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Presenilins mediate an unusual intramembranous proteolytic ac-
tivity known as y-secretase, two substrates of which are the Notch
receptor (Notch) and the pB-amyloid precursor protein (APP).
y-Secretase-mediated cleavage of APP, like that of Notch, yields an
intracellular fragment [APP intracellular domain (AICD)] that forms
a transcriptively active complex. We now demonstrate a functional
role for AICD in regulating phosphoinositide-mediated calcium
signaling. Genetic ablation of the presenilins or pharmacological
inhibition of y-secretase activity (and thereby AICD production)
attenuated calcium signaling in a dose-dependent and reversible
manner through a mechanism involving the modulation of endo-
plasmic reticulum calcium stores. Cells lacking APP (and hence
AICD) exhibited similar calcium signaling deficits, and—notably—
these disturbances could be reversed by transfection with APP
constructs containing an intact AICD, but not by constructs lacking
this domain. Our findings indicate that the AICD regulates phos-
phoinositide-mediated calcium signaling through a y-secretase-
dependent signaling pathway, suggesting that the intramembra-
nous proteolysis of APP may play a signaling role analogous to that
of Notch.

he majority of early-onset, autosomal-dominant familial

cases of Alzheimer’s disease are caused by mutations in the
presenilin genes (PS1, PS2) (1). The presenilins are essential
components of an intramembranous proteolytic activity known
as y-secretase (1). Several type-I integral membrane proteins
have been identified as substrates for y-secretase, including the
Notch receptor (Notch) and the B-amyloid precursor protein
(APP) (2). Notch is a signaling molecule that regulates cell-fate
determination during development (3). Signaling through Notch
is triggered by the binding of ligands such as Delta and Jagged,
which induces cleavage of Notch by TACE (4). Subsequent
cleavage by +y-secretase releases the Notch intracellular domain,
which binds to transcription factors (e.g., Suppressor of Hairless)
and translocates to the nucleus, where it regulates transcription
of Enhancer of Split complex genes (5).

Similarities between the processing of Notch and APP have
prompted speculation that APP may play an analogous signaling
role. Cleavage of APP by wy-secretase, the final step in the
generation of B-amyloid (AB), liberates a fragment analogous to
Notch intracellular domain, the APP intracellular domain
(AICD), which interacts with the nuclear adaptor protein Fe65
(6-8). Fe65, in turn, interacts with the transcription factor
CP2/LSF/LBP1 (9, 10) and Tip60, a histone acetyltransferase
(8). Recently, AICD complexed with Fe65 and Tip60 has been
shown to potently regulate the expression of artificial expression
constructs in transfected cells (8). However, no physiologic
signaling role has yet been ascribed to the AICD.
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Mutations in the presenilins, in addition to their well docu-
mented effects on <y-secretase activity, also produce highly
consistent alterations in intracellular calcium signaling pathways,
which include a potentiation of the phosphoinositide/calcium
signaling cascade (11-14) and deficits in capacitative calcium
entry (14, 15). In the present study, we sought to elucidate the
nature of the causal link between vy-secretase activity and
intracellular calcium signaling pathways. By using fibroblasts
from presenilin knockout mice and selective y-secretase inhibi-
tors, we show a remarkably tight link between vy-secretase
activity and the amplitude of phosphoinositide-mediated cal-
cium signals. The calcium signaling alterations present in PS1~/~
cells were also evident in APP~/~ cells and were reversed by
transfection with APP constructs containing an intact AICD—
and by AICD alone—but not by constructs lacking this domain.
Collectively, our findings suggest that APP plays a physiologic
signaling role analogous to Notch that regulates intracellular
calcium signaling by way of its y-secretase-derived intracellular
domain.

Materials and Methods

Reagents. Fura 2-AM and ionomycin were from Molecular
Probes. pEGFP-N1 (EGFP, enhanced green fluorescent pro-
tein) was from CLONTECH. Cell culture reagents were pur-
chased from Invitrogen. All other reagents were from Sigma
unless otherwise noted.

