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INTRODUCTION

Alzheimer's disease is a progressive dementia that is characterized by a loss of recent
memory. Evidence has accumulated to support the hypothesis that synapses are critical
storage sites for memory. However, it is still uncertain whether tau protein is involved
in associative memory storage and whether tau is distributed in mature brain synapses.
To address this question, we examined the synaptosomal distribution of tau protein in
both JNPL3 transgenic mice expressing human P301L tau and non-transgenic littermates.
The JNPL3 mouse line is known as one of the mouse models of human tauopathy that
develop motor and behavioral deficits with intracellular tau aggregates in the spinal cord
and brainstem. The phenotype of disease progression is highly dependent on strain back-
ground. In this study, we confirmed that male JNPL3 transgenic mice with C57BL/6J
strain background showed neither any sign of motor deficits nor accumulation of hyper
phosphorylated tau in the sarkosyl-insoluble fraction until 18 months of age. Subcellular
fractionation analysis showed that both mouse tau and human P301L tau were present
in the synaptosomal fraction. Those tau proteins were less-phosphorylated than tau in
the cytosolic fraction. Human P301L tau was preferentially distributed in the synaptoso-
mal fraction while mouse endogenous tau was more distributed in the cytosolic fraction.
Interestingly, a human-specific tau band with phosphorylation at Ser199 and Ser396 was
observed in the synaptosomal fraction of JNPL3 mice. This tau was not identical to either
tau species in cytosolic fraction or a prominent hyperphosphorylated 64 kDa tau species
that was altered to tau pathology. These results suggest that exogenous human P301L tau
induces synaptosomal distribution of tau protein with a certain phosphorylation. Regulat-
ing the synaptosomal tau level might be a potential target for a therapeutic intervention
directed at preventing neurodegeneration.
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impairment may underlie the process of NFT formation. Although

Neurofibrillary tangles (NFTs) and neuronal loss are commonly
observed in neurological disorders, including Alzheimer’s disease
(AD) and other tauopathies (1-3). Brain regions showing dys-
function overlap those displaying NFTs and neuronal loss (4),
suggesting that mechanisms of NFT formation and neuronal loss
may underlie neuronal dysfunction of affected brain areas. In
frontotemporal dementia with Parkinsonism linked to tau on
chromosome 17 (FTDP-17-tau), tau gene mutations induce NFT
formation and neuronal loss (5-8), suggesting that dysregulation
of tau may be a cause of NFT formation and neuronal death. This
notion is supported by some reports showing that overexpression
of FTDP-17-fau mutant tau induces NFT formation, neuronal
loss, and behavioral abnormalities. In the mouse model rTg4510
overexpressing P301L mutant tau under the regulation of tetracy-
cline, inhibition of mutant tau overexpression in the disease state
blocked neuronal death and reversed memory impairment but
still induced NFT formation (9), suggesting that NFTs themselves
are not toxic, but the mechanism of neuronal death and memory

the initial molecular event of tau pathogenesis remains unclear, the
hyperphosphorylation of tau is strongly correlated with the sever-
ity of the pathology (10). The existence of hyperphosphorylated
tau oligomers in human AD brain and transgenic mouse brains
supports the idea of neurotoxic tau species (11-15).

Recently, several groups reported the mislocalization of hyper-
phosphorylated tau into dendritic spines (16-20). Interacting
with Fyn kinase, tau contributes to NMDA stabilization (17, 21).
Although a novel function of tau in post-synaptic regions was
observed, evidence of hyperphosphorylated tau in dendritic spines
still requires conclusive confirmation. On the other hand, it is
well known that tau is involved in axonal transport stabilization
and promotion of microtubule polymerization, and it partici-
pates in the transport of vesicles and organelles from axons to
synaptic terminals (22). It was also reported that tau overexpres-
sion affects axonal transport by obstructing kinesin movement on
microtubules (23-26). Since axon was labeled with Taul antibody,
which recognizes non-phosphorylated tau at Ser199 (27), axonal
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tau seems to be de-phosphorylated. Therefore, it is important to
clarify the status of tau phosphorylation in synaptic regions. In
this study, we investigated the biochemical properties of synap-
tosomal tau extracted from transgenic mice expressing human
P301L mutant tau.

MATERIALS AND METHODS

JNPL3 MICE AND LITTERMATES

Male hemizygous JNPL3 mice were obtained from Taconic Labs
(Germantown, NY, USA) at 8 weeks of age. JNPL3 mice express
4RON isoform of human P301L mutant tau and are character-
ized as developing NFT, as well as sarkosyl-insoluble tau in an
age-dependent manner (28, 29). Transgenic (Tg) mice and non-
Tg littermates were bred by mating hemizygous JNPL3 mice with
C57BL/6] Jcl (Clea, Tokyo, Japan). The mice were genotyped for
the tau transgene by PCR between exons 9 and 13 of human
tau cDNA. They were housed under controlled conditions with
a 12-h day/night cycle. The age range of both male JNPL3 (n=8)
and male non-Tg mice (1 =5) was 15.7-18.5 months. Procedures
involving animals and their care were approved by the Animal Care
and Use Committee of RIKEN.

TISSUE EXTRACTION AND SUBCELLULAR FRACTIONATION

Mice were euthanized by cervical dislocation to preserve the brain
metabolic environment and prevent artifacts that could alter tau
biochemical profiles. Brains were quick-frozen on dry ice and
stored at —80°C. For sarkosyl extraction, the cerebral cortex con-
taining the hippocampus of the left hemibrain was subsequently
homogenized in five volumes of Tris-buffer saline (TBS) con-
taining protease and phosphatase inhibitors [25mM Tris/HCl,
pH 7.4, 150 mM NaCl, I mM EDTA, 1 mM EGTA, 5 mM sodium
pyrophosphate, 30 mM B-glycerophosphate, 30 mM sodium flu-
oride, and 1 mM phenylmethylsulfonyl fluoride (PMSF)]. The
homogenates were centrifuged at 27,000 x g for 20 min at 4°C
to obtain the supernatant and pellet fractions. Pellets were re-
homogenized in five volumes of high salt/sucrose buffer (0.8 M
NaCl, 10% sucrose, 10 mM Tris/HCI, pH 7.4, 1 mM EGTA, I mM
PMSF) and centrifuged as above. The supernatants were collected
and incubated with sarkosyl (Sigma, St. Louis, MO, USA; 1%
final concentration) for 1h at 37°C, followed by centrifugation
at 150,000 x g for 1 h at 4°C to obtain salt and sarkosyl-soluble
and sarkosyl-insoluble pellets. The pellets were re-suspended in
TE buffer (10 mM Tris/HCI, pH 8.0, 1 mM EDTA) to a volume
equivalent to wet weight of the original tissue. For subcellu-
lar fractionation, fractions were prepared as previously described
(30). Briefly, the cerebral cortex containing the hippocampus of
the right hemibrain was Dounce-homogenized with 15 strokes
in 10 volumes of homogenization buffer [25mM Tris/HCI, pH
7.4, 9% sucrose, 2mM EDTA, 5mM dithiothreitol, 5mM 4-
(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride (AEBSF),
5ng/ml Antipain, 2 ng/ml aprotinin, 5ng/ml leupeptin, 5ng/ml
pepstatin A, 1M okadaic acid, 1mM NaF, 1 mM NazVOy].
Nuclei (P1) were removed by 5 min centrifugation at 1,000 x g
The supernatant was subjected to 12,500 x g centrifugation for
15 min to vield the crude synaptosomal fraction (P2). The super-
natant was centrifuged for 1 h at 176,000 x g, resulting in cytosol
(S3) and light membrane and Golgi (P3) fractions. Synaptosomal

fraction P2 was lysed hypo-osmotically and spun for 20 min at
25,000 x g to obtain the synaptosomal membrane fraction LP1.
The supernatant was centrifuged for 2 h at 176,000 x g, resulting in
asynaptic vesicle-enriched fraction (LP2) and a supernatant (LS2).

ANTIBODIES

E1 (31), a polyclonal antibody specific to human tau (aa 19-33,
unphosphorylated), was prepared in our laboratory. MS06, a poly-
clonal antibody specific to mouse tau, was raised against mouse
tau polypeptide corresponding to amino acid residue 118~131
(SKDRTGNDEKKAKG). Tau5, pS199, pT231, and pS396 were
purchased from Biosource International (Camarillo, CA, USA).
Taul was from Chemicon (Temecula, CA, USA). Monoclonal
antibodies to f-actin and B-tubulin were purchased from Sigma.
Monoclonal antibodies to GAP-43, PSD-95, and synaptotagmin
were purchased from BD Transduction Laboratories (San Jose,
CA, USA). For western blotting, antibodies were used at the fol-
lowing dilutions in blocking solution: E1, 1:5,000; MS06, 1:2,000;
Taul, 1:5,000; Tau5, 1:2,000; pS199, 1:5,000; pT231, 1:2,000; pS396,
1:2,000; B-actin, 1:5,000; P-tubulin, 1:5,000; GAP-43, 1:2,000;
PSD-95, 1:2,000; synaptotagmin, 1:2,000.

