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Many cases of autosomal dominant early onset Alzheimer’s
disease (AD) result from mutations in the gene encoding
presenilin-1 (PS-1). PS-1 is an integral membrane protein ex-
pressed ubiquitously in neurons throughout the brain in which it
is located primarily in endoplasmic reticulum (ER). Although the
pathogenic mechanism of PS-1 mutations is unknown, recent
findings suggest that PS mutations render neurons vulnerable
to apoptosis. Because increasing evidence indicates that mi-
tochondrial alterations contribute to neuronal death in AD, we
tested the hypothesis that PS-1 mutations sensitize neurons to
mitochondrial failure. PC12 cell lines expressing a PS-1 muta-
tion (L286V) exhibited increased sensitivity to apoptosis in-
duced by 3-nitropropionic acid (3-NP) and malonate, inhibitors
of succinate dehydrogenase, compared with control cell lines
and lines overexpressing wild-type PS-1. The apoptosis-
enhancing action of mutant PS-1 was prevented by antioxi-
dants (propyl gallate and glutathione), zVAD-fmk, and cyclo-

sporin A, indicating requirements of reactive oxygen species
(ROS), caspases, and mitochondrial permeability transition in
the cell death process. 3-NP induced a rapid elevation of
[Ca21]i , which was followed by caspase activation, accumula-
tion of ROS, and decreases in mitochondrial reducing potential
and transmembrane potential in cells expressing mutant PS-1.
The calcium chelator BAPTA AM and agents that block calcium
release from ER and influx through voltage-dependent chan-
nels prevented mitochondrial ROS accumulation and mem-
brane depolarization and apoptosis. Our data suggest that by
perturbing subcellular calcium homeostasis presenilin muta-
tions sensitize neurons to mitochondria-based forms of apo-
ptosis that involve oxidative stress.
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Alzheimer’s disease (AD) is characterized by amyloid deposition
and associated loss of neurons in brain regions involved in learn-
ing and memory processes (for review, see Yankner, 1996; Matt-
son, 1997a). Mitochondrial dysfunction (Blass, 1993; Kaneko et
al., 1995; Benzi and Moretti, 1997; Mattson, 1997b) and oxidative
damage to neuronal membranes, protein, and DNA (Markesbery,
1997) may play prominent roles in the neurodegenerative process
in AD. Many cases of early onset autosomal dominant inherited
forms of AD are caused by mutations in the genes encoding
presenilin-1 (PS-1) on chromosome 14 and presenilin-2 (PS-2) on
chromosome 1 (for review, see Hardy, 1997). Presenilins are
integral membrane proteins with six to eight membrane-spanning
domains (Doan et al., 1996; Li and Greenwald, 1996; Lehman et
al., 1997); they are expressed in neurons throughout the brain
(Cook et al., 1996; Cribbs et al., 1996; Giannakopoulos et al.,
1997), and they are localized mainly in the endoplasmic reticulum
(ER) (Kovacs et al., 1996; Walter et al., 1996; De Strooper et al.,
1997). Recent findings suggest two possible mechanisms whereby
presenilin mutations promote neuronal degeneration in AD. One
mechanism involves altered processing of b-amyloid precursor

protein; cultured cells and transgenic mice expressing PS muta-
tions and fibroblasts from human carriers of presenilin mutations
exhibit increased production of an amyloidogenic form of amyloid
b-peptide (Ab1–42) (Borchelt et al., 1996; Duff et al., 1996;
Scheuner et al., 1996). A second mechanism involves increased
sensitivity of neurons to apoptosis; cultured PC12 cells expressing
mutant presenilins exhibit increased vulnerability to apoptosis
induced by trophic factor withdrawal and exposure to Ab (Guo et
al., 1996, 1997; Wolozin et al., 1996).

Apoptosis is a complex process involving activation of pro-
teases of the caspase family, alterations in plasma membrane
phospholipids, and nuclear DNA condensation and fragmentation
(Bredesen, 1995; Thompson, 1995). Among the subcellular events
that occur during apoptosis, mitochondrial changes may play a
pivotal role in the cell death decision; a decrease in mitochondrial
energy charge and redox state, loss of transmembrane potential
(depolarization), mitochondrial membrane permeability transi-
tion (MPT), and release of substances such as calcium and
cytochrome C that induce apoptosis occur in several apoptosis
paradigms (Kroemer et al., 1997). One approach to studying the
role of mitochondrial impairment in neurodegenerative disorders
involves the use of mitochondrial toxins (Beal, 1996).
3-Nitropropionic acid (3-NP) is an irreversible inhibitor of com-
plex II (succinate dehydrogenase) that causes degeneration of
striatal and hippocampal neurons in humans and rats (Ludolph et
al., 1992; Beal et al., 1993; Ming, 1995; Geddes et al., 1996). Cell
culture and in vivo studies indicate that 3-NP can induce neuronal
apoptosis (Behrens et al., 1995; Pang and Geddes, 1997; Sato et
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al., 1997) by a mechanism involving oxidative stress (Schulz et al.,
1996). We now report that PC12 cells expressing mutant PS-1 are
exquisitely sensitive to apoptosis induced by 3-NP, which is
associated with elevation of [Ca 21]i and increased oxyradical
production. Agents that suppress elevations of cytoplasmic cal-
cium levels and antioxidants prevented the adverse effects of
mutant PS-1, suggesting that the apoptosis-enhancing effect of
presenilin mutations involves aberrant calcium regulation and
increased oxidative stress. These findings suggest mechanistic
links between presenilin mutations, perturbed calcium homeosta-
sis, mitochondrial alterations, and neuronal apoptosis in AD.

