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Mutations in presenilin-1 (PS1), the leading cause of early-onset, autosomal-dominant familial Alz-
heimer’s disease (FAD), enhance calcium signaling mediated by inositol 1,4,5-trisphosphate (IP3). To
elucidate the subcellular mechanisms underlying this enhancement, we used high resolution line-
scanning confocal microscopy to image elementary calcium release events (“puffs”) in Xenopus
oocytes expressing wild-type or mutant PS1. Here we report that mutant PS1-rendered puffs more
sensitive to IP3 and increased both the magnitude and the rate of calcium release during each event.
These effects were not attributable to quantitative changes in the levels of IP3 receptors or their
distribution on the ER, but were instead associated with an abnormal elevation of ER calcium stores.
Together, our results suggest that the effects of mutant PS1 on calcium signaling are manifested
predominantly at the level of the regulation of calcium stores rather than via perturbations in the
numbers or activity of IP3-activated calcium release channels. © 2001 Academic Press

Key Words: Alzheimer’s disease; calcium; confocal microscopy; endoplasmic reticulum; phospho-
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INTRODUCTION

Presenilin 1 and 2 (PS1, PS2) are highly conserved,
pleiotropic proteins localized predominantly to the
endoplasmic reticulum (Kovacs et al., 1996; Weber et
al., 1997; Zhang et al., 1998). Mutations in the preseni-
lins cause a number of cellular defects implicated in
the pathogenesis of Alzheimer’s disease, including al-
tered g-secretase-mediated cleavage of the b-amyloid
precursor protein (APP) and dysregulation of intracel-
lular calcium signaling pathways (for reviews see
Mattson et al., 2000a; Selkoe, 1999). Although the
mechanisms by which presenilin mutations lead to
APP mismetabolism have been extensively studied,
relatively little is known about the precise subcellular
disturbances underlying the effects of presenilin mu-
tations on calcium dyshomeostasis.
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Like effects on APP processing, calcium signaling
alterations appear to be an early and invariant conse-
quence of presenilin mutations, having been docu-
mented for multiple mutations in PS1 and PS2 in
numerous experimental systems (Barrow et al., 2000;
Etcheberrigaray et al., 1998; Gibson et al., 1996;
Hirashima et al., 1996; Ito et al., 1994; Keller et al., 1998;

eissring et al., 2000a; Leissring et al., 1999a; Leissring
et al., 1999b, 2000b; Mattson et al., 2000b; Parent et al.,
1999). For instance, even prior to the identification of
the presenilins, calcium alterations were described in
skin fibroblasts from a family of chromosome 14-
linked FAD patients, who were later shown to harbor
the A246Q mutation in PS1 (Ito et al., 1994). Intrigu-
ingly, these perturbations in calcium signaling are so
selective and so consistent that they can be used to
reliably predict FAD several years prior to presentation
of overt neurological symptoms (Etcheberrigaray et
al., 1998). Recently, we demonstrated that nearly iden-
tical disturbances are present in fibroblasts from mu-
tant PS1 knock-in animals (Leissring et al., 2000a),
M146V
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providing further evidence that perturbed calcium
signaling is an early and likely pathogenic event con-
ferred by presenilin mutations. Finally, we have
shown that mutations in both PS1 and PS2 cause in-
distinguishable changes in calcium signaling (Leiss-
ring et al., 1999a, 1999b), suggesting that these alter-
tions that are a common pathogenic consequence of
ll presenilin mutations.
Studies on the effects of presenilin mutations on

alcium signaling have predominantly focused on the
hosphoinositide signal transduction pathway, in
hich calcium is liberated from the ER into the cytosol

hrough receptor/channel complexes activated by the
econd messenger inositol 1,4,5-trisphosphate (IP3;

Etcheberrigaray et al., 1998; Gibson et al., 1996; Ito et al.,
1994; Leissring et al., 2000a). The specific constellation
of disturbances conferred by presenilin mutations in-
clude (i) a potentiation of calcium release from the ER
(Etcheberrigaray et al., 1998; Gibson et al., 1996; Ito et
al., 1994; Leissring et al., 2000a, 1999a, 1999b, 2000b)
nd (ii) deficits in capacitative calcium entry (CCE;
eissring et al., 2000a; Yoo et al., 2000), an important

signaling pathway wherein depletion of ER calcium
stores triggers a sustained influx of extracellular cal-
cium into the cytosol (Berridge, 1995). Although these
alterations are now well described, and have proven
diagnostic utility (Etcheberrigaray et al., 1998), the
mechanisms underlying these changes are poorly un-
derstood.

