alzheimer disease (AD) and control brains, In the
following panels, asterisks indicate the presence of senile plaques. (A, B) Immunohistochemical analysis of HPGDS in control (A)
and AD (B) brains. Arrows point to HPGDS-positive cells, Scale bar = 50 um. (€, D) Immunostaining for HPGDS (€) and amyloid

B (AB) (D) associated with the senile plaques in an AD brain. The same cells in the serial sections are indicated by

arrows. Scale

bar = 20 um. (E, F) Double immunostaining for HPGDS (purple) and glial fibrillary acidic protein (GFAP) (pink, E) or CD68 (pink,
F) in an AD brain. HPGDS-positive/GFAP- (E) or CD68-positive (F) and HPGDS-negative/GFAP- (E) or CD68-positive (F) cells are
indicated by arrows and arrowheads, respectively. Scale bar = 20 pm.

RT-PCR analysis revealed the mRNA levels of HPGDS
(Fig. 1A) and L-PGDS (Fig. 1B) to be elevated in AD brains
compared with those of the conirol brains. However, the
mRNA levels of other prostanoid-producing enzymes
including COX-1 and -2 (Fig. 1C, D), PGESs including
mPGES-1, mPGES-2, and c¢PGES (Fig. 1E-G), PGF
synthase (Fig. 1H), and TXA synthase (data not shown), as
well as the mRNA level of ¢PLA, (data not shown), were
similar between control and AD brains. Prostacyclin syn-
thase mRNA was not detected in either AD or control
samples (data not shown).

Increased DP, Expression in Alzheimer
Disease Brains

Next, we examined the mRNA expression level of all
prostanoid receptors thus far identified (Fig. 2) and found
that the expression of DP, was significantly upregulated in
AD brains as compared with that in control brains (Fig. 2A).
In 6 of the 17 AD patients, the mRNA level was higher than
2 SD from the mean of control brains, and these values were
2.5- 10 16-fold greater than this mean. The mRNA level of
DP;, which is another PGD, receptor, was also increased,
but not significantly, in AD brains (Fig. 2B). In contrast, the
mRNA levels of other prostanoid receptors were almost
the same between the 2 groups (Fig. 2C-G) except for the
approximately 2-fold increases in EP; (Fig. 2D) and FP

€ 2007 American Assoctation of Newropathologists, Inc.

(Fig. 2G) in AD brains. In addition, the mRNA level of
PPAR<y, which is a nuclear receptor for PGD; metabolites
(13), was not significantly different between AD and control
brains (data not shown).

Expression of Hematopoietic Prostaglandin D
Synthase and DP, Is Associated with Senile
Plaques in Alzheimer Disease Brains

Because the mRNA levels of HPGDS and DP; mRNA
were increased in AD brains, as judged from the results of
RT-PCR analysis, we investigated the cellular localization of
these messages.

Immunocytochemical analysis revealed that anti-
HPGDS-immunoreactive cells were greater in number in
the AD brain than in the control brain (Fig. 3A, B). Serial
immunostaining for HPGDS and AP revealed that HPGDS-
positive cells were closely associated with AR-positive
senile plaques (Fig. 3C, D) in the frontal cortex and the
hippocampus. HPGDS-positive cells were frequently recog-
nized in relatively small-sized plaques accompanied by
activated microglia (Fig. 3B, C) but not in the large “burned
oul class™ of plaques (data not shown). Double immunocy-
tochemical staining revealed that HPGDS was localized in
GFAP-positive reactive astrocytes (Fig. 3E) and in CD68-
positive microglia (Fig. 3F) associated with the senile
plaques, suggesting that HPGDS expression was upregulated
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FIGURE 4. (A) In situ hybridization for DPy in control and
Alzheimer disease (AD) brains. Control (left) and AD brain
{middle) sections were incubated with antisense riboprobe.
Another AD brain section was incubated with sense riboprobe
(right). Scale bar = 100 pm. (B, €) In situ hybridization for
DPy (purple) and immunocytochemistry for amyloid B (AB)
(pink) in an AD brain. The DP,-positive cells are uniformly
intermingled with AR immunoreactivity in the senile plaque
(B), and a large-sized DP,-negative senile plagque is shown
(C). Scale bar = 20 pm. (D, E) Double staining by in situ hy-
bridization for DPy (purple) and immunocytochemistry for glial
fibrillary acidic protein (GFAP) (brown, D) or CD68 (brown, E).
Scale bar = 50 um. (F, G) Double fluorescence labeling for DP,
(green) and GFAP (red, F) or CD68 (red, G). Double-positive
cells are indicated by arrows. Scale bar = 30 pm

in reactive astrocytes and microgha within the senile
plaques. Immunocytochemical analysis revealed that L-

PGDS-expressing cells having the same morphologic charac-
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teristics as oligodendrocytes, as reported previously (14),
were increased in number and were more intensely stained in
AD than in control brains; however, the distribution of
L-PGDS-positive oligodendrocytes was almost ubiquitous
and seemingly unrelated to that of senile plaques (data not
shown). mPGES was localized in some neurons of both AD
and control brains, but there was no significant difference in
intensity of staining or in the number of immunoreactive
neurons between the 2 (data not shown),

Upregulation of DP; mRNA in AD brains was con-
firmed by in situ hybridization with a DP;-specific antisense
riboprobe, because antibody specific for human DP) is still
unavailable, DPy mRNA was hardly detected in the control
brain (Fig. 4A); however, high signal density was detected in
AD brains (Fig. 4A). When we hybridized the sections with
the DIG-labeled antisense riboprobe in the presence of a
500-fold excess of nonlabeled antisense riboprobe or with
sense riboprobe, no signal was observed in either control or
AD brain sections (Fig. 4A, sense). Double labeling for AR
and DP; hybridization revealed that the distribution of the
DP, signal was closely associated with AR immunoreactiv-
ity (Fig. 4B). However, the intensity of the DP, signal
differed among the senile plaques; and the signal was less
preferentially observed in large-sized senile plaques (Fig. 4C)
Furthermore, double staining with antibodies against glial
markers revealed that the DP, signal was localized in
GFAP-positive reactive astrocyles (Fig. 4D, F) and CD68-
positive microglia (Fig. 4E, G) within senile plaques, similar
lo the distribution of HPGDS shown in Figure 3E and F
These results indicate that expression of HPGDS and DP,
was increased in reactive astrocytes and microglia within
the senile plaques in AD brain and suggest that PGD,;
produced by HPGDS exerts its function through binding to
DP; in a paracrine or autocrine manner. The preferential
expression of these PGD;-related molecules in the small-
sized senile plaques suggests the contribution of PGD; to
neuroinflammation in the early phase of plaque evolution.