MATERIALS AND METHODS
Cell lines, experimental treatments, and quantification of apoptosis. PC12
cell lines (Greene and Tischler, 1976) stably expressing human wild-type
PS-1 and mutant PS-1 (L286V) were established using methods described
in our previous study (Guo et al., 1996). The untransfected parent cell
line, a line transfected with empty vector, and a line overexpressing
wild-type PS-1 were used as controls. Three lines expressing PS-1L286V
were used; Western blot analysis showed that the line overexpressing
wild-type PS-1 and each line expressing PS-1L286V expressed PS-1
protein at a level fivefold to eightfold over background levels (Guo et al.,
1997). Cells were maintained at 37°C (5% CO2 atmosphere) in RPMI
medium supplemented 10% with heat-inactivated horse serum and 5%
with heat-inactivated fetal bovine serum. Three days before experiments
the cells were incubated in RPMI medium lacking serum and containing
50 ng/ml NGF. 3-NP, glutathione ethyl ester (GSH), propyl gallate,
cyclosporin A, Nv-nitro-L-arginine, and 7-nitroindazole were purchased
from Sigma (St. Louis, MO) and were prepared as 100–5003 stocks in
saline solution (0.15 M NaCl). Nifedipine, dantrolene (Sigma), and
BAPTA AM (Molecular Probes, Eugene, OR) were prepared as 5003
stocks in dimethylsulfoxide. z-VAD-fmk was purchased from Molecular
Probes and prepared as a 2003 stock in saline solution.

Methods for quantification of apoptosis are detailed in our previous
studies (Guo et al., 1997; Kruman et al., 1997). Briefly, cells were stained
with the fluorescent DNA-binding dye Hoechst 33342, and the cellular
fluorescence associated with cell nuclei was visualized under epifluores-
cence illumination. Cells with condensed and fragmented nuclei were
counted in 403 fields, and the percentage of apoptotic cells per culture
was calculated. Counts were made without knowledge of cell line or
treatment history.

Measurements of ATP levels and succinate dehydrogenase activity. Cel-
lular ATP levels were quantified using a luciferin and luciferase-based
assay as described previously (Mark et al., 1995). Briefly, after exposure
to experimental treatments, cells were rinsed with PBS and lysed with 0.2
ml of ATP-releasing buffer (Sigma); 10 ml of the lysate was taken for
protein determination. ATP concentrations in lysates were quantified
using a CH II ATP bioluminescence assay kit (Boehringer Mannheim,
Indianapolis, IN) and a luminometer (Optocomp I, MGM Instruments)
according to the manufacturer’s protocols. A standard curve was gener-
ated using solutions of known ATP concentrations; samples were diluted
so that readings fell within the linear range. ATP levels were calculated
as nanomoles of ATP per microgram of protein and normalized to levels
in untreated control cultures. Succinate dehydrogenase activity was mea-
sured using the method of Lippold (1982). Briefly, cells were exposed for
30 min to vehicle or 3-NP in the presence of 0.1 mM nitro blue tetrazo-
lium. Cells were then rinsed with medium and scraped in dimethylsulf-
oxide, and relative absorbance was measured using a plate reader. Values
were expressed as a percentage of absorbance in parallel vehicle-treated
control cultures.

Assessments of mitochondrial function. Mitochondrial transmembrane
potential was assessed using the dye 5,59,6,69-tetrachloro-1,19,3,39-
tetraethylbenzimidazolocarbocyanine iodide (JC-1), the uptake of which
is directly related to mitochondrial transmembrane potential, using a
protocol similar to that reported previously (Moudy et al., 1995; White
and Reynolds, 1996). Briefly, cells were incubated for 30 min in the
presence of 5 mM dye, washed twice with Locke’s solution (in mM: 154
NaCl, 5.6 KCl, 2.3 CaCl2 , 1 MgCl2 , 3.6 NaHCO3 , 10 glucose, and 5
HEPES buffer, pH 7.2) and then imaged 20–50 min later. Images of JC-1
fluorescence were acquired using a confocal laser-scanning microscope
with excitation at 488 nm and a 510 nm barrier filter. Levels of JC-1
fluorescence (average pixel intensity per cell) were quantified using
ImageSpace Software (Molecular Dynamics, Sunnyvale, CA). The con-

version of the dye 3-(4,5-dimethylthiazol-2-yl)22,5-diphenyltetrazolium
bromide (MTT) to formazan crystals was used as a measure of mito-
chondrial reducing potential (energy charge and redox state; Musser and
Oseroff, 1994; Shearman et al., 1994). Formazan production was mea-
sured 40–60 min after adding MTT (1 mg/ml) to the incubation medium
and after solubilization of the crystals in dimethylsulfoxide; absorbance
(592 nm) was quantified using a plate reader.

Measurements of reactive oxygen species. Levels of cellular oxidative
stress were measured using the fluorescent probes 2,7-dichlorofluorescin
diacetate (DCF) and dihydrorhodamine 123 (DHR123) as described
previously (Goodman and Mattson, 1994; Mattson et al., 1997; Kruman
et al., 1998). Briefly, cells were incubated for 30 min in the presence of
50 mM DCF or for 30 min in the presence of 10 mM DHR123, followed by
washing in HBSS containing 10 mM HEPES buffer and 10 mM glucose.
Cells were loaded with the dyes during the last 30 min of treatment with
3-NP. Cells were imaged using a confocal laser-scanning microscope
(Molecular Dynamics) coupled to an inverted microscope (Nikon). Cells
were located under bright-field optics and then scanned once with the
laser (488 nm excitation and 510 nm emission); cells were not scanned
more than once to avoid artifacts resulting from light-induced oxidation
of the dyes. The laser beam intensity and photodetector sensitivity were
held constant across cultures to allow quantitative comparisons of rela-
tive fluorescence intensity of cells between treatment groups. Values of
cellular fluorescence (average pixel intensity per cell) were obtained
using the software supplied by the manufacturer (Molecular Dynamics).
DCF is trapped mainly in the cytoplasm and is oxidized by several ROS,
most notably hydrogen peroxide (Page et al., 1993). The dye dihydror-
hodamine 123 (DHR) enters mitochondria and fluoresces when oxidized
by ROS, particularly peroxynitrite, to the positively charged rhodamine
123 derivative (Kooy et al., 1994; Mattson et al., 1997).