Advances in imaging technology have begun to re-
veal the detailed mechanisms of ER calcium signaling.
The advent of high-resolution forms of line-scanning
confocal microscopy has revealed that global calcium
signals, which are often graded in nature, are in fact
comprised from elementary calcium release events of
a fairly consistent size. These events, known as
“puffs,” arise from the concerted opening of clusters
of IP3 receptors, and are thought to represent the
fundamental building blocks of global calcium signals
(Berridge, 1997; Parker et al., 1996; Sun et al., 1998).
Because calcium puffs are discrete events, highly lo-
calized both in space and in time, the fine-scale kinet-
ics of calcium release can be studied in exquisite detail
(Sun et al., 1998). In the present study, we used high
esolution confocal microscopy to elucidate the mech-
nisms by which presenilin mutations alter phospho-
nositide calcium signaling using the Xenopus oocyte, a
ystem that has been exploited extensively to charac-
erize proteins relevant to neuronal function and the
etailed mechanisms of ER calcium signaling. We re-
ort that oocytes overexpressing mutant PS1 generate
uffs at lower [IP ] than control cells or cells overex-
3
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pressing wild-type (wt) PS1 and that the rate and total
amount of calcium liberation from the ER during these
elementary events are enhanced. We provide evidence
that these changes are attributable to abnormal eleva-
tion of calcium within the ER.

METHODS

cRNA Synthesis and Injection

Full-length cDNAs encoding human wtPS1 and
PS1M146V were the generous gift of Dr. John Hardy
(Clark et al., 1995). Synthesis of m7G(59)ppp(59)G-
capped cRNA was performed by run-off transcription
of template plasmids linearized with the restriction
endonuclease XbaI using the Riboprobe Gemini Sys-
tem (Promega) according to the manufacturer’s rec-
ommendations. The quantity and quality of the result-
ing transcripts were determined using spectrophoto-
metric analysis and direct visualization on a
denaturing gel (Leissring et al., 1999b). Stage V and VI
oocytes from Xenopus laevis (Xenopus I, Ann Arbor,
MI) were defolliculated by two 1-h treatments with 0.5
mg/ml Type I collagenase (Sigma) and were injected
the following day with 46 nl of the appropriate cRNA
(500 ng/ml) or RNase-free H2O. Oocytes were main-
tained in Barth’s solution, containing (in mM) NaCl
(88), KCl (1), NaHCO3 (2.4), MgSO4 (0.83), Ca(NO3)2

(0.33), CaCl2 (0.41), Hepes (10), pH 7.4, supplemented
with sodium pyruvate (550 mg/L) and gentamycin (50
mg/L).

Loading with Calcium Indicator and Caged IP3

Three days after cRNA injection and 1–4 h prior to
calcium imaging experiments, oocytes were loaded
with 23 nl of a mixture containing 0.5 mM caged IP3

(d-myo-inositol 1,4,5-trisphosphate, P4(5)-(1-(2-nitro-
henyl)ethyl) ester), and 2 mM of either the high-
ffinity calcium indicator Oregon Green BAPTA-1
OG-1) or the low-affinity indicator Oregon Green-5N
OG-5N). To ensure consistent loading of oocytes, we
sed a piston-driven Nanoject microinjector (Drum-
ond Scientific) fitted with glass electrodes with tip

iameters of ;15–20 mm. Oocytes of a uniform size
(;1.3 mm) were selected prior to loading. Based on
this size, the cytosolic volume is estimated to be ;1 ml
(corrected for yolk granules and other organelles),
yielding final concentrations in the oocytes of ;12 mM
caged IP3 and ;46 mM calcium indicator. Calcium
indicators and caged IP3 were obtained from Molecu-
lar Probes (Eugene, OR).
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Photolysis of Caged IP3 and Calcium Imaging

Photolysis of caged IP3 to liberate free intracellular
IP3 was achieved using flashes of UV light (340–400
nm) derived from a mercury arc lamp, illuminating a
circular portion of the oocyte ;100 mm in diameter
(Leissring et al., 1999b). The amount of photoreleased
P3 is a linear function of the concentration of caged