Cell Culture and Calcium Imaging. Mouse embryonic fibroblasts
were immortalized by transfection with the large-T antigen of
SV40. N2a cells were maintained in a 1:1 mixture of DMEM/
10% FBS and Optimem I supplemented with 200 ug/ml of G418;
all other cell lines were maintained in DMEM/10% FBS sup-
plemented with 200 ug/ml of G418. Calcium imaging was
performed as described (14). Transient transfections were car-
ried out with Lipofect AMINE 2000 according to manufacturer’s
recommendations (Invitrogen).

Enzyme-Linked Immunosorbent Assays. Human and mouse AP
ELISAs were performed as described (16, 17). Mouse AB was
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Fig. 1. Fibroblasts from presenilin knockout mice show impairments in

calcium signaling that correlate with AB production. (a) Representative cal-
cium signals evoked by BK (100 nM) in fibroblasts from mice lacking both
presenilin genes or controls. (b) Comparison of calcium signal amplitude (dark
bars) and [AB1-40] in the conditioned medium (light bars) of fibroblasts from
presenilin knockout mice. (Inset) The deficits in calcium signaling in PS7-/~
mice are completely reversed by transfection with wild-type PS7. Calcium data
are mean = SE for 8-24 experiments per condition. ELISA data are mean =+ SE
of triplicate determinations. *, P < 0 01.

measured from the conditioned medium of fibroblasts main-
tained for 16 h in Optimem I low-serum medium (Life Tech-
nologies). Human AB was measured from the conditioned
medium of N2a cells incubated for 3-4 h in Hepes-buffered
control solution (HCSS) containing 120 mM NaCl, 5.4 mM KCl,
0.8 mM MgCly, 2 mM CacCl,, 15 mM glucose, 20 mM Hepes (pH
7.3), and 0.5% phenol red.

Results and Discussion

To investigate the role of y-secretase activity in modulating
phosphoinositide-linked calcium signaling, we studied calcium
signaling in primary and immortalized fibroblasts from mice
lacking one or both of the presenilin genes, which display varying
degrees of impairment in y-secretase activity (18, 19). Cytosolic
calcium signals were recorded in Fura-2-loaded cells after
stimulation with 100 nM bradykinin (BK), an agonist that
stimulates the phosphoinositide signaling cascade and triggers
release of calcium from intracellular stores. To monitor v-
secretase activity, we also measured ABi_4 production in the
conditioned medium from these same cells by using a highly
sensitive ELISA (20). Relative to controls, calcium responses
were markedly diminished in cells lacking either PS7 alone or
both PS1 and PS2, but not in cells lacking PS2 (Fig. 1). Notably,
the extent of the deficits in calcium signaling correlated strongly
with the amount of y-secretase activity in the same cells (Fig. 1b).
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To establish whether these changes were reversible, PS1~/~
fibroblasts were cotransfected with enhanced green fluorescent
protein together with either wild-type PSI or empty vector.
Expressing cells were identified by using a standard FITC filter
cube before calcium imaging. The deficits in calcium signaling
present in PST~/~ cells were completely restored by transfection
with PSI (Fig. 1b Inset) and thus were not attributable to
nonspecific effects of ablation of the PSI gene. These findings
indicate that the presenilins play a physiologic role in modulating
the phosphoinositide/calcium signaling pathway, and suggest
that the potentiation in calcium signaling conferred by Alzhei-
mer’s disease-linked presenilin mutations (11-14) represents a
gain of function in this normal modulatory role. This finding is
analogous to the discovery that increased Apj_42 production
represents a pathological gain of function in the normal function
of y-secretase (18).