WESTERN BLOTTING

Fractionated tissue extracts were dissolved in sample buffer con-
taining B-mercaptoethanol (0.01%). The samples were separated
by gel electrophoresis on 10 or 5-20% gradient SDS-PAGE gels
(Wako Pure Chemical Industries, Osaka, Japan), and transferred
to nitrocellulose membranes (Schleicher & Schuell BioScience,
Dassel, Germany). To estimate protein molecular weights, mol-
ecular size markers (Precision Plus Protein™ Standards, Bio-Rad
Laboratories, Hercules, CA, USA; MagicMarker™ XP Western
Protein Standard, Life Technologies, Carlsbad, CA, USA) were
loaded on each gel. After blocking with a blocking solution con-
taining 5% non-fat milk, 0.1% goat serum, and 0.1% Tween-20
in PBS, the membranes were incubated with various antibod-
ies, washed to remove excess antibodies, and then incubated
with peroxidase-conjugated, goat anti-rabbit antibodies (1:5000,
Jackson ImmunoResearch, West Grove, PA, USA) or anti-mouse
IgG (1:5000, Jackson ImmunoResearch). Bound antibodies were
detected using an enhanced chemiluminescence system, SuperSig-
nal West Pico (Pierce Biotechnology, Rockford, IL, USA). Quan-
titation and visual analysis of immunoreactivity were performed
with a computer-linked LAS-3000 Bio-Imaging Analyzer System
(Fujifilm, Tokyo, Japan) using the software program Image Gauge
3.0 (Fujifilm).

STATISTICAL ANALYSIS

Statistical analyses were conducted using PRISM4 (GraphPad
Software Inc., La Jolla, CA, USA). Data were analyzed using the
Friedman test or two-way ANOVA, unless otherwise noted.

RESULTS

EXAMINATION OF SARKOSYL-INSOLUBLE TAU IN MALE JNPL3 MICE
Hemizygous JNPL3 mice were reported to develop motor and
behavioral deficits, initially presenting with hind-limb dysfunction
starting at 6.5 months (28). These phenotypes were shown with a
mixed C57BL/DBA2/SW strain background and mostly in female
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mice. Biochemically, subcortical regions contained more sarkosyl-
insoluble tau than cortico-limbic regions, and male mice had less
sarkosyl-insoluble tau than age-matched female mice (29). More-
over, a previous study showed that JNPL3 mice with C57BL/6]
strain background significantly slowed the progression of tau
pathology (32). In agreement with these reports, male hemizy-
gous JNPL3 mice on an in-bred C57BL/6] strain at 15-18 months
of age did not show any sign of motor deficits. To confirm whether
male JNPL3 mice developed pathological tau aggregates in their
brains, a sarkosyl-insoluble fraction was prepared using the sarko-
syl extraction protocol as previously described (15, 29). Human
and mouse tau proteins were detected in the TBS-soluble frac-
tion using anti-human tau-specific antibody E1, anti-mouse tau-
specific antibody MS06, and Tau5 antibody recognizing both tau
(Figure 1A). We observed variable degrees of human tau protein
among individual JNPL3 mice when normalized with GAPDH
level (Figure 1A). In sarkosyl-insoluble fractions from male JNPL3
brains, the hyperphosphorylated tau migrating at 64 kDa was not
found, although variable levels of 50 kDa tau bands were detected
in this fraction (Figure 1B). The hyperphosphorylated 64 kDa tau
was a marker of tau pathology in symptomatic JNPL3 and rTg4510
mice expressing the 4RON isoform of human P301L mutant tau
(15, 29). Because of undetectable levels of 64kDa tau in male
JNPL3 cerebral cortices (Figure 1B), these male JNPL3 cerebral
cortices were considered to likely contain very few pathological
tau inclusions.

SUBCELLULAR DISTRIBUTION OF TAU PROTEIN IN JNPL3 MICE

To identify tau protein in a synaptosomal fraction, we first per-
formed subcellular fractionation and organelle enrichment by
basic differential centrifugation protocol (30) (Figure 2A). As a
result, pre-synaptic markers (GAP-43, synaptotagmin) and post-
synaptic marker (PSD-95) were mostly distributed in the crude
synaptosomal (P2) fraction (Figure 2B). Tau was recovered at
equal ratios in the nuclear (P1), P2, and cytosolic (S3) frac-
tions (Figure 2C). Distributions of tau, $-actin and B-tubulin in
each fraction were similar in JNPL3 mice and non-Tg littermates
(Figures 2B,C). Interestingly, the proportion of the tau level in
S3 fraction was significantly lower than that of the B-tubulin level
in S3 fraction (Figure 2C, tau and p-tubulin in S3 from JNPL3
were 30.2 and 41.7%, respectively, p < 0.05; tau and B-tubulin
in S3 from non-tg were 31.2 and 44.9%, respectively, p < 0.01).
This suggests that tau may have distinct functions rather than
that of microtubule-association property. To further characterize
the synaptosomal fraction, P2 fraction was lysed hypotonically
and divided by differential centrifugation to obtain synaptosomal
membrane (LP1), synaptic vesicle (LP2), and soluble synaptoso-
mal (LS2) fractions (Figure 2A). GAP-43, synaptotagmin, and
PSD-95 were mostly distributed in LP1 fraction (Figure 2B). Some
of the synaptotagmin immunoreactivity was detected in LP2 as a
synaptic vesicle protein (Figure 2B). Interestingly, abundant levels
of both human and mouse tau were detected in LP1 but not in
LP2 fraction (Figure 2B). Similar to the proportions of tau and
B-tubulin S3 fraction, the proportion of the tau level in LP1 frac-
tion was significantly higher than that of the B-tubulin level in LP1
fraction (Figure 2D, tau and B-tubulin in LP1 from JNPL3 were
77.9 and 39.4%, respectively, p < 0.001; tau and p-tubulin in LP1
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FIGURE 1 | Soluble and sarkosyl-insoluble tau in JNPL3 male mice.
{A) Western blots of TBS-soluble tau in mouse cerebral cortices. Equal
volumes of TBS-soluble fraction derived from 0.2 mg wet weight of brain
from eight male JNPL3 and two male non-tg mice were separated by
SDS-PAGE, blotted, and then probed with E1, Taub, MS06, and GAPDH
antibodies. (B) Western blot of sarkosyl-insoluble fractions in mouse
cerebral cortices. Samples derived from 20 mg wet weight from male
JNPL3 and non-tg mice, 5 mg wet weight from female JNPL3 cortex (ctx),
and 2.5 mg wet weight from female JNPL3 spinal cord (SPc) were

separated by SDS-PAGE, blotted, and then probed with E1 antibody.

from non-tg were 75.1 and 36.0%, respectively, p < 0.001). Again,
tau may have a function that is not related to the microtubule-
association. Furthermore, tau proteins in P1, P2, P3, and LP1
fractions had migrated faster than that in S3 fraction (Figure 2B,
Tau5 and E1 blots), suggesting that posttranslational modifica-
tion of those tau proteins was different from that of cytosolic tau
protein.

TAU IN SYNAPTOSOMAL FRACTION

To examine the effect of transgenic tau expression in the synap-
tosomal fraction, we next analyzed the protein property of tau in
LP1 fraction. A panel of tau antibodies (E1, Tau5, MS06, Taul,
pS199, pT231, and pS396) confirmed the difference in band pat-
tern between S3 and LP1 fractions (Figures 3A and 4A,B). When
tau phosphorylations at the sites of Ser199, Thr231, and Ser396
were compared, those sites in LP1 were less-phosphorylated than
in S3 fraction (Figures 3B,C). Taul antibody confirmed a higher
level of de-phosphorylated tau in LP1 fraction than in S3 frac-
tion of both JNPL3 and non-tg mice (Figures 3B,C). The ratio
of tau phosphorylation between S3 and LP1 fractions of non-Tg
mouse brain was similar to that of JNPL3 mouse brain [JNPL3,
ratio of LP1/83 =1.24 (Taul), 0.40 (pS199), 0.36 (pT231), 0.42
(pS396); non-tg, ratio of LP1/83 = 1.16 (Taul), 0.33 (pS199),0.36
(pT231),0.43 (pS396)] (Figures 3B,C). Total tau level in LP1 frac-
tion from non-tg mice was also lower than that in S3 fraction

www.frontiersin.org

March 2014 | Volume 5 | Article 26 | 3

155



Sahara et al.

