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Mutations in the PSEN1 gene encoding presenilin 1 (PS1) are linked to a vast majority of pedigrees with early-onset, autosomal dominant
forms of familial Alzheimer’s disease (FAD). Lewy body (LB) pathology is frequently found in the brains of FAD patients harboring PSEN1
mutations. We recently reported on a novel PS1 mutation with the deletion of threonine at codon 440 (�T440) in a familial case diagnosed
as having the neocortical type of dementia with LBs (DLB) and variant AD. In this report, we investigated the possible involvement of PS1
�T440 mutation in aberrant �-synuclein accumulation. We established cell lines that stably express either wild-type (WT) PS1 or the
FAD-linked PS1 H163R, E280A, �E9, and PS1 �T440 mutants and now demonstrate that the expression of the PS1 �T440 mutant led to
a marked elevation in the ratio of �-amyloid (A�) 42/40 peptides in a conditioned medium. More importantly, we report here that the
levels of phosphorylated �-synuclein increase in neuronal and non-neuronal cells expressing the PS1 �T440 mutant compared with cells
that express WT PS1 or the PS1 H163R and E280A variants that are not associated with LB pathology. This finding is consistent with our
demonstration of elevated levels of phosphorylated �-synuclein in the detergent-resistant fraction prepared from a patient’s brain with
PS1 �T440 mutation. These observations raise the intriguing suggestion that the mechanism(s) by which the PS1 �T440 mutant causes
DLB and variant AD are by enhancing the phosphorylation of �-synuclein and the ratio of A�42/40 peptides, respectively, in the brain.
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Introduction
Mutations in the PSEN1 gene encoding presenilin 1 (PS1) are
linked to a vast majority of pedigrees with early-onset, autosomal
dominant forms of familial Alzheimer’s disease (FAD) (Price and
Sisodia, 1998; Larner and Doran, 2006). To date, �100 FAD-
linked mutations have been reported. The mechanism by which
these variants cause disease is by altering �-secretase activity in a
manner that elevates the ratio of �-amyloid (A�) 42/40 peptides,
thus enhancing nucleation and fibrillogenesis of highly amyloi-

dogenic A�42 (Bentahir et al., 2006; Kumar-Singh et al., 2006).
Although the neuropathological features of patients with FAD-
linked PSEN1 mutations include the presence of senile plaques,
composed primarily of A�, and degenerating neurons containing
hyperphosphorylated tau, the coexistence of Lewy bodies (LBs),
composed primarily of �-synuclein filaments, is becoming in-
creasingly evident (Lippa et al., 1998; Rosenberg, 2005; Leverenz
et al., 2006). In addition, the phosphorylation of �-synuclein at
Ser-129, identified as a major modification of �-synuclein, is now
considered to be the key event responsible for the formation of
LBs and Lewy neurites (Fujiwara et al., 2002; Anderson et al.,
2006).

We recently reported on a familial case diagnosed as having
dementia with LBs (DLB) and variant AD caused by a novel 3 bp
deletion mutation in PSEN1 encoding a PS1 variant lacking a
threonine residue at codon 440 (�T440) (Ishikawa et al., 2005).
Neuropathological findings in this case included prominent LB
and Lewy neurite formation in the substantia nigra and cerebral
cortex, as well as widespread cotton-wool plaques and amyloid
angiopathy. A similar widespread LB pathology in brains, fulfill-
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ing the pathological consensus criteria of the neocortical type of
DLB (McKeith et al., 2005), has been observed in FAD patients
with PSEN1 mutations that encode the PS1 S170F, E184D, and
M233V variants (Houlden et al., 2001; Yokota et al., 2002; Snider
et al., 2005). The mechanisms by which these PS1 variants cause
widespread LB formation, in addition to Alzheimer pathology in
the brain, have not been clarified.