The disturbances in calcium signaling observed in cells lacking
presenilins could be a consequence of the presenilins’ role in
y-secretase activity or because of other unrelated activities. To
discriminate between these possibilities, we tested the effects of
direct pharmacological inhibition of y-secretase on calcium
signaling. To that end, BK-evoked calcium signals were recorded
in N2a cells stably overexpressing human Swedish APP
[N2aWtl1 cells (21)] after a 3- to 4-h incubation in various
concentrations of <y-secretase inhibitors (Fig. 2). We tested
numerous different inhibitors comprising a variety of chemical
classes (Table 1), including several transition-state mimics (i.e.,
directed at the active site of y-secretase) and one inhibitor
(MW-II1I-36C) that is structurally similar to compounds shown to
interact directly with the presenilin proteins (22). Pharmacolog-
ical inhibition of y-secretase markedly diminished the amplitude
of BK-evoked calcium responses in a dose-dependent fashion
(Fig. 2 a and b), whereas structurally related but functionally
inert compounds were without effect (Table 1). Similar results
were obtained in other cell types (e.g., Chinese hamster ovary,
HEK-293, M-17, fibroblasts, and primary cortical neurons) and
in response to other agonists (e.g., bombesin and ATP) that
activate the phosphoinositide/calcium-signaling pathway (data
not shown). To quantify y-secretase activity in the same cells
used for calcium experiments, the conditioned medium was
collected immediately before imaging and subjected to a sensi-
tive AB ELISA (16). In all cases, a remarkably strong correlation
was observed between y-secretase activity and calcium respon-
siveness (Fig. 2b). Moreover, the rank order of the I1Csy values
for inhibition of calcium responsiveness and those for inhibition
of AB production were closely similar across all inhibitors tested
(Table 1).

To determine whether pharmacological inhibition of -
secretase was reversible, we compared IL, a highly soluble
peptide aldehyde shown to act reversibly on y-secretase in in vitro
assays (17), and ILX, a structurally related peptide epoxide that
cannot be washed out and hence acts irreversibly (see Table 1).
Whereas IL and ILX (50 uM) were both effective immediately
after a 4-h incubation period, the effects of IL but not ILX were
completely reversed 8 h after removal of the compound (Fig. 2¢).
Thus, genetic ablation of the presenilin genes and pharmacolog-
ical inhibition of y-secretase both inhibit calcium signaling in a
dose-dependent and reversible manner.

To examine the time course of pharmacologic inhibition of
y-secretase, we performed calcium imaging experiments in
N2aWtl1 cells after incubation with IL (Fig. 2d) and other
y-secretase inhibitors (data not shown) for various periods of
time. Whereas AB production was inhibited by >80% by IL by
1 h, significant inhibition of calcium responses was detected only
after incubations of 4 h or longer (Fig. 2d).

That +y-secretase inhibition produces effects on AB before
effects on calcium signaling is significant for two reasons. First,
it suggests that vy-secretase activity is upstream of calcium
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Fig. 2. Pharmacological inhibition of y-secretase impairs calcium signaling. (a) Typical BK-evoked calcium signals in N2aWt11 cells treated with various

concentrations of MW-I11-36C. (b) Effects of a representative y-secretase inhibitor on both BK-evoked calcium signal amplitude (open circles) and [AB1-40] in the
conditioned medium (closed circles) after incubation in various concentrations of compound for 3-4 h. Calcium data are mean of quadruplicate determinations.
ELISA data are mean of triplicate determinations. (c) The calcium deficits produced by y-secretase inhibitors are reversible (see text for details). Data are mean =
SE of 6 experiments per condition. (d) Time course of effectiveness of IL on calcium signal amplitude (open circles) and [AB1-40] in the conditioned medium (closed
circles). Calcium data are mean = SE of 4 experiments per condition; ELISA data are mean of triplicate determinations *, P < 0.01.

signaling pathways, rather than downstream as suggested (15).
Consistent with this observation, we have found that A pro-
duction measured in a cell-free assay is not affected by addition
of excess calcium or EGTA (ref. 17; T. Golde, unpublished
observations). Second, and most importantly, these findings
raise the possibility that proteolytic products of y-secretase
activity may mediate a signaling pathway that in turn affects
intracellular calcium signaling.

