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Most autosomal dominant inherited forms of early onset Alz-
heimer’s disease (AD) are caused by mutations in the
presenilin-1 (PS-1) gene on chromosome 14. PS-1 is an integral
membrane protein with six to nine membrane-spanning do-
mains and is expressed in neurons throughout the brain
wherein it is localized mainly in endoplasmic reticulum (ER). The
mechanism or mechanisms whereby PS-1 mutations promote
neuron degeneration in AD are unknown. Recent findings sug-
gest links among deposition of amyloid b-peptide (Ab), oxida-
tive stress, disruption of ion homeostasis, and an apoptotic
form of neuron death in AD. We now report that expression of
the human PS-1 L286V mutation in PC12 cells increases their
susceptibility to apoptosis induced by trophic factor withdrawal
and Ab. Increases in oxidative stress and intracellular calcium
levels induced by the apoptotic stimuli were exacerbated

greatly in cells expressing the PS-1 mutation, as compared with
control cell lines and lines overexpressing wild-type PS-1. The
antiapoptotic gene product Bcl-2 prevented apoptosis after
NGF withdrawal from differentiated PC12 cells expressing mu-
tant PS-1. Elevations of [Ca21]i in response to thapsigargin, an
inhibitor of the ER Ca21-ATPase, were increased in cells ex-
pressing mutant PS-1, and this adverse effect was abolished in
cells expressing Bcl-2. Antioxidants and blockers of calcium
influx and release from ER protected cells against the adverse
consequences of the PS-1 mutation. By perturbing cellular
calcium regulation and promoting oxidative stress, PS-1 muta-
tions may sensitize neurons to apoptotic death in AD.
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Alzheimer’s disease (AD) is a progressive and always fatal neu-
rodegenerative disorder characterized by the death of neurons in
brain regions involved in learning and memory processes (for
review, see Selkoe, 1989). Accumulations of insoluble fibrillar
aggregates of a protein called amyloid b-peptide (Ab) are impli-
cated in the pathogenesis of AD. Ab is associated with degener-
ating neurons in AD brain, and mutations in the gene for the
amyloid precursor protein (the source of Ab) cause a small
percentage of cases of inherited familial AD (for review, see
Mullan and Crawford, 1993). Moreover, mice genetically engi-
neered to produce mutated human amyloid precursor protein
exhibit Ab deposition and cognitive impairments (Games et al.,
1995; Hsaio et al., 1996). Ab damages and kills cultured neurons
by a mechanism involving oxidative stress and disruption of cel-
lular calcium homeostasis (Mattson et al., 1992; Behl et al., 1994;
Fukuyama et al., 1994; Goodman and Mattson, 1994; Mark et al.,
1995, 1997a). Apoptosis is a form of “programmed” cell death
characterized by plasma membrane phospholipid alterations, cell
shrinkage, and nuclear DNA condensation and fragmentation
(Bredesen, 1995; Thompson, 1995). Ab induces apoptosis in cul-
tured neurons (Forloni et al., 1993; Loo et al., 1993), and studies

of postmortem brain tissue suggest that neuronal apoptosis occurs
in AD (Su et al., 1994; Smale et al., 1995). The molecular and
cellular mechanisms that predispose neurons to apoptotic death
in AD are unknown.

An important step toward elucidating the cause or causes of
neuron degeneration in AD was made with the identification of
the genes responsible for the majority of cases of autosomal
dominant inherited forms of early onset AD. The genes, called
presenilin-1 (PS-1; chromosome 14) and presenilin-2 (PS-2; chro-
mosome 1), encode proteins predicted to be integral membrane
proteins with six to nine membrane-spanning domains (Levy-
Lahad et al., 1995; Rogaev et al., 1995; Sherrington et al., 1995;
Doan et al., 1996; Li and Greenwald, 1996). Immunohistochem-
ical analyses indicate that PS-1 is expressed in neurons throughout
the brain (Cook et al., 1996; Cribbs et al., 1996; Elder et al., 1996);
PS-1 has been localized to both degenerating (Murphy et al.,
1996) and nondegenerating (Giannakopoulos et al., 1997) neu-
rons in AD brain. In cultured cells PS-1 localizes to subcellular
compartments and seems to be at particularly high levels in the
endoplasmic reticulum (ER) (Kovacs et al., 1996; Walter et al.,
1996). PS-1 can be processed endoproteolytically (Thinakaran et
al., 1996), although the significance of such processing is un-
known. Because PS-1 mutations account for the majority of cases
of inherited early onset forms of AD, understanding the normal
functions of PS-1 and how PS-1 mutations promote neuron de-
generation are central issues in the AD field. We report that
expression of a human PS-1 mutation in PC12 cells increases their
vulnerability to apoptosis induced by trophic factor withdrawal
and Ab. The mechanism whereby mutant PS-1 promotes apopto-
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sis seems to involve disruption of calcium homeostasis and in-
creased oxidative stress.

