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Mutations in the presenilin-1 (PS-1) gene account for a significant fraction of familial Alzheimer’s
disease. The biological function of PS-1 is not well understood. We report here that the proliferationassociated gene (PAG) product, a protein of the thioredoxin peroxidase family, interacts with PS-1.
Microinjection of a plasmid expressing PAG into superior cervical ganglion (SCG) sympathetic neurons in primary cultures led to apoptosis. Microinjection of plasmids expressing wild-type PS-1 or a
PS-1 mutant with a deletion of exon 10 (PS1dE10) by themselves had no effect on the survival of
primary SCG neurons. However, co-injection of wild-type PS-1 with PAG prevented neuronal death,
whereas co-injection with the mutant PS-1 did not affect PAG-induced apoptosis. Furthermore,
overexpression of PAG accelerated SCG neuronal death induced by nerve growth factor deprivation.
This sensitizing effect was also blocked by wild-type PS-1, but not by PS1dE10. These results
establish an assay for studying the function of PS-1 in primary neurons, reveal the neurotoxicity of a
thioredoxin peroxidase, demonstrate a neuroprotective activity of the wild-type PS-1, and suggest
possible involvement of defective neuroprotection by PS-1 mutants in neurodegeneration. © 2002 Elsevier
Science (USA)

Alzheimer’s disease (AD) is a neurodegenerative
disease with progressive memory loss and intellectual
decline. Neuropathological hallmarks of AD include
the presence of a large number of senile plaques and
neurofibrillary tangles in the brain accompanied by
loss of neurons involved in learning and memory.
Significant progress has been made in identifying genetic defects causing familial Alzheimer’s disease
(FAD) or predisposing individuals to FAD. Analysis
of the FAD families with linkage to chromosome 21
revealed the first gene implicated in FAD, the ␤-amyloid precursor protein (APP) gene (St George-Hyslop
et al., 1987; Goate et al., 1991; Mullan et al., 1993).
Genetic studies suggest that allelic isoforms of the
ApoE gene on chromosome 19 influence risk for AD.

Studies over the past several years have established
that two transmembrane proteins, presenilin-1 and -2,
encoded by the PS-1 and PS-2 genes on chromosome
14 and 1, respectively, play an important role in pathogenesis of FAD (reviewed in Selkoe, 1997; Czech et al.,
2000; St George-Hyslop, 2000). Studies of FAD-associated mutations revealed that mutations in the PS-1
gene may account for up to 50% of early onset FAD
cases (Kim & Tanzi, 1997; Selkoe, 1997).
Presenilin genes are expressed in many tissues, including the brain, and they encode transmembrane
proteins with a large hydrophilic loop between the
sixth and the seventh hydrophobic domains (Doan et
al., 1996; De Strooper et al., 1997; Lehmann et al., 1997;
Nakai et al., 1999). The biological roles of PS-1 and
PS-2 are still not clear, although they are implicated in
the intramembranous cleavage of several transmembrane proteins such as APP, Notch, and Ire1p (Borch-
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elt et al., 1996, 1997; Duff et al., 1996; Scheuner et al.,
1996; De Strooper et al., 1998, 1999; Annaert et al., 1999;
Katayama et al., 1999; Ni et al., 2001; Niwa et al., 1999;
Wolfe et al., 1999). Presenilins have also been implicated in regulation of apoptosis (Vito et al., 1996;
Haass, 1997; Kim et al., 1997; Kosik, 1998; Tani et al.,
1998; Wolozin et al., 1998; Z. H. Zhang et al., 1998). PS-1
expression is induced by transient ischemia in hippocampal neurons relatively resistant to ischemic
stress, but not in neurons that are susceptible to ischemia (Tanimukai et al., 1998), suggesting that the induction of PS-1 gene expression may be associated
with protective responses in neurons. However, overexpression of wild-type PS-2, N141I mutant PS-2, or
PS-1 L286V mutant in PC12 cells rendered the cells
more susceptible to death induced by different insults,
including A␤ peptide (Deng et al., 1996; Guo et al.,
1996; Wolozin et al., 1998). Absence of PS-1 in skin
epithelium leads to uncontrolled growth and tumor
formation (Xia et al., 2001).
In this study, we identified a PS-1-interacting protein of the thioredoxin peroxidase (Tpx) family. This
protein is the product of the proliferation-associated
gene (PAG) (Prosperi et al., 1993) and has been previously identified as an oxidative stress- and seruminduced protein with antioxidant properties. When
overexpressed in primary neurons, PAG causes apoptosis. Wild-type, but not a mutant, PS-1 is capable of
protecting neurons in primary cultures from the apoptosis induced by PAG overexpression.

not detectable if the antiserum was preabsorbed with
the purified recombinant PAG protein. R-22, a polyclonal antiserum raised against the loop region of PS-1
protein, was used for immunoprecipitation as described previously (Ray et al., 1999). A monoclonal
anti-PS-1 antibody kindly provided by P. Seubert
(Podlisny et al., 1997; Malin et al., 1998) was used for
Western blotting. Anti-9E10 hybridoma culture supernatant was used for Western blotting to detect myctagged proteins. Expression of full-length PS-1 (containing the VSRQ alternative sequence) and PAG or
control proteins was under the control of the CMV
promoter. PAG and SC35 were expressed as myctagged proteins. The green fluorescent protein (GFP)
expression plasmid was Green Lantern-1 (Gibco). Bisbenzimide and Boc-aspartyl(ome)fluoromethyl ketone
(BAF) were purchased from Sigma (St. Louis, MO)
and Enzyme Systems Products (Livermore, CA), respectively.

Yeast Two-Hybrid Interaction cDNA Library
Screening and Interaction Assay
The yeast two-hybrid interaction screening and
pair-wise interaction were carried out as described in
Wu and Maniatis (1993) and W. J. Zhang et al. (1998).
Because the PS-1 loop region is rich in hydrophilic
amino acid residues, we used control bait plasmids
expressing proteins also rich in hydrophilic amino
acid residues, such as the intracellular domain of APP
[APP (ICD)] and SC35.

METHODS
Cell Culture and Transient Transfection

Coimmunoprecipitation and Western Blotting

HEK 293 cells were obtained from the ATCC and
maintained in 10% FBS in DMEM (Gibco). For transfection, cells were seeded at 2 ⫻ 10 5 cells per 35-mm
dish, allowed to grow 24 h, and then transiently transfected with a total of 5 g supercoiled plasmid DNA
by the calcium phosphate method for 16 –18 h (Li et al.,
1999). GFP plasmid was cotransfected to monitor
transfection efficiency.

For Western analysis of HEK 293 lysates, cells were
collected 16 –18 h posttransfection into 200 l 2⫻ Laemmli buffer including 2-mercaptoethanol, passed
through a 20-gauge needle five times, and incubated
at 50°C for 5 min. For co-immunoprecipitation, cells
were lysed in lysis buffer containing 1% NP-40 at a
protein concentration of approximately 0.4 mg/ml.
Cell lysates were then cleared overnight at 4°C with 20
l protein A–agarose beads (Repligen). Cleared lysates were then incubated at 4°C with R-22 for 1 h.
Antibody–antigen complexes were captured with 40
l protein A–agarose beads for 1 h to overnight,
washed twice with Wash I (1% NP-40, 50 mM Tris, pH
7.5, 500 mM NaCl, 2 mM EDTA) and twice with Wash
II (1% NP-40, 50 mM Tris, pH 7.5, 150 mM NaCl, 2 mM
EDTA) at ambient temperature. Proteins were recovered into 35 l 2⫻ Laemmli buffer with DTT at 50°C

Antibodies, Plasmids, and Chemical Reagents
Anti-PAG antisera were raised in rabbits against
recombinant PAG protein purified from an Escherichia
coli expression system. This antibody reacted with a
single band of 26-kDa protein in the brain lysate as
detected by a Western blotting assay. This band was
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for 5 min. Cell lysates or immunoprecipitated proteins
were resolved by SDS–PAGE and transferred to nitrocellulose membranes (Amersham). Western blotting
was then carried out using anti-myc antibody, and the
signals were detected by enhanced chemiluminescence following the manufacturer’s instructions (Amersham).
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fluorescence microscope the injected neurons that
were marked with rhodamine dextran and/or GFP
fluorescence. The number of viable injected neurons
was determined longitudinally by counting the number of GFP-expressing or rhodamine-positive phasebright cell bodies.