Because the effects of diminished y-secretase activity on
calcium signaling correlated so strongly with AB production, we
postulated that derivates of APP proteolysis might mediate the
effects on calcium signaling. We therefore studied calcium
signaling in immortalized fibroblasts from APP~/~ mice (23). As
illustrated in Fig. 3, calcium signaling was markedly disrupted in
APP~/~ cells in a manner closely resembling PS7~/~ cells (cf. Fig.
1a and b). Intriguingly, the opposite was true in Chinese hamster

Table 1. A wide variety of y-secretase inhibitors have effects on calcium signaling and Ap production that are similar in

rank-order potency

Compound Chemical class ICsoCa, uM 1C50ABtot, LM Notes Refs.
IL Peptide aldehyde 10 8 Reversible 17
ILX Peptide epoxide 10 10 Irreversible analogue of IL 17
YIL Peptide aldehyde 1 0.5 ELISA data are for ABy_40 only

ClL Peptide aldehyde 1 0.1 Potent analogue of IL 17
PIA Peptide aldehyde >100 >100 Structurally related to IL but inactive

MW-III-36C (Hydroxyethyl) urea 2 0.5 Similar to L-685,458 22, t
MW-I11-26A (Hydroxyethyl) urea 40 25% Structurally related to MW-111-36C t
CM-265 Peptide difluoroketone 30 8-25* Potency varies among different cell types

JT-326 Peptide >100 >100* Structurally related to CM-265 but inactive

*Determined in Chinese hamster ovary cells overexpressing wild-type APP incubated with compound for 6 h; all other data are from N2awt11 cells incubated
with compound for 3-4 h.

Wolfe, M. S., Esler, W. P., Kimberly, W. T., Diehl, T. S., Rahmati, T. & Selkoe, D. J. (2000) Soc. Neurosci. 26, 298.9 (abstr.).
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Fig. 3. APP/~ fibroblasts exhibit deficits in calcium signaling resembling

PS17/~ cells. (a) Representative BK-evoked calcium signals from APP~/~ fibro-
blasts and controls. The amplitude of calcium signals is diminished in APP~/~
cells (b) but increased in Chinese hamster ovary cells overexpressing APP (c).
Data are mean = SE of 6 experiments per condition. *, P < 0.01.

ovary cells overexpressing wild-type APP: these cells, which
produce increased amounts of AB (24) and also AICD, showed
a significant increase in the amplitude of BK-evoked calcium
signals relative to untransfected controls (Fig. 3c). Although
observed in different cell types, these results are consistent with
the possible involvement of y-secretase-mediated proteolytic
fragments of APP in the modulation of intracellular calcium
signaling.

To ascertain which proteolytic fragment(s) of APP is sufficient
to rescue the calcium deficits present in APP~/~ cells, we
cotransfected these cells with cDNAs encoding either full-length
APP or one of several deletion mutants (Fig. 4) together with
enhanced green fluorescent protein as an expression control.
Calcium imaging was performed on the transfected cells 48 h
later. As illustrated in Fig. 4b, rescue of the calcium impairments
was achieved only with APP constructs expressing an intact
v-secretase-derived intracellular fragment (i.e., AICD). Nota-
bly, no evidence of rescue was apparent after transfection with
APPAC31 (25), a construct that lacks critical residues required
for the binding of Fe65 (26) (and, hence, transcription factors),
although expression of this construct was verified by Western
blot (data not shown). In contrast, expression of the free AICD
alone (C57) successfully rescued the calcium deficits.

Several observations support the idea that the proteolytic
fragment responsible for rescuing the calcium effects is the
AICD rather than extracellular secreted fragments of APP (i.e.,
soluble APP or ApR). First, secreted products of APP are
expected to be very low in the calcium imaging experiments
because of low transfection efficiency (3-5%) and because cells
were washed several times before loading with calcium indicator
and again before imaging. Moreover, A levels in particular are
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Fig.4. The calciumdeficitsin APP~/~ cells can be rescued by transfection with
constructs containing the AICD. (a) Schematicillustration of the APP constructs
used for transfections. (b) Rescue of the calcium impairments in APP~/~ cells
was achieved after transfection with constructs containing an intact AICD or
AICD alone, but not by constructs lacking this domain. Data are mean + SE of
8 experiments per condition. *, P < 0.05 relative to APP~/~ cells.