MATERIALS AND METHODS
Expression of wild-type and mutant PS-1 in PC12 cells. Rat pheochromo-
cytoma (PC12) cells (Black and Greene, 1982) were maintained at 37°C
(5% CO2 atmosphere) in RPMI-1640 medium supplemented 10% with
heat-inactivated horse serum and 5% with heat-inactivated fetal bovine
serum. A full-length human PS-1 cDNA and a PS-1 cDNA containing the
L286V mutation were cloned into either the expression vector pTRE in
the Tet-off expression system (Clontech, Cambridge, UK) or pRc/CMV
to produce pTRE-PS1 and pTRE-PS1L286V or pCMV-PS1 and pCMV-
PS1L286V, where, in both cases, the expression of PS-1 and PS-1 L286V
cDNAs is under the control of CMV promoter. PC12 cells were trans-
fected with Lipofectamine (Life Technologies, Gaithersburg, MD). Sta-
ble expression of PS-1 L286V in PC12 cells with the pRc/CMV vector did
not affect cell viability significantly during the G418 selection procedure.
Double-stable PC12 cell lines in which PS-1 and PS-1 L286V expression
could be suppressed or induced were established by first generating stable
lines expressing the Tet-off system (cells were selected for 4 weeks in the
presence of 0.8 mg/ml of G418). G418-resistant clones were isolated and
cotransfected with the response plasmids pTRE-PS1 or pTRE-PS1L286V
and pTK-Hyg. Cells were grown in selection medium containing 0.4
mg/ml hygromycin, and stable clones were isolated after 4 weeks and
screened for PS-1 expression in the presence or absence of 2 mg/ml Tet
by Western blot or RT-PCR. Resulting double-stable cell lines that
exhibited high levels of expression after removal of tetracycline were used
for subsequent experiments. A PC12 cell line overexpressing Bcl-2 (a
generous gift from D. Bredesen, The Burnaham Institute, La Jolla, CA;
Kane et al., 1993) was used to generate stable lines expressing the Tet-off
system as described above. The latter lines then were cotransfected with
the response plasmids pTRE-PS1 or pTRE-PS1L286V and pTK-Hyg,
and stable lines exhibiting high levels of expression of wild-type and
mutant PS-1 were used for experiments.

RT-PCR analysis was performed as described previously (Guo et al.,
1996). Briefly, mRNA from the cultured cells was isolated and reverse-
transcribed via the reverse transcription system (Promega, Madison, WI)
and the 39 primer 59-GCTTCCCATTCCTCACTGAA-39. cDNA (2.5 ml)
was used as a template in a 50 ml PCR, using 15–40 cycles of 94°C (1 min),
60°C (2 min), and 72°C (2 min) with a final extension time of 10 min at
72°C. Reaction mixtures were as recommended for Taq polymerase
(Perkin-Elmer Cetus, Oak Brook, IL), except that Taq was added after
the mixtures were heated to 95°C for 7 min. The 39 primer used was the
oligonucleotide used to prime the cDNA synthesis; the 59 primer was 59-
GTGGCTGTTTTGTGTCCGAA-39. The PCR products were resolved
and visualized by electrophoresis in 3% agarose gel stained with ethidium
bromide. Because the Leu to Val mutation at codon 286 creates a PvuII
site, the wild-type RT-PCR product could not be cut by PvuII and
generated a single 251-bp fragment, whereas the mutation resulted in
PvuII cleavage of the product into 79 and 172 bp fragments.

Experimental treatments. Cells were differentiated to a neuron-like
phenotype by incubation in medium with reduced serum concentration
(2% fetal bovine serum) and containing 50 ng/ml nerve growth factor
(NGF) (Black et al., 1982). Immediately before experimental treatment
the medium was replaced with Locke’s solution containing (in mM): NaCl
154, KCl 5.6, CaCl2 2.3, MgCl2 1.0, NaHCO3 3.6, glucose 5, and HEPES
5, pH 7.2. Serum withdrawal from undifferentiated PC12 cells and NGF
withdrawal from differentiated PC12 cells were accomplished by repeated
washing of cells with Locke’s solution. Synthetic Ab25–35 was purchased
from Bachem (Torrence, CA), and stocks were prepared at a concentra-
tion of 1 mM in water and allowed to incubate overnight at 37°C before
addition to cultures. Nifedipine, sodium dantrolene, thapsigargin, vitamin
E, and propyl gallate were purchased from Sigma (St. Louis, MO) and
prepared as 5003 stocks in ethanol.

Generation of PS-1 antibodies and Western blot analysis. Affinity-purified
polyclonal antibody was isolated from serum of rabbits injected with a
synthetic peptide with a sequence (NH2-NDDGGFSEEWEAQRD-
COOH) corresponding to amino acids 331–345 of the loop region of
human PS-1. Preliminary studies showed that this antibody recognizes
both wild-type and PS-1 L286V. For Western blot analysis solubilized cell
proteins were separated by electrophoresis in a 12% polyacrylamide gel,
transferred to a nitrocellulose sheet, and immunoreacted with PS-1
antibody (1:100). The nitrocellulose sheet was processed further with
HRP-conjugated anti-mouse secondary antibody and a chemilumines-
cence detection method (Amersham, Arlington Heights, IL).

Analyses of cell death and apoptosis. Quantification of LDH levels in
culture medium was done as described previously (Bruce et al., 1996).
Levels of cellular 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reduction, a measure of mitochondrial redox status and
function (Shearman et al., 1994), were quantified as described previously
(Mattson et al., 1995). Briefly, MTT solution (5 mg/ml PBS) was added to
cultures (1:10, v:v; MTT solution/culture medium) and allowed to incu-
bate for 3 hr. The cells were washed three times with Locke’s solution and
solubilized in dimethylsulfoxide; the absorbance in each culture well was
quantified with a plate reader. Methods used to establish apoptotic cell
death included Hoescht and propidium iodide staining of DNA and
suppression of cell death by macromolecular synthesis inhibitors. For
Hoescht and propidium iodide staining, cells were fixed in 4% parafor-
maldehyde, membranes were permeabilized with 0.2% Triton X-100, and
cells were stained with the fluorescent DNA-binding dyes Hoescht 33342
or propidium iodide, as described previously (Mark et al., 1995; Kruman
et al., 1996). Hoescht-stained cultures were used to quantify the percent-
age of “apoptotic” cells; cells with condensed and fragmented DNA were
considered apoptotic, whereas cells in which the DNA was distributed
diffusely and uniformly throughout the nucleus were considered not
apoptotic. Cells were visualized under epifluorescence illumination (340
nm excitation and 510 nm barrier filter) with a 403 oil immersion
objective. Cells were counted in four random 403 fields per culture;
counts were made without knowledge of cell type or treatment history.
Images of propidium iodide-stained cells were acquired with a confocal
laser scanning microscope (488 nm excitation and 510 nm barrier filter;
Molecular Dynamics, Sunnyvale, CA) with a 603 oil immersion objective.

