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ABSTRACT: Amyloid 8 peptide (AR) is released into the media of a variety of cells in culture during normal
metabolism. The discovery of several missense mutations within or flanking the Ag region of the 8 amyloid
precursor protein (BAPP) in familial Alzheimer’s disease provides strong evidence for a role of altered
processing of BAPP in the pathogenesis of this disorder. The celiular mechanisms that regulate the relative
utilization of the secretory pathway, which causes SAPP to be cleaved within the A8 domain, and the
alternative proteolytic pathway, which produces intact AS, are unknown. It is hypothesized that a number
of neurodegenerative diseases, including Alzheimer’s disease, are characterized by abnormal calcium
metabolism. We investigated the effect of disordered calcium homeostasis on AB production in human
kidney 293 cells transfected with SAPP cDNA. AB immunoprecipitated from the conditioned media of
cells was compared to immunoprecipitated full-length and secreted forms of BAPP in both metaboliclabeling
and pulse—chase labeling paradigms. The calcium ionophore A23187 consistently increased the production
of AB approximately 3-fold. This effect was dependent on the presence of extracellular calcium in intact
cells. Caffeine also increased A production, possibly through release of calcium from intracellular stores.
The increase in A8 was cAMP-independent, and it was not mediated by a protein kinase C-dependent
pathway, as treatment with phorbol esters decreased AS levels. The effects of the ionophore on SAPP
maturation and phosphorylation were also established. We conclude that elevation of intracellular calcium
levels has an important effect on SAPP maturation and proteolytic processing and substantially enhances

the production and release of the amyloidogenic AS peptide.

A central role for the 8 amyloid precursor protein (3APP)
in the pathogenesis of at least some forms of Alzheimer’s
disease (AD) has been demonstrated by the discovery of several
families in which the dominantly inherited phenotype (FAD)
was linked to first one (Goate, 1991) and then several other
point mutations in SAPP [reviewed in Hardy (1992)]. These
missense mutations are found within or flanking the sequence
encoding the 39-43-residue amyloid 8 peptide (AB), which
accumulates extracellularly in meningocerebral vessels and
myriad amyloid plaques in AD [reviewed in Selkoe (1993)].
The finding that one such mutation in a Swedish FAD pedigree
{Mullan et al., 1992), when expressed in transfected human
cells, increases Af secretion 6—8-fold directly implicates the
abnormal production of this peptide in the FAD phenotype
(Citron et al., 1992; Cai et al., 1993). These studies also
established the relevance to AD pathogenesis of the cell culture
model used in the present report. Evidence has also been
presented that AB is neurotoxic in vitro [see, for example,
Koh et al. (1990) and Yankner et al. (1990)]. Therefore,
investigation of the physiological circumstances under which
accelerated A8 production may occur in cells expressing wild-
type or mutant BAPP should lead to a greater understanding
of both sporadic and familial AD.

AB is released during normal metabolism by SAPP-
expressing cells and is detectable in normal cerebrospinal fluid
and serum (Haass et al., 1992b; Seubert et al., 1992; Shoji
et al,, 1992; Busciglio et al., 1993). Little is currently known
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about the cellular processing pathways by which AQ is
generated. The first BAPP proteolytic processing event to be
described involves cleavage by an as yet unknown protease
(called a-secretase) at residue 687 [numbering according to
Kitaguchi et al. (1988)] of fully mature, N’- and O’-
glycosylated BAPP;7q (residue 16 of the AS region) (Esch et
al., 1990; Sisodia et al., 1990). Thelarge, soluble ectodomain
of the precursor (APP;) is thereby released into the medium
(Weidemann, 1989; Oltersdorf, 1990), and a 10 kD carboxyl
terminal stubis retained in the membrane (Selkoe et al., 1988).
This scission precludes formation of AB. An alternative
processing route was shown to involve the coated pit-mediated
reinternalization of BAPP from the cell surface and its
trafficking to late endosomes /lysosomes, in which several AB-
containing C-terminal BAPP fragments were detected (Golde
etal., 1992; Haassetal., 1992a). However, treatment of cells
with leupeptin to inhibit thiol proteases in lysosomes had no
measurable effect on AS production (Shoji et al., 1992; Haass
etal., 1993),and ABcould not be detected in purified lysosomes
of radiolabeled cells (C. Haass and D. Selkoe, unpublished
data), suggesting that lysosomes per se might not be required
for AB production. The importance of an acidic intracellular
compartment for the basal production of A8 was indicated by
treating cells with NH4Cl or monensin (Haass et al., 1993).
BAPP degradation was also shown to be sensitive to chloro-
quine, supporting the requirement for an acidified vesicle
(Caporasoetal., 1992). However, these agents are nonspecific
in their effects on ionic balance, and they may also alter APP;
secretion. The effects that perturbations in cellular calcium
homeostasis may have on AB production have not been
reported, to our knowledge.