Biochemical characteristics of synaptosomal tau

A brain tissue
1,000x g P2
12,500 xg hypotonic lysis
P1 176,000 x g I 25000x g
P2 i | 176,000 x g
P3 S3 LP1 ]
LP2 L82

B JNPL3 non-tg

C JNPL3
Taub p-tub

non-tg
Taub

p-tub

50~

30 1L

20+

PSD95

104}

in subcellular fractions (%)

protein distribution

2

D JNPL3 non-tg
synaptotagmin |* _ Taus  ptub  Taus  Betub
19
£ 100+
GAP-43 @
£ 8L
Taus S @ V'V
u Ag% 60§
2E |
E1 3 ,8 : 2
T o N
c & 20} N
D o
B-tubutin - ] ———— o o - O f oL ..l A
p-actin . —— o —" o sl o S o= Ty Ty gy Ao
- ed -t d o ed -]

FIGURE 2 | Subcellular fractionation of mouse cerebral cortex.

{A) Schematic representation of the subcellular fractionation steps. P1,
nuclear pellet and debris; P2, crude synaptosomal fraction; P3, light
membranes; S3, cytosolic fraction; LP1, synaptosomal membrane fraction;
LP2, synaptic vesicle-enriched fraction; LS2, soluble synaptosomal fraction.
(B) Western blots of JNPL3 and non-tg male mouse cerebral cortex
subcellular fractions. P1, P2, P3, or S3 fraction derived from 0.13 mg wet
weight of tissue and LP1, LP2, or LS2 fraction derived from 0.5 mg wet
weight of tissue were loaded on SDS-PAGE. Blots were probed with PSD-95,
synaptotagmin, GAP-43, Taub, E1, B-tubulin, and B-actin antibodies.

(C) Proportions of protein levels in fractions (P1, P2, P3, and S3) of tau (Taub)
and B-tubutin (B-tub) from JNPL3 {n=5) and non-tg (n = 5) mice are shown.
Intensities of tau (49-65 kDa) and B-tubulin (50 kDa) were measured by
Bio-Imaging Analyzer System. Ratios were indicated by percent of total

(P1+ P2+ P3+ S3). Results are expressed as mean = SEM. (D) Proportions
of protein levels in synaptosomal fractions (LP1, LP2, and LS2) of tau (Taub)
and B-tubulin (B-tub) from JNPL3 (n = 5) and non-tg (n =5} mice were
indicated. Intensities of tau (49-65 kDa) and g-tubulin {50 kDa) were measured
by Bio-Imaging Analyzer System. Ratios were indicated by percent of total
(LP1+LP2+1S2). Resuits are expressed as mean & SEM.

[Tau5, LP1/S3 =0.37] (Figure 3C). Although tau phosphoryla-
tions at the sites of Ser199, Thr231, and Ser396 in LP1 fraction
of JNPL3 mice was clearly less than those in S3 fraction, mouse
tau phosphorylation in LP1 fraction might be reduced at a few
sites. Further analysis will be needed to determine differential
phosphorylation sites in §3 and LP1 fractions of non-tg mice.

In JNPL3 mice, more human P301L mutant tau was detected
in LP1 fraction than in S3 fraction (Figures 3A,B). In contrast, the
total tau level including both human P301L tau and mouse tau
was higher in S3 fraction than in LP1 fraction (Figures 3A,B).
The higher level of human P30IL tau was further confirmed
by the lower level of mouse tau in LP1 fraction than in S3
fraction as detected by mouse tau-specific tau antibody MS06
(Figures 3A,B). These data indicate that the distribution of
human P301L tau in the synaptosomal fraction is greater than
in the cytosolic fraction while that of mouse tau is greater
in the cytosolic fraction than in the synaptosomal fraction. It
should be noted that Tau5 immunoreactivity in LP1 fraction of
JNPL3 mice was more than twofold that of non-Tg mice (2.6-
fold) while Tau5 immunoreactivity in S3 fraction of JNPL3 mice
was less than twofold that of non-tg mice (1.3-fold). This fur-
ther suggests the greater distribution of human P301L tau in

LP1 fraction than in S3 fraction. Taken together, our biochem-
ical analysis of the subcellular fraction revealed the existence of
transgenic human P301L tau in the synaptosomal fraction with
less-phosphorylation.

PHOSPHORYLATED HUMAN P301L TAU IN SYNAPTOSOMAL FRACTION

Although the levels of tau phosphorylation in JNPL3 mice were
similar to those in non-tg mice, we compared western blot pro-
files of tau protein between JNPL3 and non-tg mice. Molecular
weights of major tau bands in S3 and LP1 fractions were esti-
mated by protein standard markers (Figure 4). In S3 fraction
of JNPL3 mice, two bands migrating to 50 and 55kDa were
labeled with tau antibodies E1, Tau5, MS06, pS199, pT231, and
pS396 (Figure 4A). Taul antibody labeled the 50 kDa band but
sparsely labeled the 55kDa band (Figure 4A). Blot profiles of
JNPL3 mice were not so different from those of non-tg mice
(Figure 4A). JNPL3 mice expressed both human 4RON tau iso-
form and mouse tau isoforms. In addition, it already is known
that 4RON isoform is most expressed in adult mouse brains (33).
Therefore, the main components of these two bands might be
human and mouse 4RON tau isoforms, although the possibility
of other mouse tau isoforms being induced by exogenous human
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FIGURE 3 | Quantitative western blot analysis of tau protein. (A) Tau MSO06, Taul, pS199, pT231, and pS396 antibodies. {B,C) The relative ratio
band patterns in cytosolic (S3) and synaptosomal membrane (LP1) of tau protein between S3 and LP1 fractions from JNPL3 (B} and non-tg
fractions from four JNPL3 and four non-tg mouse cerebral cortices. (C) mice was measured (n=4 each). Results are expressed as
Equal volumes of fractions derived from 0.25 mg wet weight of brain mean & SEM. The mean value of tau protein in S3 fraction from JNPL3
were separated by SDS-PAGE, blotted, and then probed with Taub, mice was normalized to one.

tau cannot be excluded. In LP1 fraction, human tau appeared
with 51 and 53 kDa bands (Figure 4B, E1 blot) whereas mouse
tau appeared on 49 and 51 kDa bands (Figure 4B, MS06 blots).

This phenomenon was also seen in blots of pS199 and pS396 anti-
bodies (Figure 4B, 51 and 53 kDa bands in JNPL3, and 49 and
51kDa bands in non-tg). The 53 kDa band was labeled with El,
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FIGURE 4 | Comparison of western blot profiles between JNPL3 and
non-tg mice. (A) Representative blots of S3 fraction stained by tau
antibodies (E1, Taub, MS06, Tautl, pS$199, pT231, and pS396). Molecular
weights were determined by reference standard markers. Two major bands
were migrated to 50 and 55 kDa. Except Taul antibody, the 55 kDa band
was more intensely stained than 50 kDa band. (B) Representative blots of
LP1 fraction stained by tau antibodies (E1, Taus, MS06, Tau1, pS199, pT231,
and pS396). In JNPL3 mouse, two major bands appeared with slower
migration (53 kDa) and faster migration (51 kDa) in E1, Tau5, pS199, and
pS396 blots. Two bands appeared on 49 and 51 kDa in MS06 blot. Three
bands (49, 51, and 53 kDa) appeared in Taul blot. Only 51 kDa band
appeared in pT231 blot. In non-tg mouse, 49 and 51 kDa bands appeared in
Taub, MS06, and Tau1 blots. Three bands (49, 51, and 53 kDa) appeared in
pS199 blot. Only 51 kDa band appeared in pT231 and pS396 blots.

Tau5, Taul, pS199, and pS396 antibodies, but not with MS06 and
pT231 antibodies. Because of slower mobility in SDS-PAGE, we
expected the 53 kDa band to be more phosphorylated than the
51kDa band. However, the same size of band was labeled with
Taul antibody and not labeled with pT231 antibody, indicating
that this 53 kDa band contained both phosphorylated tau at Ser199
and Ser396 and non-phosphorylated tau at Ser199 and Thr231. In
addition, because the molecular size was quite different from the
hyperphosphorylated 64 kDa tau (Figure 1B), the 53 kDa band
was unlikely to be hyperphosphorylated. Regardless, identifica-
tion of phosphorylation sites and tau isoforms will be necessary
to determine the status of tau phosphorylation and expression in
LP1 fraction.