Upregulation of Hematopoietic Prostaglandin D
Synthase and DP, Expression in Tg2576
Mouse Brain

Next we examined the Tg2576 mouse brain to clarify
the relevancy of our findings on human AD brmns. In
2-year-old mice, there were numerous amyloid plagues in
the cortex of Tg2576 brains (Fig. 5A) but not in that of the
wild-type mouse brain (Fig. 5B). The results of the com-
bination of Congo red staining and immunocytochemistry
for Ibal, a marker for activated microglia, are shown in
Figure 5C and D. Surrounding the amyloid plaques were
many Ibal-positive activated microgha (Fig. 5D, arrow-
heads), which were not seen in the wild-type control. Double
labeling with Congo red and anti-GFAP showed that fibers
from activated astrocytes surrounded and enclosed amyloid
plaques (Fig. S5E, F). These findings indicate that inflamma-
tory responses such as microglial activation and astrogliosis
were remarkable around early amyloid plaques in the
T22576 mouse brain,

Next we investigated the localization of HPGDS and
DP; in the Tg2576 mouse brain. As in the case of the human
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AD brains, HPGDS-positive microglia were common in
relatively small plaques (Fig. 5G) but not in the large bumed
out class of plaques (Fig. 3H). HPGDS and Ibal double
immunofluorescence revealed that HPGDS was expressed
in a certain number of Ibal-positive activated microglia

jation of Neuropatholog

(Fig. 51), DP, and GFAP double immunofluorescence
revealed that DP, was expressed on the astrocytic processes
close 1o the amyloid plaques (Fig. 5J).

Quantitative RT-PCR was performed to evaluate the
level of PGDy-related molecules in Tg2576 mouse brains
and age-matched controls at the age of 6 months, | year, and
2 years. The expression of COX-1 mRNA was not different
between Tg2576 and control mice (Fig. 6A), but that for
COX-2 was higher in the Tg2578 mouse starting from the
age of 6 months (Fig. 6B). The level of HPGDS mRNA was
the same between Tg2576 and wild-type controls until they
reached 2 years of age, at which time its level was 1.5 times
higher in the Tg2576 mice than in the controls (Fig. 6C)
The level of DPy mRNA progressively increased in the
Tg2576 mouse brain and reached a level S-times higher than
that in the control mice at the age of 2 years (Fig. 6D). In the
case of DP,, its mRNA level progressively increased starting
before the age of 1 year compared with that of the age-
matched controls (Fig. 6E). These lines of evidence show
that HPGDS and DP, expression was associated with the
small senile plaques and that the increase in DP; receptors
was more marked than that of HPGDS in the mouse model
as in human AD.

To examine whether AR could directly stimulate
the production of HPGDS in microglia, we performed an in
vitro study using primary cultures of microglin obtained
from normal neonatal mouse brains, We measured the level
of HPGDS mRNA in these cultures before and after
stimulating the cells with AB(1-42) at concentrations from
0 1o 1000 nM. As shown in Figure 6F, the level of
HPGDS mRNA did not increase when a | nM concentration
of APB(1-42) was tested but did significantly increase when a
10 nM concentration or higher was used. However, no

FIGURE 5. (A, B) Amyloid B (AB) immunaostaining of primary
motor cortex of Tg2576 (A) and wild-type (B) brains from 2-
year-old mice. Scale bar = 200 um. (C, D) Combination of
Congo red staining (pink) and Ibal immunocytochemistry
(brown) in a Tg2576 mouse brain. (D) The arrowheads and
asterisk indicate Ibal-positive activated microglia and an
amyloid plaque, respectively. Scale bars = (€) 200 pm; (D)
20 um. (E, F) Combination of Congo red staining (pink) and
glial fibrillary acidic protein (GFAP) immunocytochemistry
(brown) in a Tg2576 mouse brain. (F) Arrowheads and
asterisk indicate processes of GFAP-positive astrocytes and an
amyloid plaque, respectively. Scale bars = (E) 100 pm; (F)
20 um. (G, H) Hematopoietic prostaglandin D synthase
(HPGDS) immunocytochemistry on a Tg2576 mouse brain,
HPGDS-paositive cells surround a small reactive amyleoid plaque
(G) bul nol the large burned out class of plagues (H).
Asterisks indicate amyloid plaques. Scale bar = 20 um. (I)
Double immunofluorescence for HPGDS (pink) and Ibal
(green). Some of the Ibal-positive microglia express HPGDS.
Scale bar = 50 um. Inset shows a high magnification view of
double-pasitive cells showing morphologic characteristics of
ameboid microglia. (J) Double immunofluorescence for DP,
(red) and GFAP (green). DP, is expressed on the processes of
reactive astrocytes that have extended toward the center of
this amyloid plaque. Scale bar = 10 um
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FIGURE 6. (A-E) Number of copies of mRNA for cyclooxygenase (COX)-1, COX-2, hematopoietic prostaglandin D synthase
(HPGDS), DP,, and DP; relative to that of glyceraldehyde-3-phosphate dehydrogenase (G3PDH) in brains from Tg2576 mouse
(closed circles) and wild-type mouse (open circles) taken at the age of 6 months, 1 year, and 2 years (n= 3). *, p < 0.05; **, p <
0.01. (F) Number of copies of HPGDS mRNA relative to that of G3PDH from primary cultures of microglia before and after

amyloid B (AB) (1-42) stimulation (n = 3) *, p < 0.05.

further increase was observed at concentrations higher than
10 nM (Fig. 6F).