IP3 within the oocyte, the UV light intensity, and the
flash duration (Callamaras & Parker, 1998). Oocytes
were loaded with a fixed amount of caged IP3 and the
light intensity remained constant, so that the final
concentration of photoreleased IP3 could be regulated
consistently in different oocytes by varying the flash
durations with an electromechanical shutter. The ini-
tial intensity of the UV source was set by adjusting a
neutral-density filter in the light path to a setting that
yielded a reasonable working range of flash durations.
For experiments designed to evoke calcium puffs, the
concentrations of IP3 evoked by these flashes are esti-
mated to be somewhat below ;50 nM, the amount
equired to evoke calcium waves, in the range corre-
ponding to subthreshold endogenous metabotropic
eceptor stimulation (Callamaras & Parker, 1998). In
xperiments recording responses to supramaximal IP3

stimulation, the light intensity was increased 100-fold,
and the aperture of the UV light source was increased
to illuminate the maximum possible area of the oo-
cyte. Calcium-dependent fluorescence changes were
imaged using a custom-built line-scanning confocal
microscope, and data were recorded and analyzed as
described previously (Callamaras & Parker, 1999). Un-
less otherwise noted, images were formed by scanning
a 50 mm line at a rate of 8 ms per line (or 20 ms per line
in experiments involving supramaximal IP3 stimula-
tion), with a nominal pixel size of 0.133 mm and an
ntegration time of 20 ms per pixel. All recordings were

obtained with the scan line focused at the depth of the
pigment granules in the oocyte (roughly 6 mm below
the surface), where IP3-sensitive release sites are con-
centrated (Yao et al., 1995). Fluorescence signals are
expressed as ratios (DF/Fo) of the change in fluores-
ence at each pixel during a response (DF) relative to

the resting fluorescence at that pixel before stimula-
tion (Fo). Mean values for Fo were obtained by aver-
aging over several scan lines before the photolysis
flash. OG-1 was used when imaging puffs, whereas
maximal calcium responses were recorded using the
lower-affinity indicator OG-5N. Most imaging exper-
iments were performed in Ringer’s solution, contain-
ing (in mM) NaCl (120), KCl (2), CaCl2 (1.8), Hepes (5),
pH 7.4. Experiments estimating the relative size of ER
calcium stores were conducted in calcium-free Ring-
er’s solution, which contained 1 mM EGTA and no
CaCl2.

Protein Immunoblotting

Cells were frozen immediately after imaging for
subsequent processing. Protein extracts were prepared
as described (Leissring et al., 1999b) and concentra-
tions determined by the Bradford method. Equal
amounts of protein (10 mg) were separated by SDS–
PAGE on 5% or 10% acrylamide gels, transferred to
nitrocellulose membranes, blocked overnight in 5%
nonfat milk in Tris-buffered saline (pH 7.5) supple-
mented with 0.2% Tween 20, and processed as de-
scribed previously (Leissring et al., 1999b). Presenilin-
pecific antibodies and dilutions used in this study
ncluded SW2 1:500; (Weber et al., 1997), amino- and
arboxy-terminal fragment-specific antibodies (1:200;
hemicon, Temecula, CA), and PS1NT and PS1aloop (1:

5000) (Thinakaran et al., 1996, 1998). Type-1 IP3 recep-
tors were detected with rabbit polyclonal antibody
aIP3R-1 (1:200; Affinity Bioreagents, Golden, CO).
Quantitative densitometric analyses were performed
on digitized images of immunoblots using the Strat-
agene EágleEye II gel documentation system accord-
ing to the manufacturer’s recommendations (Strat-
agene, La Jolla, CA).

Data Analysis

Calculation of the “signal mass” associated with
calcium release events was accomplished using a cus-
tom routine written in the IDL programming language
(Research Systems Inc., Boulder, CO) to integrate the
one-dimensional linescan profile throughout three di-
mensions (Sun et al., 1998). Events were selected that
appeared to involve calcium release from only a single
site, were in sharp focus, and were well separated in
time or space from other signals. The center of the
event was identified visually and, for each time point
(scan line), the routine then summed the fluorescence
signals (DF/Fo) along the scan line, with each value
weighted by the third power of the distance of that
pixel from the center. For convenience, the resulting
sums were then scaled in units of 1DF/Fo 3 10215 1,
representing a doubling in fluorescence throughout a
volume of 1 femtoliter. Because of the third-power
weighting, signal mass measurements showed greatly
increasing noise and susceptibility to error from cal-
cium originating at other sites as the integration was
performed at increasing distances from the event cen-
Copyright © 2001 by Academic Press
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ter. Consequently, calculations were restricted to a
limited region of sufficient width to encompass virtu-
ally all of the signal, and the same width was used for
measurements of signal mass from all experimental
conditions.