Measurements of intracellular peroxide and calcium levels. Peroxide
levels were measured by using the dye 2,7-dichlorofluorescein diacetate
(DCF) as described previously (Goodman and Mattson, 1994; Mattson et
al., 1995). Ratiometric imaging of the calcium indicator dye fura-2 was
performed as described previously (Mattson et al., 1992, 1993a). For
measurements of DCF fluorescence and [Ca21]i after exposure to Ab,
cells were loaded with DCF or fura-2 and maintained in the presence of
Ab during imaging.

RESULTS
PC12 cells expressing mutant PS-1 exhibit increased
vulnerability to apoptosis induced by serum
withdrawal and amyloid b-peptide
Rat neural (PC12) cells were stably transfected with a DNA
construct encoding PS-1 containing the 286 leu–val mutation
(L286V), and additional lines were transfected with wild-type
PS-1 or vector alone. RT-PCR analysis showed that PS-1 and PS-1
L286V mRNAs were expressed at variable levels in each of the
transfected cell lines isolated (data not shown) (cf. Guo et al.,
1996). Levels of PS-1 expression were established in Western blot
analyses (Fig. 1); clonal lines expressing moderately high levels of
wild-type PS-1 (n 5 3) or PS1L286V (n 5 3), one vector-
transfected line, and the untransfected parent cell line were cho-
sen for use in the present study. Densitometric analyses of West-
ern blots showed that the levels of expression of wild-type and
mutant PS-1 in the clones chosen were very similar and were at
least five times greater than the background level of endogenous
PS-1 (Fig. 1B). Under the normal culture maintenance condi-
tions, overexpression of wild-type or mutant PS-1 at the levels of
the lines used in the present study did not seem to affect cell
survival or growth.

To determine whether the expression of PS-1 L286V affected
cell death after trophic factor withdrawal, we deprived various
lines of undifferentiated PC12 cells of serum, an insult previously
shown to induce apoptosis (Bastitatou and Greene, 1991; Ruken-
stein et al., 1991). In untransfected and vector-transfected PC12
cells there was a progressive appearance of cells with apoptotic
nuclei that occurred between 12 and 48 hr after serum withdrawal
(Fig. 2A). In PC12 cells expressing PS-1 L286V there was a
dramatic increase in the numbers of apoptotic cells present at 12,
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24, and 48 hr after serum withdrawal (Fig. 2A,C). In another set
of experiments cells were differentiated into a neuron-like phe-
notype by chronic exposure to NGF, and then the NGF was

withdrawn. Apoptosis induced by NGF withdrawal in cell lines
expressing mutant PS-1 was significantly greater than in untrans-
fected cells, vector-transfected cells, and cells overexpressing wild-
type PS-1 (Fig. 2B). NGF withdrawal induced apoptosis in ;20%
of cells in untransfected and vector-transfected cell lines and in
;80% of the cells in lines expressing mutant PS-1. The level of
apoptosis after NGF withdrawal in cells overexpressing wild-type
PS-1 was somewhat higher than that in vector-transfected and
untransfected lines, although the difference did not reach statis-
tical significance (Fig. 2B).

Previous studies showed that Ab can induce apoptosis in cul-
tured primary neurons (Loo et al., 1993) and PC12 cells
(Gschwind and Huber, 1995). Exposure of undifferentiated PC12
cells to Ab for 24 hr induced apoptotic nuclear changes, and the
percentage of cells undergoing apoptosis was significantly greater
in cells expressing PS-1 L286V than in untransfected cells, vector-
transfected cells, and cells overexpressing wild-type PS-1 (Fig.
3A). Nuclear condensation and fragmentation induced by Ab

(Fig. 3A) and serum withdrawal (data not shown) were prevented
by the protein synthesis inhibitor cycloheximide, consistent with
an apoptotic mechanism of cell death. It was reported previously
that Ab causes a relatively rapid (minutes to hours) impairment of
mitochondrial function as measured by MTT reduction that oc-
curs very early in the apoptotic process (Shearman et al., 1994;
Kruman et al., 1996). Exposure of PC12 cells to Ab resulted in a
decrease in levels of MTT reduction in all cell lines examined, and
the magnitude of the decrease in MTT reduction was significantly
greater in each line expressing PS-1 L286V than in untransfected
cells, cells transfected with empty vector, and lines overexpressing
wild-type PS-1 (Fig. 3B).

Proapoptotic action of PS-1 mutation involves
disruption of calcium homeostasis and induction of
oxidative stress
To test the hypothesis that PS-1 mutations promote cell death by
increasing oxidative stress, we determined whether antioxidants
would protect cells against death induced by Ab and measured
levels of peroxides in the different cell lines after exposure to Ab.
When cultures were pretreated with the antioxidants propyl gal-
late or vitamin E before exposure to Ab, cell death 24 hr later was
reduced significantly, and the death-enhancing effect of L286V
was prevented (Fig. 4A). In light of previous data implicating
disruption of cellular calcium homeostasis in the mechanism of
Ab cytotoxicity (Mattson et al., 1992, 1993a; Mark et al., 1995)
and apoptosis (Takei and Endo, 1994; Ciutat et al., 1995), we
determined whether cells expressing PS-1 L286V exhibit in-
creased sensitivity to Ab-induced elevation of [Ca21]i and
whether agents that suppress calcium influx would protect cells
against the adverse effects of PS-1 L286V. Ab induced an increase
in [Ca21]i during a 4 hr exposure period; the elevation of [Ca21]i