Immunocytochemistry
Sympathetic Neuronal Culture and Microinjection
Primary sympathetic neuronal cultures were established from superior cervical ganglia (SCG) of embryonic day 21 rats using a previously described method
(Easton et al., 1997). Briefly, the dissected SCG were
treated with 1 mg/ml collagenase for 30 min at 37°C
followed by 2.5 mg/ml trypsin for 30 min at 37°C. The
ganglia were then triturated with a flame-polished
Pasteur pipette. About 4000 cells were plated in the
center of a 35-mm dish. The SCG cells were maintained in AM 50: Eagle’s minimal essential medium
with Earle’s salts (Life Technologies, Gaithersburg,
MD), with the addition of 50 ng/ml mouse nerve
growth factor (NGF) (Harlan Bioproducts, Indianapolis, IN), 10% fetal bovine serum (Sigma), 100 g/ml
penicillin, 100 g/ml streptomycin, 20 M fluorodeoxyuridine, and 20 M uridine. When SCG neurons
were deprived of NGF, they were rinsed once with the
same medium but without NGF (AM0), followed by
the addition of AM0 containing goat polyclonal antiNGF antiserum.
Microinjection of plasmids expressing target genes
was performed in SCG cells 5–7 days after the cells
were plated. Plasmids were mixed in injection buffer
(100 mM KCl, 10 mM potassium phosphate, pH 7.4).
DNA concentrations of different plasmids in the injection solution were adjusted to the same amount (at
less than 0.2 ng/l) with vector DNA in all experiments. The vector plasmid was injected in the control
group. Before injection, SCG culture medium was
changed to L-15 (Life Technologies) containing 100
g/ml penicillin and 100 g/ml streptomycin. To
mark injected cells, 4 g/l rhodamine dextran (Sigma) and/or a GFP-expressing plasmid (at 40 ng/l
final concentration) was added into injection solution.
Femtotips (Eppendorf, Madison, WI) were used for all
injections, and approximately 50 fl of injection mixture
was injected into the nucleus of individual neurons.
After microinjection, SCG cultures were given fresh
AM50 medium. Survival of injected neurons was
scored by an observer blinded to the experimental
setup. The numbers of SCG neurons injected were
determined 24 h after injection by monitoring under a
2002 Elsevier Science (USA)
All rights reserved.
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Two days after injection of the expression vectors,
neurons were fixed with 4% paraformaldehyde in PBS
at room temperature for 30 min, permeablized 10 min
in PBS containing 1% Triton X-100, and then blocked
with 20% fetal bovine serum, 0.05% Tween 20 in PBS.
Primary monoclonal antibodies, anti-Myc (Babco) or
anti-GFP (Boehringer Mannheim), were diluted 1:1000
in blocking buffer and incubated for 1.5 h at room
temperature. Secondary antibodies were either Cy3conjugated donkey anti-mouse IgG (Jackson ImmunoResearch, West Grove) diluted 1:400 from 1.5
mg/ml stock or Alexa 488-conjugated goat anti-mouse
IgG diluted 1:400 from 1 mg/ml stock. After the incubation of secondary antibody for 1 h at room temperature, cells were stained for 15 min in 1 g/ml bisbenzimide (Sigma) in PBS. Cultures were then rinsed
twice with PBS and examined under a Zeiss fluorescence microscope.

RESULTS
PS-1 Interacts with PAG, a Protein of the
Thioredoxin Peroxidase Family
Several proteins have been reported to interact with
presenilins, including glycogen synthetase kinase-3␤,
tau (Takashima et al., 1998), cadherin/catenin (Z. H.
Zhang et al., 1998; Georgakopoulos et al., 1999; Kang et
al., 1999), calsenilin (Buxbaum et al., 1998), Rab11 (Dumanchin et al., 1999), G-protein G0 (Smine et al., 1998),
QM/Jif1 (Imafuku et al., 1999), calpain (Shinozaki et
al., 1998), filamin (W. J. Zhang et al., 1998), Bcl-2 (Alberici et al., 1999), Bcl-xl (Passer et al., 1999), APP (Xia
et al., 1997), Ire1p (Katayama et al., 1999; Niwa et al.,
1999), and Notch (Ray et al., 1999). Although the significance of these interacting proteins in neuronal
function and in AD pathogenesis remains to be elucidated, these studies suggest that presenilin proteins
may exert their biological effects through interactions
with different proteins.
To understand the function of PS-1, we constructed
a human brain cDNA library and used the PS-1 hy-
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drophilic loop region as a bait to screen this library
using yeast two-hybrid interaction cloning (Wu & Maniatis, 1993; W. J. Zhang et al., 1998). Among the cDNA
clones identified by this interaction screening, two
groups of cDNAs encode members of the Tpx family:
PAG and thiol-specific antioxidant protein (TSA). Detailed characterization of the interaction between TSA
and presenilins will not be described here. In this
paper, we will focus on the interaction between PS-1
and PAG. The gene coding for PAG was originally
identified as one of the genes that were up-regulated
by serum stimulation (Prosperi et al., 1993). Similar to
PS-1, PAG is expressed in many tissues, including the
brain (Prosperi et al., 1993). The PAG cDNA encodes a
protein with significant sequence similarity to other
members of the Tpx family. Another human Tpx protein was identified from erythroid cells as a natural
killer-enhancing factor (NKEF) that augments NK cellmediated cytotoxicity (Shau et al., 1993). A murine Tpx
was found to be expressed in the brain regions most
susceptible to hypoxia and ischemia (Ichimiya et al.,
1997), and murine macrophage Tpx protein (MSP23)
was shown to be induced by oxidative stress (Ishii et
al., 1993). The biological functions of these Tpx proteins are not clear.
After confirming the specific interaction of PAG
with PS-1 by testing with other unrelated bait proteins
using the yeast two-hybrid assay, we examined
whether PS-1 interacted with PAG in mammalian
cells. Human embryonic kidney (HEK) cells were
transfected with either the vector control or a plasmid
expressing PAG as a 6⫻ myc-tagged protein. Immunoprecipitation was carried out using a previously
characterized anti-PS1 antibody (Ray et al., 1999), and
the presence of myc-tagged PAG in the immunoprecipitates was detected by a monoclonal anti-myc antibody. As predicted from the sequence, the PAG protein tagged with the 6⫻ myc tag migrated at a molecular weight of approximately 40 kDa (Fig. 1A, lane 1).
The PAG protein was coprecipitated with PS-1 when
cells were cotransfected PS-1 (Fig. 1A, lane 4). In the
absence of PAG–myc transfection, this band was not
detectable (Fig. 1A, lane 3), suggesting the specificity
of the signal. To confirm that the observed PAG–PS1
interaction was specific, the PS-1 plasmid was cotransfected with an unrelated myc-tagged protein rich in
hydrophilic amino acid residues, SC35 (Jiang et al.,
1998), and similar immunoprecipitation was carried
out. Although the expression level of SC35 was comparable to that of PAG (lanes 1 and 5), SC35 was not
detectable in the immunoprecipitates (Fig. 1A, lane 6).
To test whether PAG interacted with endogenous
PS-1, coimmunoprecipitation was carried out in cells

FIG. 1. PAG interacts with PS-1 in transfected cells and in murine
brain extracts. (A) HEK cells were transfected with PS-1 or PAG–
myc or control SC35–myc plasmids in different combinations as
shown above the gel. Immunoprecipitation by anti-PS-1 (Ray, 1999)
was carried out using cell lysates prepared from transfected cells.
Western blotting was performed on the cell lysates or the immunoprecipitated proteins using a monoclonal anti-myc antibody. (B)
Cell lysates were prepared from the murine brain tissue. Immunoprecipitates were obtained using preimmune serum or anti-PAG or
anti-PS-1. Western blotting was then performed using anti-PAG
antibody on the brain lysate (lane 1) and immunoprecipitates
formed with preimmune serum (lane 2) or anti-PS-1 (lane 3) or
anti-PAG (lane 4). (C) Coimmunoprecipitation experiment was performed using anti-PAG or preimmune sera with murine brain lysates (lanes 1 and 2) or HEK cell lysates (lanes 3 and 4) or cell lysates
prepared from fibroblast cells obtained from wild-type (lane 5) or
PS-1-deficient (lane 6) mice. Western blotting was then performed
using the anti-PS1 monoclonal antibody as described under Methods. The position of a nonspecific band is marked (n.s.). The bands
corresponding to full-length (FL-) or carboxy-terminal fragment
(CTF-) of PS1 are also indicated.