Experiments were performed using 26–33 oocytes
per condition, obtained from three different donor
frogs. Statistical comparisons were made using two-
factor ANOVA with replication. All results are pre-
sented as mean values 6 SE.

RESULTS

Expression of Presenilin and IP3 Receptors

Experiments were performed in Xenopus oocytes
injected with equal amounts of cRNA encoding wild
type PS1 (wtPS1) or the M146V mutation (PS1M146V), or

ith H2O as a control. Immunoblot analysis was used
to monitor expression of the presenilin constructs in
the oocytes used for imaging, and revealed that the
wild-type and mutant PS1 proteins were present at
similar steady-state levels (Fig. 1A). We also per-
formed immunoblot analysis of type 1 IP3 receptors,
the only type of calcium release channel expressed in
Xenopus oocytes; this cell type does not express ryan-
odine receptors (Kume et al., 1993). Our analysis re-
vealed that IP3 receptor levels did not differ signifi-
cantly among the experimental conditions (Fig. 1B),

FIG. 1. Western analysis of expression of PS1 and IP3 receptors.
Immunoblots show protein extracts from H2O-injected control cells,
and cells injected with equal amounts of wtPS1 or PS1M146V cRNA.
(A) Representative immunoblot of PS1 protein levels assayed using
the antibody aPS1loop. Levels of wild type and mutant PS1 proteins
differed by ,5%, as determined by densitometric analysis of three
independent Westerns (100 6 3.4 vs 98 6 4.3, respectively, ex-
pressed in normalized arbitrary units 6 SE). Similar results were
obtained using several other well-characterized anti-PS1 antibodies
(see Methods). (B) Type-1 IP3 receptors, detected with antibody
aIP3R-1 (Affinity Bioreagents), were expressed to comparable levels
in the various conditions (100 6 6.5, 102 6 3.7, and 99 6 5.0

ormalized arbitrary units, respectively, for control cells and cells
xpressing wtPS1 or PS1M146V based on three independent Westerns).
Copyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
indicating that the potentiation of IP3-mediated cal-
ium signals did not result through increased num-
ers of IP3 receptors/channels.

Imaging of Calcium Puffs

Figure 2 illustrates the basic imaging protocol, and
shows representative records of IP3-mediated calcium
signals in response to increasing [IP3] produced by
photolysis flashes of varying durations in a control cell
(Figs. 2Aa–c) and a cell expressing PS1M146V (Figs.
2Ba–c). In these linescan images, successive scans are
stacked from left to right, so that distance along the
scan line is depicted vertically, and time horizontally.
Fluorescence is represented by a pseudocolor scale,
with warmer colors indicating higher fluorescence in-
tensities (higher free [Ca21]). Brief photolysis flashes
evoked discrete, localized calcium release events
(puffs) at fixed points along the scan line, whereas
longer flashes elicited calcium waves that are gener-
ated by the coordinated activation of many calcium
release sites through successive cycles of calcium dif-
fusion and calcium-induced calcium release (Berridge,
1997; Parker et al., 1996).

As illustrated in Fig. 2, oocytes expressing the
PS1M146V mutation exhibited several differences rela-
tive to control cells: puffs and waves were evoked at
lower [IP3]; the puffs were of greater amplitude; and,
as reported previously (Leissring et al., 1999b), re-
sponses to supramaximal [IP3] were potentiated (Figs.
2Ad and 2Bd). These differences are described in
greater detail in the following sections.

Sensitization of IP3-Evoked Calcium Release by
Mutant PS1

To quantify the sensitivity of oocytes to photore-
leased IP3, we determined the threshold flash dura-
tions (i.e., relative concentrations of IP3) required to
elicit puffs and waves. The minimum flash durations
required to evoke at least one puff per linescan image
in wtPS1 and PS1M146V-expressing cells (n 5 15–17 per
ondition) were, respectively, 84 6 12 and 63 6 7% of

that in controls (Fig. 3A). The flash durations required
to evoke calcium waves were similarly reduced to
75 6 10 and 56 6 7% of that of controls, respectively
Fig. 3B). Statistically, for both puffs and waves,
S1M146V-expressing cells were significantly more sen-

sitive to IP3 relative both to wtPS1-expressing cells and
controls (P , 0.05 for both comparisons), while the
latter two groups did not differ significantly from one
another (P . 0.05).
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Potentiation of Calcium Puffs by PS1