Altered calcium homeostasis may play a pivotal role in the
selective neuronal degeneration that occurs during normal
aging, in Alzheimer’s disease and in related disorders (Gibson
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& Peterson, 1987; Siesjoet al., 1989; Mattson, 1992). Calcium
influx into cultured human cortical neurons following treat-
ment with the calcium ionophore A23187 causes microtubule
disruption and neurofibrillary degeneration and a consequent
increase in Alz 50 immunostaining, which indicates the
presence of altered phosphorylated forms of the r-protein
(Mattson et al., 1991). These changes are reminiscent of the
cytoskeletal abnormalities found in Alzheimer’sdisease (Kosik
et al., 1986; Nukina & Ihara, 1986; Grundke-Igbal, 1986a;
Wolozin et al., 1986; Baudier & Cole, 1987; Lee et al., 1991).

Excitatory amino acid (EAA) neurotoxicity in susceptible
neuronal populations such as are affected in cerebral ischemia
or Huntington’s disease is mediated in part by abnormal
elevations of intracellular calcium levels (Choi, 1988;
Greenamyre & Young, 1989; Miller et al.,, 1989). The
possibility of a link between amyloid depositionin Alzheimer’s
disease and abnormal calcium homeostasis has been raised.
In this regard, abnormal calcium fluxes could precede excess
AB production and/or they could be a consequence of a
cytotoxic effect of AB on surrounding cells. The latter
situation, in which A@ neurotoxicity in cortical neuronal
cultures is mediated via a potentiation of calcium influx and
increased vulnerability to excitotoxins, has been described
(Koh et al., 1990; Mattson et al., 1992, 1993). In this report,
we examine the first of these two possibilities: whether
increases in intracellular calcium affect BAPP processing in
away that changes the regulation of A8 production and release.
The well-characterized calcium ionophore A23187 (Pressman,
1976) was used to stimulate calcium influx from media or
mobilization from intracellular luminal stores [e.g., see Beckers
et al. (1990)]. In addition, treatment with either inositol
triphosphate (IP3) or caffeine was used to isolate the role of
calcium mobilization from intracellular pools.

MATERIALS AND METHODS

Reagents and Stocks. Calcium jionophore A23187 (Sigma)
was stored as a 5 mM stock solution in DMSO at -20 °C.
Final concentrations of solvent (~0.1%) were uniform within
any given experiment, Caffeine (Sigma) (0.15 M stock) was
heated to 42 °C prior to use. Neuraminidase (Sigma) (3.8
milliunits/uL) was stored in 150 mM NaCl buffer at 4 °C.
PMA (phorbol 12-myristate 13-acetate) (2 mM in DMSO)
and PDBu (phorbol 12,13-dibutyrate) (10 mM in DMSO)
(Sigma) were stored at 70 °C. D-Myoinosito! triphosphate
(IP3) (Sigma and Boehringer Mannheim) was reconstituted
at 2 mM immediately prior to use. L-[33S]Methionine was
from New England Nuclear (Boston, MA), [32P]orthophos-
phate from ICN Biochemicals (Irvine, CA), and dibutyryl-
adenosine cyclic 3/,5’-monophosphate (cAMP) (10 mM) from
Sigma Chemical (St. Louis, MO).

Cell Cultures. Human embryonic kidney 293 cells stably
transfected with BAPPggs or BAPP75; cDNAs (Selkoe et al.,
1988; Oltersdorf et al., 1989) were grown in DMEM (which
contains 2 mM CaCl,) plus 10% FCS to near-confluence in
60-mm dishes prior tobeing labeled. The semiadherent human
megakaryocytoid cell line DAMI (gift of S. Greenberg and
R. Handin) (Greenberg et al., 1988) was grown in 25 cm?
flasks in either Iscoves medium/ 10% horse serum or DMEM/
10% FCS. Approximately 5.0 X 108 DAMI cells were plated
onto 60-mm dishes prior to being labeled. DAMI cells stably
transfected with BAPP7s; or s95s (DN As were obtained by G418
selection (1.1 mg/mL) after electroporation (Bio-rad) of ~14
X 106 cells in 0.5 mL of serum-free DMEM (0.4-cm cuvette,
180 V, 960 uF, 27 °C) containing 25 ug of pPCMV-BAP-
P51 or 695 CDNA (gift of Athena Neurosciences, Inc.) linearized
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with HindI11 and 3 ug of pCMV-neo as the selectable marker.
Stable DAMI clones were chosen that showed similar levels
of production of full-length SAPP and APP;, as demonstrated
by immunoblotting with affinity-purified antibody B5 to
BAPP 444595 (BAPPggs numbering) (Oltersdorf et al., 1990).

To examine the effects of IP3 treatment, stably transfected
293 cells were permeabilized by either electroporation or
suspension ina high-K*/low-Ca?* medium (described below),
yielding identical results. Following trypsinizationanda wash
in PBS, 3 million cells in suspension were electroporated (250
V,960 uF, 27 °C) in 500 L of either methionine-free DMEM
or calcium-deficient medium (described below). Under these
electroporation conditions, 4-20% of 293 cells took up trypan
blue, and an additional 25-40% took up 0.2% Erythrocin alone.
The latter is a smaller molecular weight vital dye than trypan
blue and was taken to indicate a subpopulation of permeable
cells that was entirely viable. One hundred percent of 293
cells took up Erythrocin when permeabilized in 135 mM KCl,
1 mM MgCl,, 1.2 mM KH;,PO,, and 10 mM Hepes, pH 7.4
[formulation of Streb and Schultz (1983)]. “Calcium-
deficient medium” is defined as that described by Mattson et
al. (1992) and consists of calcium-free Hank’s balanced saline
solution (HBSS) withadded 1 mM MgCl,, | mM L-glutamine,
15 mM sodium bicarbonate, 1 mM pyruvate, 40 mM glucose,
and 5 mM Hepes, pH 7.2. “Calcium -free medium” is defined
as the calcium-deficient medium (above) with added EGTA
(varying from 0.5 to 5 mM).