DISCUSSION

HPGDS/PGD,/DP, Signaling Pathway Plays
Important Roles in Inflammatory Reactions
Within the Senile Plaques

We demonstrated that expression of HPGDS and DP,
was increased in reactive astrocytes and microglia encircling
senile plaques in the AD brain. In contrast, the mRNA levels
of all other prostanoid synthases and receptors were almost
the same between AD and control groups. A previous study
by Iwamoto et al (15) demonstrated that the amounts of
PGD, and TXB; were significantly increased in the brains of
Alzheimer-type dementia patients, although other prosta-
glandin metabolites in their AD group showed no significant
changes from normal patients, In this study, we used a more
specific and sensitive criterion for AD (9) and determined
the levels of prostaglandin synthases and receptors instead of
direct prostaglandin determination, because the latter is
subject 10 a large postmortem artifact (16). In addition, we
chose the most recent cases with the least postmoriem
interval for more accurate mRNA analysis. Ages and the
postmortem interval of the patients at autopsy were not
significantly different between AD and control groups.

Senile plaques have different characteristics depending
on their stages (17); for example, there are primitive, neunitic
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(classic), and burned out class of plagues in various stage of
human diseases. a-Macroglobulin and anti-chymotrypsin
are expressed in the neuritic-type plaques but not in the
burned out ones (18, 19). Although plagues homologous with
neuritic plaques were not recognized in Tg2576 mouse
brains, we observed that HPGDS expression was limited
mainly to the relatively small plaques with surrounding
activated microglia and was diminished in the burned out
class of plaques in both human and mouse AD brains. These
observations may explain why some patients did not show
HPGDS mRNA upregulation and may suggest that HPGDS
is responsible for early inflammation caused by AP
accumulation in the evolution of amyloid plaques.

The question as to which is first, plagues or inflammation,
still remains to be clarified. We previously demonstrated that
secondary demyelination was suppressed by inhibition of PGD,
production (8). We consider, therefore, that once the plaque is
formed, microglia and astrocytes are activated and produce
cytokines, which cause further neuronal injury and plaque
formation. To clarify this, additional investigation is needed.

New Potential Therapies for Alzheimer Disease
Based on Inhibition of the Hematopoietic
Prostaglandin D Synthase/Prostaglandin
D,/DP, Signaling Pathway

Many epidemiologic and animal studies have revealed
that nonsteroidal anti-inflammatory drugs (NSAIDs) are

© 2007 American Association of Neuropathalogists, Inc

Copyrinht @ 2007 by the American Association of Neuropathologists Inc Unauthorized reproduction of this article is prohibited

—202 —



| Neurapathol Exp Neurol « Volume 66, Number 6, June 2007

PGD;-Related Molecules Within Senile Plagues

beneficial for AD patiems (20-24). For example, a large,
prospective and population-based cohort study confirmed
that the relative risk of developing AD was significantly
reduced in long-term users of NSAIDs compared with
nonusers (25). Furthermore, orally administered ibuprofen
produced significant diminution of the ultimate number of
amyloid deposits as well as significantly reduced gliosis in
Tg2576 mice (24).

PGD; is formed from arachidonic acid, which is
released from the lipid portion of membranes by cPLA;, by
successive enzyme reactions mediated by COX and PGD
synthases. COXs, expression of which is upregulated in the
AD brain (26, 27), are the major targets of NSAIDs. NSAIDs
may reduce the plague pathology through either their anti-
inflammatory actions or suppression of y-sccretase activity
(28, 29) or both. The latter reduces the level of the 42-amino
acid form of AR protein (AP42), the most toxic form of the
protein, NSAIDs inhibit the constitutively expressed COX-1
as well as the inducible COX-2, both of which produce PGH,,
a common precursor of PGD,, PGE,, PGF,,, prostacyclin
(PGly), and TXA; (30). PGD, is well known as an
inflammatory mediator: it augments vascular permeability
(31), regulates chemotaxis (32) and antigen presentation (33),
and inhibits platelet aggregation (34). The biologic actions of
PGD, are elicited through binding 1o its receptors, DP; (35) or
DP; (32). Regarding the anti-inflammatory property of
NSAIDs, 3 molecular targets of these drugs have been
identified so far in AD: COX-1, COX-2, and PPARYy.
NSAIDs not only inhibit the activity of COXs but also
activate the nuclear PPARy (36), which inhibits the produc-
tion of pro-inflammatory cytokines. All 3 of these NSAID
targets seem to be expressed by activated microgha (5). In
this study, the level of PPARYy was not changed in AD brains,
although this I'mding does not exclude the possibility of
PPARy-mediated ne tion by NSAIDs.

COX 2 has been the mujor target of anti-inflammatory
therapy and a previous study showed an approximately 25%
increase in the COX-2 level in the frontal cortex of AD
brains (n = 17) compared with that in control brains (n = 12),
as determined by densitometric analysis of Northern blots
(37). We detected upregulation of COX-2 mRNA in Tg2576
mouse brains but not in the 17 AD frontal cortices by
quantitative RT-PCR analysis. Ueno et al (38) reported that
HPGDS preferentially utilized COX-1 in the A23187-
induced immediate response for PGD; synthesis. Therefore,
which COX was upregulated along with HPGDS induction
needs 1o be clarified. Although an inflammatory response
can have either a potentially beneficial or detrimental
outcome, the administration of an HPGDS inhibitor, HQL-
79, to the twitcher mouse, which is an animal model of
Krabbe disease, remarkably ameliorated their astrogliosis as
well as their clinical symptoms (8). HPGDS inhibitors and
DP; antagonists have already been developed as antiallergic
drugs (39), and HQL-79 is an orally active inhibitor of
HPGDS (40, 41) that can penetrate through the blood-brain
barrier. These drugs will specifically inhibit the PGD,
signaling pathway, whereas NSAIDs may inhibit the
production of all prostanoids. including the neuroprotective
PGE; (42, 43).
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In conclusion, we propose that PGD; is a novel in-
flammatory mediator in the AD brain and that the efficacy of
HPGDS inhibitors and DP, amagonists should be inves-
tigated for halting the devastating course of AD.
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The confo jonal ch in amyloid B (Ap) peptide from its
monomeric form to aggregntes is crucial in the pathogenesis of
Alzheimer's disease (AD). In the healthy brain, some unidentified
chaperones appear to prevent the aggregmn of Ap. Here we
reported that lipocalin-type prostaglandin D syntt {L-PGDS)/p-
trace, the most abundant cerebrospinal fluid (CSF) protein produced
in the brain, was localized in amyloid plagques in both AD patients and
AD-model Tg2576 mice. Surface plasmon r ce analysis revealed
that L-PGDS/p-trace tightly bound to A monomers and fibrils with
high affinity (Ko = 18-50 nM) and that L-PGDS/p-trace recognized
residues 25-28 in Af3, which is the key region for its conformational
change to a p-sheet structure, The results of a thioflavin T fluores-
cence assay to monitor Af$ aggregation disclosed that L-PGDS/ ji-trace
inhibited the spontaneous aggregation of Ag (1-40) and Ap (1-42)
within its physiological range (1-5 M) in CSF. L-PGDS/fi-trace also
prevented the seed-dependent aggregation of 50 uM Al with K; of
0.75 uM. M , the inhibitory activity d Ap (1-40) aggre-
gation in human CSF was decreased by 60% when L-PGDS/fi-trace
was removed from the CSF by immunoaffinity chromatography. The
deposition of Ap after intraventricular infusion of Ag (1-42) was
3.5-fold higher in L-PGDS-deficient mice and reduced to 23% in
L-PGDS-overexpressing mice as compared with their wild-type levels.
These data indicate that L-PGDS/fi-trace is a major endogenous
Ap-chaperone in the brain and suggest that the disturbance of this
function may be involved in the onset and progression of AD. Our
findings may provide a diagnostic and therapeutic approach for AD,