was significantly greater in cells expressing PS-1 L286V, as com-
pared with control cell lines (Fig. 4B). Ab caused [Ca21]i to
increase to 150–170 nM in control cell lines and to .300 nM in
L286V-expressing cells. Cell death induced by Ab, and the death-
enhancing effect of PS-1 L286V was attenuated significantly in
cultures pretreated with nifedipine, a blocker of L-type voltage-
dependent calcium channels (Fig. 4A). Dantrolene, an inhibitor
of calcium release from ER stores, also in large part prevented
Ab-induced cell death in cells expressing L286V, suggesting a role
for altered calcium release in the proapoptotic action of PS-1

Figure 1. Expression of wild-type and mutant PS-1 in PC12 cells. A,
Western blot showing PS-1 protein in untransfected and vector-
transfected PC12 cells and in three different lines of cells expressing
wild-type (PS-1) and mutant (PS1L286V ) PS-1. Equivalent amounts of
protein (50 mg/ lane) from cell homogenates of the indicated cell lines
(untransfected cells, vector-transfected cells, PS-1, and PS1L286V)
were separated by SDS-PAGE, transferred to nitrocellulose, and
probed with PS-1 antibody. Similar to results of other investigators
(Thinakaran et al., 1996), in addition to recognizing full-length PS-1
(46 kDa band), our anti-loop PS-1 antibody also recognized presump-
tive proteolytic products of PS-1 ;32 and 19 kDa. B, Densitometric
analysis of relative levels of PS-1 protein in PC12 cell lines stably
expressing wild-type (PS-1) and mutant (PS1L286V ) PS-1. Note that
basal PS-1 levels are relatively low in PC12 cells and that levels of
expression of wild-type and mutant PS-1 were similar among the lines
shown.
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L286V (Fig. 4A). Nifedipine and dantrolene also afforded partial
protection against the adverse effects of mutant PS-1 on [Ca21]i

(Fig. 4B) and cellular peroxide levels (Fig. 4C). As expected from
previous studies (Behl et al., 1994; Goodman and Mattson, 1994),
exposure of PC12 cells to Ab for 4 hr caused an increase in
cellular peroxide levels; the increase was significantly greater in
cells expressing PS-1 L286V than in control cell lines (Fig. 4C).
Pretreatment with either propyl gallate or vitamin E in large part
abolished the Ab-induced increase in peroxide levels (Fig. 4C).

Collectively, these data indicated that mutant PS-1 may sensitize
neural cells to apoptosis by perturbing calcium homeostasis and
free radical metabolism.

Apoptosis in differentiated PC12 cells induced by NGF
withdrawal is enhanced by mutant PS-1

The experiments described above used PC12 cell lines stably
expressing high levels of wild-type or mutant PS-1, a situation that

Figure 2. PC12 cells expressing PS-1 L286V mutation exhibit increased vulnerability to apoptosis induced by trophic factor withdrawal. A, The
percentages of cells exhibiting DNA condensation and fragmentation (apoptotic cells) were determined in Hoescht-stained cultures at the indicated times
after serum withdrawal from undifferentiated PC12 cell lines: untransf, untransfected cells; Vector, cells transfected with empty vector; PS-1, cells
transfected with wild-type PS-1 (pooled data from three different lines; C1, C2, and C6); and three different lines expressing mutant PS-1 (PS1L286V ).
Values represent the mean and SD of determinations made in four separate cultures (200 cells counted /culture). Values for each of the three cell lines
expressing L286V were greater than corresponding values for untransfected cultures and cultures transfected with vector or wild-type PS-1 (12 hr time
point, p , 0.05; 24 and 48 hr time points, p , 0.001); ANOVA with Scheffé’s post hoc tests. B, Control untransfected PC12 cells (Control ) and PC12 cells
transfected with empty vector (Vector), wild-type PS-1 (PS-1), or mutant PS-1 (PS1L286V ) were differentiated in the presence of NGF (data pooled from
analyses on all three lines expressing wild-type PS-1 and all three lines expressing PS-1 L286V; compare with Fig. 1). NGF was withdrawn, and 48 hr later
the percentages of apoptotic cells in each culture were determined. Values represent the mean and SD of determinations made in four separate cultures.
*p , 0.01 compared with each of the other values; ANOVA with Scheffé’s post hoc tests. C, Confocal images of propidium iodide fluorescence in
vector-transfected and L286V-transfected PC12 cells 24 hr after serum withdrawal. Fluorescence intensity is depicted in pseudocolor according to the
color scale bar. Note that DNA is distributed diffusely throughout the nuclei of most vector-transfected cells, whereas DNA is fragmented to varying
extents in most cells expressing PS-1 L286V (arrowheads).
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could perturb metabolic pathways nonspecifically in the cells.
Moreover, because wild-type and mutant PS-1 were expressed
throughout the period of NGF-induced cell differentiation, we
could not rule out the possibility that mutant PS-1 affects the
differentiation process. To examine further the proapoptotic ac-
tions of PS-1 mutations, we therefore established PC12 lines
expressing wild-type and mutant PS-1 under the control of a
tetracycline-suppressible (Tet-off) promoter. For these experi-
ments cells were maintained in the presence of tetracycline during
the period of differentiation with NGF. After differentiation and
48 hr before NGF withdrawal, tetracycline concentration was
reduced to induce PS-1 wild-type or mutant expression. As ex-
pected, levels of PS-1 expression increased with decreasing con-
centrations of tetracycline in the culture medium (Fig. 5A); sub-
sequent experiments were performed in cultures induced to
express wild-type or mutant PS-1 at comparable levels (Fig.
5B). Withdrawal of NGF from differentiated untransfected,
vector-transfected, and Tet-off-transfected PC12 cells resulted
in apoptosis of ;40% of the cells during a 48 hr period (Fig.
6 A). In contrast, apoptosis did not occur after NGF withdrawal
in PC12 cells expressing Bcl-2. NGF withdrawal-induced apo-
ptosis was enhanced significantly in PC12 cells expressing mu-
tant PS-1 L286V (Fig. 6C), as compared with cells expressing
wild-type PS-1 (Fig. 6 B). Cells expressing PS-1 L286V also
exhibited a modest increase in basal levels of apoptosis in the
presence of NGF. PC12 cells expressing Bcl-2 in combination
with wild-type or mutant PS-1 were completely resistant to
apoptosis induced by NGF withdrawal (Fig. 6C). Collectively,
these data indicate that mutant PS-1 possesses an adverse
property not present in wild-type PS-1 that sensitizes neurons
to apoptosis.