In order to produce oxidative damage and cellular death
through formation of reactive oxygen species (ROS), ferrous
sulfate and H,O, (Fenton’s reagents) were added during
labeling in a metal-catalyzed Haber—Weiss reaction. In this
system, EDTA was added optionally to complex with Fe in
its reduced state (Dunford, 1987). We also utilized a less
toxic system containing ferric chloride with ascorbate added
to keep Fe in a reduced (and hence more catalytic) state. The
latter system has been reported to increase protein degradation
in erythrocytes (Davies, 1986).

Antibodies. R1280 is a polyclonal antibody raised to
synthetic AB;_40 and characterized previously (Tamaoka et
al., 1992; Haass et al., 1992b). Specificity was demonstrated
by the absence of protein bands when preabsorbed antibody
or preimmune serum was used (Haass et al, 1992b).
Polyclonal antibody C7 (Podlisny et al., 1991) is directed
against the last 20 amino acids of the cytoplasmictail of BAPP
and precipitates N’- and (N’ + O’)-glycosylated full-length
BAPP as well as a number of C-terminal fragments. Affinity-
purified polyclonal antibody BS was raised to a recombinantly
expressed protein of BAPP,44 55> [numbering of Kang et al.
(1987)] and recognizes N’- and (N’ + O’)-glycosylated full-
length BAPP as well as APP; (Oltersdorf et al., 1990).
Dilutions used for immunoprecipitation were as follows:
R1280, 1:300; C7, 1:100; and BS5, 1 ug/mL.

Metabolic Labeling and Immunoprecipitation. Metabolic
labeling of cells was carried out as described by Haass et al.
(1991). After culture medium was removed and the cells
were washed in PBS, 1.5 mL of methionine-free DMEM
containing 150 uCi of [**S]methionine and the specific
pharmacological agent cited (or its vehicle) was added to cells
for a 12-14-h labeling period. The 1.5 mL of medium was
then centrifuged at 10000g and carefully transferred to a fresh
tube. Immunoprecipitation (ip) by the method of Weidemann
etal. (1989) was used with modifications exactly as described
by Haassetal. (1991). Foranalysis oflabeled cellular proteins,
total cell extracts were prepared according to Weidemann et
al. (1989).
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For pulse—chase experiments, label was added to cells in
serum- and methionine-free medium for 1 h. Following a
rapid wash, the cells were chased in 2 mL of complete medium
(containing excess cold methionine) for up to4 hin the presence
or absence of agent. The collected medium was used for ip:
1.6 mL with R1280 and 0.4 mL with BS. To examine
maturation of holo-BAPP in cell extracts, a 5-min pulse and
varying chase times up to 90 min were used (Weidemann et
al., 1989; Oltersdorf et al., 1990).

Proteins immunoprecipitated from media by R1280 were
electrophoresed on 10-20% Tris—Tricine gradient polyacryl-
amide gels at 80 V. The gels were dried and exposed to film
at-70°C for 7days. Allother gel conditions are individually
specified in the figure legends. The identities of the 4-kDa
(AB) and the 3-kDa (p3) peptides precipitated by R1280 have
been established previously by radiosequencing (Haass et al.,
1992b). p3 is a fragment which begins at Leu;s of AB,
immediately after the a-secretase cleavage site, and appears
toderive from the 10-kDa carboxyl-terminal fragment of SAPP
that is produced by this cleavage (Haass et al., 1993).

Phosphate Labeling. To study the effects of ionophore on
BAPP phosphorylation, SAPP;s;-transfected 293 cells were
labeled with 1 mCi of [*2P]orthophosphate in 1.5 mL of
phosphate-deficient medium containing 1% FCS (1 ug/mL
final phosphate) for either 4 or 12 h. The cells were then
washed with normal saline containing 50 mM S-glycerophos-
phate and 0.5 mM Na;VO, as phosphatase inhibitors. Cell
extracts were prepared in 1 mL of STEN buffer containing
the phosphatase inhibitors, 1% NP40, 0.2% BSA, 20 mM
PMSF, and 5 ug/mL leupeptin. The extract was cleared by
layering over a 33% sucrose cushion and spinning at 12000g
for 2 min prior to the usual wash steps of the ip protocol.
Phospho-BAPP was quantitated by direct excision of the gel
bands (visualized autoradiographically) and scintillation
spectrometry (LKB 1212).

Deglycosylation. Neuraminidase was employed to remove
sialic acids from the O’-linked sugars on SAPP and APP
Twenty-two milliunits of the enzyme was added to the pelleted
protein-A-Sepharose/aC7-BAPP complex in 100 uL of 0.1
M sodium phosphate, pH 6.5, following the last wash step in
STEN buffer of the ip protocol and incubated for 1 h at 37
°C [a modification of Oltersdorf et al. (1990)]. The beads
were repelleted and suspended in 14 uL of reducing SDS
sample buffer before electrophoresis.