Measurement of intracellular f ree calcium levels. The [Ca 21]i in indi-
vidual PC12 cells was quantified by fluorescence imaging of the Ca 21

indicator dye fura-2 as described previously (Mattson et al., 1995a; Guo
et al., 1996, 1997). Cultures were incubated for 30–40 min in the
presence of 5 mM fura-2 AM (Molecular Probes), followed by two washes
(2 ml/wash) with fresh medium and a 40–60 min incubation before
imaging. Immediately before imaging, the normal culture medium was
replaced with HBSS (Life Technologies, Gaithersburg, MD) containing
10 mM HEPES buffer and 10 mM glucose. Cells were imaged on a Zeiss
Axiovert inverted microscope (403 oil immersion objective) coupled to
an Attofluor imaging system. The ratio of the fluorescence emission
using two different excitation wavelengths (340 and 380 nm) was used to
determine [Ca 21]i according to the formula: [Ca 21]i 5 Kd[(R 2 Rmin )/
(Rmax 2 R)](F0 /Fs ). The average [Ca 21]i in 10–20 cells per microscope
field was quantified in at least six separate cultures per treatment
condition.

Measurement of caspase activity. Caspase activity was assessed using
the caspase-3 substrate peptide DEVD-biotin using a method modified
from that described previously (Armstrong et al., 1997; Yakovlev et al.,
1997) and adapted for in situ analysis. Briefly, at designated time points
after exposure of cultures to 3-NP, cells were exposed for 10 min to
Locke’s solution containing 0.01% digitonin. Cells were then incubated
for 20 min in the presence of 10 mg/ml DEVD-biotin (Calbiochem, La
Jolla, CA), washed three times with PBS (2 ml/wash), and fixed for 30
min in a cold solution of 4% paraformaldehyde in PBS. Cells were then
incubated for 30 min in PBS containing 5 mg/ml Oregon green strepta-
vidin (Molecular Probes) and were washed twice with PBS. Images of
cellular fluorescence, corresponding to conjugates of activated caspase-3
with DEVD-biotin, were acquired using a confocal laser scanning mi-
croscope and levels of fluorescence (average pixel intensity per cell) were
quantified.

RESULTS
PC12 Cells expressing mutant PS-1 are hypersensitive
to 3-NP-induced apoptosis and exhibit increased
oxyradical production
Basal levels of apoptosis under the culture conditions used were
low (2–3%) in each of the PC12 cell lines used in the present
study (Fig. 1A). Exposure of untransfected and vector-transfected
control PC12 cells lines and a line overexpressing wild-type PS-1
to concentrations of 3-NP from 0.2–10 mM had no significant
effect on levels of apoptosis during a 24 hr exposure period (Fig.
1A). In contrast to the control cell lines, exposure of PC12 cells
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expressing the L286V mutation to increasing concentrations of
3-NP resulted in a concentration-dependent induction of apopto-
sis with a significant increase occurring with 0.2 mM 3-NP (10%
apoptosis) and a maximum of ;25–30% apoptosis in cultures
exposed to 20 mM 3-NP; the dose achieving half-maximal effect
was ;1 mM (Fig. 1A). Two other clonal lines expressing PS-
1L286V also exhibited a similar increased sensitivity to 3-NP-
induced apoptosis (data not shown). A time course analysis of
apoptosis after exposure of each cell line to 2 mM 3-NP revealed
only a small (5–10%) increase in levels of apoptosis in untrans-
fected cells, vector-transfected cells and cells overexpressing wild-
type PS-1 during a 48 hr exposure period (Fig. 1B). In contrast,
levels of apoptosis increased to ;40% during a 48 hr exposure to
3-NP in cells expressing mutant PS-1 (Fig. 1B). To determine
whether apoptosis induced by 3-NP in cells expressing mutant
PS-1 was specifically related to inhibition of succinate dehydro-
genase, we used malonate, another inhibitor of succinate dehy-
drogenase with a structure different from 3-NP. Malonate in-
duced a significant increase in apoptosis in cells expressing
mutant PS-1, but not in control cell lines and lines overexpressing
wild-type PS-1 (Fig. 1C).

Previous studies provided evidence that the neurotoxicity of
3-NP (Schulz et al., 1996) and the apoptosis-enhancing action
of mutant PS-1 (Guo et al., 1997) are associated with increased
generation of oxyradicals. We therefore used the fluorescent
probes DCF and DHR 123 to quantif y relative levels of ROS
in the different cell lines after exposure to 3-NP. Exposure of
untransfected and vector-transfected control PC12 cells lines,
and a line overexpressing wild-type PS-1, to 2 mM 3-NP re-
sulted in no increase in the levels of DCF fluorescence (Fig.
2 A) or DHR 123 fluorescence (Fig. 2 B) during a 2 hr exposure
period. In contrast, levels of DCF and DHR 123 fluorescence
increased threefold to fourfold during 2 hr exposures to 3-NP
in cells expressing mutant PS-1 (Fig. 2). The increases in levels
of DCF and DHR 123 fluorescence in cells expressing mutant
PS-1 occurred within 30 – 60 min of exposure to 3-NP. Similar
results were obtained when cells were loaded with DCF or
DHR123 before exposure to 3-NP for 30 and 60 min (data not
shown). These data indicate that one consequence of mutant
PS-1 expression is enhanced generation of ROS in response to
a mitochondrial toxin.

Effects of 3-NP on succinate dehydrogenase activity
and cellular ATP levels
One possible explanation for the increased vulnerability of PC12
cells expressing mutant PS-1 to 3NP toxicity is that 3-NP inhibits

4

were quantified. Values are the mean and SEM of determinations made in
six to eight cultures. **p , 0.01 compared with each of the other values at
that concentration of 3-NP (ANOVA with Scheffe’s post hoc test). B,
Untransfected and vector-transfected control PC12 cells lines and lines
overexpressing wild-type PS-1 or mutant (L286V) PS-1 were exposed to 2
mM 3-NP for the indicated time periods, and the percentages of cells with
apoptotic nuclei were quantified. Values are the mean and SEM of
determinations made in at least six cultures. **p , 0.01 compared with
each of the other values at that time point (ANOVA with Scheffe’s post
hoc test). C, Untransfected and vector-transfected control PC12 cells lines
and lines overexpressing wild-type PS-1 or mutant (L286V) PS-1 were
exposed for 24 hr to saline (Control ) or 100 mM malonate and the
percentages of cells with apoptotic nuclei were quantified. Values are the
mean and SEM of determinations made in six cultures. *p , 0.01 com-
pared with each of the other values (ANOVA with Scheffe’s post hoc test).