Enhanced oxidative stress after NGF withdrawal and
perturbed calcium homeostasis in differentiated PC12
cells expressing mutant PS-1
Withdrawal of NGF from differentiated untransfected and vector-
transfected PC12 cells resulted in an increase in levels of cellular
peroxides that occurred within 3 hr (Fig. 7A). An increase in
cellular peroxides also occurred after NGF withdrawal from PC12
cells expressing Bcl-2, suggesting that the antiapoptotic action of
Bcl-2 occurred downstream of the oxidative stress (cf. Greenlund
et al., 1995). NGF withdrawal-induced peroxide accumulation was
enhanced greatly in PC12 cells expressing the mutant PS-1 L286V,
as compared with cells expressing wild-type PS-1 (Fig. 7B). Basal
levels of peroxides in cells expressing PS-1 L286V were somewhat
higher than in control cells, although the difference did not reach
statistical significance. PC12 cells expressing Bcl-2 in combination
with mutant PS-1 exhibited peroxide levels after NGF withdrawal
that were lower than in cells lacking Bcl-2, but the difference did
not reach statistical significance (Fig. 7C).

PS-1 is localized to the ER, and a recent study showed that
PC12 cells expressing mutant PS-1 exhibit altered ER calcium
regulation (Guo et al., 1996). We therefore examined calcium
responses to thapsigargin, an inhibitor of the ER Ca21–ATPase
in differentiated PC12 cells expressing wild-type or mutant
PS-1, with or without Bcl-2. Rest [Ca21]i was ;60 nM in control
cells and was elevated to 80 –110 nM in cells expressing PS-1
L286V (Fig. 8). In PC12 cells not expressing PS-1, thapsigargin
caused an increase in [Ca21]i to 160 –180 nM, and the response
was attenuated by ;50% in cells expressing Bcl-2 (Fig. 8 A).
PC12 cells expressing PS-1 L286V exhibited a markedly en-

Figure 3. Mutant PS-1 increases PC12 cell vulnerability to apoptosis
and mitochondrial dysfunction induced by amyloid b-peptide. A, The
indicated cell lines were exposed to vehicle (Vehicle), 50 mM Ab (Ab),
or 10 mM cycloheximide plus 50 mM Ab (CHX 1 Ab) for 24 hr. Then
cells were stained with Hoescht dye, and the percentages of cells
exhibiting DNA condensation and fragmentation were determined.
Values represent the mean and SD of determinations made in four
separate cultures (data pooled from analyses on all three lines express-
ing wild-type PS-1 and all three lines expressing PS-1 L286V; compare
with Fig. 1). For all cell lines the values for cells exposed to Ab were
significantly greater than values for vehicle or CHX plus Ab-treated
cell lines ( p , 0.01). *p , 0.01 compared with each of the other cell
lines exposed to Ab; ANOVA with Scheffé’s post hoc tests. B, Parallel
cultures of untransfected control cells (Untransf ), vector-transfected
cells (Vector), three lines of cells transfected with wild-type PS-1 (PS-1;
pooled data), and three lines of mutant PS-1 cells (PS1L286V; pooled
data) were exposed for 4 hr to 50 mM Ab, and relative levels of MTT
reduction (a measure of mitochondrial function) were quantified. Val-
ues are the mean and SD of determinations made in four separate
cultures and are expressed as a percentage of vehicle-treated control
(vector-transfected) cells (data pooled from analyses on all three lines
expressing wild-type PS-1 and all three lines expressing PS-1 L286V;
compare with Fig. 1). There were no differences in basal levels of MTT
reduction among the various control, wild-type PS-1-expressing, and
mutant PS-1-expressing lines (data not shown). *p , 0.01 compared
with corresponding values for untransfected, vector-transfected, and
WT PS-1-transfected lines exposed to Ab; ANOVA with Scheffé’s post
hoc tests.
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Figure 4. PC12 cells expressing PS-1 L286V mutation exhibit increased
levels of oxidative stress and intracellular calcium after exposure to Ab:
attenuation by antioxidants and blockers of calcium influx and release
from intracellular stores. A, Cultures were pretreated for 24 hr with 50 mM
vitamin E (VitE) or for 2 hr with 5 mM propyl gallate (PG), 1 mM nifedipine

Figure 5. Controlled expression of PS-1 in PC12 cells with the use of a
tetracyline-responsive transactivator. A, A PC12 cell line expressing the
“Tet-off” construct was stably transfected with a pTRE-derived plasmid
expressing PS-1 L286V gene. Cells were incubated for 48 hr in the
presence of 2.0, 0.004, 0.002, and 0 mg/ml tetracycline (lanes 1–4, respec-
tively). Cell proteins were separated by SDS-PAGE (100 mg/ lane), trans-
ferred to a nitrocellulose sheet, and immunoreacted with PS-1 antibody.
Note that, as the concentration of tetracycline was decreased, the levels of
mutant PS-1 expression increased. B, Western blot showing that in the
absence of tetracycline a double-stable PS-1 L286V cell line (C1) and a
double-stable PS-1 cell line (C3) show significantly higher levels of PS-1
expression than do vector-transfected or untransfected cell lines.