DISCUSSION

Transgenic mouse models of human neurodegenerative dis-
eases have been developed with the aim of reproducing the
histopathological hallmarks of human diseases. For this pur-
pose, neuropathology and biochemistry were commonly used

for the definition of disease progress. Previous studies express-
ing transgenic tau under the control of neuronal promoters have
successfully shown neuropathological hallmarks with the appear-
ance of motor impairment (28, 34, 35). However, the phenotype
did not completely match with AD because none of these tau
transgenic lines had been comprehensively evaluated in terms
of cognitive performance. Recently, rTg4510 mice were exam-
ined for the association of NFT formation with cognitive func-
tion, demonstrating that suppression of P301L tau expression
reversed behavioral impairments although NFT formation con-
tinued (9). In rTg4510 mice and a neuronal cell culture model
of tauopathy, the mislocalization of tau to dendritic spines was
examined (16). Moreover, a novel function of tau altering Fyn
kinase-mediated NMDA stabilization was reported (17, 21). How-
ever, it is still unclear whether abnormally hyperphosphorylated
tau is accumulated in post-synaptic regions while having a func-
tion of NMDA stabilization. In the present study, instead of
using a mouse model with extremely high expression of P301L
tau, 15- to 18-month-old male JNPL3 mice were examined for
their synaptosomal tau distribution. As previously reported (32),
the hyperphosphorylated 64kDa tau was barely detectable in
the sarkosyl-insoluble fraction from male JNPL3 mice with a
C57BL/6] strain background. Therefore, our biochemical analy-
sis was unable to determine whether the hyperphosphorylated tau
was distributed in synaptosomal fractions. However, we observed
that less-phosphorylated tau was recovered in the synaptosomal
fraction and that tau distribution was induced by exogenous
human P301L tau expression. Interestingly, the sarkosyl-insoluble
fraction extracted from male JNPL3 mice contained similar less-
phosphorylated tau proteins (Figure 1B). It may be possible that
transition from less-phosphorylation to hyperphosphorylation
takes place in synaptic regions. Further study will be needed to
confirm this possibility.

Among the cytoskeletal proteins showing polarized distribu-
tion, tau is abundantly localized in axons (27, 36—40). Therefore,
it is reasonable to assume that the distribution of tau protein
reaches the axon terminal. In fact, Fein et al. confirmed this by
a flow cytometry method for detecting tau protein in synapses
in AD brain (41). Here, we also showed significant amounts of
tau protein in the synaptosomal fraction by using a subcellu-
lar fractionation method. Interestingly, the tau protein in this
fraction was less-phosphorylated than that in the cytosolic frac-
tion. Our quantitative analysis revealed that non-phosphorylated
tau at Ser199 (detected by Taul antibody), as well as transgenic
P301L mutant human tau, was distributed in the synaptosomal
fraction. It was reported that the selective binding of tau to
axonal microtubules was regulated by phosphorylation, as tau
in axons was mostly stained by Taul antibody whereas tau in
the cell body and dendrites was stained by AT8 antibody (42).
Therefore, we speculated that P301L mutant human tau was func-
tionally localized in the axon terminal with less-phosphorylation.
In our synaptosome preparation with hypotonic lysis, tau was
mostly recovered in the synaptosomal membrane fraction. As
about 25% of cellular tau is reportedly located in membrane frac-
tions (43), it is quite likely that tau exists in synapse in association
with synaptosomal membrane components. At least, we know
that tau can associate with various other proteins in addition
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to tubulin, including the SH3 domains of Src family tyrosine
kinase (44). Because the synaptosomal membrane fraction con-
tained more Taul-positive tau than phosphorylated tau, most tau
protein may localize in pre-synaptic regions. In contrast, local-
ization of tau in dendritic spines was confirmed by the use of
co-immunoprecipitation with PSD complex (17) and immunocy-
tochemistry of EGFP-tagged tau expression in primary neuronal
culture (16). In 12-month-old rTg4510 mice, a significant decrease
in the synaptic protein level was biochemically demonstrated (20).
These data strongly suggest that tau plays a critical role in the
post-synaptic region in spite of the fact that the existence of
hyperphosphorylated 64kDa tau in dendritic spines of rTg4510
mice has not yet been conclusively proven. On the other hand,
recent studies clarified that microtubule dynamics are essential
for the regulation of spine morphology (45-47). Microtubule
incursions into spines have been demonstrated in mature hip-
pocampal cultures, suggesting that tau can be released at the
plus-end of microtubules in spine. It was also reported that micro-
tubule affinity-regulating kinase is essential for maintaining spine
morphology (48). Therefore, the search for a transition mecha-
nism of tau into the post-synaptic region is a project of major
interest.

In conclusion, we observed that tau in the synaptosomal frac-
tion was less-phosphorylated than that in the cytosolic fraction,
and that synaptosomal tau distribution was induced by over-
expression of human P301L tau in a transgenic mouse model
of tauopathy. Although our data cannot determine whether the
detected tau is of pre-synaptic or post-synaptic origin, further
investigations will allow us to elucidate the critical role of tau in
synapse. Regulating the synaptosomal tau level might be a target
for therapeutic interventions to protect the formation of toxic tau
species inducing synaptic dysfunction.
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Abstract

Purpose The characteristic neuropathological changes in
Alzheimer’s disease (AD) are deposition of amyloid senile
plaques and neurofibrillary tangles. The '®F-labeled amyloid
tracer, ['®F]2-[(2-{(E)-2-[2-(dimethylamino)-1,3-thiazol-5-
yl]vinyl}-1,3-benzoxazol-6-yl)oxy]-3-fluoropropan-1-ol
(FACT), one of the benzoxazole derivatives, was recently
developed. In the present study, deposition of amyloid senile
plaques was measured by positron emission tomography
(PET) with both [''C]Pittsburgh compound B (PIB) and
['®F]FACT in the same subjects, and the regional uptakes of
both radiotracers were directly compared.

Methods Two PET scans, one of each with [''CJPIB and
['8F]FACT, were performed sequentially on six normal con-
trol subjects, two mild cognitive impairment (MCI) patients,
and six AD patients. The standardized uptake value ratio of
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brain regions to the cerebellum was calculated with partial
volume correction using magnetic resonance (MR) images to
remove the effects of white matter accumulation.

Results No significant differences in the cerebral cortical up-
take were observed between normal control subjects and AD
patients in ['®FJFACT studies without partial volume correc-
tion, while significant differences were observed in [!!C]PIB.
After partial volume correction, the cerebral cortical uptake
was significantly larger in AD patients than in normal control
subjects for [ *FJFACT studies as well as [''C]PIB. Relatively
lower uptakes of [''C]PIB in distribution were observed in the
medial side of the temporal cortex and in the occipital cortex
as compared with ['®F]JFACT. Relatively higher uptake of
[''CJPIB in distribution was observed in the frontal and pari-
etal cortices.

Conclusion Since ['*FJFACT might bind more preferentially
to dense-cored amyloid deposition, regional differences in
cerebral cortical uptake between [''CJPIB and ['®FJFACT
might be due to differences in regional distribution between
diffuse and dense-cored amyloid plaque shown in the autora-
diographic and histochemical assays of postmortem AD brain
sections.

Keywords Amyloid - Alzheimer - PET - FACT - PIB

Introduction

Alzheimer’s disease (AD) is the most common neurodegen-
erative dementia, and the characteristic neuropathological
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changes in AD are deposition of amyloid senile plaques and
neurofibrillary tangles (NFTs) [1]. The amyloid cascade hy-
pothesis that deposition of amyloid protein would cause
Alzheimer’s pathology, e.g., the NFTs, cell loss, and vascular
damage as a direct result of this deposition, has been proposed
[2], and in vivo imaging of the deposition of amyloid senile
plaques should contribute to the early diagnosis and evalua-
tion for the treatment of AD. Several radiotracers to measure
deposition of amyloid senile plaques by positron emission
tomography (PET), e.g., ["'CJPittsburgh compound B (PIB)
[3, 4], ['®*FJFDDNP [5], ["'C]SB-13 [6], [''CIBF227 [7],
["®FIBAY94-9172 [8], ['*F]AV-45 [9], [''C]AZD2184 [10],
and ["®F]AZD4694 [11], were developed and used for inves-
tigation of the pathophysiology of AD.

[''CJPIB, a benzothiazole derivative, is the most successful
radiotracer for amyloid imaging and is widely used for clinical
research of AD [12, 13]. However, cortical uptake of [''C]PIB
was often observed in healthy subjects with normal neuropsy-
chological findings [ 14]. Since the fraction of soluble amyloid
deposition in normal brain has been reported to be larger than
that in AD brain [15], the cortical uptake of ['"'C]PIB in
normal subjects might be mainly due to binding to diffuse
amyloid plaque.