Quantitation and Statistics. Af levels in media were
quantitated by volume densitometric analysis of the R1280-
precipitated 4-kDa band on gel fluorograms (Molecular
Dynamics ImageQuant). Levels of full-length cellular BAPP
from the corresponding labeled culture dish were determined
by ip of total cell extracts with C7 antibody and direct excision
of the N’- and (N’ + O’)-glycosylated BAPP polypeptides for
scintillation spectrometry. Ap levels were corrected for total
cellular BAPP levels by establishing their ratio, expressed as
densitometric units per cpm. The corrected AS level in the
presence of drug was normalized to the level obtained from
the control dish (i.e., vehicle alone) to determine the degree
of change in A8 attributed to that agent. The results of seven
independent experiments were averaged and subjected to the
paired Student’s t-test.

RESULTS

Calcium Ionophore Increases Production of AB by Cultured
293 Cells. To determine the effects of calcium homeostasis
on SAPP metabolism and amyloid 3 peptide (AB) production,
we treated human 293 cells stably transfected with BAPP7s;
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¢cDNA (Haass et al.,, 1992b) with the calcium ionophore
A23187. Radiolabeled AB and p3 were immunoprecipitated
from the conditioned media of the cells either after 14-h
metabolic labeling with [*3S]methionine in the absence or
presence of A23187 (or other agents) or after a 1-h pulse-
label in the absence of agent followed by a chase in medium
containing excess cold methionine with or without agent.
A23187 produced a dose-dependent increase in both A3 and
p3 production by metabolically labeled cells (Figure 1A). The
increase in the release of AB and p3 into medium was maximal
at a dose of 0.5 uM A23187 (Figure 1A,C). The mean rise
in Af at the 0.5 uM dose was 3.7 (£1.5)-fold (p < 0.005, n
= 7), as determined by densitometry of gel fluorograms. At
higher ionophore concentrations (1.0-5.0 uM), generation of
p3 fell substantially, whereas AS decreased less and still
remained above basal levels (Figure 1A, lanes 4 and 5; and
Figure 1C, lanes 5 and 6). When 293 cells transfected with
BAPPgs cDNA were treated with ionophore, a similar rise
in AB and p3 was observed (Figure 1B). Thus, the presence
of the Kunitz protease inhibitor region in SAPP7s; does not
noticeably affect the calcium ionophore-induced elevation of
AP production. AB peptide was not detected in the lysates
of cellsincubated with or without A23187 (results not shown).

The effect of A23187 on the generation of the peptides was
markedly attenuated when calcium-deficient medium (see
Materials and Methods) was used (Figure 1D, lanes 2 and 3).
Addition of 2 mM calcium chloride to this medium (to
approximate the levels in DMEM) restored the ionophore
effect (not shown). In the presence of calcium-deficient
medium containing 5 mM EGTA (defined as calcium-free
medium; see Materials and Methods), A23187 produced no
rise in AG and p3 (Figure 1E, lanes 3 and 4). Indeed, ABand
p3 levels appeared to decrease below basal levels under these
conditions. Therefore, the enhancement of AS production by
ionophore in intact cells is dependent on extracellular calcium.
Exposure of the 293 cells to A23187 (at 2 uM) during the
14-h metabolic labeling period resulted in no greater uptake
of trypan blue than in untreated cells (untreated, 8.7 £ 2.8%
of cells, n = §5; A23187, 5.4 £ 5.5% , n = 4; calcium-free
medium, 10.5 £ 3.9%, n = 4; p > 0.1 for all comparisons).
Moreover, ionophore-treated cells exhibited no unusual
morphological features, suggesting that the ionophore at the
concentrations used here was not noticeably toxic.

To establish the time course of A3 augmentation, control
for changes in precursor synthesis levels and control for any
adverse effects of overnight incubation with ionophore, we
carried out 1-h pulse-labeling in the absence of A23187
followed by a cold chase with or without the agent. AS
secretion and p3 secretion were elevated above basal levels
beginning 30-60 min after addition of A23187 (Figure 1F,
lanes 7-10). Again, no rise was detected at 60 min or at 4
h in the absence of external calcium, i.e., with EGTA in
calcium-deficient medium (lanes 11 and 12). These results
confirm the findings shown in Figure 1A-E and validate the
overnight labeling paradigm.