To explore the possible involvement of the PS1 �T440 mutant
in A� production and �-synuclein metabolism, we established
stable Neuro2a (N2a) mouse neuroblastoma and C6 rat glioblas-
toma cell lines expressing either wild-type (WT) human PS1 or
the FAD-linked PS1 H163R, E280A and �E9, and �T440 mu-
tants. We established that the expression of the FAD-linked PS1
variants leads to an elevated ratio of A�42/40 peptides in a condi-
tioned medium; more importantly, we now demonstrate that the
levels of phosphorylated �-synuclein increase in both N2a neu-
roblastoma and C6 glioblastoma cells expressing the PS1 �T440
mutant compared with cells that express WT PS1 or the PS1
H163R, E280A, and �E9 variants. This finding is consistent with
our demonstration of elevated levels of phosphorylated
�-synuclein in the detergent-resistant fraction prepared from a
patient’s brain with PS1 �T440 mutation. These observations
raise the provocative suggestion that the mechanism(s) by which
the PS1 �T440 variant causes DLB and variant AD are by enhanc-
ing the phosphorylation of �-synuclein and the ratio of A�42/40

peptides, respectively, in the brain.

Materials and Methods
Cell culture and transfection. Mouse neuroblastoma N2a cells were main-
tained in 50% DMEM and 50% Opti-MEM (Invitrogen, Carlsbad, CA)
supplemented with 5% fetal bovine serum (FBS). Rat glioblastoma C6
cells were maintained in DMEM containing 10% FBS. PS1 �T440 cDNA
was generated using PCR-based mutagenesis techniques and cloned into
the expression vector pAG3 (Kim et al., 2001). Pooled cells that stably
express WT PS1, �T440 mutant, or FAD-linked H163R, E280A, and �E9
variants were generated as described previously (Ikeuchi et al., 2003).
Stable cell lines were transiently transfected using Lipofectamine2000
(Invitrogen) with cDNA encoding the Swedish variant of �-amyloid pre-
cursor protein (APP) 695 (APPswe), Notch�E, or human �-synuclein, as
described previously (Iwata et al., 2001; Kim et al., 2003).

Antibodies. The polyclonal antibodies PS1NT and PS1Loop were used
to detect full-length PS1 and PS1 derivatives (Thinakaran et al., 1996,
1998). Full-length APP and APP–C-terminal fragment (CTF) were de-
tected using CT15, an antisera that recognizes the 15 C-terminal amino
acids of APP (Sisodia et al., 1993). Myc epitope-tagged Notch�E deriva-
tives including the Notch intracellular domain (NICD) were detected
with 9E10 (Calbiochem, San Diego, CA) or the anti-NICD antibody (Cell
Signaling Technology, Beverly, MA) that preferentially detects the acti-
vated form of Notch. The mouse monoclonal antibodies Syn-1 (BD Bio-
science, San Jose, CA) and LB509 (Zymed Laboratories, South San Fran-
cisco, CA) (Baba et al., 1998) were used to detect �-synuclein. The
monoclonal antibody pSyn#64 specifically recognizes phosphorylated
�-synuclein at serine 129 (Fujiwara et al., 2002).

Western blot analysis and A� sandwich ELISA. Cells were solubilized
using lysis buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5
mM EDTA, 0.5% Nonidet P-40, and 0.5% sodium deoxycholate supple-
mented with 1 mM sodium orthovanadate, 5 mM sodium fluoride, and a
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). The protein
concentration of detergent lysates was determined using a bicinchoninic
acid protein assay kit (Pierce, Rockford, IL). Cell lysates were subjected to
Tris-glycine SDS-PAGE, and separated proteins were transferred to a
polyvinylidene difluoride membrane (Millipore, Billerica, MA) before
incubation with appropriate antibodies. Immunoreactive bands were
visualized using an enhanced chemiluminescence detection system (Mil-
lipore) and semiquantified by densitometry. Two-site ELISA that specif-
ically detects the C terminus of A� was performed to measure A�1– 42 and

A�1– 40 levels using the BNT77/BA27 and BNT77/BC05 antibodies
(Wako Pure Chemical Industries, Osaka, Japan), respectively, in a con-
ditioned medium of cells according to the instructions of the
manufacturer.