Recently, [''CJBF227, a benzoxazole derivative, was de-
veloped for in vivo imaging of amyloid senile plaques [7]. This
radiotracer has been considered to bind more preferentially to
dense-cored amyloid deposition than [''C]JPIB. It has been
reported that synapse loss was accentuated within immature
and mature plaques, but not within diffuse plaques [16], and
the neuropathology of AD is characterized by cortical neuritic
plaque containing dense-cored amyloid deposition [17]. Thus,
a selective radiotracer for neuritic amyloid plaque might be
useful for distinguishing the normal aging process from AD.

The '8F-labeled amyloid tracer, ['®F]2-[(2-{(E)-
2-[2-(dimethylamino)-1,3-thiazol-5-yl}vinyl}-1,3-
benzoxazol-6-yl)oxy]-3-fluoropropan-1-ol (fluorinated amy-
loid imaging compound of Tohoku University, ['*F]FACT),
one of the benzoxazole derivatives with a structure similar to
[''C]BF227, was recently developed [18, 19]. For ['*F]FACT,
rapid accumulation and rapid washout were observed in the
brains of both normal control subjects and AD patients, indi-
cating its suitability as an amyloid imaging tracer in PET
measurements [18]. Regional distribution similar to that of
["'C]BF227 was also observed. In the present study, deposi-
tion of amyloid senile plaques was measured by PET with
both [''CJPIB and ['®F]FACT in the same subjects including
normal control subjects, mild cognitive impairment (MCI)
patients, and AD patients. The binding and regional distribu-
tion of both radiotracers were directly compared to elucidate
the binding characteristics of ['*F]JFACT. To identify patho-
logical aggregates providing major binding components for
["'CIPIB and ['®F]JFACT, comparative autoradiographic and
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histochemical assays of postmortem AD brain sections were
also performed.

Materials and methods
Subjects

Six normal control subjects (50-74 years old), two MCI
patients (69 and 77 years old), and six AD patients (70—
81 years old) were recruited (Table 1). All AD patients were
diagnosed according to the National Institute of Neurological
and Communicative Diseases and Stroke/Alzheimer’s
Disease and Related Disorders Association (NINCDS-
ADRDA) criteria [20]. All subjects were classified according
to the Clinical Dementia Rating (CDR) scale [21]. The normal
control subjects corresponded to 0, the MCI patients to 0.5,
and the AD subjects to 0.5, 1, or 2 on the CDR scale. The
Mini-Mental State Examination (MMSE) was performed for
all subjects [22]. No subjects had notable organic lesions in
the brain according to magnetic resonance (MR) imaging. The
normal control subjects were cognitively unimpaired and free
from medications having central nervous action. The study
was approved by the Ethics and Radiation Safety Committees
of the National Institute of Radiological Sciences, Chiba,
Japan. Written informed consent was obtained from all sub-
jects or from their spouses or other close family members.

PET procedures

All PET studies were performed with SET-3000GCT/X
(Shimadzu Corp., Kyoto, Japan) [23], which provides 99

Table 1 Profiles of subjects

Subject group Subject no.  Age (years) Sex  MMSE score
Normal control ~ NC1 70 F 29
NC2 73 M 29
NC3 74 M 29
NC4 50 M 28
NC5 61 M 28
NC6 67 F 30
MC1 MCI1 77 F 26
MCI2 69 M 24
AD ADI 76 F 12
AD2 71 M 19
AD3 81 F 19
AD4 70 F 15
ADS 76 F 22
AD6 80 F 24
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sections with an axial field of view of 26 cm. Intrinsic spatial
resolution was 3.4 mm in-plane and 5.0 mm full-width at half-
maximum (FWHM) axially. With a Gaussian filter (cutoff
frequency: 0.3 cycle/pixel), the reconstructed in-plane resolu-
tion was 7.5 mm FWHM. Data were acquired in three-
dimensional mode. Scatter correction was done by a hybrid
scatter correction method based on acquisition with a dual-
energy window setting [24]. A 4-min transmission scan using
a *’Cs line source was performed for correction of
attenuation.

Two PET scans, one each with [''C]PIB and ['®F]FACT,
were performed sequentially. After intravenous rapid bolus
injection of [''C]JPIB, dynamic PET scanning was performed
for 70 min. Then, 50 min after the end of the [''C]PIB PET
measurement, dynamic PET scanning was performed for
60 min after intravenous rapid bolus injection of ['*F]FACT.
The frame sequence consisted of six 10-s frames, three 20-s
frames, two 1-min frames, two 3-min frames, and twelve 5-
min frames for [''CJPIB and six 10-s frames, three 20-s
frames, two 1-min frames, two 3-min frames, and ten 5-min
frames for ['®F]JFACT. Injected radioactivity was 332
493 MBq and 160-233 MBq for [''CIPIB and ['®F]FACT,
respectively. Specific radioactivity was 51-134 GBg/pmol
and 59-494 GBg/umol for [''CIPIB and ['®F]FACT, respec-
tively. ['®FJFACT was produced according to the literature
[18].

MR imaging procedures

All MR imaging studies were performed with a 1.5-T MR
scanner (Philips Medical Systems, Best, The Netherlands).
Three-dimensional volumetric acquisition of a T1-weighted
gradient echo sequence produced a gapless series of thin
transverse sections (echo time 9.2 ms, repetition time 21 ms,
flip angle 30°, field of view 256 mm, acquisition matrix 256 %
256, slice thickness 1 mm).

Calculation of parametric images

For both [''CIPIB and ['®F]FACT studies, standardized
uptake value (SUV) images were calculated from time-
integrated radioactivity images by normalizing tissue radio-
activity concentration with injected dose per body weight.
The integration intervals were 50-70 min and 40-60 min
for [''CIPIB and ['®F]JFACT, respectively. Since the cere-
bellum can be used as a reference brain region lacking
fibrillar amyloid plaques [7, 25], the SUV ratio (SUVR)
images, indicating amyloid deposition, were calculated as
follows:

SUVR = SUVbrain/ SUVcerebellum (1)

where SUVypi, and SUV greperium are SUV in brain regions
and the cerebellum, respectively. Although the integration
interval of 3040 min including the peak equilibrium [26]
was used for calculation of SUVR in the previous report with
['®F]FACT, they showed that almost the same SUVR could be
obtained using the integration interval of 40—-60 min corre-
sponding to the late time phase after injection of ['*FJFACT
[18]. Thus, the integration intervals corresponding to the late
time phase were used for both ['!C]PIB and ['*FJFACT in the
present study.

Data analysis

All MR images were coregistered to the PET images with the
Statistical Parametric Mapping (SPM2) system [27]. MR im-
ages were transformed into standard brain size and shape by
linear and nonlinear parameters by SPM2 (anatomic standard-
ization). The brain templates used in SPM2 for anatomic
standardization were T1 templates for MR images, i.e.,
Montreal Neurological Institute (MNI)/International
Consortium for Brain Mapping (ICBM) 152 T1 templates as
supplied with SPM2. All PET images were also transformed
into standard brain size and shape by using the same param-
eters as the MR images. Thus, brain images of all subjects had
the same anatomic format. Gray matter, white matter, and
cerebrospinal fluid images were segmented and extracted
from all anatomically standardized MR images by applying
voxel-based morphometry methods with the SPM2 system
[28]. These segmented MR images indicate the tissue fraction
of gray or white matter per voxel (ml/ml). All anatomically
standardized PET, gray matter, and white matter images were
smoothed with an 8-mm FWHM isotropic Gaussian kernel,
because final spatial resolution of the PET camera was ap-
proximately 8 mm FWHM.

Regions of interest (ROIs) were drawn on all anatomically
standardized PET, gray matter, and white matter images with
reference to the T1-weighted MR image. Elliptical ROIs (8 x
32 mm) were defined for the cerebellar cortex,
parahippocampal gyrus including hippocampus, posterior re-
gion of the cingulate gyrus, base sides of frontal cortex, lateral
side of temporal cortex, parietal cortex, cuneus of occipital
cortex, and centrum semiovale.