Effect of Ionophore on Total Cellular BAPP and APP; To
address the possibility that the A23187-stimulated increase
in ABand p3 production could result from a calcium-dependent
induction of precursor protein synthesis, the effect of increasing
concentrations of ionophore on holoSAPP in 293 cell extracts
was examined by immunoprecipitation with antibody C7
(Figure 2A). An apparent small increase in total BAPP was
observed that was maximal at 0.5 uM A23187. Quantitation
of the excised mature plus immature SAPP bands by
scintillation counting gave a mean 1.4 (£0.6)-fold increase
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FiGURE 1: Calcium ionophore A23187 increases cellular release of
Af and p3. (A) A23187 causes a dose-dependent increase in the
secretion of the 4-kDa (AB) and 3-kDa (p3) peptides into the medium
of metabolically labeled 293 cells stably transfected with SAPPs,
cDNA. Lane 1, vehicle alone; lane 2, 0.1 uM; lane 3, 0.5 uM; lane
4, 1.0 uM; lane 5, 5.0 uM; lane 6, untransfected 293 cells (293 wt)
produce levels of the peptides below the limits of detection of this
assay, confirming the derivation of the 3- and 4-kDa peptides from
the transfected JAPP. (B) Cells transfected with SAPPggs show a
similar increase in A# and p3 after 0.5 uM A23187 (lane 2). Lane
3, untreated SAPPss-transfected 293 cells; lane 4, '%I-labeled
synthetic Afj40. (C) Dose-response of AF and p3 to increasing
concentrations of A23187. Note that the decline of the peptides to
near-basal levelsat doses > 1 uM varies somewhat among independent
experiments (compare lane 6 with Figure 1A, lane 5). (D) The
ionophore effect is attenuated in the absence of external calcium.
Lanes 1 and 2, normal medium without (1) or with (2) A23187 (1.0
pM);lane 3, calcium-deficient medium (see Materials and Methods)
with A23187 (1.0 pM). AB remains at slightly above control levels
in calcium-deficient medium. (E) The addition of EGTA (5 mM)
with A23187 to calcium-deficient medium (lanes 3 and 4) completely
suppresses the ionophore-induced increases in A8 and p3 seen in
normal medium (lanes 1 and 2). Lane 5 shows the lack of effect of
the vehicle (0.1% DMSO) alone on A3 and p3 production (compare
tolane 1). (F) Pulse—chase experiments using 1-h labeling with [¥3S]-
methionine in serum-free medium and chasing in excess cold
methionine for the times indicated either in the absence (lanes 1-5)
or in the presence (lanes 6-10) of 0.5 uM A23187. The A23187
effect on A production is noticeable at 30 min. Under calcium-free
conditions (i.e., calcium-deficient medium with 0.5 mM EGTA), no
effect of ionophore treatment is seen (lanes 11 and 12). All panels
are gel fluorograms of immunoprecipitations with antibody R1280
of 1.5 mL of medium. R1280 precipitates only a small and variable
minority of APP; molecules (upper arrow), so that the amounts of
APP, band shown are not meaningful quantitatively. The uppermost
bands above APP, (MW ~218K) are nonspecific, high molecular
weight immunoprecipitated material and can be seen with secondary
antibody alone (Haass et al., 1992b).
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over control levels (0.05 <p<0.10,n= 7). Thissmallchange
cannot explain the 3—4-fold increase in Af production which
ionophore consistently produces. Whereas calcium-deficient
medium prevents the ionophore-mediated rise in Ag and p3
production, the small increase in total SAPP remains (Figure
2A, lane 6). Pulse—chase experiments using treatment with
A23187 at 0.5 uM similarly showed no appreciable increase
in total cellular SAPP (Figure 2D).

The mean 3.7-fold rise in AB levels produced by kidney 293
cells after 0.5 uM A23187 treatment was corrected for the
mean 1.4-fold increase in total SAPP. This yielded a net 2.9
(£1.2)-fold increase in AB production corrected for the modest
induction of BAPP synthesis (p < 0.005 compared to vehicle
alone, n =7; Figure 2B). Under calcium-deficient conditions,
the ionophore effect was absent [1.0 (£0.5) X control, n =
3, NS)]. In calcium-free medium, AS production was
significantly reduced below control levels, regardless of the
presence of ionophore [0.30 (£0.05) X control, n = 4, p <
0.001)] (Figure 2B). HoloBAPP levels remained unchanged
in calcium-free medium (not shown).

Ionophore treatment did produce a consistent qualitative
change in the BAPP electrophoretic pattern. At 0.5 uM and
above, the agent caused a decrease in the apparent molecular
weight of the mature (N’ + O’-glycosylated) holoprotein, so
that the two major full-length forms migrated closer together
(Figure 2A, lanes 1-5). This change was accompanied by a
corresponding dose-dependent decrease in the apparent
molecular weight of the major secreted derivative (APP;) in
the conditioned medium (Figure 2C, lanes 1-5; see also Figure
2E). Todetermine whether theseeffects represented a change
in the maturation of the SAPP holoprotein, we conducted
pulse—chase experiments in the presence or absence of 0.5 uM
A23187 (Figure 2D, lanes 1-10). The rapid appearance of
an intermediate C7-precipitable protein (asterisk in Figure
2D) was observed beginning at 10 min of chase withionophore,
accompanied by a decrease in intensity of the fully mature,
(N’+ O")-glycosylated species (Figure 2D, lanes 7-10). These
resultssuggest a partial inhibition of O’-glycosylation of SAPP
by A23187, presumably in a pre-Golgi or early Golgi
compartment prior to vesicular transport to the cell surface
(Sambamurti et al., 1992). The ionophore-induced appear-
ance of the intermediate SAPP species occurred independently
of external calcium presence (Figure 2A, lane 6), in contrast
to the enhancement of Ag and p3 secretion (Figure 1D,E).
Treatment with caffeine, an agent which enhances calcium
release from intracellular stores, similarly led tothe appearance
of an intermediate species migrating just ahead of the (N’ +
0")-glycosylated holoprotein (Figure 2D, lanes 11-13).
Precipitation of APP; by aB5 from an aliquot of the chase
medium corresponding to Figure 1F revealed no appreciable
difference in the amount of APP;in the presence and absence
of ionophore (0.5 xM); the slightly smaller species of immature
APP; (asterisk) was again seen (Figure 2E).