Figure 1. PC12 cells expressing mutant PS-1 exhibit increased sensitivity
to apoptosis induced by mitochondrial toxins. A, Untransfected and
vector-transfected control PC12 cells lines and lines overexpressing wild-
type PS-1 or mutant (L286V) PS-1 were exposed for 24 hr to the indicated
concentrations of 3-NP and the percentages of cells with apoptotic nuclei
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succinate dehydrogenase to a greater extent in those cells. We
therefore assessed succinate dehydrogenase activity 30 min after
exposure to 2 mM 3-NP in untransfected cells, in cells overex-
pressing wild-type PS-1, and in cells overexpressing mutant PS-1.

Figure 3. Effects of 3-NP on succinate dehydrogenase activity and ATP
levels in PC12 cells expressing mutant PS-1. A, Cultures of untransfected
PC12 cells and clones overexpressing either wild-type PS-1 or the L286V
PS-1 mutation were exposed to 2 mM 3-NP for 30 min and levels of
succinate dehydrogenase activity were measured. Values are the mean
and SEM of determinations made in five to seven cultures. *p , 0.02
compared with corresponding value in vehicle-treated cultures. B, Cul-
tures of untransfected PC12 cells and clones overexpressing either wild-
type PS-1 or the L286V PS-1 mutation were exposed to 2 mM 3-NP for the
indicated time periods and levels of cellular ATP were quantified. Values
are expressed as a percentage of basal levels and represent the mean and
SEM of determinations made in four to six cultures. Basal ATP levels
were: untransfected cells, 19.4 6 8 nmol/mg protein; cells overexpressing
wild-type PS-1, 18.3 6 6 nmol/mg protein; cells overexpressing mutant
PS-1, 19.2 6 6 nmol/mg protein. *p , 0.01 compared with values for
untransfected cells and cells overexpressing wild-type PS-1.

Figure 2. Accumulation of ROS occurs in PC12 cells expressing mutant
PS-1, but not in control cell lines, after exposure to 3-NP. Untransfected
and vector-transfected control PC12 cells lines and lines overexpressing
wild-type PS-1 or mutant (L286V ) PS-1 were exposed to 2 mM 3-NP for
the indicated time periods and levels of DCF fluorescence ( A) or DHR
123 fluorescence (B) were quantified. Values are the mean and SEM of
determinations made in six to eight cultures (20–30 randomly chosen cells
analyzed per culture). *p , 0.05 or **p , 0.01 compared with each of the
other values at that time point (ANOVA with Scheffe’s post hoc tests).
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3-NP caused significant decreases in levels of succinate dehydro-
genase activity in all three cell lines; the magnitude of the de-
crease ranged from 25–40% and was not significantly different
among the cell lines (Fig. 3A). We next measured ATP levels at
30 and 120 min after exposure of each cell line to 2 mM 3-NP.
Levels of ATP were maintained at baseline levels during the first
30 min of exposure in all three cell lines (Fig. 3B). However, at
120 min after exposure to 3-NP, ATP levels were significantly
decreased to 60% of baseline levels in cells expressing mutant
PS-1 but were not decreased in untransfected cells or cells over-
expressing wild-type PS-1 (Fig. 3B).

Involvement of elevated [Ca21]i , oxyradical production,
and caspase activation in the apoptosis-enhancing
action of mutant PS-1
It was previously reported that PC12 cells expressing mutant PS-1
exhibit enhanced elevation of [Ca 21]i after exposure to agonists
that induce calcium release from IP3-sensitive ER stores (Guo et
al., 1996) and after exposure to a concentration of Ab that
induces apoptosis (Guo et al., 1997, 1998). We therefore moni-
tored [Ca21]i before and after exposure to 3-NP in the different
cell lines by fluorescence ratio imaging of the calcium indicator
dye fura-2. The basal [Ca21]i was ;80–100 nM in each cell line
examined. After exposure of cells expressing mutant PS-1 to 2
mM 3-NP, the [Ca21]i rose rapidly and progressively, with levels
reaching 180 nM during the course of a 10 min period (Fig. 4A).
In control cell lines and the line overexpressing wild-type PS-1,
3-NP did not induce an increase of [Ca21]i during a 10 min
exposure period (Fig. 4A,B).

To determine whether the elevation of [Ca 21]i and ROS
production was causally linked to apoptosis in cells expressing
mutant PS-1, we examined the effects of agents that suppress
elevations of [Ca 21]i and antioxidants on 3-NP-induced apo-
ptosis. The intracellular calcium chelator BAPTA AM largely
prevented apoptosis induced by 3-NP (Table 1). Similarly,
nifedipine (a blocker of L-type voltage-dependent calcium
channels) and dantrolene (a blocker of calcium release from
ER stores) significantly attenuated 3-NP-induced apoptosis.
GSH and propyl gallate, two antioxidants previously reported
to protect cultured neurons against apoptosis induced by Ab
(Mark et al., 1995; Kruman et al., 1997), prevented 3-NP-
induced apoptosis in cells expressing mutant PS-1 (Table 1).
Because increased [Ca 21]i can induce nitric oxide production
and generation of peroxynitrite (Bredt and Snyder, 1992; Kooy
and Royall, 1994), and because peroxynitrite can oxidize DHR
123 (Kooy et al., 1994), we ascertained the effects of inhibitors
of nitric oxide synthase (NOS) on 3-NP-induced apoptosis in
cells expressing mutant PS-1. Levels of apoptosis 24 hr after
treatment were untreated control cultures, 2 6 1%; 2 mM

3-NP, 14 6 3%; 100 mM Nv-nitro-L-arginine plus 2 mM 3-NP,
9 6 2% ( p , 0.05 vs 3-NP alone); and 100 mM 7-nitroindazole

Figure 4. 3-NP induces a rapid increase in intracellular free calcium
levels in PC12 cells expressing mutant PS-1, which is followed by
caspase-3 activation. A, [Ca 21]i was monitored before and after exposure
to 2 mM 3-NP in the indicated cell lines; the arrow indicates the time point