The amplitude of calcium puffs increases with in-
creasing [IP3] (Yao et al., 1995). To compare puffs

etween control and PS1-expressing cells, we there-
ore determined puff amplitudes (peak fluorescence

FIG. 2. Oocytes expressing mutant PS1 exhibit larger calcium sig-
nals and generate puffs and waves at lower [IP3]. Linescan images
show representative records of calcium release evoked by increas-
ing amounts of photoreleased IP3 in control cells (A) and cells
xpressing PS1M146V (B). Relative to control cells (Aa–c), mutant
S1-expressing cells (Ba–c) showed enhanced sensitivity and larger
uffs in response to comparable photolysis flashes (durations indi-
ated in ms). Calcium waves evoked by supramaximal [IP3] were

also enhanced, as illustrated by the linescan images (Ad, Bd) and
corresponding measurements of averaged fluorescence measured
across the entire scan line (Ae, Be). Records were obtained using
OG-1 as the indicator in (a–c) and OG-5N in (d, e). Cells expressing
wtPS1 exhibited responses intermediate between control and mu-
tant PS1-expressing cells (data not shown).
signals) over a range of flash durations for each con-
dition (Fig. 4). Mean puff amplitudes in PS1M146V-ex-

ressing cells were greater than in controls at corre-
ponding flash durations, whereas wtPS1-expressing
ells exhibited intermediate puff amplitudes. The re-
ationship between puff amplitude and [IP3] was

markedly steeper in cells expressing PS1M146V relative
to controls, while that of wtPS1-expressing cells more
closely resembled control cells.

Measurements of fluorescence intensity correspond
to the local free calcium concentration at the confocal
spot, but do not indicate the amount of calcium liber-
ated during release events. To estimate the latter, we

FIG. 3. Calcium release is sensitized by mutant PS1. Histograms
plot the threshold flash durations (relative concentrations of IP3)
required to elicit puffs (A) and waves (B) in control oocytes and
oocytes expressing wild type and mutant PS1 (*P , 0.05 relative

oth to controls and to wild type PS1-expressing cells; n 5 15–17
ells per condition.)

FIG. 4. Dependence of puff amplitude on [IP3] in control and
PS1-expressing oocytes. Graph shows mean peak fluorescence sig-
nals during puffs as a function of flash duration in control cells (E),
and cells expressing wild-type PS1 (h) and PS1M146V (Œ). Data were
obtained from 15–17 cells per condition.
Copyright © 2001 by Academic Press
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calculated the “signal mass” associated with release
events (see Methods). The calculation is based on the
assumption that the laser scan line cuts through the
center of a spherically symmetric cloud of calcium
diffusing from a point source. Fluorescence along the
scan line then represents a profile of calcium along a
diameter of this sphere, and the total fluorescence at
any time during an event can be obtained by integrat-
ing the profile through three dimensions. It is conve-
nient to express the resulting signal mass in units of
DF/Fo 3 10215 1; that is, one signal mass unit corre-
sponds to a doubling of fluorescence within 1 femto-
liter. Given that the cytosolic concentration of OG-1
was about 46 mM, and that injections of saturating
amounts of calcium yield maximal fluorescence in-
creases (DF/Fo) of 4–5, then a signal of DF/Fo 5 1
corresponds to binding of about 10 mM of calcium to
the indicator. The amount of calcium bound to indi-
cator is approximately equal to that bound to endog-
enous buffers, and the amount of free calcium is small
in comparison to that bound (Yao et al., 1995). Thus, 1
ignal mass unit corresponds to ;2 3 10220 mol of

calcium (20 mM in a volume of 1 femtoliter); equiva-
lent to a calcium current of about 4 pA for 1 ms.

Figure 5A shows averaged images of puffs recorded
in control, and wild type and mutant PS1-expressing
oocytes and illustrates the derivation of signal mass as
a function of time during these events (Fig. 5B). Be-
cause calcium release during puffs is much faster than
its subsequent removal from the cytosol (Sun et al.,
1998) the signal mass reflects the accumulation of cal-
cium in the cytosol over time, and its peak gives a
measure of the total amount of calcium released. As is
evident from Fig. 5B, the peak signal mass was poten-
tiated in wtPS1-expressing cells relative to controls,
and to an even greater extent in PS1M146V-expressing
cells. Further analysis of 93–118 puffs per condition
revealed that the mean amounts of calcium released
during puffs in wtPS1- and PS1M146V-expressing cells
were 153 6 13 and 234 6 22% of that in controls,
espectively (Fig. 5C).