A23187 Interferes with BAPP O’-Glycosylation. To de-
termine whether the intermediate SAPP and APP; species
induced by A23187 represent molecules which have not
undergone full O’-glycosylation, we compared their migration
to those of full-length BAPP or secreted APP; treated with
neuraminidase to remove sialic acids on O’-linked sugars
(Figure 3A,B). Incubation of immunoprecipitated SAPP with
neuraminidase followed by washing and denaturation showed
that this partially deglycosylated holoprotein comigrated with
the intermediate form induced by ionophore (Figure 3A, lanes
2 and 3). Similarly, immunoprecipitated APP; treated with
neuraminidase comigrated with the APP; form induced by
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for total BAPP precipitated from the corresponding cell extracts and was expressed as the ratio of densitometric units per cpm. This corrected
Ap value in the presence of A23187 (lo) was normalized to that obtained for the paired untreated dish [the latter was set at 1.00 (column
1)]. A23187 increases net AB secretion from overnight labeled 293 cells (2.9 % 1.25)-fold (column 2; n = 7, p < 0.005). Column 3, the effect
is abolished in calcium-deficient medium. Column 4, mean value obtained in calcium-free medium (see Materials and Methods); here, corrected
AR levels are decreased below base line either in the presence or in the absence of ionophore. (C) Immunoprecipitation of APP, from media
of the metabolically labeled cells shown in Figure 1C (antibody B5). Lanes 1-5, A23187 induces a dose-dependent increase in electrophoretic
migration of APP, to yield an intermediate species (asterisk). Lane 6, same as lane 1 (vehicle alone) but in calcium-free medium. (D)
Pulse—chase experiment involving pulse-labeling for 5 min in serum-free/calcium-deficient medium and chasing in calcium-deficient medium,
for the times indicated, followed by immunoprecipitation with «C7. Lanes 1-5, control; lanes 6—10, A23187 (0.5 uM) induces the intermediate
BAPP species (asterisk) by 30 min; lanes 11-13, caffeine (15 mM) also induces a similar migrating form. Note the delay in appearance of
the (N’ + O')-glycosylated species at 10 min in the presence of either A23187 or caffeine. (E) Media from a pulse—chase experiment (same
media shown in Figure 1F) were immunoprecipitated with aB5. A23187 (0.5 uM) results in slightly increased migration of APP, (asterisk).

A23187 (Figure 3B, lanes 2 and 3). The partial inhibition
of O’-glycosylation by A23187 did not prevent secretory
cleavage and secretion of BAPP, as shown by the expected
level of APP; release (Figure 2C, lanes 1 vs 3; Figure 2E).

We next examined BAPP maturation as well as A3 and
holoSAPP levels in a second cell type, the megakaryocytoid
cell line DAMI (Greenberg et al., 1988). Wild-type (wt)
DAMI cells produce little detectable holoBAPP (Figure 3C,
lane 1), nor was there an induction of precursor synthesis by
A23187 (lane 2). This polyploid cell line contains the human
BAPP gene by Southern analysis (data not shown). DAMI
cells stably transfected with SAPP;70 cDNA responded to
A23187 with a large increase in BAPP production (Figure
3C, lanes 3 and 4). APP; levels in the DAMI cells were
correspondingly augmented after ionophore treatment (Fig
ure 3D, lanes 1 and 2), in contradistinction to untransfected
and SAPP;s;-transfected 293 cells (Figure 3D, lanes 3 through

6; see also Figure 2C). Animmature form of holoBAPP and
APP; predominates after A23187 treatment in DAMI cells
(Figure 3C, lane 4; Figure 3D, lane 2), in accord with the
effects of ionophore on SAPP maturationin 293 cells. Despite
the large increase in synthesis of BAPP and secretion of APP;
by transfected DAMI cells following ionophore treatment,
little or no AB production can be detected by densitometry
(Figure 3E, lanes 1 and 2), as compared with transfected 293
cells expressing comparable levels of SAPP (lanes 5 and 6).