Fractionation of cell extracts and frozen brain tissues. Cells were homog-
enized on ice in Tris-HCl buffer containing 10 mM Tris-HCl, pH 7.5, 1
mM EGTA, 1 mM dithiothreitol, and 10% sucrose with a mixture of
protease and phosphatase inhibitors (Sigma-Aldrich). The obtained ho-
mogenates were centrifuged, and the resulting pellets were sequentially
extracted using Tris-HCl buffer containing 2% SDS. Proteins from fron-
tal cortex tissues from autopsied patients, including those with PS1
�T440 mutation (52 years old), sporadic AD (72 years old), Parkinson’s
disease (70 years old), and a control individual without neurological
disorder (60 years old), were extracted as described previously (Fujiwara
et al., 2002). Briefly, frozen brain tissues were homogenized in a 10-fold
volume of buffer A (10 mM Tris-HCl, pH 7.5, 1 mM EGTA, 1 mM dithio-
threitol, and 10% sucrose) and centrifuged. The pellets were then ex-
tracted in buffer A containing 1% Triton X-100 and centrifuged. The
resulting pellets were subsequently homogenized in buffer A containing
1% Sarkosyl, incubated for 1 h, and centrifuged. The Sarkosyl-insoluble
pellets were solubilized in 8 M urea buffer. After centrifugation, the su-
pernatants were separated by SDS-PAGE and analyzed by
immunoblotting.

Results
Expression and metabolism of PS1 �T440 mutant
We generated mouse neuroblastoma N2a and rat glioblastoma
C6 cell lines that stably express either human PS1 WT, the �T440
mutant, or the FAD-linked PS1 H163R, E280A, and �E9 variants.
In N2a cells, we observed the presence of an �43 kDa holoprotein
as well as the �27 kDa N-terminal fragment (NTF) and �17 kDa
CTF of human PS1 using PS1NT and PS1Loop antibodies, respec-
tively, in detergent extracts prepared from cells expressing PS1
WT and the PS1 H163R and E280A variants (Fig. 1A, lanes 2– 4).
Notably, human PS1 NTF and CTF have “replaced” endogenous
mouse PS1 derivatives (Fig. 1A, lane 1), presumably as a result of
competition by the PS1 �T440 mutant for limiting stabilization
factors (Thinakaran et al., 1997) that include nicastrin, Aph-1
(anterior pharynx defective-1), and PEN-2 (presenilin
enhancer-2) (De Strooper, 2003). The difference in electro-
phoretic mobilities exhibited by mouse and human PS1 deriva-
tives was reported previously (Thinakaran et al., 1996, 1997). We
also observed an unprocessed, �40 kDa PS1 �E9 species in cells
expressing the PS1 �E9 variant (Fig. 1A, lane 5), as expected
(Thinakaran et al., 1996). Remarkably, and exhibiting a property
shared with the PS1 �E9 variant, we only observed a prominent
�43 kDa species in cells expressing the PS1 �T440 mutant and
very low levels of PS1 NTF and CTF (Fig. 1A, lane 6). These
results suggest that the PS1 �T440 mutant is refractory to endo-
proteolytic cleavage and that expression of this mutant has re-
placed endogenous mouse PS1 derivatives. The entirety of these
latter findings were fully recapitulated in C6 glioblastoma cells
(data not shown).

The observation that the �T440 mutant accumulates as a ho-
loprotein could be interpreted to suggest that either unprocessed
species is stable or steady-state Western blot analysis is detecting
transiently overexpressed proteins. To address this issue, we
treated N2a cells stably expressing WT and the �T440 mutant
with 100 �g/ml cyclohexamide to block de novo protein synthesis
and examined the stability of preexisting PS1-related polypep-
tides. The overexpressed PS1 WT holoprotein was rapidly de-
graded at a t1/2 of �1–2 h, as described previously (Kim et al.,
2003). Conversely, the levels of the PS1 �T440 mutant holopro-
teins remained essentially unchanged over the time course, sim-
ilarly to PS1 NTF observed in PS1 WT cells (Fig. 1B).
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�-Secretase cleavage of APP and Notch in cells expressing PS1
�T440 mutant
We next examined the effects of PS1 �T440 mutant on the
�-secretase cleavage of APP, leading to A� production. For these
studies, we transiently transfected cDNA encoding the FAD-
linked APPswe variant into the stable N2a cell lines, then pre-
pared detergent extracts of cell monolayers, and collected the
conditioned medium. We observed that, whereas the levels of
full-length APP in both cell types appeared comparable, the levels
of APP–CTFs were elevated in cells expressing the PS1 �T440
mutant and, to a lesser degree, in cells expressing the PS1 �E9
variant compared with cells expressing PS1 WT (Fig. 2A). Con-
sistent with the elevation in the levels of APP–CTFs, the A�40