ncreased Rates of Calcium Release Following
S1 Expression

The release of greater amounts of calcium during
uffs in mutant PS1-expressing cells could arise from
greater rate of calcium release, or because a given

elease rate was sustained for a longer time during
ach event. Since signal mass reflects the accumulation
f calcium in the cytosol, the rate of rise of the signal
ass (slopes of lines in Fig. 5B) can be used to estimate
Copyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
he calcium release rate (i.e., calcium current through
elease channels; Sun et al., 1998)). Analysis of 25
vents per condition showed that the rate of calcium
elease in wtPS1- and PS1M146V-expressing cells was

126 6 24 and 178 6 21%, respectively, of that in
controls (Fig. 5D). Based on the calculations detailed in
the previous section, the calcium currents associated
with puffs were approximately 1.7 6 0.5 pA in control
cells, and 2.1 6 0.4 and 3.0 6 0.4 pA in cells expressing
wtPS1 or PS1M146V, respectively (Fig. 5D). Statistically,
the rates of calcium release and corresponding cur-
rents were significantly different for PS1M146V-express-
ng cells relative to controls (P , 0.05), whereas cal-
ium flux in wtPS1-expressing cells was slightly

FIG. 5. PS1 potentiates calcium flux during puffs. (A) Averaged
linescan images of calcium puffs from control cells and cells ex-
pressing wild type PS1 and PS1M146V (12–14 images per condition).
(B) Signal mass time courses derived from the images in (A) using
the procedure described in the text. (C) Mean peak signal mass
associated with calcium puffs in control cells and cells expressing
wild-type PS1 or PS1M146V (n 5 93–118 events per condition). Axes
show calibrations both in units of signal mass (left) and moles of
calcium (right). Signal mass values were significantly different (*P ,
0.01) between PS1-expressing cells and controls, and between wild-
type PS1 and PS1M146V. (D) Corresponding estimates of calcium flux

erived from the rate of rise of signal mass during elementary
elease events (n 5 25 events per condition). Axes show calibrations

in terms of moles of calcium per second (left) and calcium current
(right). Calcium flux in PS1M146V-expressing cells was significantly
different (#P , 0.05) from controls.
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higher than controls, but not significantly so (P .
0.05). Therefore, the potentiation of calcium puffs in
PS1M146V (and possibly wtPS1-)-expressing cells ap-
pears largely due to an increased rate of calcium re-
lease.

Elevated ER Calcium Levels Following PS1
Expression

One mechanism that could account for increased
calcium flux is an elevation of calcium content within
the ER. Such a scenario would be predicted to increase
both the rate and the magnitude of calcium release
associated with each puff, due to an increased driving
force on calcium across the ER. To test this idea, oo-
cytes expressing wtPS1 or PS1M146V were treated with 1
mM thapsigargin in the nominal absence of calcium
and stimulated with supramaximal IP3 concentrations
at 90-s intervals; the cumulative amplitude of IP3-
evoked fluorescence changes were then taken as a
measure of ER calcium content (Fig. 6A). Alternative
methods of determining ER calcium content, such as
treatment with thapsigargin alone in calcium-free
Ringer’s, did not yield reliable estimates of the ER
calcium content, possibly due to the rapid extrusion of
cytosolic calcium from the cell (data not shown). As
illustrated in Fig. 6B, the ER calcium content was
found to be elevated in oocytes expressing wtPS1 and
to a greater extent in cells expressing PS1M146V.

PS1 Expression Does Not Affect the Density of
ER Calcium Release Sites

Although overall levels of IP3 receptor protein were
similar in the different experimental conditions, it re-
mained possible that their subcellular distribution was
altered by presenilin expression. That is, presenilin
expression might alter the number of functional IP3

receptor/channel complexes without altering the
overall levels of protein. If this were the case, then the
density of active calcium release channels would be
expected to change as a consequence of presenilin
expression. To address this possibility, we quantified
the number of release sites present in the line-scan
images from each condition, limiting our sample to
those line-scan images taken between the threshold
for puffs and the threshold for waves for each condi-
tion. The mean (6SE) number of calcium release sites

er 50-mm linescan image was 6.1 6 0.9, 5.9 6 0.7, and
6.2 6 0.7, for controls and wt PS1-expressing and
PS1M146V-expressing cells, respectively. Therefore, no

ifferences in the density of calcium release sites were
detected. Taken together with the other findings of
this study, these data suggest that presenilin expres-
sion affects the activity, but not the amount, of IP3

receptor/channel complexes. The altered activity of
these channels, in turn, is largely attributable to alter-
ations in the content of ER calcium stores.