| mouse | surface plasmon resonance |

| Alzheimer’s di

aggregati
thioflavin T

he conformational change in amyloid B (Ag) peptides, Ap

{1-40) and AB (1-42), from their soluble monomenic forms to
insoluble aggregates is central to the pathogenesis of Alzheimer's
disease (AD). AP (1-42) peptide 1s probably the pathogenic one in
AD (1-3). Mutations in cither amyloid precursor protein or pre-
senilin | and 2 genes result in AB overproduction (1-3) and have
been detected in early onset familial cases of AD, which account for
=3% of AD paticnts (4. 5). In contrast, A production in late-onset
sporadic cases of AD. which represent the majority of AD cases.
remains unchanged, yet the uggregation of A is enhanced. Func-
tional abnormalities in the deterrents against A aggregation would
seem, therefore, 1o be involved in the pathogenesis of sporadic AD.
A is secreted into human cerebrospinal fluid (CSF) under normil
conditions (6). and in the healthy brain, it appears to be efficiently
controlled by some unidentified extracellular chaperones so as not
to aggregate. In the present study, we focused on the possibility of
lipocalin-type prostaglandin D synthase (L-PGDS) (7, 8), a major
human CSF protein known as B-trace (9), being such a chaperone
that functions to prevent Af misfolding and aggregation.

6412-6417 | PNAS | April 10,2007 | vol 104 | no. 15

Results

Immunostaining of L-PGDS/B-Trace in Amyloid Plaques. When we
immunostained for L-PGDS/B-trace in the brain of 2-year-old
male AD model Tg2576 mice, L-PGDS/B-trace was detected in
many amyloid plaques (Fig. 1 A, arrowheads, and B, asterisk), as
well as in the leptomeninges (Fig. 1A, small double arrow) as
described previously (10, 11). The L-PGDS/B-trace immunore-
activity was not observed in amyloid plaques when preabsorbed
antibody was used (Fig. 1C). Double immunofluorescence stain-
ing with anti-AB antibody (Fig. LD) and anti-L-PGDS/B-trace
antibody (Fig. 1E) also revealed that L-PGDS/B-race was
localized in AB-positive amyloid plaques (Fig. 1F, asterisks). In
the brain of a late-onset sporadic AD patient, we also confirmed
that L-PGDS/B-trace was immunohistochemically detectable in
senile plaques in the frontal cortex (Fig, 1G, arrowheads, and H,
asterisk). These data suggest that L-PGDS/B-trace may bind to
Ap fibrils,

Binding of L-PGDS/f-Trace to Afi Peptides. To investigate the bind-
ing of L-PGDS/B-truce to AB peptides, we monitored the
changes in molecular mass of A8 (1-40) immobilized on a sensor
chip after infusion of various concentrations of L-PGDS/g-trace
solution on the chip by surface plasmon resonance (SPR)
analysis. L-PGDS/B-trace purified from human CSF rapidly
bound to the immobilized A (1-40) in a dose-dependent
manner and thereafter very slowly dissociated from it after
washing with 50 mM sodium phosphate (pH 7.5) and 100 mM
NaCl, According to the association and dissociation Kinetics, the
dissociation constant (Kp) value for the binding affinity was
calculated to be 50 nM (Fig. 24). Conversely, AB (1-40)
monomer also bound to the immobilized L-PGDS/B-trace with
a similar high affinity at the Ky value of 60 nM (Fig. 2B).
L-PGDS/B-trace also bound 10 immobilized AB (1-42), AB
(1-40) fibrils, and AB (1-42) fibrils with high affinities (Kp =
40-43 nM; Table 1),

To address which regions of A were involved in the binding
to L-PGDS/B-trace, we used several segments of AB peptides for
SPR analysis. L-PGDS/g-trace tightly bound to A (25-35) and
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Fig. 1. L-PGDS/B-trace immunostaining of amyloid plaques in Tg2576 mice
and AD patients. (A-f) Amyloid plaques in the cerebral cortex of Tg2576 mice
(A, arrowheads, 8 and C, asterisk) were immunopositive with anti-mouse
L-PGDS/B-trace antibody (A and B), but not with preabsorbed antibedy (O
Double immunofiuarescence staining of AB (D) and L-PGDS/g-trace ()
showed that they were colocalized (F, merged image). (G and H) In the frontal
cortex of a 70year-old AD patient, amyloid plagues (G, arrowheads: H,
asterisk) were immunostained by anti-human L-PGD%-trace polyclonal an-
tibody. (Scale bars: A and G, 200 um; 8-F and H, 20 um )

AR (1-28) peptides with Kpp values of 20 and 40 nM, respectively,
but not to AB (1-16) (Table 1), thus indicating that L-PGDS/
PBetruce recognized residues 25-28 of A, Recombinant human
L-PGDS expressed in Eschericha coli also tightly bound 10 AB
peptides with Ky values of 18-31 nM.