expected to be low because fibroblasts do not express high levels
of B-secretase. Furthermore, we directly tested for possible
effects of soluble APP fragments by incubating APP~/~ fibro-
blasts in conditioned medium from Chinese hamster ovary cells
overexpressing abundant wild-type APP; we observed no effects
on BK-evoked calcium signals after either short- (30-min) or
long-term (16-h) incubations (data not shown). These results,
together with the observation that AICD alone is sufficient to
rescue the calcium signaling deficits in APP~/~ cells (Fig. 4b),
suggest that the AICD is the domain responsible for modulating
calcium signaling. Although we were unable to show biochemical
evidence for the generation of the AICD in these experiments,
this is likely attributable both to low transfection efficiency in
fibroblasts and to the extremely short half-life of the AICD
(6-8). It is worth noting that functional activity of the Notch
intracellular domain was described well before it could be
detected at the biochemical level (27).

Mutations in the presenilins are associated with increased
levels of calcium in the endoplasmic reticulum (ER) (14, 28, 29),
and these alterations are likely to represent the cellular mech-
anism by which presenilin mutations potentiate phosphoinosi-
tide/calcium signaling and reduce capacitative calcium entry
(14). We therefore sought to determine whether a related
mechanism also underlies the calcium signaling deficits observed
in the present study. To this end, ER calcium stores were
depleted by treating cells with the ER calcium ATPase inhibitor

Leissring et al.
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thapsigargin (1 uM) in calcium-free medium; the amplitude of
the resulting calcium transient was taken as a measure of ER
calcium content (Fig. 5a4). Relative to controls, significant re-
ductions in ER calcium content were evident in all cells having
impaired AICD production, including PSI~/~/PS2~/~ and
APP~/~ fibroblasts and N2a cells treated with various y-secretase
inhibitors (Fig. 5 b—d). Thus, the cellular mechanism by which
AICD modulates phosphoinositide calcium signaling involves
the modulation of ER calcium levels.

Here we demonstrate that blockade of AICD production
(through genetic ablation of APP or through genetic or phar-
macological inhibition of y-secretase) leads to impairments in
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phosphoinositide-mediated calcium signaling. Notably, these
impairments are dose-dependent and can be reversed by resto-
ration of AICD production or expression of the AICD alone.
Although AICD could modulate calcium signaling via a number
of possible mechanisms, recent data showing that AICD forms
a transcriptively active complex (8) suggest that AICD might
affect calcium signaling by regulating the expression of genes
involved in calcium homeostasis. Consistent with this possibility,
a BLAST search revealed that CP2/LSF/LBP1 response elements
are present in the regulatory region of an ER calcium ATPase
responsible for transporting calcium from the cytosol into the
lumen of the ER (data not shown). The regulation of genes
affecting ER calcium levels could constitute a “master switch”
to modulate the sensitivity of the phosphoinositide calcium
signaling pathway. In this way, it is possible to envision that
signaling through APP could influence calcium-dependent pro-
cesses such as cellular differentiation, neurite outgrowth, and
synaptic plasticity.

Our results, together with the finding that the AICD is
transcriptively active (8), suggest that the released AICD could
be a signaling molecule analogous to the Notch intracellular
domain (NICD) of the Notch pathway. Both APP and Notch are
processed by y-secretase within their transmembrane domains,
adjacent to a conserved valine (27, 30), to release the intracel-
lular domains. Notch proteolysis and NICD release is triggered
at the cell surface by interaction with cognate ligands such as
Delta and Jagged (4). Perhaps APP proteolysis is likewise
initiated by ligands that have yet to be identified. Calcium
signaling might constitute a valuable physiological marker that
could be exploited in the search for ligands of APP.

Because y-secretase is considered a prime therapeutic target
in Alzheimer’s disease, our studies indicate that this approach
will alter phosphoinositide-mediated calcium signaling. Given
the universal importance of calcium as the major intracellular
signaling cation, careful evaluation of potential side effects
arising from +y-secretase inhibition is warranted. However, in
light of the tight link we observe between y-secretase activity
and calcium signaling, we expect that therapeutic doses of
y-secretase inhibitors that aim only to partially inhibit y-secre-
tase activity (e.g., 20-30%) should have only moderate effects on
calcium signaling.
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