transfected with PAG–myc without cotransfection of
PS-1. PAG was detected in the proteins immunoprecipitated by the anti-PS-1 antibody (Fig. 1A, lane 2),
suggesting that PAG may interact with endogenous
PS-1.
We then investigated whether endogenous PAG interacted with PS-1 in the brain. A polyclonal antibody
was generated against recombinant PAG protein. This
antibody detected one predominant band of 25–26
kDa in the mouse brain extracts (Fig. 1B, lane 1) and in
the total cell lysates of different cell lines (data not
shown), consistent with the previous study (Jin et al.,
1997). PAG protein was coprecipitated from mouse
©
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FIG. 2. Dissection of the PS-1 hydrophilic loop region for its
interaction with PAG. The wild-type PS-1 hydrophilic loop region
(amino acid residues 262– 411), or the PS1dE10 loop region (with
residues 290 to 319 removed), or the amino-terminal fragment of the
loop containing residues 262–378 as well as the carboxyl fragment
containing residues 321– 411 was expressed as a fusion protein
containing a LexA DNA-binding domain in yeast cells expressing
PAG as a protein fused to a transcription activation domain. The
yeast two-hybrid interaction assay was performed as described (Wu
& Maniatis, 1993). The intracellular domain of APP and an unrelated protein, SC35, which are rich in hydrophilic amino acid residues, were included as controls in addition to the vector control.

brain extract by anti-PS-1 antibody (Fig. 1B, lane 3),
but not by the preimmune serum (Fig. 1B, lane 2). To
further confirm the specificity of the PS-1–PAG interaction observed, the coimmunoprecipitation experiment was also carried out using anti-PAG antibody
for immunoprecipitation and anti-PS-1 antibody for
Western blotting (Fig. 1C). Anti-PAG antibody
brought down endogenous PS-1 in the mouse brain
lysates (Fig. 1C, lane 2) or HEK cell lysates (Fig. 1C,
lane 3), mainly the carboxy-terminal fragment (CTFPS1) and also a smaller amount of the full-length
(FL-PS1), whereas the preimmune serum did not precipitate the PS-1 protein in the corresponding lysates
(Fig. 1C, lanes 1 and 4). The identity of the PS-1 protein
band detected was further confirmed using the lysates
prepared from the wild-type or PS-1-deficient mouse
fibroblast cells (Fig. 1C, lanes 5 and 6, respectively).
These results demonstrate that PAG interacts with
PS-1 in the brain.
Using the yeast two-hybrid interaction assay, we
further characterized the interaction between PS-1 and
PAG. The loop region of both the wild-type PS-1 and
the FAD mutant with exon 10 deletion (PS1dE10) interacted with PAG (Fig. 2), whereas control proteins
such as the intracellular domain of APP (APP-ICD)
and SC35 had no detectable interaction with PAG.
Therefore, the interaction of PAG with PS-1 appears
specific and not due to nonspecific interaction with
proteins rich in hydrophilic amino acid residues, because both APP-ICD and SC35 are rich in hydrophilic
residues, similar to the PS-1 loop region. We then
2002 Elsevier Science (USA)
All rights reserved.

©

Zhou et al.

tested the amino-terminal (PS-1 loop N) and carboxylterminal (PS-1 loop C) fragments of the PS-1 loop to
further define the region responsible for the interaction with PAG. The PS-1 loop C fragment containing
amino acid residues 321– 411 was sufficient for the
interaction with PAG, whereas the PS-1 loop N fragment did not interact with PAG. This is consistent
with the observation that PS1dE10, which lacks amino
acid residues 290 –319, retains the ability to interact
with PAG. Thus, the region of the PS-1 loop that
mediates the interaction with PAG resides in the carboxyl terminus of the loop. This region is highly conserved in PS-1 throughout evolution and is also conserved between PS-1 and PS-2. Consistent with this,
this region of PS-2 also interacts with PAG (data not
shown).

Overexpression of Wild-Type PS-1 or PS-1 Exon
10 Deletion Mutant in SCG Neurons Did Not
Affect Neuronal Viability
To begin to understand the functional significance
of the interaction between PAG and PS-1, we examined potential effects of PAG and PS-1 proteins on the
viability of neurons in primary neuronal culture. The
SCG sympathetic neuron culture system was used
because it has several advantages over cultured cell
lines. First, SCG neurons are primary neurons, not an
immortalized cell line. Second, similar to the forebrain
cholinergic neurons, which are severely affected in
AD, SCG neurons depend on NGF for survival. Therefore, the cell death pathway(s) in SCG neurons may
share common features with that of neurons involved
in AD pathogenesis. Third, neuronal cell death has
been well characterized in the SCG model (Greenlund
et al., 1995; Easton et al., 1997; Deshmukh & Johnson,
1998). Fourth, a protocol for the introduction of exogenous genes into SCG neurons by microinjection has
been established (Greenlund et al., 1995; Easton et al.,
1997). We microinjected plasmids expressing proteins
of interest together with one expressing the GFP,
which allowed longitudinal tracing and monitoring of
injected cells. Injected neurons were counted 24 h after
injection and the survival of neurons was scored for
up to 4 days after injection according to an established
protocol described previously (Greenlund et al., 1995;
Easton et al., 1997). Expression of corresponding proteins from injected plasmids was detected by immunofluorescent staining with anti-PS-1 or anti-myc tag
present on the fusion protein (data not shown; see
Fig. 5).

131

Presenilin-1 Protects against Neuronal Apoptosis

FIG. 3. Microinjection of wild-type PS-1 or FAD mutant PS1dE10
does not affect neuronal viability. SCG neurons were microinjected
with 100 ng/l wild-type PS-1 (n ⫽ 189) or 100 ng/l PS1dE10 (n ⫽
189). The controls were injected with 100 ng/l pcDNA3 vector (n ⫽
198) alone. Injected neurons were marked by expression of GFP
from co-injected GFP plasmid. The viability of the injected neurons
was shown as the percentage of live neurons at the different time
points compared to GFP expressing neurons 24 h after injection. The
survival of injected neurons 96 h after injection is shown. In four
independent experiments, there was no significant difference in
neuronal viability among these groups (P ⬎ 0.5, ANOVA).

induced by PAG overexpression. Co-injection of wildtype PS-1 significantly increased the survival of the
injected SCG neurons from 42.5 ⫾ 2.5 to 65.7 ⫾ 4.4%
(P ⬍ 0.001, ANOVA), a level similar to that in the
control group (72 ⫾ 1.5%). However, co-injection of
mutant PS1dE10 did not significantly change the percentage of surviving SCG neurons, with the neuronal
survival rate 44.6 ⫾ 7%, similar to that in neurons
injected with PAG alone (Fig. 4). Due to the nature of
mixed neuronal/glial cells in the SCG primary culture
and the technical difficulty in injecting a large number
of neurons sufficient for Western detection, we used
immunofluorescent staining of injected neurons to
show that in these microinjection experiments, wildtype PS-1 was expressed at a level similar to that of
mutant PS-1 (Fig. 5, top). Taken together with the
finding that wild-type PS-1 or PS1dE10 alone did not
affect the survival of SCG neurons (Fig. 3), these results indicate that PS-1, but not the FAD mutant
PS1dE10, has neuroprotective activity against neuronal cell death induced by PAG.

Microinjection of wild-type PS-1 (PS1WT) or the
FAD mutant PS-1 with an exon 10 deletion (PS1dE10)
did not affect the survival of SCG neurons (Fig. 3).
These results from primary neurons do not support
the idea that the PS1dE10 mutant causes AD by a gain
of a neurotoxic function.