peptides in the conditioned medium of PS1 �T440 cells, as de-
termined by quantitative sandwich ELISA, were dramatically re-
duced (Fig. 2B, top). Nevertheless, quantitative ELISA revealed
that the A�42/40 ratio in the medium of PS1 �T440-expressing
cells was higher by approximately ninefold than that in the me-
dium of PS1 WT-expressing cells (Fig. 2B, bottom).

Consistent with the aforementioned finding that expression
of PS1 �T440 mutant leads to accumulation of APP–CTFs and
decreases A� production, several previous studies have revealed
that expression of FAD-linked PS1 variants results in an ineffi-
cient intramembranous cleavage of Notch leading to NICD gen-
eration (Song et al., 1999; Moehlmann et al., 2002). To assess
�-secretase-mediated cleavage of Notch in cells expressing the
PS1 �T440 mutant, we transiently transfected the N2a stable cell
lines with cDNA encoding a myc-tagged Notch�E polypeptide
and subjected detergent-extracted lysates to Western blot analy-
sis with the anti-myc antibody 9E10 (Fig. 2C) or an antibody that

recognizes a neo-epitope that specifically detects NICD (Fig. 2D).
Compared with WT-expressing cells, we observed a significantly
decreased production of NICD in cells expressing the PS1 �T440
and PS1 �E9 variants (Fig. 2C,D).

Increased levels of phosphorylated �-synuclein in cells
expressing PS1 �T440 mutant
Having established that expression of the PS1 �T440 mutant
elevates the ratio of A�42/40 peptides in the cultured medium of
the stable cell lines, we then examined the metabolism of
�-synuclein in lysates of PS1 WT, �T440, �E9, H163R, or E280A
cells that were transiently transfected with cDNA encoding hu-
man �-synuclein. Transiently transfected N2a and C6 cells were
sequentially extracted with Tris-HCl buffer and then with 2%
SDS-containing buffer, and the obtained extracts were subjected

Figure 1. Expression and endoproteolysis of PS1. A, N2a cells were stably transfected with
PS1 WT, the FAD-linked PS1 variants (H163R, E280A, and �E9), or �T440 mutant, and the
expression of PS1 derivatives was analyzed by immunoblotting using the PS1NT (left) and
PS1Loop (right) antibodies. Note that endoproteolysis is impaired in cells expressing the PS1
�T440 mutant similarly to the �E9 variant that has deletion in the cleavage sites for endopro-
teolysis. Molecular weight markers are shown on the lefts side in kilodaltons. B, To analyze
half-lives of PS1, N2a cells were treated with cyclohexamide and chased for 1– 8 h. Note that the
holoproteins of the PS1 �T440 mutant were resistant to cyclohexamide treatment similarly to
the endoproteolytic fragments of PS1 WT.
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Figure 2. �-Secretase cleavage of APP and Notch in cells expressing PS1 �T440 mutant. A,
N2a cells stably expressing PS1 WT, the FAD-linked variants (H163R, E280A, and �E9), or
�T440 mutant were transiently transfected with cDNA encoding APPswe, and detergent-
extracted lysates were evaluated by immunoblotting with the CT15 antibody. The bands corre-
sponding to �110 kDa full-length and �12 kDa CTF of APP are shown. B, The amounts of
A�1– 40 and A�1– 42 in the conditioned medium were quantitatively analyzed by sandwich
ELISA. Results from three independent experiments are shown as mean � SE. *p � 0.05,
**p � 0.01 by Tukey’s test versus WT after ANOVA. C, N2a cells stably expressing PS1 WT, the
FAD-linked variants (H163R, E280A, and �E9), or �T440 mutant were transiently transfected
with cDNA encoding Notch�E. Detergent-extracted lysates were analyzed by immunoblotting
with the anti-myc antibody 9E10. Results of the semiquantitative analysis of NICD/Notch�E by
densitometry are shown in the bottom. Note that NICD generation is impaired in cells express-
ing the PS1 �T440 mutant similarly to the �E9 variant. *p � 0.05, **p � 0.01 by Tukey’s test
versus WT after ANOVA. D, NICD generation was further analyzed using the anti-NICD antibody
specific for the cleaved form of Notch. In cells expressing the PS1 �T440 mutant, NICD produc-
tion was scarcely detectable.
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to Western blot analysis with two �-synuclein-specific antibodies
Syn-1 and LB509.