4

(Nifedipine), or 1 mM dantrolene (DTL). Then cultures were exposed to 50 mM
Ab for 24 hr, and the medium was removed for LDH assay (cells exposed to
Ab first undergo apoptosis, followed by secondary necrosis, the latter being
detected by LDH release assay). Values are expressed as a percentage of the
maximal LDH release (mean and SD of 6–8 cultures); maximal LDH release
was determined in parallel cultures (of each cell line) subjected to freeze–
thaw. Values for each of the Ab-treated cell lines expressing PS-1 L286V
were significantly greater than each of the values for control (untransfected)
and vector-transfected cell lines ( p , 0.01) and for each of the values in PS-1
L286V cultures pretreated with vitamin E, propyl gallate, nifedipine, or
dantrolene ( p , 0.01 in each case); ANOVA with Scheffé’s post hoc tests. B,
C, Cultures were pretreated with antioxidants or Ca21 flux blockers as
described for A and then exposed to vehicle or Ab for 4 hr. Then the relative
[Ca21]i (fura-2 imaging) (B) and levels of peroxides (DCF Fluorescence) (C)
in individual cells were quantified. Values are the mean and SD of determi-
nations made in three to four cultures (15–25 cells for [Ca21]i measurements
and 40–60 cells /culture for DCF measurements). Values for each of the
Ab-treated cell lines expressing L286V were significantly greater than each of
the values in the vehicle-treated cultures ( p , 0.01), each of the values in the
cultures pretreated with vitamin E or propyl gallate ( p , 0.01), and each of
the values for L286V cells in the cultures pretreated with nifedipine or
dantrolene ( p , 0.05); ANOVA with Scheffé’s post hoc tests.
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hanced peak [Ca21]i response to thapsigargin, with levels rising
to ;400 nM (Fig. 8C). The enhanced [Ca21]i response to
thapsigargin was abolished completely in PC12 cells expressing
Bcl-2 (Fig. 8C). Taken together with the data above showing
that dantrolene protects PC12 cells against the proapoptotic
actions of PS-1 L286V, these findings suggest that altered ER
calcium regulation is involved mechanistically in the apoptotic
action of mutant PS-1.

DISCUSSION
Previous studies showed that both Ab (Rabizadeh et al., 1994;
Gschwind and Huber, 1995) and trophic factor withdrawal (Bas-
titatou and Greene, 1991; Rukenstein et al., 1991) induce apo-
ptosis in PC12 cells. Similarly, Ab (Forloni et al., 1993; Loo et al.,
1993) and trophic factor deprivation (Prehn et al., 1994) induce
apoptosis in neurons in primary cultures established from brain
regions (e.g., hippocampus, neocortex, and basal forebrain) that

Figure 7. Oxidative stress induced by NGF withdrawal is enhanced in PC12 cells expressing mutant PS-1. Cultures of differentiated PC12 cells were
incubated for 3 hr in serum-free medium containing or lacking NGF, and levels of cellular peroxides were quantified by confocal laser scanning
microscope image analysis of DCF fluorescence. Values are the mean and SEM of determinations made in at least four separate cultures. A, Analyses
in various control PC12 cell lines: WT, untransfected wild-type cells; puro, vector-transfected cells; Tet-off, cells transfected with the Tet-off plasmid; puro
Tet-off, cells doubly transfected with empty vector and Tet-off plasmid; bcl-2 puro, cells expressing Bcl-2. Note that NGF withdrawal induced a similar level
of peroxide accumulation in all control lines and in cells overexpressing Bcl-2. Each value for NGF2 cultures was significantly greater than the
corresponding value for NGF1 cells ( p , 0.01). B, Bcl-2 does not prevent NGF withdrawal-induced accumulation of peroxides in PC12 cells
overexpressing wild-type PS-1. Two lines of control cells expressing wild-type PS-1 (C3 and C7 ) and two different lines of cells expressing both Bcl-2 and
PS-1 (C11 and C13) were analyzed. Each value for NGF2 cultures was significantly greater than the corresponding value for NGF1 cells ( p , 0.01). C,
Mutant PS-1 enhances accumulation of peroxides in PC12 cells deprived of NGF. Two lines of control cells expressing PS-1 L286V and two lines of cells
expressing both Bcl-2 and PS-1 L286V were analyzed. *p , 0.05 compared with corresponding values for each line expressing wild-type PS-1 (B)
and p , 0.01 compared with corresponding values for cells maintained in the presence of NGF; ANOVA with Scheffé’s post hoc tests for pair-wise
comparisons).