DISCUSSION

Although numerous studies have shown that global
calcium signals are enhanced in cells expressing pre-

FIG. 6. PS1 increases ER calcium content. (A) Sample traces show-
ing experimental protocol used to estimate ER calcium content.
Cells loaded with caged IP3 and OG5-N were treated with 1 mM
hapsigargin in calcium-free Ringer’s solution and stimulated with
upramaximal (200 ms) UV flashes at 90-s intervals. Note that
ample recordings from wtPS1-expressing cells have been omitted
or clarity. (B) Cumulative changes in fluorescence amplitude (DF/

Fo) taken from 10–11 cells per condition. The numbers (1–5) in the
gure legend refer to successive rounds of UV flash photolysis. *P ,
.05 relative to H2O-injected controls; **P , 0.01 relative to controls

and relative to wtPS1-expressing cells.
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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senilin mutations, the subcellular mechanisms under-
lying these potentially pathogenic changes are poorly
understood. To address this important issue, we stud-
ied calcium release mechanisms using high-resolution
confocal microscopy in Xenopus oocytes expressing
wild type or mutant PS1. The present study goes
beyond previous studies in two important respects.
First, by examining the fundamental units of calcium
release, this study has resolved in unprecedented de-
tail the fine-scale kinetics of the alterations in ER cal-
cium signaling conferred by presenilin mutations. Sec-
ond, by examining a variety of potential subcellular
mechanisms responsible for these changes in a single,
model system, this study has identified the subcellular
basis for presenilin-mediated modulation of calcium
signaling. Here we demonstrate that the effects of
presenilin mutations on calcium signaling are largely
attributable to changes in the fundamental units of
calcium release (puffs) making up global calcium sig-
nals. Notably, we did not observe any changes in the
expression levels of calcium release channels. Thus, in
this system, the potentiation of global calcium signals
conferred by mutant PS1 is caused by an increase in
the magnitude of calcium puffs themselves rather than
in the number of IP3-mediated release channels.

The mechanism producing calcium puffs in cells
expressing wild-type or mutant PS1 also exhibited an
enhanced sensitivity to IP3. A similar effect has been
observed in other experimental systems, albeit at the
level of global calcium signals. For instance, FAD fi-
broblasts harboring PS1 mutations are more sensitive
to agonists coupled to IP3 (Hirashima et al., 1996).
Although changes in numerous components of the
complex phosphoinositide signal transduction cas-
cade might account for these alterations (e.g., levels or
activity of G-proteins, phospholipase C, etc.), a similar
enhancement of sensitivity has been observed in Xe-

opus oocytes expressing mutations in PS1 and PS2
ollowing direct photorelease of IP3 from a caged pre-
ursor (Leissring et al., 1999a, 1999b). These findings,
ogether with the present results, suggest that the
nhanced sensitivity to IP3 is manifested at the level of

calcium release from the ER and is not (exclusively)
due to changes in upstream elements of the phospho-
inositide second-messenger pathway.

The potentiation of puffs is largely attributable to an
increase in the rate of calcium release during each
event, which in turn appears to be due to elevated
levels of calcium in the lumen of the ER. Additional
evidence supports a role for the presenilins in regu-
lating ER calcium levels. First, thapsigargin- and iono-
phore-releasable calcium pools are increased in sev-
Copyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
eral systems harboring PS1 mutations, including PC12
cells (Guo et al., 1996), fibroblasts from human FAD
patients (Gibson et al., 1996) and mutant PS1 knock-in
animals (Leissring et al., 2000a). Second, in brain slices
from transgenic animals expressing PS1 mutations,
electrophysiological abnormalities are present, includ-
ing enhanced long-term potentiation (LTP) and in-
creased after-hyperpolarization, and both alterations
can be attributed to increased release of ER calcium
(Barrow et al., 2000; Parent et al., 1999). Finally, PS1-
linked FAD fibroblasts express elevated levels of
acylphosphatase (Liguri et al., 1996), an enzyme that

odulates the activity of the ER calcium ATPases
esponsible for transporting calcium into the lumen of
he ER, suggesting that altered activity of these en-
ymes could explain the elevation of ER calcium lev-
ls.