Increased Release of AB Is Not a General Consequence of
Cell Stress. We questioned whether enhanced Ag release
could result from other mechanisms producing cell stress which
do not directly require calcium, such as injury mediated by
oxygen radicals. The addition of ferrous sulfate (100 M)
and H»O, (1 mM), either in the absence or in the presence
of EDTA, to 29375; cells during a 14-h labeling with [3*S]-
methionine produced approximately 30% cell death (detached
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FIGURE 3: (A, B) A23187 interferes with SAPP O’-glycosylation.
(A) Lane 1, cellular SAPP immunoprecipiated from lysates of
BAPP5-transfected 293 cells with «C7. Mature (N’ plus O’) and
immature (IN") glycosylated species are indicated. Lane 2, A23187
(1 gM) treatment of the cells induces a species of intermediate
molecular weight; lane 3, treatment of the immunoprecipitated cellular
BAPP with neuraminidase (see Materials and Methods) produces a
similar downward shift in migration of SAPP. The enzymatic
treatment resulted in a considerable loss of signal; therefore, lanes
3 in both panel A and panel B are obtained from slightly longer
exposures of autoradiograms. (B) APP, immunoprecipitated from
media of cells shown in (A) with «B5 also shows an intermediate
comigrating species produced by both A23187 (lane 2) and
neuraminidase (lane 3); 6% Tris—glycine gels. (C) Immunoprecipi-
tation of various cell lysates with «C7 after overnight metabolic
labeling in the presence or absence of 2 uM A23187. Lanes 1 and
2, the human megakaryocytoid cell line, DAMI, produces no
endogenous SAPP. Lanes 3 and 4, DAMI cells stably transfected
with BAPP;7 and treated with A23187 show a large increase in the
immature SAPP species. Lane 5, untransfected (wt) 293 cells. (D)
Immunoprecipitation by «B5 of the ionophore-induced intermediate
APP; (asterisk) from media of SAPP;y-transfected DAMI cells (lanes
1 and 2), wt 293 cells (lanes 3 and 4), and SAPP;s,-transfected 293
cells (lanes 5 and 6). (E) Immunoprecipitation by R1280 of 3- and
4-kDa peptides from media of the same cells used for panel D (labeling
of lanes as in panel D). Note that DAMI cells stably transfected with
BAPP;7 do not produce significant amounts of AS (lanes 1 and 2).
DAMI cells stably transfected with BAPPgs or SAPP;s; similarly
produce very low amounts of Ag (not shown). Gels in panels C and
E, 10-20% polyacrylamide Tris—Tricine-SDS; gel in panel D, 5%
SDS-PAGE. Autoradiograms were exposed for 28 h, 12 h, or 5 days,
respectively.

cell counts). Treatment with ferric chloride (100 uM) plus
ascorbate (5 uM) resulted in ~10% cell death. Under either
condition, no increase in AB and p3 formation was observed;
indeed, levels of the peptides declined (Figure 4, lanes 2—4).
Therefore, enhanced release of AS does not automatically
follow conditions such as those induced by free radical damage,
which produce death of some cells and presumed stress of the
remaining majority of cultured cells.
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FIGURE 4: Generation of reactive oxygen species does not increase
cellular production of AB. 29345, cells were exposed to conditions
favoring oxygen free radical formation and partial cell death during
overnight metabolic labeling. Media were immunoprecipitated with
R 1280 and electrophoresed on 10-20% polyacrylamide-Tris-Tricine—
SDS gels; autoradiography, 8 days. Lane 1, untreated; lane 2, FeSO,4
(100 M) plus H;0; (1 mM); lane 3, FeCl; (100 pM) plus ascorbate
(5 mM); lane 4, as in lane 2 plus EDTA (200 uM).

Neither PKC Activation nor Enhanced BAPP Phospho-
rylation Mediates the Effect of Ionophore on AS Production.
We examined the possibility that the calcium ionophore effect
on A and p3 generation could result from the activation of
the calcium-dependent protein kinase C (PKC) and/or the
enhanced phosphorylation of SAPP, thereby regulating its
proteolysis. The addition of the PKC activators PMA (0.1
M) or PDBu (1 pM) during a 14-h metabolic labeling period
did not increase Af release, as would have been expected if
ionophore action were due to calcium-mediated PKC activation
(Figure 5A, lanes 2 and 3). Instead, AS production fell
substantially, in accord with results recently reported elsewhere
(Hung et al., 1993; Buxbaum et al., 1993). p3 production
increased with phorbol ester treatment (Figure 5A), as
expected from the enhanced secretion of APP; that this agent
produces (Caporasoetal., 1992; Hunget al., 1993). Identical
results were obtained from a 1-h pulse-2-h cold chase
experiment using 1 uM PDBu (not shown). HoloSAPP levels
and maturation were not noticeably affected by the phorbol
esters (Figure 2A, lanes 7 and 8). The addition of A23187
together with PM A did not further stimulate p3 levels (Figure
5B, lane 2). Furthermore, treatment of cells with both PMA
and A23187 resulted in no diminution of the enhancement of
Aplevel by the ionophore, suggesting that these agents modify
the processing of SAPP via independent pathways.