Although the levels of �-synuclein were comparable in the
Tris-buffer-extracted fractions prepared from the these cell types,

we observed that the levels of �-synuclein
were higher in the SDS-extracted fraction
of cells expressing the PS1 �T440 mutant
than in cells expressing WT PS1 (Fig.
3A,B). Importantly, the levels of
�-synuclein in the SDS-extracted fraction
from cells expressing the PS1 H163R and
E280A variants, which are not associated
with LB formation in the autopsied brains
of patients expressing these mutants
(Lippa et al., 1998), were apparently un-
changed compared with cells expressing
WT PS1. In view of the findings that phos-
phorylation of �-synuclein at Ser-129 is
the principal modification of �-synuclein
in LBs (Fujiwara et al., 2002; Anderson et
al., 2006), we then examined the levels of
phosphorylated �-synuclein with a highly
specific anti-PSer-129 antibody
(pSyn#64). We show that the levels of
Ser-129-phosphorylated �-synuclein is
significantly increased in the SDS-
extracted fraction prepared from cells ex-
pressing the PS1 �T440 mutant and, to a

lesser but statistically insignificant extent, in cells expressing the
�E9 variant (Fig. 3C). Notably, we also observed low levels of
phosphorylated �-synuclein in cells expressing WT PS1, a finding
consistent with previous reports showing that �-synuclein is sub-
ject to low levels of phosphorylation after its overexpression in
mammalian cells (Smith et al., 2005). Together, these observa-
tions indicate that the expression of the PS1 �T440 mutant en-
hances the accumulation of phosphorylated �-synuclein in the
detergent-resistant cellular fraction.

Aberrant accumulation of phosphorylated �-synuclein in
brain of a patient with PSEN1 �T440 mutation
To examine whether �-synuclein accumulation is observed in the
detergent-resistant fraction in vivo, we sequentially extracted ho-
mogenates from the frontal cortices of a control subject without a
neurological disorder and brains of patients with AD, Parkin-
son’s disease, and PS1 �T440 mutation and subjected these sam-
ples to Western blot analysis. We observed comparable levels of
�-synuclein in the Tris- or Triton X-100-extracted fractions, as
determined using the anti-�-synuclein antibodies Syn-1 and
LB509 (Fig. 4A). Extraction of the Tris- and Triton X-100-
resistant pellet with the nonionic detergent Sarkosyl failed to re-
lease detectable amount of �-synuclein. Conversely, extraction of
the detergent-insoluble pellet with 8 M urea revealed the presence
of �-synuclein specifically in the brain of the patient with the
PSEN1 �T440 mutation. More importantly, immunoblot analy-
sis using the anti-PSer-129 antibody revealed the presence of high
levels of Ser-129-phosphorylated �-synuclein in the urea-
extracted fraction from the PSEN1 ��440 patient brain com-
pared with the controls (Fig. 4A). We then prepared samples
from various regions of the brain of the patient with the PS1
�T440 mutation. As expected, phosphorylated �-synuclein was
aberrantly accumulated in the urea-extracted fraction; the para-
hippocampal regions showed the highest level of accumulation,
followed by the frontal cortex and the thalamus, but phosphory-
lated �-synuclein was scarcely detected in the cerebellum (Fig.
4B). Collectively, these results suggest that the presence of PS1
�T440 mutation promotes the aberrant accumulation of phos-
phorylated �-synuclein in the detergent-resistant fraction in vivo.