Figure 6. Mutant PS-1 increases the vulnerability of differentiated PC12 cells to NGF withdrawal-induced apoptosis. Cultures of differentiated PC12 cells
were incubated for 48 hr in serum-free medium containing or lacking NGF, and the percentage of cells exhibiting nuclear condensation and fragmentation
was quantified. Values are the mean and SEM of determinations made in at least four separate cultures. A, Analyses in various control PC12 cell lines:
WT, untransfected wild-type cells; puro, vector-transfected cells (pBabe-puro vector used for Bcl-2 expression); Tet-off, cells transfected with the Tet-off
plasmid; puro Tet-off, cells doubly transfected with pBabe-puro vector and Tet-off plasmid; bcl-2 puro, cells expressing Bcl-2. Note that NGF withdrawal
induced a similar level of apoptosis in all control lines, whereas cells expressing Bcl-2 were resistant to NGF withdrawal-induced apoptosis. *p , 0.01
compared with corresponding values for NGF1 cultures and the value for Bcl-2 NGF2 cells. B, Bcl-2 protects PC12 cells overexpressing wild-type PS-1
against NGF withdrawal-induced apoptosis. Two lines of control cells expressing wild-type PS-1 (C3 and C7 ) and two different lines of cells expressing
both Bcl-2 and PS-1 (C11 and C13) were analyzed. *p , 0.01 compared with corresponding values for NGF1 cells and compared with the value for the
NGF2 line expressing Bcl-2. C, Mutant PS-1 enhances vulnerability of PC12 cells to apoptosis induced by NGF withdrawal: protection by Bcl-2. Two lines
of control cells expressing PS-1 L286V and two lines of cells expressing both Bcl-2 and PS-1 L286V were analyzed. *p , 0.05 compared with corresponding
values for each line expressing wild-type PS-1 (B), p , 0.01 compared with corresponding values for cells maintained in the presence of NGF, and p ,
0.01 compared with NGF2 lines coexpressing Bcl-2; ANOVA with Scheffé’s post hoc tests for pair-wise comparisons.
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are affected in AD. We found that both undifferentiated and
differentiated PC12 cells expressing PS-1 L286V were extremely
sensitive to apoptotic cell death when compared with various
control cell lines. These findings suggest that the mutated PS-1
protein possesses an adverse proapoptotic property. Overexpres-
sion of wild-type PS-1, at levels similar to or greater than mutant
PS-1 levels, did not result in increased vulnerability of PC12 cells
to apoptosis, indicating that the proapoptotic action of PS-1
L286V was not simply the consequence of increased levels of PS-1
protein. Although the specific nature of that adverse property of
the PS-1 mutation was not established in the present study, the
data suggest an action on systems that regulate free radical me-
tabolism and/or calcium homeostasis. Thus, levels of cellular
peroxides induced by Ab were increased greatly in cells expressing
the PS-1 mutation, as compared with control lines, and two
different antioxidants (vitamin E and propyl gallate) protected
PC12 cells against cell death induced by Ab. The antioxidants also
suppressed Ab-induced increases in intracellular peroxide and
calcium levels, consistent with previous data suggesting that the
mechanism of Ab neurotoxicity involves membrane lipid peroxi-
dation and impairment of membrane ion transport systems and
calcium influx (Mattson et al., 1992; Behl et al., 1994; Goodman
and Mattson, 1994; Mark et al., 1995, 1997a,b).

Previous studies of mechanisms of neuron death induced by
trophic factor withdrawal and Ab have implicated reactive oxygen
species (ROS) (Hockenbery et al., 1993; Kane et al., 1993; Green-
lund et al., 1995). We found that levels of oxidative stress and
apoptosis after NGF withdrawal from differentiated PC12 cells
were enhanced in cells expressing mutant PS-1, but not in cells
overexpressing wild-type PS-1. These effects of mutant PS-1 were
not attributable to changes that occurred during the process of
cellular differentiation, because we allowed the cells to differen-
tiate before induction of PS-1 expression by using the Tet-off
system. Considerable data indicate that levels of oxidative stress
are increased in AD brain, particularly in the environment of
neuritic plaques and in neurofibrillary tangles (for review, see

Benzi and Moretti, 1995; Smith et al., 1995); levels of oxidative
stress also are increased in the brain during normal aging (Stadt-
man, 1992). The present findings suggest the possibility that PS-1
mutations may promote oxidative stress and thereby sensitize
neurons to decrements in trophic factor support and increased
accumulations of Ab that occur in the aging brain. The data also
may provide at least a partial explanation for the increased pro-
duction of Ab documented in blood and other tissues from human
carriers of PS-1 mutations (Scheuner et al., 1996), because studies
have shown that manipulations that promote metabolic stress and
increase [Ca21]i in cultured neurons can alter proteolytic process-
ing of b-amyloid precursor protein (bAPP) in cultured cells in
favor of increased Ab production (Gabuzda et al., 1994; Quer-
furth and Selkoe, 1994).

PS-1 seems to be localized to the ER in several cell types,
including neurons (Guo et al., 1996; Kovacs et al., 1996; Walter et
al., 1996). Calcium imaging studies of cultured PC12 expressing
PS-1 L286V have shown that this mutation alters calcium release
from ER stores such that calcium responses to agonists that
activate the IP3 pathway (e.g., muscarinic cholinergic agonists and
bradykinin) are enhanced greatly (Guo et al., 1996). The per-
turbed calcium homeostasis observed in PC12 cells expressing
mutant PS-1 is consistent with reports that calcium signaling is
altered in cultured fibroblasts taken from carriers of PS-1 muta-
tions (McCoy et al., 1993; Ito et al., 1994). Our data suggest that
disruption of calcium homeostasis by mutant PS-1 could be linked
mechanistically to its proapoptotic action because dantrolene, an
agent that blocks calcium release from ER, protected cells against
the death-promoting effect of the PS-1 mutation. Recent findings
in studies of non-neuronal cells have linked ER calcium regula-
tion to apoptosis. For example, Lam et al. (1993) showed that
glucocorticoids induce release of calcium from ER, which is
correlated with subsequent DNA fragmentation and apoptosis,
and Khan et al. (1996) provided evidence that lymphocyte apo-
ptosis is mediated by increased expression of IP3 receptors. We
found that thapsigargin-induced increases of [Ca21]i were en-
hanced in PC12 cells expressing mutant PS-1 and that Bcl-2