>

ﬂ L-PGDS/p-race
\.‘"‘-v- 500 nM

Ap(1-40)
100 - immobilized chip

Response (RU)
-
e

0
0 120 240
B L-PGH
50 5 immobilized chip
5 AR(1-40)
£ 500 M
254 l
i 200 nM
«< H 100 nM
< som
0 T T
0 120 240

Time (sec)

Fig. 2. SPR analysis of binding between L-PGDS/g-trace and Ag. (4) Binding
of L.PGDS/-trace to 2 ng of immobilized A (1-40). (6) Binding of Ag (1-40)
1o B ng of immobilized AR L-PGDS/g-trace. Filled and open arrows show the
starting points for sample Injection and washing with buffer, respectively
Human serum albumin did not bind to Ag (1-40) in the same concentration
range
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Table 1. Kp values of L-PGDS/g-trace and recombinant L-PGDS to
various Ajl peptides by SPR analysis

Kg, nM

Peptides L-PGDS/g-trace Recombinant human L-PGD5
Ag (1-40) 50 20

Ap (1-42) 43 27

Afs (1-40) fibril 42 i

A (1-42) fibril 40 26

AB (25-35) 20 18

Ag(1-28) 40 19

Ag (1-16) Not detected Not detected

L-PGDSB-trace purified from human CSF or recombinant human L-PGDS
was applied to the various immobilized A peptides. According to the asso-
ciation and dissociation curves, Kp values for the binding affinity were
calculated.

Inhibition of Ap Aggregation by L-PGDS/p-Trace in Vitro. Next, we
investigated the effect of L-PGDS/B-trace on spontaneous Af
aggregation in vitro (Fig. 3). The results of a thioflavin T (ThT)
fluorescence assay to monitor A aggregation revealed that the
fibrillogenesis phase of 50 uM AB (1-40) aggregation com-
menced 24 h subsequent to initiation of the nucleation phase and
reached a plateau 48 h thereafter. L-PGDS/B-trace at 1 uM
extended the nucleation phase and decreased the final amount
of Ap aggregates 10 49% of that in its absence. L-PGDS/B-trace
at 5 uM inhibited all spontanecus A aggregation for at least
168 h (Fig. 34). The fibrillogenesis of AR (1-42) commenced
even earlier, 6 h after the nucleation phase had begun, and Ap
aggregation reached a plateau within 24 h, L-PGDS/B-trace at |
puM extended the nucleation phase and decreased the final
amount of AB aggregates to 62% of that in its absence. The
apgregation of AB (1-42) was also completely inhibited for at
least 168 h in the presence of 5 uM L-PGDS/B-trace (Fig. 3B).
The aggregation of both A (1-40) and Ap (1-42) was pre-
vented in a dose-dependent manner by the addition of either |
or 5 pM L-PGDS/B-trace, and concentrations are in the phys-
inlogical range in human CSF (12).

When AB fibrils were added as a “seed,” the fibrillogenesis
was remarkably accelerated. This seed-dependent aggregation of
AP was also inhibited by L-PGDS/g-trace [Fig. 3 C and D and
supporting information (SI) Fig. 74]. Albumin is the most
abundant human CSF protein with the physiological range ~2-8
uM in human CSF (13). Albumin partially inhibited Ap aggre-
gation, yet did not completely prevent the secd-dependent
aggregation of 50 uM A (1-40) within its physiological range
(SI Fig. 78). Total internal reflection fluorescence microscopy
revealed that large Ap fibrils were produced after incubation of
50 uM AB (1-40) monomer with the seed (Fig. 3C Left);
however, such fibrils were not observed in the presence of 5 uM
L-PGDS/g-trace (Fig. 3C Righr). The inhibitory effect of
L-PGDS/p-trace on A fibrillogenesis was confirmed by inspec-
tion by atomic force microscopy (AFM) (Fig. 3D).

As revealed by circular dichroism (CD) spectrum analysis, the
AR monomer possessed a predominantly unfolded conformation
(Fig. 3E, black). When the Ap monomer was incubated with a
seed, a CD spectrum with 2 minimum at =220 nm appeared,
indicating the formation of amyloid fibrils with the B-sheet
structure (14) (Fig. 3E, blue). However, in the presence of
L-PGDS/g-trace, AB did not assume the p-sheet-rich structure
(Fig. 3E, red), indicating that L-PGDS/B-trace prevented the
conformational change to the B-shect structure. These results
are consistent with the results of the ThT fluorescence assay
described above.

The rate of fibrillogenesis of the seed-dependent Ag (1-40)
aggregation was decreased in a concentration-dependent man-
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Inhibition of Ag aggregation by L-PGDS/fi-trace. (A and B) Spontaneous aggregation of 50 M Ag (1-40) (A) and Ag (1-42) (B) in the absence (black)

or presence of L-PGDSg-trace (orange, 1 uM; green, 5 uM). (C and 0) Observations of Ag (1-40) seed-dependent aggregation by fluorescence abscence (black)
or microscopy (€) and AFM (D) in the absence (Left) or presence (Right) of L-PGDS/E-trace. (Scale bars: C, 10 um; D, 1 um.) {E) CD spectra of 50 uM Af (1-40) before
{black) and after incubation for 2 h with Agseed (10 pg/ml) in the absence (blue) or presence of 5 uM L-PGDS/B-trace (red), (F Upper) Inhibition of seed-dependent
fibrillogenesis of 50 uM AR (1-40) by incubation for 1 h with L-PGDS/B-trace purified from human CSF (closed circles), recombinant human L-PGDS (open circles),
heat-denatured L-PGDS/B-trace (closed triangles), or recombinant inactive Cys**Ala mutant of human L-PGDS (open triangles). (F Lower) Hill plot of the data

obtained for L-PGDS/g-trace purified from human CSF

ner by either L-PGDS/B-trace purified from human CSF or the
recombinant L-PGDS (Fig. 3F Upper). The kinetic inhibitory
constant (K;) of L-PGDS/B-trace with respect to AB (1-40)
aggregation was calculated by Hill plot analysis to be 0.75 uM
(Fig. 3F Lower). The inhibitory activity against the A (1-40)
aggregation was observed with neither heat-denatured L-PGDS/
B-trace nor a recombinant inactive Cys®*Ala mutant of human
L-PGDS (the catalytically active Cys*S residue was replaced; Fig.
3F Upper). These results indicate that L-PGDS/B-trace has a
specific conformation required for its interaction with AB, and
that the Cys™ residue is crucial for the chaperone activity of
L-PGDS/B-trace to prevent A aggregation.