Partial volume correction

SUV values are affected by the nonspecific accumulation of
radiotracer in white matter because of the limited spatial
resolution of the PET scanner. The SUV values per gray
matter fraction in an ROI for cerebral cortical regions were
calculated. The SUV value in an ROI can be expressed as
follows [29, 30]:
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Table 2 Average SUVR values of [''C]PIB and ['*F]FACT studies
SUV = SUngy-TF eray SUVuhite' TF white (2)
Region ["cpIB ["*FIFACT
where SUV,,, and SUV i are SUV in gray and white ~ Normal control subjects
matter, respectively, and TFy,, and TF,. are the tissue Frontal cortex 1.30+0.13 1.23+0.16
fraction of gray and white matter (ml/ml), respectively. Ac- Temporal cortex 1.4140.11 1.34+0.07
cording to this equation, if SUV i is given, SUVy,, can be Parietal cortex 1.380.11 1.27£0.12
calculated for a given TFy,, and TFp,, which are deter- Occipital cortex 1.34£0.17 1.31£0.13
mined by voxel-based morphometry with MR imaging. To Parahippocampal gyrus 1.46+0.18 1.36+0.10
correct effects of spill-in and spillover of radioactivity be- Posterior cingulate 1.64+0.15 1.49+0.08
tween gray and white matter, gray and white matter images Centrum semiovale 2.38+0.31 2.00+0.20
smoothed with an 8-mm FWHM isotropic Gaussian kernel  AD patients
almost the same as the final spatial resolution of the PET Frontal cortex 2.3840.61%* 1.14+0.13
camera were used for this partial volume correction. In the Temporal cortex 2.14+0.37* 1.27+0.14
Parietal cortex 2.40£0.47* 1.29+0.11
a Occipital cortex 1.8440.27%* 1.32+0.12
Normal control Parahippocampal gyrus 1.78+0.19%** 1.31+0.07
MRI Posterior cingulate 3.03£0.62* 1.61+0.18
2 Centrum semiovale 2.52+0.33 2.04£0.16

["cIpIB

["FJFACT

-42 mm -22 mm 0mm 20 mm 36 mm

Alzheimer disease
MRI

N
["cIpIB

0 mm 20 mm 36 mm

Fig. 1 Typical SUVR images of [''C]PIB and ['*FJFACT studies and
corresponding MR images (T1-weighted images) for a normal control
subject (a) and an AD patient (b). Scale maximum and minimum values
are 4 and 0 of SUVR. All images are transaxial sections parallel to the
anterior-posterior commissure (AC-PC) line. Slice positions are —42, 22,
0, 20, and 36 mm from the AC-PC line. Anterior is at the top of the image

and the subjects’ right is on the left

@ Springer

Values are shown as mean = SD

Significant differences from normal control subjects (unpaired # test): *p
<0.001; **p <0.01; ***p <0.05

present study, the SUV,,, values were calculated by assum-
ing SUV i to be equal to the SUV value in the centrum
semiovale. From the SUV g, values in brain regions and the
cerebellum, SUVR values in gray matter (SUVRgp,) were
calculated by Eq. 1.

Table 3 Average SUVR values in gray matter (SUVRay) of ["'cpiB
and ['*F]FACT studies

Region ["'cjpIB ['*F]FACT

Normal control subjects
Frontal cortex 1.354+0.23 1.30+0.12
Temporal cortex 1.40+0.12 1.33£0.14
Parietal cortex 1.40+0.18 1.30+0.16
Occipital cortex 1.15+£0.13 1.22+0.14
Parahippocampal gyrus 1.31+0.20 1.20+0.17
Posterior cingulate 1.60+0.25 1.44+0.18

AD patients
Frontal cortex 491+1.63* 1.61£0.39%***
Temporal cortex 3.53+0.98% 1.5840.28****
Parietal cortex 4.57+1.47* 1.59+0.30%***
Occipital cortex 3.10£1.28** 1.70£0.47*%**
Parahippocampal gyrus 2.72+0.58* 1.67+0.44%**
Posterior cingulate 5.30+1.40* 2.02£0.43%%%*

Values are shown as mean + SD

Significant differences from normal control subjects (unpaired ¢ test): *p
<0.001; **p <0.01; **¥p <0.05; ****p <0.1
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Autoradiographic and histochemical assays of postmortem
brain slices

Formalin-fixed, paraffin-embedded sections were generated
from brains of patients with definite AD (generously provided
by Dr. Trojanowski and Dr. Lee, University of Pennsylvania).
Six-pum-thick slices were incubated in 50 mM Tris-HCI buffer
(pH 7.4) containing 5 % ethanol and [''C]PIB (250 MBq/l,
approximately 5 nM) at room temperature for 60 min.
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Fig. 2 The relationships of SUVR values in gray matter (SUVRg,4y)

between [''CIPIB and ['8F]FACT studies for all subjects including nor-
mal control subjects (NC), mild cognitive impairment patients (MCI),

Nonspecific binding was determined in the presence of
10 uM of nonradioactive PIB. Following the reaction, the
samples were rinsed with ice-cold Tris-HCI buffer twice for
2 min and dipped into ice-cold water for 10 s. The slices were
subsequently dried under warm blowing air and contacted to
an imaging plate (Fujifilm, Tokyo, Japan) for 2 h. The imaging
plate data were scanned with a BAS-5000 system (Fujifilm).
The intensity of radioactive signals was measured by
MultiGauge® software (Fujifilm). These sections were then
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and Alzheimer’s disease patients (4D) in the frontal (a), parietal (b),
occipital cortices (¢), and parahippocampal gyrus (d)
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labeled with [' 8]E'"]I:?AC’I“ 2 weeks after [''C]PIB autoradiogra-
phy. Briefly, the samples were reacted with ["*FIFACT
(1 GBq/l, approximately 10 nM) dissolved in a reaction buffer
identical to that used for [''C]PIB at room temperature for
60 min. Nonspecific binding was determined in the presence
of 10 uM of nonradioactive FACT. Tissue sections were then
processed as in [ C]PIB autoradiography and were contacted
to an imaging plate for 15 min.

After radioactivity was allowed to decay, brain sections
used for the autographic assay were fixed with 4 % parafor-
maldehyde in phosphate-buffered saline and were stained
with 0.01 % (E,E)-1-fluoro-2,5-bis(3-hydroxycarbonyl-4-

Normal control (Average image)

-22 mm -10 mm 0 mm 20 mm 36 mm

Alzheimer disease (Average image)
MRI

["CIPIB (SUVR,,,,)

['*F]FACT (SUVR,,,,)
ot %

ﬁf

-22 mm -10 mm 0 mm 20 mm 36 mm

Fig. 3 Average images of SUVR in gray matter (SUVR g,.4,) of ["'cipiB
and ['8F]FACT studies and corresponding average MR images (T1-
weighted images) for normal control subjects (a) and AD patients (b).
Scale maximum and minimum values are 8 and 0 of SUVR,, for
[''CJPIB and 4 and 0 for ["*F]JFACT studies. All images are transaxial
sections parallel to the anterior-posterior commissure (AC-PC) line. Slice
positions are —22, —10, 0, 20, and 36 mm from the AC-PC line. Anterior
is at the top of the image and the subjects’ right is on the left

@ Springer

hydroxy)styrylbenzene (FSB, Dojindo Laboratories,
Kumamoto, Japan), a fluorescent amyloid-binding com-
pound, as described elsewhere [31]. Microscopic imaging
was performed with an all-in-one microscope/digital camera
(BZ-9000, Keyence, Osaka, Japan).

Results

Typical SUVR images of [''C]PIB and ['®F]FACT studies for
a normal control subject are shown in Fig. 1a. Nonspecific
accumulation in white matter was observed for both [''CJPIB
and ['"*F]JFACT. Typical SUVR images of [''C]PIB and
["®F]FACT studies from an AD patient are shown in Fig. 1b.
In AD patients, the cortical uptake indicating amyloid depo-
sition was observed for both [''CJPIB and ['*F]JFACT. In the
visual assessment of SUVR images, all normal control sub-
Jects and one of the MCI patients were diagnosed as negative
for specific accumulation of [''C]PIB, while all AD patients
and the other MCI patient were diagnosed as positive.

The SUVR values of [''CIPIB and ['®F]FACT studies in
normal control subjects and AD patients are shown in Table 2.
In ["'C]PIB studies, the SUVR values in all cerebral cortical
regions were significantly larger in AD patients than in normal
control subjects. However, in ['®FJFACT studies, no signifi-
cant differences were observed between normal control sub-
jects and AD patients in any of the brain regions.

Ratio of SUVR,,, (["*FIFACT / ["C]PIB )

-22 mm -10 n;m

Fig. 4 Average images of ratio of SUVR in gray matter (SUVR ) of
["®*F]FACT to [''C]PIB studies for AD patients and corresponding aver-
age MR images (T1-weighted images). Scale maximum and minimum
values are 1 and O of ratio. All transaxial images are parallel to the
anterior-posterior commissure (AC-PC) line. Slice positions are —22,
-10, 0, 20, and 36 mm from the AC-PC line. Anterior is at the top of
the image and the subjects’ right is on the left. The coronal image is
perpendicular to the AC-PC line and its slice position is —14 mm (poste-
rior side) from the AC. The subjects’ right is on the left of the image. The
sagittal image is parallel to the AC-PC line and its slice position is —8 mm
(left side) from the AC-PC line. Anterior is on the left of the image

166



Eur J Nucl Med Mol Imaging (2014) 41:745-754

751

The SUVR,,, values of [''CJPIB and ['*FJFACT studies
in normal control subjects and AD patients are shown in
Table 3. In [''C]PIB studies, the SUVRgy,, values in all
cerebral cortical regions were significantly larger in AD pa-
tients than in normal control subjects. In ['*FJFACT studies,
the SUVR,,,,, value in the occipital cortex, parahippocampal
gyrus, and posterior cingulate was significantly larger in AD
patients than in normal control subjects. Trends of larger
SUVR,,y values in AD patients than in normal control sub-
jects were observed in the frontal, temporal, and parietal
cortices in the ['*F]JFACT studies.