Overexpression of PAG Led to Neuronal Cell
Death That Was Inhibited by Coexpression of
Wild-Type PS-1 But Not PS-1 Exon 10 Deletion
Mutant
When the PAG-expressing plasmid was microinjected into SCG neurons, the number of surviving
neurons was significantly decreased (Fig. 4), compared to that seen when control vector or PS-1 plasmids were injected. This effect on SCG neuronal survival was dose-dependent: with the increase of DNA
dose injected, from 25, 75, to 100 ng/l, the neuronal
survival rate at 96 h postinjection declined from 60 ⫾
4.3 to 41 ⫾ 5.1 to 28 ⫾ 5.2%, respectively. Whereas the
neurons injected with the vector control plasmid (75
ng/l) showed a survival rat of 72 ⫾ 1.5% 4 days after
injection, the survival of SCG neurons injected with
the PAG plasmid at the same dose and the same time
point decreased to 42.5 ⫾ 2.5% (mean ⫾ SD, P ⬍ 0.001,
ANOVA) (Fig. 4). We then tested whether coexpression of PS-1 had any effect on neuronal cell death

FIG. 4. SCG neuronal viability following microinjection with different plasmids. The viability of injected SCG neurons is shown as
a percentage of surviving neurons at different time points compared
to that seen 24 h after injection. Control vector or the plasmid
expressing PAG was injected alone or with PS-1 (WT or dE10
mutant). Injection of PAG plasmid (75 ng/l) into the nuclei of SCG
neurons increased neuronal cell death (n ⫽ 368) compared to controls injected with the same concentration of pcDNA3 vector DNA
(n ⫽ 336) (P ⬍ 0.0001, ANOVA). SCG neuronal cell death caused by
PAG overexpression was protected against by co-injection with 60
ng/l wild-type PS-1 (n ⫽ 330) (P ⬍ 0.0001, ANOVA), but not by
co-injection with 60 ng/l PS1dE10 (n ⫽ 319) (P ⫽ 0.94, ANOVA).
Data from four independent experiments are shown.
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FIG. 5. PAG-induced SCG neuronal death showed morphological features of apoptosis. (Top) The overexpression of wild-type PS-1 or
mutant PS1dE10 in SCG cells did not cause cell death. SCG neurons were injected with either wild-type PS-1 (A1–D1) or PS1dE10 (A2–D2)
plasmids to express PS-1 proteins (Ray et al., 1999). Seventy-two hours after injection, cells were fixed and immunostained with anti-PS-1
monoclonal antibody followed by a goat anti-mouse Alexa 594-conjugated secondary antibody. Cells were then stained with bis-benzimide for
nuclear morphology. (A1 and A2) Cells under a phase-contrast microscope. (B1 and B2) Expression of injected plasmids as detected by
immunostaining using anti-PS-1 antibody. (C1 and C2) Expression of co-injected GFP plasmid. (D1 and D2) Nuclear images following
bis-benzimide staining of the cultured cells, showing that cells expressing either wild-type PS-1 or PS1dE10 had normal nuclear morphology.
(Bottom) SCG neurons were injected with expression plasmids encoding a control myc-epitope-tagged cytoplasmic protein (A) or myc-tagged
PAG (B) or myc-tagged PAG together with wild-type PS-1 (C) or myc-tagged PAG together with PS1dE10 (D). Seventy-two hours after
injection, cells were fixed and immunostained with anti-myc monoclonal antibody followed by Cy3-conjugated secondary antibody. Cells were
then stained with bis-benzimide for nuclear morphology. (A1, B1, C1, and D1) Cells under the phase-contrast microscope. (A2, B2, C2, and D2)
Expression of injected plasmids as detected by immunostaining using anti-myc antibody. (A3, B3, C3, and D3) Nuclear images following
bis-benzimide staining of the cultured cells. The injected cells corresponding to those shown in the middle are indicated with an arrow. The
injected cells in B3 and D3 show condensed chromatin and fragmented nuclei with features of apoptosis, whereas the injected cells in A3 and
C3 show normal nuclear morphology.

2002 Elsevier Science (USA)
All rights reserved.

©

133

Presenilin-1 Protects against Neuronal Apoptosis

treatment protected SCG sympathetic neurons against
neuronal death caused by PAG overexpression. Bisbenzimide staining showed that apoptotic changes in
nuclei of injected neurons caused by PAG were prevented by BAF treatment (Fig. 7). These results demonstrate that PAG causes apoptosis of SCG sympathetic neurons in a caspase-dependent manner.

NGF Deprivation Exacerbated SCG Neuronal
Death Induced by PAG Overexpression

FIG. 6. BAF blocks SCG neuronal death induced by PAG overexpression. SCG neurons were injected with 75 ng/l vector control or
PAG expression plasmid. BAF (at 30 M final concentration) was
added to the culture medium 24 h after injection. Addition of BAF
blocked neuronal death induced by PAG overexpression (P ⬍ 0.0001,
ANOVA).

PAG-Induced Neuronal Death Had Features of
Apoptosis
To understand the nature of PAG neurotoxicity,
neuronal morphology was examined after microinjection of SCG neurons. Staining of the nuclei with bisbenzimide showed that PAG-injected SCG neurons
had fragmented or condensed nuclei, characteristic of
apoptosis (Fig. 5, bottom, B), whereas neurons injected
with control vector DNA appeared healthy with normal nuclear staining (Fig. 5, bottom, A). In the majority of SCG neurons co-injected with wild-type PS-1
and PAG-expressing plasmids, nuclear staining
showed healthy nuclear morphology, while those coinjected with PS1dE10 and PAG plasmids showed
nuclei that were fragmented or condensed, with typical morphology of apoptosis (Fig. 5, bottom, C and D,
respectively). These observations suggest that PAG
overexpression decreased neuronal survival by inducing apoptosis. To confirm this possibility, we treated
SCG sympathetic neurons after the microinjection of
PAG-expressing plasmid with a caspase inhibitor
known to block apoptosis in SCG neurons, BAF (Deshmukh & Johnson, 1998). BAF treatment did not change
the viability of neurons injected with the control plasmid alone, and the survival of the control vector plasmid-injected neurons 4 days after injection was 69 ⫾
3.5% compared to 75 ⫾ 5% in the absence of BAF (Fig.
6). In the PAG-injected SCG neurons, BAF treatment
significantly enhanced neuronal viability, increasing
the survival rate to 67.5 ⫾ 3.7%, compared to 39 ⫾
3.8% without BAF treatment (Fig. 6), indicating BAF

Since SCG neurons rely on trophic factors for survival, we asked whether the effects of PS-1 or PAG on
SCG neuronal survival were influenced by NGF. In
the presence of NGF, 95 ⫾ 5% SCG neurons survived
48 h after microinjection with control vectors (Fig. 4
and 6). When NGF was removed from the culture
media 24 h after the microinjection of the control
plasmid, 64 ⫾ 2.6% of SCG neurons remained viable
after another 24 h in culture (Fig. 8). Microinjection of
either wild-type PS-1 or PS1dE10 plasmid did not
change the neuronal death induced by NGF deprivation (Fig. 8). However, PAG injection further accelerated neuronal death in the absence of NGF because

FIG. 7. PAG-injected neurons show normal morphology after BAF
treatment. (A) Injection with vector control. (B) SCG neurons after PAG
plasmid injection. (C) SCG neurons injected with PAG following BAF
treatment. (A1, B1, and C1) The phase-contrast views of SCG neurons.
(A2, B2, and C2) The fluorescence microscopic views of injected cells as
marked by GFP expression. (A3, B3, and C3) Microscopic pictures of
nuclei of the SCG neurons as revealed by bis-benzimide staining.
©
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removal). That is, the ratio of survival in the PAGinjected to that in the control-injected neurons in the
presence of NGF was 0.81, but this ratio was decreased
to 0.58 when NGF was removed. Therefore, NGF depletion exacerbated SCG neuronal death induced by
PAG overexpression.
In the absence of NGF, wild-type PS-1 plasmid coinjection also slowed down the neuronal death induced by PAG overexpression, whereas injection of
the mutant PS-1 did not show significant protective
activity. As shown in Fig. 8, this effect is most obvious
48 h after injection (24 h after NGF depletion). At this
time point, 60 ⫾ 9% of neurons co-injected with wildtype PS-1 survived compared to 37.4 ⫾ 6.3% of neurons injected with PAG and 64 ⫾ 2.6% of the controlinjected neurons. In neurons co-injected with PS1dE10
and PAG, the survival was only 30 ⫾ 3.3%, similar to
that in the PAG-injected neurons (37.4 ⫾ 6.3%). By
72–96 h after injection (48 –72 h after NGF deprivation), the neuroprotective activity was less obvious, as
the majority of neurons were dead (Fig. 8). Therefore,
it appears that wild-type PS-1 but not PS1dE10 mutant
is capable of delaying the neuronal death by approximately 24 h in the PAG-injected cells in the absence of
NGF.