Preventive Effect of L-PGDS/B-Trace in Human CSF on Af Aggregation.
L-PGDS/B-trace could be almost completely removed from human
CSF by passage through a mouse monoclonal anti-L- PG DS/B-trace
antibody-conjugated column (Fig. 44). When we compared the
inhibitory effect of human CSF and L-PGDS/B-trace-free CSF on
Ap aggregation, 30% human CSF prevented spontaneous aggre-
gation of A (1-40) for 96 h and 50% L-PGDS/B-trace-free CSF

6414 | www.pnas.org/cgl/dol/10.1073/pnas 0701585104

for 48 h (Fig. 48). After incubation for 96 h, human CSF and
L-PGDS/B-truce-free CSF prevented 9% and 365, respectively,
of the spontaneous aggregation of AB (1-40), indicating that
L-PGDS/g-trace was the major CSF component responsible for the
inhibition of AR aggregation (Fig. 4C)

Inhibition of A Deposition by L-PGDS/f-Trace in Vivo. To test
whether L-PGDS/g-trace could prevent AB aggregation in vivo,
we injected hiotin-labeled human AB (1-42) into the lateral
ventricle of the brain of WT, L-PGDS-knockout (L-PGDS™'—;
CS7BL/6 strain), and human L-PGDS-transgenic (L-PGDS-Tg.
FVB strain) mice. As examined by avidin-biotin-peroxidase
staining, deposits of biotin-labeled A (1-42) were detected
along the lateral ventricle at 3 h postinjection in all sections
examined (Fig. 5). As compared with WT mice (Fig. 5A.C, E
and ), A (1-42) deposition was histologically accelerated in
L-PGDS~" mice (Fig. 5 B and F) and reduced in L-PGDS-Tg
mice (Fig. 5 D and H). Moreover, AB deposits were positively
stained by Congo-red staining (Fig. 5 I-L), indicating that the
deposits were composed of A fibrils rather than Ag monomers

Kanekiyo ef al
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(A} SDS/PAGE and Western blot analysis revealed that L-PGDY/B-trace Is a
major protein in human C5F with a molecular mass of 26 kDa and i almost
completely removed from the CSF by passage through a mouse monoclonal
anti-L-PGDS antibody-conjugated col . (8) Rep tive time course of
the spontansous Al aggregation in the absence (black) or presence of 50%
human C5F (red) or 50% L-PGDS/B-trace-free CSF (blue). (O Inhibition of A
aggregation in the presence of 50% CSF or the L-PGDS/f-trace-free CSF. The
percentage inhibition of A aggregation was calculated by using the formula
[1= (FatFb)] = 100, where Fb and Fa are the ThT fluorescence intensities of 50
“M A (1-40) incubated for 96 h or in the presence of 50% CSF or L-PGDS/g-
trace-free CSF, respectively. Data are expressed as the mean + SEM of three
independent experiments. #=, P < 0.01 vs. C5F (Student’s  test)

Next deposition of A (1-42) was quantified by binding of
['*%1]-streptavidin to brain sections prepared from L-PGDS
(TBL/6 straum; Fig. 5M) and L-PGDS-Tg (Fig. 5N) mice and their
WT counterparts, and sections had been immunostained with
hiotin-labeled AB (1-42). The deposition of A (1-42) was
3.5-fold higher in L-PGDS~"" mice than in WT mice (Fig, 5M)
and 77% lower in L-PGDS-Tg mice than in WT mice (Fig. 5N).
These results clearly indicate that L-PGDS/B-trace strongly
inhibited AB aggregation and deposition in vivo.

Discussion
In this study, we demonstrated that L-PGDS/B-trace plays a
critical role as an endogenous Af-chaperone, thereby inhibiting
bath AB (1-40) and AP (1-42) aggregation i vitra and in viva,
SPR analysis showed that L-PGDS/g-trace tightly bound to A
(1-28) and A (25-35). but not to AB ( 1-16), indicating that the
hydrophobic region from residues 25-28 of Af was crucial for
the binding to L-PGDS/g-trace. Interestingly, these same resi-
dues in AB are the key region for the conformational change in
Ap peptides from the random-coiled to the B-sheet structure
(15). During Ag aggregation, soluble A peptides are known to
change their conformation to the B-sheet structure and aggre-
gate to form insoluble fibrils enriched in B-sheet structure (15,
16). The interaction of L-PGDS/B-trace with residues 25-28 in
Af may prevent this conformational change to the B-sheet
structure (Fig. 6). as was suggested by far-UV CD spectrum
analysis (Fig. 3E). L-PGDS/B-trace completely prevented Ap
aggregation even at o molar ratio of 1:10. These results suggest
that L-PGDS/B-trace catalvzes this conformational chunge in A
from the B-sheet to the random-coiled structure,

The aggregation of Af was earlier shown to be inhibited by
apolipoprotein (Apo) E (17, 18) and transthyretin (19). Because

Kanekiyo et al,

of the disturbance of AB metabolism (17, 18), ApoE is a risk
fuctor for late-onset AD. The #4 allele of ApoE shows an
incidence of 17.5% among all AD cases (4, 5). However, ApoE
is not i CNS-specific protein (13, 20), whereas A 1s primarily
produced in the brain (6, 7). On the other hand, L-PGDS/g-trace
is the most abundant C5F protein produced in the brain und is
dominantly expressed in the CNS rather than in the peripheral
organs, L-PGDS/B-trace exists more abundantly in the brain
than ApoE. Furthermaore, L-PGDS/B-trace binds to Ap with an
affinity (Kp = 18=50 nM) comparable with that of ApoE (Kp =
200 nM) (21). Therefore, L-PGDS/B-trace could be considered
more essential than ApoE for the prevention of Af aggregation
in the brain,