4

at which 3-NP was added to the culture medium. Values are the mean of
35–70 cells in three to six separate cultures. B, [Ca 21]i was measured 5
min after exposure of cells of the indicated lines to 2 mM 3-NP. Values are
the mean and SEM of determinations made in at least six cultures per
condition. **p , 0.01 compared with each of the other values (ANOVA
with Scheffe’s post hoc tests). C, Cultures of the indicated lines were
exposed for the indicated time periods to 2 mM 3-NP and levels of
caspase-3 activity were quantified. Values are expressed as DEVD fluo-
rescence (average pixel intensity per cell) and are the mean and SEM of
determinations made in four separate cultures. **p , 0.01 compared with
the values for each of the other three cell lines.
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plus 2 mM 3-NP, 8 6 3% ( p , 0.05 vs 3-NP alone) (n 5 6
separate cultures). In an additional experiment, levels of DHR
fluorescence were quantified (in cells expressing mutant PS-1)
2 hr after exposure to 2 mM 3-NP alone or in combination with
Nv-nitro-L-arginine or 7-nitroindazole. The NOS inhibitors
did not block the 3-NP-induced increase in DHR 123 levels
(data not shown). Thus, nitric oxide plays an important role in
3-NP-induced apoptosis, but is clearly not the only contributor
to the increased ROS accumulation induced by 3-NP.

Caspases are believed to play important roles in the effector
phase of apoptosis in many paradigms (Miller, 1997; Yuan,

1997). Measurements of caspase-3 activation after exposure of
cells to 3-NP revealed only a small and transient activation of
this caspase at the 1 and 4 hr time points in control PC12 cell
lines (untransfected and vector-transfected) and lines overex-
pressing wild-type PS-1 (Fig. 4C). In contrast, a marked and
sustained activation of caspase-3 occurred after exposure to
3-NP in PC12 cells expressing mutant PS-1 (Fig. 4C). The
broad-spectrum caspase inhibitor zVAD-fmk prevented apo-
ptosis induced by 3-NP in cells expressing mutant PS-1 (Table
1), indicating a causal role for caspase activation in the cell
death process.

Figure 5. Mitochondrial toxins cause decreases in mitochondrial transmembrane potential and energy charge in PC12 cells expressing mutant PS-1, but
not in control cell lines. A, B, Indicated cell lines were exposed for 18 hr (A) or the indicated time periods (B) to 2 mM 3-NP, and levels of JC-1
fluorescence were quantified. Values are the mean and SEM of determinations made in six cultures. **p , 0.01 compared with each of the other values
(ANOVA with Scheffe’s post hoc test). C, Indicated cell lines were exposed to increasing concentrations of 3-NP for 24 hr and levels of MTT reduction
were quantified. Values are the mean and SEM of determinations made in six cultures. *p , 0.05, **p , 0.01 compared with each of the other values
at the corresponding 3-NP concentration (ANOVA with Scheffe’s post hoc test). D, Indicated cell lines were exposed to 100 mM malonate for 24 hr and
levels of MTT reduction were quantified. Values are the mean and SEM of determinations made in six cultures. **p , 0.01 compared with each of the
other values (ANOVA with Scheffe’s post hoc test).
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Evidence for the involvement of decreases in
mitochondrial transmembrane potential and reducing
potential and permeability transition in the apoptosis-
enhancing action of mutant PS-1
A decrease in mitochondrial transmembrane potential has been
shown to be associated with the effector phase of apoptosis in
many different systems (Zamzami et al., 1995; Kroemer et al.,
1997). We used the dye JC-1 to examine the effects of 3-NP on
relative mitochondrial transmembrane potential in the different
lines of PC12 cells. Levels of JC-1 fluorescence were essentially
unchanged 18 hr after exposure to 2 mM 3-NP in control cell lines
and the line overexpressing wild-type PS-1 (Fig. 5A). In contrast,
the level of JC-1 fluorescence was decreased to ,40% of the
control level 18 hr after exposure to 3-NP in cells expressing
mutant PS-1 (Fig. 5A). The decrease of JC-1 fluorescence in cells
expressing mutant PS-1 caused by 3-NP was delayed because no
decrease in JC-1 fluorescence occurred during the first 2 hr of
exposure (Fig. 5B). Levels of MTT reduction, a measure of
mitochondrial reducing potential, were decreased in a
concentration-dependent manner by 3-NP in PC12 cells express-
ing mutant PS-1 (Fig. 5C). In contrast, the level of MTT reduction
was not significantly changed after exposure to 3-NP in control
PC12 cell lines and in cells expressing wild-type PS-1 (Fig. 5C;
Table 2). Malonate also caused a significant decrease in MTT
reduction in cells expressing mutant PS-1 but not in control cell
lines (Fig. 5D).

Cyclosporin A is an immunosuppressive compound that has
been shown to block the MPT (Marchetti et al., 1996; Zamzami
et al., 1996). When PC12 cells expressing mutant PS-1 were
cotreated with cyclosporin A and 3-NP, apoptosis and impair-
ment of mitochondrial function were largely prevented (Tables 1,
2) suggesting links between the MPT, mitochondrial damage,
and nuclear apoptosis. The effect of cyclosporin A was apparently
attributable to specific blockade of the MPT because FK 506, an
inhibitor of calcineurin had no effect on 3-NP-induced apoptosis
(data not shown).

Elevations of [Ca21]i are causally linked to ROS
production and mitochondrial alterations and precede
caspase activation in the apoptotic pathway
To better understand the mechanism whereby mutant PS-1 sen-
sitizes PC12 cells to apoptosis induced by 3-NP and to reveal the
ordering of events in this apoptotic paradigm, we examined the
effects of various pharmacological agents on ROS production,
mitochondrial dysfunction, and apoptosis induced by 3-NP in
cells expressing mutant PS-1. BAPTA AM, nifedipine, and dan-
trolene each significantly attenuated the decrease in MTT reduc-
tion otherwise induced by 3-NP (Table 2), indicating a key role

for elevation of intracellular calcium levels in 3-NP-induced mi-
tochondrial dysfunction. The antioxidants GSH and propyl gal-
late also prevented the decrease in levels of MTT reduction after
exposure of cells to 3-NP (Table 2), indicating a contribution of
oxyradicals to the mitochondrial dysfunction induced by 3-NP.
Interestingly, levels of MTT reduction were unchanged after
3-NP exposure in cells incubated in the presence of zVAD-fmk,
indicating a role for caspases in 3-NP-induced mitochondrial
impairment.