DISCUSSION
FIG. 8. Effects of microinjection with different plasmids on SCG
neuronal death in the absence of NGF. (A) Injection of PS-1 expression plasmids (either WT or dE10 mutant) did not affect SCG
neuronal death caused by NGF deprivation. SCG neurons were
injected with control vector or PS-1 plasmids (100 ng/l) and were
then deprived of NGF 24 h after microinjection. Neither wild-type
PS-1 nor PS1dE10 mutant significantly changed the neuronal viability after NGF deprivation. (B) NGF was depleted 24 h after
injection of the control plasmid or PAG plasmid or co-injection of
PAG with PS-1 plasmids (WT or dE10) into the cultured SCG
neurons. The neurons were then maintained in the NGF-free medium containing polyclonal anti-NGF antibody. The survival of
injected neurons was determined at different time points after NGF
withdrawal.

only 37.4 ⫾ 6.3% of PAG-injected neurons survived in
the absence of NGF compared to the survival rate of
76.5 ⫾ 3% in PAG-injected neurons in the presence of
NGF at this time point (Figs. 4 and 8). Thus, in the
presence of NGF, PAG injection caused the neuronal
viability to decrease from 95 ⫾ 5 to 76.5 ⫾ 3%, whereas
in the absence of NGF, PAG overexpression led to a
further decrease in the survival rate from 64 ⫾ 2.6 to
37.4 ⫾ 6.3% 48 h after microinjection (24 h after NGF
2002 Elsevier Science (USA)
All rights reserved.
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Our results show that PAG interacts with PS-1 in
yeast, in cultured mammalian cells, and in mouse
brain cell extracts. Consistent with the results in mammalian cells, recent genetic studies demonstrate that
PS-1 and PAG interact in Drosophila (E. Bier, personal
communication). When introduced into rat SCG neurons, PAG reduces the neuronal viability by causing
apoptosis in a caspase-dependent manner. This neurotoxic effect is exacerbated by removal of NGF. Overexpression of the wild-type PS-1 but not the mutant
PS1dE10 can protect against the neuronal death
caused by PAG overexpression. These results suggest
that a defect in PS-1 mutants in protecting neurons
against apoptotic insults may contribute to the pathogenesis of AD.
Presenilin proteins interact with a number of proteins, including transmembrane proteins [APP (Xia et
al., 1997; Pradier et al., 1999) and Notch (Ray et al.,
1999)], intracellular proteins involved in signal transduction [G-protein G0 (Smine et al., 1998), glycogen
synthetase kinase-3␤ (Takashima et al., 1998), armadillo/␤-catenin (Murayama et al., 1998; Tesco et al., 1998;
Z. H. Zhang et al., 1998; Levesque et al., 1999; Nishimura et al., 1999; Stahl et al., 1999; Tanahashi & Tabira,
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1999), calsenilin (Buxbaum et al., 1998), Rab11 (Dumanchin et al., 1999), G-protein G0 (Smine et al., 1998),
QM/Jif1 (Imafuku et al., 1999)], and cytoskeletal proteins [tau (Takashima et al., 1998) and filamin (W. J.
Zhang et al., 1998; Johnsingh et al., 2000)]. Cell death
gene products, Bcl-2 and Bcl-xl, have also been found
to interact with PS-1 (Alberici et al., 1999; Passer et al.,
1999). Our study reveals members of the thioredoxin
peroxidase family as proteins interacting with PS-1
and describes conditions under which a neuroprotective activity of wild-type PS-1 can be demonstrated in
neurons. Taken together, these data strongly suggest
that presenilins have multiple functional activities.
Our results from the primary neuronal culture suggest
that PS-1 may have neuroprotective activity and that
certain PS1 mutants may be defective in such neuroprotective function.
Although PS-1 is involved in A␤ production, an
extremely important event in AD pathogenesis, the
gain of function of PS-1 mutation in A␤ production
may not be the only mechanism involved in increasing
neuronal death. Loss of protective function of wildtype PS-1 may also contribute to the neuronal loss in
AD. Although it is still controversial whether neuronal
loss in AD pathogenesis is due to apoptosis, accumulating evidence indicates that presenilins play a role in
neuronal death. PS-1 knockout mice show significant
loss of neurons, suggesting impaired neurogenesis or
increased neuronal death in these animals (Shen et al.,
1997). Overexpression of PS-1 has been shown to protect against apoptosis of cortical neurons induced by
etopside or staurosporine (Bursztajn et al., 1998),
whereas inhibition of PS-1 expression by an antisense
strategy increases apoptosis in NT2 cells during retinoic acid induction and renders them unable to differentiate into neuronal cells (Hong et al., 1999). PS-1 is
also induced by transient ischemia in hippocampal
neurons relatively resistant to ischemic stress, but not
in susceptible hippocampal neurons (Tanimukai et al.,
1998). Also supporting the protective role of PS-1 are
recent reports that PS-1 can suppress c-Jun-associated
apoptosis (Imafuku et al., 1999) and modulate mitochondria-dependent apoptosis events (Alberici et al.,
1999; Passer et al., 1999).
Several additional lines of evidence support the hypothesis that wild-type presenilin may have neuroprotective activities and that presenilin mutations may
lead to a deficiency in such neuroprotective mechanisms. PS-1 mutations increased neuronal vulnerability to excitotoxic agents in knock-in mice (Guo et al.,
1999). Hypoxia-induced neuronal death was enhanced
by a PS-1 mutation (Mattson et al., 2000). Increased
sensitivity to mitochondrial toxin-induced apoptosis

in cells expressing mutant PS-1 is associated with enhanced free radical production (Keller et al., 1998).
Furthermore, inhibition of PS-1 expression resulted in
apoptosis (Roperch et al., 1998).
Our results showing a physical interaction between
PAG and PS-1 and showing neurotoxicity induced by
PAG overexpression provide new information on the
potential function of Tpx proteins. The first member of
Tpx family was identified and cloned from Saccharomyces cerevisiae as a protein involved in antioxidant
response (Kim et al., 1988; Chae et al., 1993). Further
work led to the discovery of a large number of proteins in this family (Chae et al., 1994b; Shau et al., 1994).
Biochemical studies suggested that Tpx proteins have
thiol peroxidase activity that is involved in removal of
peroxide (Chae et al., 1994a; Netto et al., 1996). PAG
was cloned as a proliferation-associated gene (Prosperi et al., 1993). Similar to PS-1, PAG is expressed in
a number of tissues (Prosperi et al., 1993). Sequence
analysis indicates that PAG belongs to the thioredoxin
peroxidase family. However, the function of PAG is
not well established, although our results show that
PAG has peroxidase activity in vitro (Y. Zhou & J. Y.
Wu, data not shown). Another human Tpx protein,
NKEF, was originally identified as a cytoplasmic factor from red blood cells, and NKEF enhances natural
killer cell-mediated cytotoxicity (Shau et al., 1993,
1994). A murine Tpx gene was expressed in all of the
tissues, with high levels in brain, heart, kidney, bone
marrow, and skeletal muscle (Ichimiya et al., 1997). In
situ hybridization reveals that this murine Tpx gene is
expressed in most neurons, with highest levels detected in pyramidal neurons in cerebral cortex and in
the CA1 region of the hippocampus as well as in
Purkinje cells in the cerebellum. It was noted that the
brain regions that showed high levels of Tpx expression are the areas that are especially susceptible to
ischemic and hypoxic injury (Ichimiya et al., 1997).
Recent studies suggest that PC12 cells transfected with
murine Tpx or Molt-4 leukemic cells transfected with
human TpxII appeared to have delayed or reduced
cell death after serum or NGF withdrawal (Ichimiya et
al., 1997; Zhang et al., 1997). The mechanisms underlying these cytotoxic or protective effects of Tpx proteins in neuronal or nonneuronal cells are not clear.
One simple prediction from the activity of Tpx on
oxidation would be that Tpx proteins should decrease
cell death. This is clearly not the case in SCG neurons.
An alternative possibility is that PAG can affect expression and/or functional activities of specific proteins that are regulated by oxidation and that the
resulting functional changes cause neuronal apoptosis. More experiments are needed in the future to
©
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examine whether there are regional specificity and
dynamic changes under different stress conditions in
PAG expression, and the study from Ichimiya et al.
(1997) suggests that this may be the case. Although
PAG interacts with PS-1, it is clear that simple physical
binding alone is not sufficient to explain the functional
difference between the wild-type and the mutant PS-1
proteins. Both the wild-type and the mutant PS-1 can
bind PAG, but only the wild-type PS-1 can reduce
apoptosis caused by PAG. This observation suggests
that wild-type and mutant PS-1 proteins may differentially regulate PAG activity. It will be interesting to
investigate why PAG causes apoptosis in SCG neurons and how PS-1 protects neurons from apoptosis.
The establishment of a neuronal survival assay in
primary neurons may help further functional studies
of PS-1 and its mutants.

ACKNOWLEDGMENTS
We thank Drs. J. Gitlin and P. Seubert for generously providing
anti-PS-1 antibodies, Maribel Martinez for excellent technical assistance, and members of the Wu laboratory for critically reading the
manuscript. This work is supported by grants from the NIH, the
Alzheimer’s Association, the American Health Assistance Foundation, the Washington University Alzheimer’s Disease Research Center, and the Leukemia Society of America Scholarship to J.Y.W. and
the NIH to A.G., E.M.G., and J.Y.W.