Basced on these findings, the incidence of AB aggregation
would be expected to increase when the L-PGDS/B-trace con-
centration is decreased or the Ap-chaperone activity of
L-PGDS/B-trace is inactivated in the brain. Two-dimensional gel
clectrophoresis analysis (22) revealed that L-PGDS/B-trace is
decreased in CSF of AD patients as compared with control
healthy individuals. In postmenopausal depression, a known risk
factor for AD (23), the decrease in the estradiol level i1s known
to elicit a decrease in L-PGDS/g8-trace expression (24). In
addition, a polymorphism in L-PGDS/g-trace with a C-terminal
exon 6-truncation was found in AD patients and cluimed to be
another risk factor for AD (38), Because C-terminal deletion
results in the unfolding and inactivation of L-PGDS/g-trace (25).
such mutation is predicted to decrcase L-PGDS/g-trace chap-
erone activity, Moreover, the CSF levels of small hydrophobic
molecules such as bilirubin and biliverdin, which bind to
L-PGDS/g-trace (26), have been reported to be increased in AD
patients (27) and inactivate the Ap-chaperone activity of
L-PGDS/g-trace (T.K., unpublished results). It is reasonable,
therefore, to posit that functional disturbances of L-PGDS/g-
trace may lead to the sporadic lute-onsel cases of AD.

Quantitative and qualitative changes in the Ap-chaperone
activity of L-PGDS/g-1race, therefore, may serve as biomarkers
for predicting the onset of AD. Further, as the high-resolution
x-ray erystallographic structure of L-PGDS has already been
determined, it may be possible to design recombinant L-PGDS
with a higher affinity for AB or to develop novel drugs to
increase the affinity of L-PGDS/B-trace for AB for use in the
therapy of AD. Interestingly, environmental enrichment, as
compared with standard animal housing conditions, increased
L-PGDS/B-trace gene expression and reduced AB deposition in
the brain of amyloid precursor protein transgenic mice (28),
indicating that the up-regulation of L-PGDS/-trace may sup-
press AB deposition. That report is in good agreement with our
conclusion that L-PGDS/B-trace is the major endogenous AB-
chaperone to prevent Af aggregation in the brain. Our findings
thus provide a new insight into the molecular mechanism of AD
pathogenesis and a potential therapeutic strategy for AD.

Materials and Methods

Animals. Tg2576 mice (29) were purchased from The Jackson
Laboratory (Bar Harbor, ME). L-PGDS™/~ mice (30, 31) and
human L-PGDS-Tg mice (B20) (32) were generated at the
Osaka Bioscience Institute (Osaka, Japan). The experimental
protocols employing mice were approved by the Animal Care
Committee of Osaka Bioscience Institute, and every effort was
made to minimize the number of animals used as well as any pain
and discomfort.

Autopsy Brain Tissues. Brain tissues from pathologically diagnosed
AD patients were obtained from the Brain Bank of Tokyo
Metropolitan Geriatrie Hospital and Tokyo Metropolitan Insti-
tute of Gerontology (Tokyo, Jupan). This study was approved by
the institutional review boards of Osaka Bioscience Institute,
Tokyo Metropolitan Geriatric Hospital, Tokyo Metropolitan

PNAS | Apnl 10,2007 | wvol 104 | no 15 | 6415
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Fig. 5.

Inhibition of Ag deposition by L-PGDS/B-trace in vivo. (A-H) Ag deposition in the brain of WT mice (C57BL/S; A and £), L-PGDS " mice (C57BUS; 8 and

F). WT mice (FVB, € and G), and L-PGDS-Tg mice (FVB; D and H). (Scale bars: A-D, 1 mm; E-H, 200 um ) {}-L) Congo-red staining of Ag deposition in WT (C57BLS;
land k) and L-PGDS ™~ mice (C57BL/6; J and L) brain as described above. (Scale bar: and J, 1 mm; K and L, 200 um,) (M and N) The Ag deposition was quantified
by binding of ['%]-streptavidin to tissue sections prepared from the brain of WT and L-PGDS '~ mice (C57BL/6: M) and of WT and L-PGDS-Tg mice (FVB; M), which
sections had been reacted with biotin-labeled A (1-42). Data are expressed as the mean + SEM (n = 3-4), Significant difference was based on Student’s f test;

* P < 0,05

Institute of Gerontology, and Osaka University Graduate School
of Medicine.

Antibodies. Rabbit polyclonal anti-human L-PGDS (1:1,000 di-
lution) and anti-mouse L-PGDS (1:4,000 dilution) antisera were
ruised and purified at the Osaka Bioscience Institute. Monoclo-
nal anti-human Ag (11-28) antibody (1:100; 1BL, Gunma,
Japan) was also used.

Immunohistochemistry, Deparaffinized sections were preincu-
bated with (1.3% H;0; in methanol followed by 50 mM sodium
phosphate (pH 7.5) and 100 mM NaCl containing 0.2% Triton
X-100. After pretreatment with formic acid for 5 min and trypsin
for 15 min, they were sequentially incubated with primary
antibody, hiotinylated secondary antibody ( Vector Laboratories,
Burlingame, CA), and avidin-biotin complex (2 pg/ml; Vector

[Soluble Ap peplides| | Insoluble Afi fibrils
random g gheet

Fig.6. Proposed schema for inhibition of A aggregation by L-PGDS/f trace
Soluble A monomers change their conformation from a random-coil domi
nant structure 1o the B-sheet-rich structure and then aggregate to insoluble
fibrils. L-PGODS/fi-trace can prevent Af aggregation by inhibiting the transfor
mation of A monamers to f-sheet-nich structure and the sequential seed
dependent Af fibnillogenesis

6416 | www pnas.org/cgi/doi/10.1073/pnas 0701585104

Laboratories) by using the ABC elite kit according to the
manufacturer's protocol. Immunareactivity was visualized with
diaminobenzidine (DAB; Dotite, Kumamoto, Japan) solution.
For double immunostaining, deparaffinized sections were incu-
bated at 4°C overnight with anti-AB and anti-L-PGDS anti-
body, followed by FITC-conjugated anti 1gG (Vector
Laboratories) and Texas Red-conjugated anti-rabbit 1gG (ICN
Biomedicals, Costa Mesa, CA) for 2 h at room temperature.