Figure 4. Aberrant accumulation of �-synuclein in autopsied brain. A, Samples extracted
from brain (frontal cortex) homogenates using different detergents were run on a 10/20%
gradient Tris-glycine SDS-PAGE system and subjected to immunoblotting using the
�-synuclein antibodies Syn-1, LB509, and pSyn#64. In the urea-extracted fraction, the mono-
mer �-synuclein migrating at �15 kDa (arrow), which was reactive to the anti-
phosphorylated �-synuclein antibody pSyn#64 (arrowhead), substantially accumulated only in
the brain of the patient with the PS1 �T440 mutation. B, Samples were extracted from various
regions of the patient’s brain with PS1 �T440 mutation, including the frontal cortex (#1),
parahippocampal gyrus (#2), thalamus (#3), and cerebellum (#4). The level of �-synuclein
accumulation was highest in the urea-extracted fraction prepared from the parahippocampal
gyrus (#2), followed by the thalamus (#3) and the frontal cortex (#1). The accumulation of
�-synuclein was not observed in the urea-extracted fraction prepared from the cerebellum.

Figure 3. �-Synuclein expression in cells expressing PS1 �T440 mutant. A, N2a neuroblastoma or C6 glioblastoma cells stably
expressing PS1 WT, the FAD-linked variants (H163R, E280A, and �E9), or �T440 mutant were transiently transfected with cDNA
encoding human �-synuclein. Samples sequentially extracted with Tris-HCl- and 2% SDS-containing buffers were separated on a
10/20% gradient Tris-glycine SDS-PAGE and probed with the anti-�-synuclein antibody Syn-1. Representative results of Western
blots analysis using C6 cell lines were shown (top). The band corresponding to the �15 kDa �-synuclein monomer is indicated
(arrow). The semiquantitative analysis of the expression level of �-synuclein was performed by densitometry, and the ratio of
�-synuclein intensity in the Tris/SDS-extracted fraction was determined. Results from three independent experiments are shown
as mean � SE. *p � 0.05 by Tukey’s test versus WT after ANOVA. B, The samples were further blotted with the LB509 antibody
that specifically recognizes human �-synuclein (Baba et al., 1998). C, The samples were further analyzed with the anti-PSer-129
�-synuclein antibody pSyn#64. Note that the level of phosphorylated �-synuclein (arrowhead) in cells expressing the PS1 �T440
mutant significantly increased compared with that in cells expressing WT PS1. *p � 0.05, **p � 0.01 by Tukey’s test versus WT
after ANOVA.
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Discussion
We recently reported on a familial case diagnosed as having DLB
and variant AD and identified a novel 3 bp deletion mutation in
the PSEN1 gene encoding a PS1 variant lacking a threonine resi-
due at codon 440 (�T440) (Ishikawa et al., 2005). It is of note that
this patient was clinically diagnosed as having L-3,4-
dihydroxyphenylalanine-responsive juvenile parkinsonism with
dementia. Remarkably, we observed prominent LB and Lewy
neurite formation in the substantia nigra and cerebral cortex, as
well as widespread cotton-wool plaques and amyloid angiopathy.
In the present report, we investigate the potential mechanisms by
which expression of the PS1 ��440 mutant causes LB formation,
in addition to the AD pathology, and now offer several important
insights.