REFERENCES
Alberici, A., Moratto, D., Benussi, L., Gasparini, L., Ghidoni, R.,
Gatta, L. B., Finazzi, D., Frisoni, G. B., Trabucchi, M., Growdon,
J. H., Nitsch, R. M., & Binetti, G. (1999) Presenilin 1 protein
directly interacts with Bcl-2. J. Biol. Chem. 274, 30764 –30769.
Annaert, W. G., Levesque, L., Craessaerts, K., Dierinck, I., Snellings,
G., Westaway, D., George-Hyslop, P. S., Cordell, B., Fraser, P., &
De Strooper, B. (1999) Presenilin 1 controls gamma-secretase processing of amyloid precursor protein in pre-Golgi compartments
of hippocampal neurons. J. Cell Biol. 147, 277–294.
Borchelt, D. R., Ratovitski, T., Vanlare, J., Lee, M. K., Gonzales, V.,
Jenkins, N. A., Copeland, N. G., Price, D. L., & Sisodia, S. S. (1997)
Accelerated amyloid deposition in the brains of transgenic mice
coexpressing mutant presenilin 1 and amyloid precursor proteins.
Neuron 19, 939 –945.
Borchelt, D. R., Thinakaran, G., Eckman, C. B., Lee, M. K., Davenport, F., Ratovitsky, T., Prada C. M., Kim, G., Seekins, S., Yager,
D., Slunt, H. H., Wang, R., Seeger, M., Levey, A. I., Gandy, S. E.,
Copeland N. G., Jenkins, N. A., Price, D. L., & Younkin, S. G.
(1996) Familial Alzheimers disease-linked presenilin 1 variants
elevate A-beta-1-42/1-40 ratio in vitro and in vivo. Neuron 17,
1005–1013.
Bursztajn, S., Desouza, R., McPhie, D. L., Berman, S. A., Shioi, J.,
Robakis, N. K., & Neve, R. L. (1998) Overexpression in neurons of
human presenilin-1 or a presenilin-1 familial Alzheimer-disease
mutant does not enhance apoptosis. J. Neurosci. 18, 9790 –9799.
2002 Elsevier Science (USA)
All rights reserved.

©

Zhou et al.
Buxbaum, J. D., Choi, E. K., Luo, Y. X., Lilliehook, C., Crowley,
A. C., Merriam, D. E., & Wasco, W. (1998) Calsenilin—A calciumbinding protein that interacts with the presenilins and regulates
the levels of a presenilin fragment. Nat. Med. 4, 1177–1181.
Chae, H. Z., Kim, I. H., Kim, K., & Rhee, S. G. (1993) Cloning,
sequencing, and mutation of thiol-specific antioxidant gene of
Saccharomyces cerevisiae. J. Biol. Chem. 268, 16815–16821.
Chae, H. Z., Uhm, T. B., & Rhee, S. G. (1994a) Dimerization of
thiol-specific antioxidant and the essential role of cysteine 47.
Proc. Natl. Acad. Sci. USA 91, 7022–7026.
Chae, H. Z., Robison, K., Poole, L. B., Church, G., Storz, G., & Rhee,
S. G. (1994b) Cloning and sequencing of thiol-specific antioxidant
from mammalian brain, alkyl hydroperoxide reductase and thiolspecific antioxidant define a large family of antioxidant enzymes.
Proc. Natl. Acad. Sci. USA 91, 7017–7021.
Chui, D. H., Tanahashi, H., Ozawa, K., Ikeda, S., Checler, F., Ueda,
O., Suzuki, H., Araki, W., Inoue, H., Shirotani, K., Takahashi, K.,
Gallyas, F., & Tabira, T. (1999) Transgenic mice with Alzheimer
presenilin 1 mutations show accelerated neurodegeneration without amyloid plaque formation. Nat. Med. 5, 560 –564.
Czech, C., Tremp, G., & Pradier, L. (2000) Presenilins and Alzheimer’s disease, biological functions and pathogenic mechanisms.
Prog. Neurobiol. 60, 363–384.
De Strooper, B., Beullens, M., Contreras, B., Levesque, L., Craessaerts, K., Cordell, B., Moechars, D., Bollen, M., Fraser, P., GeorgeHyslop, P. S., & Van Leuven, F. (1997) Phosphorylation, subcellular localization, and membrane orientation of the Alzheimer’s
disease-associated presenilins. J. Biol. Chem. 272, 3590 –3598.
De Strooper, B., Saftig, P., Craessaerts, K., Vanderstichele, H., Guhde, G., Annaert, W., Von Figura, K., & Van Leuven, F. (1998)
Deficiency of presenilin-1 inhibits the normal cleavage of amyloid
precursor protein. Nature 391, 387–390.
De Strooper, B., Annaert, W., Cupers, P., Saftig, P., Craessaerts, K.,
Mumm, J. S., Schroeter, E. H., Schrijvers, V., Wolfe, M. S., Ray,
W. J., Goate, A., & Kopan, R. (1999) A presenilin-1-dependent
gamma-secretase-like protease mediates release of Notch intracellular domain. Nature 398, 518 –522.
Deng, G. M., Pike, C. J., & Cotman, C. W. (1996) Alzheimer-associated presenilin-2 confers increased sensitivity to apoptosis in Pc12
cells. FEBS Lett. 397, 50 –54.
Deshmukh, M., & Johnson, E. M., Jr. (1998) Evidence of a novel
event during neuronal death, development of competence-to-die
in response to cytoplasmic cytochrome c. Neuron 21, 695–705.
Doan, A., Thinakaran, G., Borchelt, D. R., Slunt, H. H., Ratovitsky,
T., Podlisny, M., Selkoe, D. J., Seeger, M., Gandy, S. E., Price, D. L.,
& Sisodia, S. S. (1996) Protein topology of presenilin 1. Neuron 17,
1023–1030.
Duff, K., Eckman, C., Zehr, C., Yu, X., Prada, C. M., Pereztur, J.,
Hutton, M., Buee, L., Harigaya, Y., Yager, D., Morgan, D., Gordon, M. N., Holcomb, L., Refolo, L., Zenk, B., Hardy, J., &
Younkin, S. (1996) Increased amyloid-beta-42(43) in brains of mice
expressing mutant presenilin 1. Nature 383, 710 –713.
Dumanchin, C., Czech, C., Campion, D., Cuif, M. H., Poyot, T.,
Martin, C., Charbonnier, F., Goud, B., Pradier, L., & Frebourg, T.
(1999) Presenilins interact with Rab11, a small GTPase involved in
the regulation of vesicular transport. Hum. Mol. Genet. 8, 1263–
1269.
Easton, R. M., Deckwerth, T. L., Parsadanian, A. S., & Johnson,
E. M., Jr. (1997) Analysis of the mechanism of loss of trophic factor
dependence associated with neuronal maturation, a phenotype
indistinguishable from Bax deletion. J. Neurosci. 17, 9656 –9666.
Georgakopoulos, A., Marambaud, P., Efthimiopoulos, S., Shioi, J.,
Cui, W., Li, H. C., Schutte, M., Gordon, R., Holstein, G. R.,