We next addressed the question of whether elevation of
[Ca21]i , caspase activation, and/or MPT contribute to ROS
production. Removal of extracellular calcium, BAPTA AM, ni-
fedipine, and dantrolene each prevented the increase in DCF
fluorescence and DHR 123 fluorescence otherwise induced by
3-NP (Table 3). As expected, the antioxidants GSH and propyl
gallate also suppressed ROS accumulation. In contrast, zVAD-
fmk was ineffective in preventing the 3-NP-induced increases of
DCF and DHR 123 fluorescence (Table 3), indicating that
caspase activation was not necessary for generation of ROS.
zVAD-fmk also had no effect on the rapid elevation of [Ca21]i

induced by 3-NP, indicating that caspases did not play a role in
the initial disruption of calcium homeostasis caused by 3-NP
([Ca21]i 10 min after exposure to 2 mM 3-NP were control, 75 6
5 nM; 3-NP, 169 6 5 nM; zVAD, 83 6 6 nM; and zVAD plus 3-NP,
162 6 4 nM (mean 1 SEM; n 5 5–6 cultures). Cyclosporin A
attenuated 3-NP-induced increases of DCF and DHR 123 fluo-
rescence (Table 3) but had no effect on the rapid elevation of
[Ca21]i induced by 3-NP (data not shown).

DISCUSSION
Expression of a PS-1 mutation in cultured neural cells rendered
the cells vulnerable to apoptosis induced by mitochondrial toxins.
The mechanism underlying the endangering action of mutant
PS-1 involves destabilization of cellular calcium homeostasis and
increased ROS production. Increases of [Ca21]i and ROS oc-
curred within several to 30 min of exposure to 3-NP and were
followed several hours later by mitochondrial failure, as indicated
by membrane depolarization and decreased MTT reduction. Un-
transfected and vector-transfected control PC12 cell lines and a
line overexpressing wild-type PS-1 were resistant to apoptosis
induced by 3-NP and did not exhibit increased [Ca21]i and ROS
or mitochondrial membrane depolarization. Pharmacological
blockade of calcium influx and treatment of cells with the calcium
chelator BAPTA AM prevented 3-NP-induced ROS accumula-
tion, decreased mitochondrial energy charge, and significantly
decreased apoptosis in cells expressing mutant PS-1, indicating

Table 1. Evidence for the involvement of calcium influx, ROS production, mitochondrial membrane permeability transition, and caspase activation
in 3NP-induced apoptosis in PC12 cells expressing mutant PS-1

Vehicle BAPTA

Percentage of cells with apoptotic nuclei

zVADNif Dant Cys A GSH PG

Control 6 6 3.2 5 6 3.5 4 6 1.1 5 6 1.3 5 6 2.4 4 6 0.7 7 6 1.7 9 6 3.4
3NP 42 6 9.3* 13 6 4.2** 11 6 3.6** 12 6 5.3** 12 6 6.4** 11 6 5.4** 11 6 7.5** 15 6 4.7**

Cultures were exposed to 2 mM 3NP for 48 hr and levels of apoptosis were quantified. Vehicle refers to saline. BAPTA, 5 mM BAPTA-AM; Nif, 10 mM nifedipine; Dant, 1
mM dantrolene; Cys A, 1 mM cyclosporin A; GSH, 1 mM glutathione ethyl ester; PG, 10 mM propyl gallate; zVAD, 10 mM zVAD-fmk. Cultures were pretreated for 1 hr with
the indicated agents before exposure to 3NP, and the agents were present during the exposure to 3NP. Cultures were exposed to 2 mM 3NP for 48 hr. Values are the mean
and SEM of determinations made in six to eight cultures.
*p , 0.01 compared to value for vehicle-treated cultures.
**p , 0.01 compared to value for 3-NP-treated cultures. ANOVA with Scheffe’s post hoc tests.
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that elevation of [Ca21]i was causally linked to each subsequent
event.

Studies of cultured primary neurons and cell lines showed
LD50s for 3-NP and malonate in the ranges of 0.1–5 and 10–100
mM, respectively (Behrens et al., 1995; Zeevalk et al., 1995; Fink
et al., 1996; Pang et al., 1997). These concentrations are similar to
those effective in inducing apoptosis in PC12 cells expressing
mutant PS-1 in the present study. Previous studies of cultured rat
hippocampal neurons (Mattson et al., 1993) and PC12 cells (Luo
et al., 1997) showed that cyanide and other mitochondrial uncou-
plers can induce increases of [Ca21]i that are causally linked to
cell death. Our data suggest that the initial [Ca 21]i increase after
exposure of cells expressing mutant PS-1 to 3-NP is not the result
of mitochondrial membrane depolarization because JC-1 fluores-
cence was not decreased during the first 2 hr of exposure. One
possible explanation is that an early increase in ROS induces
calcium release from mitochondria with preservation of mito-
chondrial transmembrane potential (Richter, 1997). Although
3-NP inhibited succinate dehydrogenase to a similar extent in
cells expressing mutant PS-1 as compared with control cell lines,
ATP depletion was exacerbated in cells expressing mutant PS-1.
Depletion of ATP levels after exposure of cultured cells to
cyanide or 3-NP lagged behind the elevation of [Ca 21]i , consis-
tent with previous studies (Mattson et al., 1993; Erecinska and
Nelson, 1994; Luo et al., 1997; Pang and Geddes, 1997), and
therefore is unlikely to play a major role in the rapid increase of
[Ca21]i induced by 3-NP. However, ATP depletion may contrib-
ute to delayed calcium release from ER and influx through plasma
membrane voltage-dependent channels as the result of impaired
activity of the ER Ca 21-ATPase, and the plasma membrane
Na1–K1-ATPase and Ca21-ATPase. The latter scenario is con-
sistent with data showing that dantrolene and nifedipine protect

PC12 cells expressing mutant PS-1 against apoptosis induced by
3-NP. Indeed, PC12 cells expressing mutant PS-1 (Guo et al.,
1996) and fibroblasts from human carriers of PS-1 mutations (Ito
et al., 1994) exhibit enhanced calcium release from ER stores in
response to a variety of stimuli including cholinergic agonists and
Ab. Such enhanced Ca21 release from ER may be sufficient to
render the cells vulnerable to a level of mitochondrial compro-
mise that would not kill normal cells.