First, we demonstrate that, in stable cell lines of neuronal or
non-neuronal origin, the PS1 �T440 mutant fails to undergo
endoproteolytic cleavage and that the unprocessed molecule ex-
hibits a half-life no different from that observed for the PS1 de-
rivatives generated from WT PS1. These findings strongly suggest
that �T440 holoproteins are incorporated into stable high-
molecular-weight PS complexes that include nicastrin, Aph-1,
and PEN-2 (Kim et al., 2003; Takasugi et al., 2003). The lack of
endoproteolysis of PS1 holoprotein is not unique to this PS1
�T440 mutant, because the FAD-linked C410Y (Sherrington et
al., 1995) and PS1 �E9 (Thinakaran et al., 1996) polypeptides also
fail to undergo endoproteolytic cleavage and accumulate as stable
holoproteins. Second, we demonstrate that the expression of the
PS1 �T440 mutant leads to a marked elevation in the ratio of
A�42/40 peptides in the conditioned medium of stable cell lines.
Mechanistically, evidence has accrued to suggest that elevations
in A�42/40 peptide ratio enhances the nucleation and fibrillogen-
esis of pathogenic A�42 peptides, events that are otherwise com-
promised by the presence of high levels of secreted A�40 peptides
(Bentahir et al., 2006; Deng et al., 2006; Kumar-Singh et al., 2006;
Kim et al., 2007). Third, we demonstrate that transiently ex-
pressed �-synuclein accumulates at high levels in 2% SDS-
extracted fraction prepared from cells expressing the PS1 ��440
mutant compared with cells expressing WT PS1 or the FAD-
linked PS1 H163R and E280A variants that do not lead to LB
formation in the brain. Finally, we observed that Ser-129-
phosphorylated �-synuclein is present in 2% SDS-extracted frac-
tion from cells expressing WT PS1, but the levels of these species
are significantly elevated in extracts from PS1 ��440 cells. In-
deed, we demonstrate that high levels of Ser-129-phosphorylated
�-synuclein are present in the detergent-resistant fraction pre-
pared from the brain of a patient with PS1 �T440 mutation.
These findings suggest that expression of PS1 �T440 induces the
aberrant accumulation of highly insoluble, Ser-129-
phosphorylated �-synuclein, leading to the formation of LBs and
Lewy neurites.

The mechanism(s) by which the PS1 �440 variant enhances
Ser-129 phosphorylation is not presently understood. Previous
studies have shown that casein kinases 1 and 2 and G-protein-
coupled receptor kinases can phosphorylate synuclein in vitro
(Okochi et al., 2000; Arawaka et al., 2006). However, there is
limited information about the role of PS1 in regulating the enzy-
matic function of these kinases in vivo. Conversely, studies have
revealed that PS1 associates with glycogen synthase kinase
(GSK-3) (Takashima et al., 1998; Tesco and Tanzi, 2000), and
expression of FAD-linked PS1 in mammalian cells has been
shown to increase GSK-3 activity (Takashima et al., 1998; Pigino

et al., 2003; Baki et al., 2004). Future studies will be required to
evaluate the effects of the PS1 ��440 mutant on GSK-3 activity.

The relationship between the observed increases in A�42/40

ratio and phosphorylated �-synuclein level is far from under-
stood. However, it is of interest to note that the patient with PS1
�T440 mutation exhibited cotton-wool plaques composed
mainly of A�42 and lacking a congophilic dense core and plaque-
related neuritic pathology. Double transgenic mice expressing
APP and �-synuclein showed more �-synuclein-
immunopositive neuronal inclusions than single transgenic mice
expressing only �-synuclein (Masliah et al., 2001). Notwith-
standing these interesting correlations, it would be premature to
conclude that elevation in A�42/40 ratio solely contributes to the
development of LB pathology, because these lesions have not
been reported as a significant neuropathological feature in the
brains of the vast majority of patients harboring FAD-linked
PSEN1 or PSEN2 mutations. In any event, our findings that the
expression of the PS1 �T440 mutant leads to an enhanced accu-
mulation of Ser-129-phosphorylated �-synuclein in both cul-
tured cells and a patient brain as well as elevated A�42/40 ratios
now offer new opportunities for investigating the underlying mo-
lecular mechanisms by which A� modulates �-synuclein accu-
mulation in LBs.
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