In previous work, our laboratory demonstrated that
broblasts from mutant PS1 knock-in mice show def-

cits in CCE (Leissring et al., 2000a) and we have
bserved similar disturbances in Xenopus oocytes ex-
ressing presenilin mutations (Leissring, Parker, and
aFerla, unpublished observations; see also Fig. 4 in
eissring et al., 1999b). To trigger CCE, calcium levels

n the ER must drop below a certain threshold (Fierro
Parekh, 2000). Our findings suggest that the trigger-

ng of CCE is impaired in cells harboring presenilin
utations because abnormally high ER calcium levels

revent calcium levels from dropping below the
hreshold required to activate CCE (see Leissring et al.,
000a). The finding that mutant presenilin causes an
ver-elevation of ER calcium stores therefore provides
succinct mechanism to account for the two principal

alcium signaling alterations conferred by presenilin
utations: the potentiation of ER calcium release and

eficits in CCE.
IP3-mediated cellular calcium signaling operates in

two different spatio-temporal modes: (i) local signals
carried by the high, transient calcium levels generated
by elementary release events that selectively activate
closely adjacent effectors; and (ii) longer range global
signals that result from the summation of calcium
released at numerous puff sites to produce a lower
average calcium elevation throughout the cell. These
modes permit specificity in calcium signaling. In par-
ticular, the affinity of the calcium uptake system in
mitochondria, which exist in close apposition to ER
calcium release sites (Rizzuto et al., 1993), is too low
for these organelles to detect global elevations in cal-
cium concentration (usually ,1 mM), whereas they
respond avidly to the much larger calcium signals
near elementary events (Berridge, 1998; Hajnoczky et
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al., 1995; Rizzuto et al., 1993). Overloading of mito-
chondrial calcium is implicated in apoptosis (Berridge
et al., 1998; Mattson et al., 2000a; Nicholls & Budd,
2000) and PS1 mutations also lead to mitochondrial
dysfunction, an effect that can be attenuated by agents
that inhibit release of calcium from the ER (Keller et al.,
1998; Mattson et al., 2000b). Our finding that mutant
PS1 expression results in much greater calcium liber-
ation during elementary puffs therefore raises the pos-
sibility that the disruptions in local calcium signaling
processes that we have described could contribute to
the enhanced vulnerability to cell death conferred by
presenilin mutations. An alternative possibility not
addressed in the present study is that impaired mito-
chondrial calcium buffering could contribute to the
increased puff size conferred by presenilins.

A particularly interesting question for future re-
search involves the relationship between g-secretase

ediated cleavage of APP and altered calcium signal-
ng, particularly since alterations in both of these pro-
esses appear to be invariant consequences of prese-
ilin mutations. One possibility is that b-amyloid is a

necessary mediator of the calcium alterations. To ad-
dress this question in the future, we have crossed
mutant PS1 knock-in animals with APP knock-out
mice; the presence or absence of calcium signaling
alterations in these animals will confute or confirm,
respectively, this idea. Another possibility is that the
observed calcium signaling alterations can affect
g-secretase activity. In support of this idea, a recent
report showed that an inhibitor of CCE caused in-
creased production of the more amyloidogenic form of
b-amyloid (Yoo et al., 2000). Finally, it is formally
possible that calcium signaling alterations and in-
creased b-amyloid production are independent conse-
quences of presenilin mutations. Again, the cross of
mutant PS1 knock-in animals with APP knock-out
animals will be useful in resolving this question.

In sum, the present study has examined a number of
possible mechanisms to explain the effects of preseni-
lin mutations on calcium signaling. We conclude that
mutant presenilins’ effects on calcium signals are pre-
dominantly attributable to an abnormal overfilling in-
tracellular calcium pools. Given the likely pathogenic
consequences of perturbed calcium homeostasis, ther-
apies which counteract these changes could possess
significant therapeutic benefit. Intriguingly, the poten-
tiation of calcium signaling by PS1 can be reversed by
co-expression with calsenilin, a calcium-binding pro-
tein that associates with the C-terminus of the prese-
nilins (Leissring et al., 2000b). Thus, future research
into the possible effects of calsenilin (and other prese-
nilin-associated proteins) on ER calcium homeostasis
could help to resolve the molecular mechanisms by
which mutant presenilins perturb calcium signaling
pathways and potentially other AD-related patho-
genic events such as APP proteolysis and hyperphos-
phorylation of tau.
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