Preparation of Ap Solutions. Af (1-16), AB (25-35), AB (1-40),
AR (1-42) (Peptide Institute, Osaka, Japan), and Ag (1-28)
(AnaSpec, San Jose, CA) were dissolved in 0,02% ammonia
solution at 200 uM. The A fibril seed solution was prepared by
incubation of 50 uM Ag peptides in 50 mM sodium phosphate
(pH 7.5) and 100 mM NaCl for 7 days at 37°C,

Purification of Human L-PGDS/p-Trace in CSF. Human CSF samples
were obtained from the Department of Neurosurgery, Nagoya
City University Hospital, Informed consent was obtained from
all patients for use of their CSF, sampled by lumbar puncture as
part of a diagnostic workup. Human L-PGDS/g-trace was puri-
fied from the CSF by immunoaffinity chromatography with a
monoclonal anti-human L-PGDS/B-trace antibody 6F5-
conjugated column as reported previously (33).

SPR Anmalysis. The SPR experiments were performed with a
BlAcore 2000 (BlAcore AB, Uppsala, Sweden). A monomers,
fibrils or L-PGDS/B-trace were immobilized by amine coupling
onto a CMS chip (BlAcore AB) that had been preactivated with
a mixture of N-ethyl-N'.(3-dymethylammopropyl)carbodimide
hydrochloride and N-hydroxysuccinimide. After blocking of the
remaning activated carboxyl groups on the sensor chip with
cthanolamine, the anulyte was applied at a flow rate of 20 xl/min
in 50 mM sodium phosphate (pH 7.5) and 100 mM NaCl a1 25°C
Following measurement, the chip surface was regenerated with
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50 mM NaOH. The reference cell was prepared by amine
coupling without the ligand.

Fi e Spec py. AP peptides (50 pM) were incubated
at 37°C in the absence or presence of human L-PGDS/g-trace
purified from human CSF (34), recombinant human L-PGDS
expressed in E. coli (35), or human CSF in 50 mM sodium
phosphate (pH 7.5) and 100 mM NaCl. The seed-dependent and
spontancous AB aggregations were monitored with or without
addition of AB seed (final concentration 10 pg/ml) in a Hitachi
F-4500 fluorescence spectrophotometer (Hitachi Software
Engineering, Yokohama, Japan) at excitation and emission
wavelengths of 446 and 490 nm, respectively, after the compo-
nents had been mixed with a 200-fold volume of 50 mM
glycine-NaOH (pH 8.5) containing § uM ThT (Wako Pure
Chemicals, Osaka, Japan) as described earlier (36).

Fluorescence Microscopy and AFM. Aj (1-40; 50 pM) was incu-
bated for 2 h with the AB sced (10 pg/ml) in 50 mM sodium
phosphate (pH 7.5) and 100 mM NaCl in the absence or presence
of 5 uM L-PGDS/B-trace. The solution was then diluted S-fold
and incubated with ThT of a final concentration of 5 uM. The
fibril formation of AB on glass slides was examined by fluores-
cence microscopy (37). In the case of AFM, 10 ul of A8 solution
was spotted on freshly cleaved mica surfaces and left undisturbed
for 2 min, after which the excess solution was blown off with
compressed air. AFM images were obtained by using a dynamic
force microscope (Nanoscope-R 111a; Digital Instruments, Santa
Barbara, CA).

€D Spectroscopy. AP (1-40) monomer (50 uM) was dissolved in
50 mM sodium phosphate (pH 7.5) and 100 mM NaCl and
incubated in the absence or presence of 5 uM L-PGDS/B-trace
at 37°C for 2 h. These samples were diluted 2-fold in the buffer
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described above, and far-UV CD spectra were recorded at 37°C
by using a Jasco-600 spectropolarimeter equipped with a ther-
mostat-controlled cell holder (Jasco. Tokyo, Japan). A quartz
cuvette with a (.1-cm path length was used. The data were
presented as the mean residue mass ellipticity for the Ap

peptide.

Analysis of Afi Deposition in Vive. Under pentobarbital (50 mg/kg,
i.p.) anesthesia, biotin-labeled AB (1-42) (100 uM; AnaSpec,
San Jose, CA) was infused at a rate of (.66 pl/min for 60 min into
the lateral ventricle (coordinates relative to bregma: anterior-
posterior 0.0-mm, lateral 2.0-mm, and 2.3-mm depth) of
4-month-old male L-PGDS ' mice (30, 31) and human L-
PGDS-Tg mice (32). At 3 h after administration, the mice were
killed. Cryoscctions (30 pm) of mouse brain were prepared,
fixed in ethanol, and incubated with avidin-biotin-peroxidase
complex (2 pg/ml; Vector Laboratories) according to the man-
ufacturer’s protocol. Cryosections were also stained with 1%
Congo-red solution. For quantification of Ag deposition, cryo-
sections of mouse brain (30 um) were fixed in ethanol and
incubated with ['*1]-streptavidin (9.25 kBg/ml, 1,850 kBg/pg:
Amersham Biosciences, Little Chalfom, U.K.) in 50 mM sodium
phosphate (pH 7.5) and 100 mM NaCl for 2 h. After wash hy 50
mM sodium phosphate (pH 7.5) and 100 mM NaCl containing
0.2% Triton X-100, the amount of biotin-labeled A (1-42)
within the brain was quantified with a Micro Imager radioisotope
detector (Biospace Measures. Paris, France).

s Additional results about the inhibition of seed-dependent Ap
aggregation by L-PGDS/g-trace or human serum albumin can be
found in SI Fig. 7.
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Abstract The aim of this study was to improve the neuro-
pathologic recognition and provide criteria for the patho-
logical diagnosis in the neurodegenerative diseases grouped
as frontotemporal lobar degeneration (FTLD); revised cri-
teria are proposed. Recent advances in molecular genetics,
biochemistry, and neuropathology of FTLD prompted the
Midwest Consortium for Frontotemporal Lobar Degeneration
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and experts at other centers to review and revise the exist-
ing neuropathologic diagnostic criteria for FTLD. The pro-
posed criteria for FTLD are based on existing criteria,
which include the tauopathies [FTLD with Pick bodies,
corticobasal degeneration, progressive supranuclear palsy,
sporadic multiple system tauopathy with dementia, argyro-
philic grain disease, neurofibrillary tangle dementia, and
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