137

Presenilin-1 Protects against Neuronal Apoptosis
Martinelli, G., Mehta, P., Friedrich, V. L., Jr., & Robakis, N. K.
(1999) Presenilin-1 forms complexes with the cadherin/catenin
cell– cell adhesion system and is recruited to intercellular and
synaptic contacts. Mol. Cell 4, 893–902.
Goate, A., Chartier-Harlin, M. C., Mullan, M., Brown, J., Crawford,
F., Fidani, L., Giuffra, L., Haynes, A., Irving, N., James, L., et al.
(1991) Segregation of a missense mutation in the amyloid precursor protein gene with familial Alzheimer’s disease. Nature 349,
704 –706.
Greenlund, L. J., Deckwerth, T. L., & Johnson, E. M., Jr. (1995)
Superoxide dismutase delays neuronal apoptosis, a role for reactive oxygen species in programmed neuronal death. Neuron 14,
303–315.
Guo, Q., Furukawa, K., Sopher, B. L., Pham, D. G., Xie, J., Robinson,
N., Martin, G. M., & Mattson, M. P. (1996) Alzheimers Ps-1
mutation perturbs calcium homeostasis and sensitizes Pc12 cells
to death induced by amyloid beta-peptide. Neuroreport 8, 379 –383.
Guo, Q., Sebastian, L., Sopher, B. L., Miller, M. W., Ware, C. B.,
Martin, G. M., & Mattson, M. P. (1999) Increased vulnerability of
hippocampal neurons from presenilin-1 mutant knock-in mice to
amyloid beta-peptide toxicity, central roles of superoxide production and caspase activation. J. Neurochem. 72, 1019 –1029.
Haass, C. (1997) Presenilins—Genes for life and death. Neuron 18,
687– 690.
Hong, C. S., Caromile, L., Nomata, Y., Mori, H., Bredesen, D. E., &
Koo, E. H. (1999) Contrasting role of presenilin-1 and presenilin-2
in neuronal differentiation in vitro. J. Neurosci. 19, 637– 643.
Ichimiya, S., Davis, J. G., O’Rourke, D. M., Katsumata, M., & Greene,
M. I. (1997) Murine thioredoxin peroxidase delays neuronal apoptosis and is expressed in areas of the brain most susceptible to
hypoxic and ischemic injury. DNA Cell Biol. 16, 311–321.
Imafuku, I., Masaki, T., Waragai, M., Takeuchi, S., Kawabata, M.,
Hirai, S., Ohno, S., Nee, L. E., Lippa, C. F., Kanazawa, I., Imagawa,
M., & Okazawa, H. (1999) Presenilin 1 suppresses the function of
c-Jun homodimers via interaction with QM/Jif-1. J.Cell Biol. 147,
121–134.
Ishii, T., Yamada, M., Sato, H., Matsue, M., Taketani, S., Nakayama,
K., Sugita, Y., & Bannai, S. (1993) Cloning and characterization of
a 23-kDa stress-induced mouse peritoneal macrophage protein.
J. Biol. Chem. 268, 18633–18636.
Jiang, Z. H., Zhang, W. J., Rao, Y., & Wu, J. Y. (1998) Regulation of
Ich-1 pre-mRNA alternative splicing and apoptosis by mammalian splicing factors. Proc. Natl. Acad. Sci. USA 95, 9155–9160.
Jin, D. Y., Chae, H. Z., Rhee, S. G., & Jeang, K. T. (1997) Regulatory
role for a novel human thioredoxin peroxidase in NF-kappaB
activation. J. Biol. Chem. 272, 30952–30961.
Johnsingh, A. A., Johnston, J. M., Merz, G., Xu, J., Kotula, L., Jacobsen, J. S., & Tezapsidis, N. (2000) Altered binding of mutated
presenilin with cytoskeleton-interacting proteins. FEBS Lett. 465,
53–58.
Kang, D. E., Soriano, S., Frosch, M. P., Collins, T., Naruse, S., Sisodia,
S. S., Leibowitz, G., Levine, F., & Koo, E. H. (1999) Presenilin 1
facilitates the constitutive turnover of beta-catenin, differential
activity of Alzheimer’s disease-linked PS1 mutants in the betacatenin-signaling pathway. J. Neurosci. 19, 4229 – 4237.
Katayama, T., Imaizumi, K., Sato, N., Miyoshi, K., Kudo, T., Hitomi,
J., Morihara, T., Yoneda, T., Gomi, F., Mori, Y., Nakano, Y.,
Takeda, J., Tsuda, T., Itoyama, Y., Murayama, O., Takashima, A.,
St George-Hyslop, P., Takeda, M., & Tohyama, M. (1999) Presenilin-1 mutations downregulate the signalling pathway of the
unfolded-protein response. Nat. Cell Biol. 1, 479 – 485.
Keller, J. N., Guo, Q., Holtsberg, F. W., Brucekeller, A. J., & Mattson,
M. P. (1998) Increased sensitivity to mitochondrial toxin-induced

apoptosis in neural cells expressing mutant presenilin-1 is linked
to perturbed calcium homeostasis and enhanced oxyradical production. J. Neurosci. 18, 4439 – 4450.
Kim, K., Kim, I. H., Lee, K. Y., Rhee, S. G., & Stadtman, E. R. (1988)
The isolation and purification of a specific “protector” protein
which inhibits enzyme inactivation by a thiol/Fe(III)/O 2 mixedfunction oxidation system. J. Biol. Chem. 263, 4704 – 4711.
Kim, T. W., & Tanzi, R. E. (1997) Presenilins and Alzheimers disease.
Curr. Opin. Neurobiol. 7, 683– 688.
Kim, T. W., Pettingell, W. H., Jung, Y. K., Kovacs, D. M., & Tanzi,
R. E. (1997) Alternative cleavage of Alzheimer-associated presenilins during apoptosis by a caspase-3 family protease. Science
277, 373–376.
Kosik, K. S. (1998) Presenilin interactions and Alzheimers disease.
Science 279, 463– 464.
Lehmann, S., Chiesa, R., & Harris, D. A. (1997) Evidence for a
six-transmembrane domain structure of presenilin 1. J. Biol. Chem.
272, 12047–12051.
Levesque, G., Yu, G., Nishimura, M., Zhang, D. M., Levesque, L.,
Yu, H., Xu, D., Liang, Y., Rogaeva, E., Ikeda, M., Duthie, M.,
Murgolo, N., Wang, L., VanderVere, P., Bayne, M. L., Strader,
C. D., Rommens, J. M., Fraser, P. E., & St. George-Hyslop, P.
(1999) Presenilins interact with armadillo proteins including neural-specific plakophilin-related protein and beta-catenin. J. Neurochem. 72, 999 –1008.
Li, H. S., Chen, J. H., Wu, W., Fagaly, T., Zhou, L., Yuan, W., Dupuis,
S., Jiang, Z. H., Nash, W., Gick, C., Ornitz, D. M., Wu, J. Y., & Rao,
Y. (1999) Vertebrate slit, a secreted ligand for the transmembrane
protein roundabout, is a repellent for olfactory bulb axons. Cell 96,
807– 818.
Mattson, M. P., Zhu, H., Yu, J., & Kindy, M. S. (2000) Presenilin-1
mutation increases neuronal vulnerability to focal ischemia in
vivo and to hypoxia and glucose deprivation in cell culture:
Involvement of perturbed calcium homeostasis. J. Neurosci. 20,
1358 –1364.
Mullan, M., Tsuji, S., Miki, T., Katsuya, T., Naruse, S., Kaneko, K.,
Shimizu, T., Kojima, T., Nakano, I., Ogihara, T., et al. (1993)
Clinical comparison of Alzheimer’s disease in pedigrees with the
codon 717 Val 3 Ile mutation in the amyloid precursor protein
gene. Neurobiol. Aging 14, 407– 419.
Murayama, M., Tanaka, S., Palacino, J., Murayama, O., Honda, T.,
Sun, X. Y., Yasutake, K., Nihonmatsu, N., Wolozin, B., &
Takashima, A. (1998) Direct association of presenilin-1 with betacatenin. FEBS Lett. 433, 73–77.
Nakai, T., Yamasaki, A., Sakaguchi, M., Kosaka, K., Mihara, K.,
Amaya, Y., & Miura, S. (1999) Membrane topology of Alzheimer’s
disease-related presenilin 1. Evidence for the existence of a molecular species with a seven membrane-spanning and one membrane-embedded structure. J. Biol. Chem. 274, 23647–23658.
Netto, L. E. S., Chae, H. Z., Kang, S. W., Rhee, S. G., & Stadtman,
E. R. (1996) Removal of hydrogen peroxide by thiol-specific antioxidant enzyme (TSA) is involved with its antioxidant properties.
TSA possesses thiol peroxidase activity. J. Biol. Chem. 271, 15315–
15321.
Nishimura, M., Yu, G., Levesque, G., Zhang, D. M., Ruel, L., Chen,
F., Milman, P., Holmes, E., Liang, Y., Kawarai, T., Jo, E., Supala,
A., Rogaeva, E., Xu, D. M., Janus, C., Levesque, L., Bi, Q., Duthie,
M., Rozmahel, R., Mattila, K., Lannfelt, L., Westaway, D., Mount,
H. T., Woodgett, J., St George-Hyslop, P., et al. (1999) Presenilin
mutations associated with Alzheimer disease cause defective intracellular trafficking of beta-catenin, a component of the presenilin protein complex. Nat. Med. 5, 164 –169.
©