The oxidation of the probes DCF and DHR 123 in intact cells
may result from the actions of peroxides and peroxynitrite, re-
spectively (Page et al., 1993; Goodman and Mattson, 1994; Kooy
et al., 1994; Mattson et al., 1997), although these fluorescent
probes can also be oxidized by other ROS. We found that two
inhibitors of NOS significantly attenuated apoptosis induced by
3-NP in cells expressing mutant PS-1, suggesting a contribution of
nitric oxide to the apoptotic process. The finding that elevation of
[Ca21]i preceded ROS production after exposure to 3-NP is
consistent with roles for nitric oxide and peroxynitrite in 3-NP-
induced apoptosis, because Ca 21 is a potent activator of NOS
(Bredt and Snyder, 1992). Indeed, staurosporine-induced apopto-
sis in PC12 cells apparently involves peroxynitrite production
secondary to elevation of [Ca 21]i (Kruman et al., 1998). Eleva-
tions of [Ca 21]i in neurons can result in generation of ROS,
including superoxide anion radical (Lafon-Cazal et al., 1993),
hydrogen peroxide (Mattson et al., 1995b), and peroxynitrite
(Deliconstantinos and Villiotou, 1996). Our data therefore sug-
gest that PS-1 mutations may promote nitric oxide production and
ROS accumulation in a calcium-dependent manner. The ROS, in
turn, appear to play a central role in subsequent impairment of
mitochondrial function and nuclear apoptosis induced by 3-NP,
because the antioxidants GSH and propyl gallate prevented the
decrease in MTT reduction and nuclear condensation and frag-

Table 2. Evidence for the involvement of calcium influx and ROS production in mitochondrial dysfunction following exposure of PC12 cells
expressing mutant PS-1 to 3NP

Vehicle BAPTA

MTT Reduction (% of control)

PG Z-VADNif Dant Cys A GSH

Control 98 6 3.2 96 6 4.5 93 6 5.3 91 6 8.6 89 6 9.5 98 6 7.4 96 6 3.2 97 6 6.3
3NP 51 6 8.5* 94 6 5.8** 92 6 10** 89 6 6.9** 92 6 4.5** 90 6 7.2** 86 6 7.4** 96 6 3.6**

See Table 1 legend for treatment concentrations and exposure conditions. Values are the mean and SEM of determinations made in 8–12 cultures. The basal (control) level
of MTT reduction was 250 6 8 absorbance units per culture.
*p , 0.01 compared to value for vehicle treated cultures.
**p , 0.01 compared to value for 3-NP treated cultures. ANOVA with Scheffe’s post hoc tests.

Table 3. Pharmacological characterization of the involvement of calcium, mitochondrial permeability transition, and caspase activation in 3NP-
induced generation of ROS in PC12 cells expressing mutant PS-1

Vehicle 0 [Ca]o BAPTA Nif Dant GSH PG Cys A

DCF Fluorescence (average pixel intensity per cell)
Control 10 6 1.3 11 6 1.5 9 6 2.1 12 6 1.6 12 6 2.2 11 6 1.9 11 6 2.4 9 6 1.7
3-NP 25 6 4.3* 11 6 1.5** 12 6 2.5** 11 6 1.3** 14 6 3.5** 12 6 1.6** 11 6 2.1** 13 6 2.1*

DHR 123 Fluorescence
Control 11 6 1.6 10 6 1.5 10 6 2.3 11 6 2.1 11 6 2.4 13 6 2.9 12 6 1.5 12 6 1.9
3-NP 29 6 4.1* 10 6 2.7** 13 6 2.1** 10 6 1.4** 19 6 2.6** 14 6 2.2** 13 6 3.4** 12 6 3.6**

Cultures were pretreated for 1 hr with the indicated agents and were then exposed to 2 mM 3NP for 2 hr, at which time levels of DCF fluorescence and DHR 123 fluorescence
were quantified. Values are the mean and SEM of determinations made in at least six cultures.
*p , 0.01 compared to value for vehicle treated-control cultures.
**p , 0.01 compared to value for 3-NP-treated cultures. (ANOVA with Scheffe’s post hoc tests). 3NP, 2 mM 3NP; Vehicle, 0.2% dimethylsulfoxide; 0 [Ca]o, Locke’s solution
lacking added calcium and containing 0.5 mM EGTA; BAPTA, 5 mM BAPTA-AM; Nif, 10 mM nifedipine; Dant, 1 mM dantrolene; GSH, 1 mM glutathione ethyl ester; PG,
10 mM propyl gallate; Cys A, 1 mM cyclosporine A; zVAD, 10 mM zVAD-fmk.
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mentation otherwise induced by 3-NP. Indeed, hydrogen perox-
ide (Whittemore et al., 1994; Hoyt et al., 1997) and peroxynitrite
(Estevez et al., 1995; Mattson et al., 1997) were previously shown
to impair mitochondrial function and induce apoptosis in cul-
tured neurons. ROS are implicated in the effector phase of
apoptosis in many different physiological and pathophysiological
settings (Hockenberry et al., 1993; Kane et al., 1993; Kruman et
al., 1997); ROS can disrupt mitochondrial calcium homeostasis
and promote MPT (Richter, 1993; Packer and Murphy, 1995;
Brorson et al., 1997).