The relationships of SUVRg,y values between [''C]PIB
and ['®F]JFACT studies for all subjects are shown in Fig. 2.
Significant positive correlations were observed in all brain
regions. The slopes of linear regression lines (X: [''C]PIB,
Y: ['®FJFACT) ranged from 0.12 to 0.39. The greatest slopes
were observed in the parahippocampal gyrus and occipital
cortex, indicating relatively lower SUVR g, of ["'CJPIB and
relatively higher SUVRy,, of [ISF]FACT in these regions.

Average images of SUVR,,, of [“C]PIB and [ISF]FACT
studies for normal control subjects and AD patients are shown
in Fig. 3. Average images of the ratio of SUVRg,, of
["®F]FACT to [''C]PIB studies for AD patients are shown in
Fig. 4. Relatively lower SUVRg,, values of [''CJPIB in
distribution were observed in the medial side of the temporal
cortex including the parahippocampal gyrus and occipital
cortex as compared with ['|F]FACT. Relatively higher
SUVR,.y values of [''CIPIB in distribution were observed
in the frontal and parietal cortices.

7 £
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5 o ['*FIFACT
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>
E ] - . ® AD
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>
D 3
wn B
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——y=-0.264x + 9.7, r=0.70
0o y =-0.073x + 2.8, r=0.82 (P < 0.05)
10 15 20 25 30
MMSE

Fig. 5 The relationships between MMSE scores and SUVR values in
gray matter (SUVRg,,,) of [''CIPIB or ['*F]FACT studies for all
Alzheimer’s disease patients (AD) and one patient with mild cognitive

The relationships between MMSE scores and SUVR gy
of [''CIPIB or ['®F]FACT studies for all AD patients and
the one MCI patient positive for specific accumulation of
[''CJPIB are shown in Fig. 5. Significant positive corre-
lations were observed in the temporal cortex for [''C]PIB
and in the frontal, parietal, and occipital cortices for
["®F]FACT. No significant correlation was observed in
the parahippocampal gyrus and posterior cingulate for both
[''CIPIB and ['®F]FACT.

We then sought to identify pathological aggregates provid-
ing major binding components for [''C]PIB and ['*F]JFACT
by comparative autoradiographic and histochemical assays of
postmortem AD brain sections. Double autoradiographic la-
beling demonstrated distinct distribution of binding sites for
these two radiotracers (Fig. 6a—c). Radio signals for
['®F]JFACT were primarily observed in the hippocampal
CAL1 sector and subiculum besides white matter, in contrast
to those for [''CJPIB, which were most intense in the neocor-
tex followed by the parahippocampal gyrus. No noticeable
radiolabeling of [''C]PIB and ['*F]JFACT was detected in the
hippocampal CA2 sector harboring numerous NFTs but few
plaques (Fig. 6d), while ['®FJFACT signals in the CA1 and
subiculum appeared to be associated with classic (dense-
cored/neuritic) and compact plaques heavily deposited in the-
se areas (Fig. 6e). Diffuse plaques, which were weakly labeled
with FSB but involved no overt dystrophic changes of
neurites, coexisted with NFTs in the parahippocampal gyrus
(Fig. 6f) and therefore could be a source of moderate signals
for [''C]PIB. The fusiform gyrus was dominated by coreless

b 7
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impairment (MCI) positive for specific accumulation of ['!C]PIB in the
frontal (a) and parietal cortices (b)
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Fig. 6 Binding of [''C]PIB and ["*F]FACT to distinct subtypes of senile
plaques in AD patient brains. a, b Autoradiographic labeling of a single
AD brain slice with [''CJPIB (a) and ['*F]FACT (b). The section
contains the hippocampus (Hi), parahippocampal gyrus (PH), fusiform
gyrus (Fu), and white matter (WM). ¢ Superimposition of autoradio-
grams displayed in a and b. Red and green signals indicate binding of
[''CIPIB and ['®F]FACT, respectively. Squares represent subregions
from which photomicrographs shown in d—g were acquired. d—g

primitive plaques with FSB-positive neurites (Fig. 6g), ac-
counting for the strong reactivity of [''CJPIB with this region.

Discussion

While the SUVR values of [''C]PIB were significantly larger
in AD patients than in normal control subjects, no significant
differences were observed between normal control subjects
and AD patients in ['®FJFACT studies. In both [''CJPIB and
["®F]FACT studies, nonspecific accumulation in white matter
was observed, and this must hamper the quantitative analysis
of cortical uptake of radiotracer due to the limited spatial
resolution of the PET scanner. To remove the effects of white
matter accumulation, SUVR,, values were calculated using
gray and white matter images extracted from MR images
according to the method developed by Miiller-Gértner et al.
[29]. This partial volume correction technique was also orig-
inally used for estimation of cerebral blood flow per gray
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Histofluorescence staining of amyloid lesions with FSB in the section
used for autoradiography. NFTs with few plaques were observed in the
hippocampal CA2 region (d), while classic and compact plaques (white
arrow) with dense cores coexisted with NFTs in the subiculum (e). In the
parahippocampal gyrus (f), NFTs were abundant in concurrence with
diffuse plaques faintly illuminated with FSB (red arrow). The fusiform
gyrus (g) was dominated by primitive plaques containing dystrophic
neurites (arrowheads)

matter fraction in an ROI [30]. The SUVR,, values were
larger in AD patients than in normal control subjects in both
["'CIPIB and ['®FJFACT studies. Since several radiotracers
for amyloid imaging show the nonspecific accumulation in
white matter [4, 7, 8, 18], such partial volume correction will
be needed to estimate the deposition of amyloid senile plaques
in cerebral cortices by PET. On the other hand, a recently
developed radiotracer for amyloid deposits [''C]AZD2184
which shows no conspicuous accumulation in white matter
may not need such partial volume correction [10].

Although the SUVR g,y values of [ *FJFACT were smaller
than those of [''CJPIB in AD patients, good correlations were
observed in SUVR,,, values between [''CIPIB and
["®F]FACT studies, indicating the validity of ['®FJFACT as a
radiotracer for amyloid imaging. Comparing SUVRg,, im-
ages between ['!CJPIB and ['®F]FACT, relatively lower
SUVRg,, values of [''CIPIB in distribution were observed
in the parahippocampal gyrus and occipital cortex as com-
pared with ['®FJFACT. Relatively higher SUVR g,y values of
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[''CJPIB in distribution were also observed in the frontal and
parietal cortices. A radiotracer for amyloid imaging,
["'CIBF227, has been considered to bind more preferentially
to dense-cored amyloid deposition than [''CJPIB [7].
["®F]FACT has a structure similar to [''C]BF227 and there-
fore it also binds more preferentially to dense-cored amyloid
deposition [18]. If the cerebral cortical uptake of [''C]PIB
might be due to binding to both diffuse and dense-cored
amyloid plaque [32], such regional differences in cerebral
cortical uptake between [''CJPIB and ['®F]JFACT might be
due to differences in regional distribution between diffuse and
dense-cored amyloid plaque. In the present study, the autora-
diographic and histochemical assays of postmortem AD brain
sections also showed that ['®F]FACT signals were associated
with classic (dense-cored/neuritic) and compact plaques, and
diffuse plaques could be a source of moderate signals for
["'CIPIB. A histopathological study showed that diffuse am-
yloid plaques were not prominent in the occipital lobe as
compared with the frontal and temporal lobes [33]. This might
correspond to the relatively lower SUVRy,, of [''C]PIB in
the occipital cortex as compared to that of ['*FJFACT ob-
served in the present study.

It has been reported that synapse loss was accentuated
within immature and mature plaques, but not within diffuse
plaques [16]. Since ['*F]JFACT might bind more preferentially
to dense-cored amyloid plaques, ['*F]FACT binding might be
an indicator of the severity of AD. In the present study,
significant positive correlations were observed between
MMSE scores and SUVR g of ['*FJFACT in many of the
neocortical regions, but not in [''CJPIB as also shown in
previous studies [34]. Although the number of the subjects
is rather small to investigate the correlation between MMSE
scores and SUVR,,,, this indicates that cortical accumulation
of ['®F]FACT can reflect the severity of AD to a greater extent
than ['!C]PIB.