2002 Elsevier Science (USA)
All rights reserved.

138
Niwa, M., Sidrauski, C., Kaufman, R. J., & Walter, P. (1999) A role
for presenilin-1 in nuclear accumulation of Ire1 fragments and
induction of the mammalian unfolded protein response. Cell 99,
691–702.
Passer, B. J., Pellegrini, L., Vito, P., Ganjei, J. K., & D’Adamio, L.
(1999) Interaction of Alzheimer’s presenilin-1 and presenilin-2
with Bcl-X(L). A potential role in modulating the threshold of cell
death. J. Biol. Chem. 274, 24007–24013.
Pradier, L., Carpentier, N., Delalonde, L., Clavel, N., Bock, M. D.,
Buee, L., Mercken, L., Tocque, B., & Czech, C. (1999) Mapping the
APP/presenilin (PS) binding domains: The hydrophilic N-terminus of PS2 is sufficient for interaction with APP and can displace
APP/PS1 interaction. Neurobiol. Dis. 6, 43–55.
Prosperi, M. T., Ferbus, D., Karczinski, I., & Goubin, G. (1993) A
human cDNA corresponding to a gene overexpressed during cell
proliferation encodes a product sharing homology with amoebic
and bacterial proteins. J. Biol. Chem. 268, 11050 –11056.
Ray, W. J., Yao, M., Nowotny, P., Mumm, J., Zhang, W., Wu, J. Y.,
Kopan, R., & Goate, A. M. (1999) Evidence for a physical interaction between presenilin and Notch. Proc. Natl. Acad. Sci. USA 96,
3263–3268.
Roperch, J. P., Alvaro, V., Prieur, S., Tuynder, M., Nemani, M.,
Lethrosne, F., Piouffre, L., Gendron, M. C., Israeli, D., Dausset, J.,
Oren, M., Amson, R., & Telerman, A. (1998) Inhibition of presenilin 1 expression is promoted by p53 and p21(waf-1) and results
in apoptosis and tumor suppression. Nat. Med. 4, 835– 838.
Scheuner, D., Eckman, C., Jensen, M., Song, X., Citron, M., Suzuki,
N., Bird, T. D., Hardy, J., Hutton, M., Kukull, W., Larson, E.,
Levylahad, E., Viitanen, M., Peskind, E., Poorkaj, P., Schellenberg,
G., Tanzi, R., Wasco, W., Lannfelt, L., Selkoe, D., & Younkin, S.
(1996) Secreted amyloid beta-protein similar to that in the senile
plaques of Alzheimers disease is increased in vivo by the presenilin 1 and 2 and APP mutations linked to familial Alzheimers
disease. Nat. Med. 2, 864 – 870.
Selkoe, D. J. (1997) Clinical genetics. 3. Alzheimers disease—From
genes to pathogenesis. Am. J. Psychiatry 154, 1198.
Shau, H., Gupta, R. K., & Golub, S. H. (1993) Identification of a
natural killer enhancing factor (NKEF) from human erythroid
cells. Cell. Immunol. 147, 1–11.
Shau, H., Butterfield, L. H., Chiu, R., & Kim, A. (1994) Cloning and
sequence analysis of candidate human natural killer-enhancing
factor genes. Immunogenetics 40, 129 –134.
Shen, J., Bronson, R. T., Chen, D. F., Xia, W. M., Selkoe, D. J., &
Tonegawa, S. (1997) Skeletal and CNS defects in presenilin-1deficient mice. Cell 89, 629 – 639.
Shinozaki, K., Maruyama, K., Kume, H., Tomita, T., Saido, T. C.,
Iwatsubo, T., & Obata, K. (1998) The presenilin 2 loop domain
interacts with the Mu-calpain C-terminal region. Int. J. Mol. Med.
1, 797–799.
Smine, A., Xu, X. M., Nishiyama, K., Katada, T., Gambetti, P.,
Yadav, S. P., Wu, X., Shi, Y. C., Yasuhara, S., Homburger, V., &
Okamoto, T. (1998) Regulation of brain G-protein G(o) by Alzheimers disease gene presenilin-1. J. Biol. Chem. 273, 16281–16288.
St George-Hyslop, P. H. (2000) Molecular genetics of Alzheimer’s
disease. Biol. Psychiatry 47, 183–199.
St George-Hyslop, P. H., Tanzi, R. E., Polinsky, R. J., Haines, J. L.,
Nee, L., Watkins, P. C., Myers, R. H., Feldman, R. G., Pollen, D.,

2002 Elsevier Science (USA)
All rights reserved.

©

Zhou et al.
Drachman, D., et al. (1987) The genetic defect causing familial
Alzheimer’s disease maps on chromosome 21. Science 235, 885–
890.
Stahl, B., Diehlmann, A., & Sudhof, T. C. (1999) Direct interaction of
Alzheimer’s disease-related presenilin 1 with armadillo protein
p0071. J. Biol. Chem. 274, 9141–9148.
Takashima, A., Murayama, M., Murayama, O., Kohno, T., Honda,
T., Yasutake, K., Nihonmatsu, N., Mercken, M., Yamaguchi, H.,
Sugihara, S., & Wolozin, B. (1998) Presenilin 1 associates with
glycogen synthase kinase-3-beta and its substrate tau. Proc. Natl.
Acad. Sci. USA 95, 9637–9641.
Tanahashi, H., & Tabira, T. (1999) Isolation of human delta-catenin
and its binding specificity with presenilin 1. NeuroReport 10, 563–
568.
Tani, H., Kamidate, T., & Watanabe, H. (1998) Aqueous micellar
two-phase systems for protein separation. Anal. Sci. 14, 875– 888.
Tanimukai, H., Imaizumi, K., Kudo, T., Katayama, T., Tsuda, M.,
Takagi, T., Tohyama M., & Takeda, M. (1998) Alzheimer-associated presenilin-1 gene is induced in gerbil hippocampus after
transient ischemia. Mol. Brain Res. 54, 212–218.
Tesco, G., Kim, T. W., Diehlmann, A., Beyreuther, K., & Tanzi, R. E.
(1998) Abrogation of the presenilin 1 beta-catenin interaction and
preservation of the heterodimeric presenilin 1 complex following
caspase activation. J. Biol. Chem. 273, 33909 –33914.
Vito, P., Wolozin, B., Ganjei, J. K., Iwasaki, K., Lacana, E., &
D’Adamio, L. (1996) Requirement of the familial Alzheimer’s
disease gene PS2 for apoptosis: Opposing effect of ALG-3. J. Biol.
Chem. 271, 31025–31028.
Wolfe, M. S., Xia, W., Ostaszewski, B. L., Diehl T. S., Kimberly,
W. T., & Selkoe, D. J. (1999) Two transmembrane aspartates in
presenilin-1 required for presenilin endoproteolysis and gammasecretase activity. Nature 398, 513–517.
Wolozin, B., Alexander, P., & Palacino, J. (1998) Regulation of apoptosis by presenilin 1. Neurobiol. Aging 19, S 23-S 27.
Wu, J. Y., & Maniatis, T. (1993) Specific interactions between proteins implicated in splice site selection and regulated alternative
splicing. Cell 75, 1061–1070.
Xia, W. M., Zhang, J. M., Perez R., Koo, E. H., & Selkoe, D. J. (1997)
Interaction between amyloid precursor protein and presenilins in
mammalian Cells—Implications for the pathogenesis of Alzheimer disease. Proc. Natl. Acad. Sci. USA 94, 8208 – 8213.
Xia, X., Qian, S., Soriano, S., Wu, Y., Fletcher, A. M., Wang, X. I.,
Koo, E. H., Wu, X. & Zheng, H. (2001) Loss of presenilin 1 is
associated with enhanced beta-catenin signaling and skin tumorigenesis. Proc. Natl. Acad. Sci. USA 98, 10863–10868.
Zhang, P., Liu, B., Kang, S. W., Seo, M. S., Rhee, S. G., & Obeid, L. M.
(1997) Thioredoxin peroxidase is a novel inhibitor of apoptosis
with a mechanism distinct from that of Bcl-2. J. Biol. Chem. 272,
30615–30618.
Zhang, W. J., Han, S. W., McKeel, D. W., Goate, A., & Wu, J. Y.
(1998) Interaction of presenilins with the filamin family of actinbinding proteins. J. Neurosci. 18, 914 –922.
Zhang, Z. H., Hartmann, H., Do, V. M., Abramowski, D., Sturchlerpierrat C., Staufenbiel M., Sommer, B., Vandewetering M., Clevers, H., Saftig, P., Destrooper, B., He, X., & Yankner, B. A. (1998)
Destabilization of beta-catenin by mutations in presenilin-1 potentiates neuronal apoptosis. Nature 395, 698 –702.