Figure 8. Elevations of [Ca21]i induced by thapsigargin are enhanced significantly in PC12 cells expressing mutant PS-1: attenuation by Bcl-2. PC12
cells were incubated in serum-free medium and basal [Ca21]i (Tpg2), and the peak [Ca21]i after exposure to 1 mM thapsigargin (Tpg1) was quantified (cf.
Guo et al., 1996). Values are the mean and SEM of determinations made in at least four separate cultures (15–20 cells /culture). A, Analyses in various
control PC12 cell lines: WT, untransfected wild-type cells; puro, vector-transfected cells (vector for Bcl-2-expressing line); Tet-off, cells transfected with
the Tet-off plasmid; puro Tet-off, cells doubly transfected with pBabe-puro and Tet-off plasmid; bcl-2 puro, cells expressing Bcl-2. *p , 0.01 compared with
corresponding values for Tpg2 cultures, and p , 0.05 compared with the Tpg1 value in cells expressing Bcl-2. B, The [Ca21]i response to thapsigargin
in cells expressing wild-type PS-1 is attenuated in cells coexpressing Bcl-2. *p , 0.01 compared with corresponding values for Tpg2, and p , 0.05
compared with Tpg1 values in cells expressing Bcl-2. C, Mutant PS-1 enhances [Ca21]i responses to thapsigargin: attenuation by Bcl-2. *p , 0.001
compared with corresponding values for Tpg2, p , 0.01 compared with Tpg1 values in cells expressing Bcl-2, and p , 0.01 compared with Tpg1– PS1
Tet-off values (B); ANOVA with Scheffé’s post hoc tests for pair-wise comparisons.
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prevented the enhanced response in cells expressing mutant PS-1.
Lam et al. (1994) showed that Bcl-2 protects lymphoma cells
against apoptosis induced by thapsigargin and suppresses calcium
release from ER. The localization of mutant PS-1 to ER (Guo et
al., 1996) suggests that its effects on ER calcium homeostasis and
apoptosis may be linked mechanistically, a possibility supported
by our data. The ability of dantrolene to suppress the increased
peroxide accumulation induced by Ab in PC12 cells expressing
PS-1 L286V suggests that calcium release from ER contributes to
the enhanced oxidative stress associated with mutant PS-1 expres-
sion. However, in addition to calcium release from ER, calcium
influx through voltage-dependent plasma membrane channels
also may be involved, because nifedipine protected cells against
Ab toxicity and suppressed elevation of [Ca21]i and peroxide
accumulation induced by Ab. These data are consistent with
previous studies of primary neurons and PC12 cells showing that
removal of extracellular calcium or treatment with nifedipine
attenuates Ab toxicity (Mattson et al., 1993a; Weiss et al., 1994).

The observation that both antioxidants and calcium channel
blockers protected neurons against the adverse effects of the PS-1
mutation are consistent with a scenario in which Ab induces a
vicious cycle in which oxidative stress disrupts ion homeostasis,
which, in turn, promotes further oxidative stress. There is now
abundant evidence to support the involvement of such recipro-
cating cytotoxic cascades in many different neurodegenerative
conditions (Mattson et al., 1992; Zhang et al., 1993; Goodman et
al., 1996). Thus, although both the normal function of PS-1 and
the exact alteration that results from PS-1 mutations are un-
known, our data indicate that PS-1 mutations promote neurode-
generative apoptotic cascades involving perturbed ion homeosta-
sis and oxidative stress.

Recent data from studies of brain tissue, blood, and cultured
fibroblasts from carriers of PS mutations and studies of trans-
fected cell lines indicate that cells expressing PS mutations pro-
duce greater than normal levels of Ab1–42 (Borchelt et al., 1996;
Lemere et al., 1996; Scheuner et al., 1996). In addition, studies of
transgenic mice that express mutant PS-1 suggest that levels of
Ab1–42 are increased in brain tissue (Duff et al., 1996). The latter
data suggest that PS-1 mutations may cause early onset AD by
altering bAPP processing in ways that lead to increased Ab
production. The increased vulnerability of neuronal cells express-
ing PS-1 L286V to Ab toxicity and trophic factor withdrawal
documented in the present study is unlikely to result from in-
creased Ab production because PC12 cells are a rat cell line and,
in contrast to human Ab, rat Ab is neither amyloidogenic nor
neurotoxic (Otvos et al., 1993). However, it is conceivable that
altered processing of bAPP could reduce levels of neuroprotective
secreted forms of APP, which have been shown to protect neurons
against oxidative apoptotic insults, including Ab toxicity and glu-
cose withdrawal (Mattson et al., 1993b; Goodman and Mattson,
1994; Furukawa et al., 1996).

Collectively, our data suggest that mutant PS-1 protein pos-
sesses an adverse proapoptotic property. Wolozin et al. (1996)
recently reported that PC12 cells overexpressing wild-type PS-2
exhibit increased apoptosis after trophic factor withdrawal and
that a PS-2 mutant enhanced basal levels of apoptosis. Deng et al.
(1996) reported that overexpression of wild-type PS-2 increased
vulnerability of PC12 cells to apoptosis induced by staurosporine
or hydrogen peroxide. ALG-3, the mouse homolog of PS-2, was
shown to modulate apoptosis in T lymphocytes (Vito et al.,
1996), although in the latter case ALG-3 prevented apoptosis.
We observed neither increased nor reduced apoptosis in PC12

cells overexpressing wild-type PS-1, suggesting that PS-1 does
not function directly in an apoptotic pathway and that mutant
PS-1 acquires a novel adverse property. However, we cannot
rule out the possibility that mutant PS-1 interferes with a normal
trophic property of endogenous PS-1 in a loss-of-function
scenario.
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