Cyclosporin A, an inhibitor of MPT (Petronilli et al., 1994),
prevented 3-NP-induced apoptosis in PC12 cells expressing mu-
tant PS-1. The ability of cyclosporin A a to attenuate 3-NP-
induced ROS production and preserve mitochondrial reducing
potential in cells expressing mutant PS-1 suggests that mutant
PS-1 perpetuates a vicious cycle in which perturbed calcium
homeostasis promotes MPT and ROS production resulting in
further disruption of calcium homeostasis and nuclear apoptosis
(Fig. 6). Our data are consistent with previous work showing that
cyclosporin A prevents mitochondrial depolarization in cultured
cortical neurons exposed to NMDA (Niemenin et al., 1996). The
finding that cyclosporin A attenuates accumulation of ROS is at
first approximation in contradiction to the data showing that ROS
accumulation occurs before loss of transmembrane potential as
measured by the JC-1 method. One possible explanation of these
data is that there is a time lag between MPT and loss of trans-
membrane potential as measured by the JC-1. A second possibil-
ity is that cyclosporin A suppresses ROS production by a mech-
anism other than blocking MPT. Inhibition of calcineurin is a
well documented action of cyclosporin A, and recent findings

suggest a role for calcineurin in several different models of apo-
ptosis (Shibasaki and Mckeon, 1995). However, 3-NP-induced
apoptosis in the present study was not blocked by FK 506, another
inhibitor of calcineurin.

The caspase inhibitor zVAD-fmk prevented loss of mitochon-
drial transmembrane potential and energy charge and nuclear
apoptosis after exposure of cells expressing mutant PS-1 to 3-NP.
However, the increase of [Ca 21]i and ROS production induced
by 3-NP was unaffected by zVAD-fmk. These findings suggest
that caspases are involved in 3-NP-induced apoptosis and may act
at a point subsequent to elevation of [Ca21]i and ROS production
but before mitochondrial failure and nuclear apoptosis. These
findings are consistent with previous studies in other cell types
implicating caspases as upstream effectors of mitochondrial alter-
ations linked to apoptosis (Harvey et al., 1997; Posmantur et al.,
1997). On the other hand, mitochondrial membrane depolariza-
tion and MPT have been linked to release of molecules that
activate caspases and induce nuclear apoptosis (Anel et al., 1996;
Susin et al., 1996; Yang et al., 1997; Kluck et al., 1997; Shidoji et
al., 1997). In neural cells, CPP32-like caspases may play a prom-
inent role in the late, postmitochondrial, phase of apoptosis
(Kroemer et al., 1997; Yuan, 1997). Because the caspase inhibitor
used in the present study (zVAD-fmk) inhibits a broad range of
caspases (including CPP32), the identity of the caspases that
mediate 3-NP-induced apoptosis in cells expressing mutant PS-1
remains to be established. However, our analysis of caspase-3
activation does suggest that CPP32 is activated relatively early
after exposure to 3-NP, during a time period when ROS accu-
mulation and disruption of calcium homeostasis occurs. Interest-
ingly, PS-1 and PS-2 are cleaved by type 3 caspases in cultured

Figure 6. Working model of the mechanisms whereby PS-1 mutations render neurons vulnerable to mitochondrial dysfunction and apoptosis. PS-1 is
localized in the ER. PS-1 mutations perturb ER calcium homeostasis in a manner that enhances calcium release when cells are exposed to various
potentially toxic environmental signals (e.g., glutamate, amyloid b-peptide, or agonists that activate the IP3 pathway). When mitochondrial electron
transport is uncoupled, as in cells exposed to the irreversible succinate dehydrogenase inhibitor 3-NP, calcium efflux from the mitochondria occurs
followed by ATP depletion. The elevation of [Ca 21]i in response to mitochondrial impairment is exacerbated in cells expressing mutant PS-1. High
cytoplasmic calcium levels promote the production of intramitochondrial and extramitochondrial ROS that damage mitochondrial membranes and
proteins resulting in membrane depolarization (D¥) and permeability transition (MPT ). These mitochondrial alterations result in the release of apoptotic
factors (AFs) from mitochondria that then promote nuclear apoptosis. The increased [Ca 21]i and oxidative stress in cells expressing mutant PS-1 may
also promote aberrant processing of APP resulting in increased production of amyloidogenic forms of Ab. Ab, in turn, may perpetuate a vicious
neurodegenerative cascade by inducing oxidative stress, disrupting cellular ion homeostasis and further impairing mitochondrial function. See
Discussion for further details and references supporting different aspects of this model.
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cells undergoing apoptosis; the cleavage site is in the cytosolic
loop domain just adjacent to the normal cleavage site (Kim et al.,
1997; Loetscher et al., 1997). Presenilin mutations result in in-
creased cleavage by caspase-3, suggesting a role for this cleavage
in the apoptotic process (Kim et al., 1997).

Apoptosis is believed to occur in several prominent neurode-
generative conditions associated with mitochondrial dysfunction,
including AD (Cotman and Anderson, 1995; Smale et al., 1995),
cerebral ischemia (Linnik et al., 1993; Nitatori et al., 1995; Du et
al., 1996), and Huntington’s disease (Portera-Cailliau et al.,
1995). The ability of mutant PS-1 (Guo et al., 1996, 1997; present
study) and PS-2 (Wolozin et al., 1996), and perhaps wild-type
PS-2 (Deng et al., 1996; Wolozin et al., 1996), to enhance apo-
ptosis is consistent with an action of presenilins at a critical point
in the apoptotic pathway. Our findings suggest that PS-1 muta-
tions affect apoptosis by perturbing ER and mitochondrial cal-
cium regulation. Recent studies have shown that mitochondria
and ER interact in the regulation of cellular calcium homeostasis.
For example, in lymphocytes, mitochondria control calcium re-
lease from ER stores (Hoth et al., 1997). PC12 cells expressing
mutant PS-1 exhibit altered responses to signals, such as acetyl-
choline and bradykinin, that activate receptors linked to inositol
phospholipid hydrolysis and release of calcium from ER stores
(Guo et al., 1996). ER and mitochondrial calcium-regulating
systems are increasingly recognized as playing important roles in
fundamental neurophysiological events, including neurotransmit-
ter release and synaptic plasticity. The present findings therefore
suggest that altered subcellular calcium regulation may contribute
to neuronal dysfunction before cell death in AD.
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