In conclusion, deposition of amyloid senile plaques was
measured by PET with both [''C]PIB and ['®F]FACT in the
same subjects, including normal control subjects, MCI pa-
tients, and AD patients. After partial volume correction to
remove the effects of white matter accumulation, cerebral
cortical uptake was larger in AD patients than in normal
control subjects in both [''C]PIB and ['|F]FACT studies.
Regional differences in cerebral cortical uptake were observed
between [''C]PIB and ['®F]FACT, possibly due to differences
in regional distribution between diffuse and dense-cored am-
yloid plaques.
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high binding affinity for either synthetic human A fibrils or brain homogenates from amyloid precur-
sor protein transgenic (Tg) mouse (PS1-ki/JU-Tg2576) and AD patient with a dissociation constant (Ky)
of one-digit nM, and excellent brain permeability (peak value of uptake: approximately 0.9% of injec-
tion dose/g rat brain). Ex vivo autoradiographic analysis showed that measurement with 1251-DRK092
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Amyloid precursor protein (APP) transgenic has higher sensibility for detecting AB accumulation than with '25I-IMPY, a well-known amyloid SPECT
mouse ligand, in Tg mice. In vitro autoradiography with '2°I-DRK092 also confirmed higher accumulation of
DRK092 radioactivity in the cortical area, enriched with AP plaques, of Tg mouse and AD patient brains, as com-
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Single photon emission computed above lead us to draw the conclusion that radioiodinated DRKO092 is a potential SPECT ligand for amyloid
tomography (SPECT) imaging in AD.
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1. Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative
disorder characterized by the two pathological hallmarks of
amyloid-B peptide (AR) plaques and neurofibrillary tangles. In
vivo non-invasive detection of AP deposition is important for
early diagnosis and medical intervention of AD at prodromal
stage, since fibrillary AP has already been accumulating in the
brain for a few decades before onset of AD [1]. Over the past
few years, the availabilities of several positron emission tomo-
graphy (PET) tracers for amyloid imaging have successfully been
verified in human patients with AD and model animals with amy-
loid pathology [2-5]. Although being inferior to PET in sensitivity
and quantitative performance, single photon emission computed
tomography (SPECT) imaging has advantages in terms of oper-
ating cost and already-installed rate in medical hospitals, and is
thereby more suitable for primary screening for prodromal AD
patients. To date, a number of iodinated ligands, such as dipheny-
1,3,.4-oxadiazole (1,3,4-DPOD) derivatives [6], aurone derivatives
[7],1,4-diphenyltriazole derivatives [ 8], pyridyl benzofuran deriva-
tives [9], and imidazo[1,2-a]pyridine derivatives [10] have been
employed for amyloid imaging with SPECT. IMPY, an imidazo[1,2-
a]pyridine derivative, is the only ligand for SPECT that has been
tested in humans [11]. Although this ligand has shown excellent
properties as an imaging probe in preclinical studies [12,13], the
preliminary clinical data for '23]-IMPY showed a poor signal-to-
noise ratio, possibly making it difficult to distinguish between
cognitively normal persons and AD patients [14]. Very recently,
we synthesized a series of imidazo[ 1,2-a]pyridine derivatives with
higher affinity for synthetic human A fibrils for amyloid SPECT
imaging. In the present study, we examined the potential of one
promising candidate compound, termed DRK092, by performing
invitro and ex vivo autoradiographic analyses of a the model mouse
with AD-like amyloid pathology and postmortem human tissues.

2. Materials and methods
2.1. Radiosynthesis of radioligands

Radiosynthesis of 125[-DRK092 and '2°I-IMPY was performed
as described in previous publications [10,15]. The radiochemical
purity of 1251-DRK092 and 251-IMPY was 99.5 + 0.27% (mean = SE;
n=3) and 99.6 £ 0.25% (n=4), respectively, and specific radioac-
tivity was 81.4 and 81.4 GBq/pmol, respectively, at the end of
synthesis.

2.2. Experimental animals

We had obtained the JU-Tg2576 mouse, generated by backcross
of a transgenic (Tg) mouse line (Tg2576; Taconic Farms Inc. New
York, NY), which overexpressed a mutant form of amyloid pre-
cursor protein (APPK670/671L), with JU strain (JU/Ct-C, A.) mouse
over 29 generations, under license agreement with the Mayo Foun-
dation for Medical Education and Research (Rochester, MN), from
Daiichi Sankyo Co. Ltd. (Tokyo, Japan) for easier daily handling. Fur-
thermore, we crossbred the JU-Tg2576 mouse with a “knock-in”
mouse with the 1213T preseniline-1 (PS1) missense mutation (PS1-
ki) [16] to generate PS1-ki/JU-Tg2576 mouse for earlier amyloid
pathogenesis. Tg mice (indicated as PS1-ki/JU-Tg2576 if without
special description) and body-weight matched non-Tg JU strain
mice as control animals were used in the present study except for
the in vitro autoradiographic experiment, in which commercially
available Tg2576 mouse brain was used.

2.3. Preparation of brain homogenates and AB fibrils

The Tg mice were deeply anesthetized and euthanized by decap-
itation. The neocortex was rapidly removed and homogenized
with Potter-Elvehjem homogenizer (Thermo Fisher Scientific Inc.,
Philadelphia, PA) in 5 volumes of 20 mM Tris-HCl buffer (pH 7.6)
containing protease inhibitor cocktail (Nacalai Tesque Inc., Kyoto,
Japan) and 0.25M sucrose. Aliquots of the homogenates were
immediately frozen and stored at —-80 degree until the experi-
ments. The homogenates of gray matter from the parahippocampal
gyrus from an 89-year-old patient with AD (Harvard Brain Tis-
sue Resource Center and Analytical Biological Services, Inc.) were
prepared using the same method. AP fibrils were generated by
spontaneous assembly. Briefly, lyophilized synthetic AB(1-40) pep-
tides (Peptide Institute Inc. Osaka, Japan, final concentration:
100 wM) were gently dissolved in 10 mM phosphate buffered saline
(PBS, pH7.4) containing 1mM EDTA and incubated at 37°C for
4 days with gentle, constant shaking. Aggregated A fibrils were
stored at 4°C and diluted into working solution (final concentra-
tion: 0.5 wM) for in vitro binding assay.

2.4. Invitro binding assay

The 100-pl aliquots of AB fibrils working solutions or brain
homogenates were reacted with 900 wl of PBS containing ascorbic
acid (final concentration: 20 mM) and '25]-DRK092 or 125]-]MPY
(20 kBq; final concentrations were adjusted to serial concen-
trations of 0.2-100nM for synthetic AB fibril or 0.1-500 nM
for brain homogenate incubation solutions by the addition of
non-radiolabeled DRK092 or IMPY). The reaction mixtures were
incubated at 37°C for 1h, followed by vacuum filtration through
Whatman GF/B filters using a Brandel cell harvester (Model M-
24R, Biomedical Research. Lab., Gaithesburg, MD). Radioactivity
on the GF/B filters was measured by gamma counter after three
rapid washes with 2 ml of ice-cold PBS containing 0.1 mM ascorbic
acid. The dissociation constant (Kyq) and maximum specific bind-
ing (Bmax) were generated by Scatchard analysis using a GraphPad
Prism (GraphPad Software, version 4.3, San Diego, CA, USA).

2.5. In vitro autoradiographic analysis

Fresh frozen brain sections (20-pm thickness) from a 23-month-
old Tg2576 Tg mouse and deparaffinized human brain sections (10-
pm thickness; Center for Neurodegenerative Disease Research at
the University of Pennsylvania Perelman School of Medicine) were
preincubated with PBS for 30 min, followed by incubation with 125]-
DRK092 (2nM) in PBS containing 20% ethanol in the absence or
presence of non-radiolabeled DRM106, an analog of DRK092 with
high affinity for AP fibrils [15], at room temperature for 1h. After
that, the sections were rinsed with ice-cold PBS containing 20%
ethanol 2 times for 2 min each time, and finally dipped into distilled
water for 10 s, After warmly blow-dried and attached to an imaging
plate (BAS-MS2025; Fujifilm, Tokyo, Japan) for 3 days, radiolabeling
was detected by scanning the imaging plate using the BAS-5000
system (Fujifilm).

2.6. Ex vivo autoradiographic analysis

Male Tg mice (19 months old) and age-matched non-Tg litter-
mate mice received bolus injection of radioligands (1.3 MBq of
1251.DRK092 or 125]-IMPY in 0.2 ml of saline containing 1% tween80
and 40 mM sodium L-ascorbate) via tail vein. At indicated time
points, the animals were deeply anesthetized with isoflurane and
euthanized by decapitation. The brains were immediately removed,
embedded in Tissue-Tec. O.C.T. Compound (Sakura Finetechnical
Co., Ltd., Tokyo, Japan), frozen in dry ice, and cut into 15-pm thick
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