To ascertain directly any effects of A23187 treatment on
BAPP phosphorylation, we labeled 293 cells with [32P]-
orthophosphate for 4 h and precipitated the holoprotein with
aC7. A single phosphorylated band is observed, in accord
with the experiments of Suzukietal. (1992). A23187 resulted
in a marked decrease in phosphate incorporation (Figure 5C,
lanes 2 and 3), perhaps due to the inhibition of SAPP
maturation by the ionophore (see Figure 2). Because the
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FiGure 5: Protein kinase C activation and enhanced SAPP
phosphorylation do not mediate the effects of A23187. (A) Phorbol
ester activation of protein kinase C does not increase A production.
Lane 1, untreated; lane 2, phorbol 12-myristate 13-acetate (PMA)
at0.1 gM; lane 3, phorbol 12,13-dibutyrate (PDBu) at 1.0 uM. Note
that there is nodetectable induction of an intermediate BAPP species
(asterisk), asalsoshownin Figure 2A, lanes 7and 8. (B) Cotreatment
with PMA and A23187. Lane 1, untreated; lane 2, A23187 (0.5 uM)
plus PMA (0.5 pM). Gelsin panels A and B show immunoprecipitation
of media with R1280and electrophoresis on 10-20% polyacrylamide—
Tris-Tricine-SDS gels (autoradiography, 7 days). (C) A23187 does
not increase phosphorylation of cellular BAPP. Immunoprecipitation
of cell lysates with «C7 after a 4-h labeling with 1 mCi of 32P.
Metabolic labeling for 12 h gave identical results. Lane 1, untreated;
lane 2, 0.1 uM A23187; lane 3, 5.0 uM A23187. 10-20% polyacryl-
amide-Tris—Tricine-SDS gels (autoradiography, 21 h).

intermediate glycosylated species of BAPP induced by iono-
phore is associated with increased A8 formation, an increase
in phosphorylation of SAPP is apparently not required for
genesis of AS [see also Hung and Selkoe (1994)]. Indeed,
our results raise the possibility that the ionophore-induced
increase in A formation could be associated with a decrease
in BAPP phosphorylation.

Calcium Release from Intracellular Stores May Also Affect
AB Production. The possibility that intracellular stores of
calcium, when mobilized, could reproduce the ionophore effect
on A{ generation was addressed by treating cells with IP3 or
caffeine to stimulate receptor-mediated calcium release from
distinct endoplasmic reticulum domains (Berridge, 1993). Use
of the second-messenger IP3 in whole cultured cells requires
prior permeabilization (Streb et al., 1983; Brass & Joseph,
1985; Israels et al., 1985; Saluja et al., 1992). Permeabilized
293 cells were incubated in the presence of maximal con-
centrations [10 xM; see Hofer and Machen (1993)] of IP3.
Noincrease in A3 over basal levels was observed after a 14-h
exposure during metabolic labeling, whether done in normal
or calcium-deficient medium (Figure 6A, lanes 3 and 5). This
result was obtained whether cells were permeabilized by
electroporation (Figure 6A) or by low-calcium/high-potassium
permeabilization medium (not shown). IP3 (10 uM) used in
a pulse—chase experiment (as in Figure 2D, except using
permeabilized 293 cells in calcium-deficient medium) pro-
duced no inhibition of SAPP maturation (not shown).
Unexpectedly, treatment of permeabilized cells with A23187
incalcium-deficient mediumincreased A production (Figure
6A,lane6). The latter result suggests that intracellular, IP3-
independent calcium stores may exist which are not normally
accessible to A23187 in intact cells. This result also makes
it unlikely that IP3 did not produce an effect on permeabilized
293 cells in normal or calcium-deficient medium due to
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FiGURE 6: Effects of modulation of intracellular calcium on AS
production and SAPP maturation. (A) Lanes 1-3, 29345; cells were
permeabilized by electroporation (see Materials and Methods) and
treated as indicated with p-myoinositol 1,4,5-triphosphate (IP3) at
10 uM for 14 h during [**S]methionine labeling. Lanes 4-5, same
aslanes 2 and 3 but in calcium-deficient medium. Very similar results
were produced when IP3-treated cells were permeabilized in low-
Ca?* /high-K* buffer (see Materials and Methods) instead of by
electroporation (not shown). Lane 6, A23187 (0.5 puM) treatment in
calcium-deficient medium after permeabilization by electroporation.
A similar result was obtained when A23187-treated cells were
permeabilized in low-Ca?* /high-K* buffer (not shown). (B) Exposure
of intact 29375, cells under normal media conditions to (lane 2) A23187
(1.0 uM), (lane 3) caffeine (15 mM), and (lane 4) dibutyryl-cAMP
(100 pM); 10-20% Polyacrylamide-Tris—Tricine-SDS gels. (C)
Immunoprecipitation of lysates of the cells shown in (B) with aC7.
Note that the change in migration of (N’ + O")-glycosylated GAPP
induced by caffeine is less marked than that induced by A23187; no
such change is induced by dibutyryl-cAMP.

depletion of intracellular calcium stores. Indeed, permeabil-
ized gastric cells in buffer containing <1 pM CaCl, are known
to remain responsive to IP3 (Hofer & Machen, 1993).

When intact cells were exposed to caffeine at high
concentrations (10-15 mM), an increase in A8 production
was observed, although caffeine was less effective than A23187
(Figure 6B, lanes 1-3). Furthermore, caffeine produced a
shift in the apparent molecular weight of mature BAPP to a
faster migrating form similar but notidentical to that induced
by A23187 (Figure 2D, lanes 11-13; Figure 6C, lanes 2-3).
A caffeine-responsive store of intracellular calcium may
therefore participate in calcium-mediated A3 production and
release. The possibility that the caffeine effect is mediated
by increasesin cAMP levels was addressed by adding dibutyryl-
cAMP (100 uM) tointact 293 cells during metabolic labeling
(Figure 6B,C, lanes 4). This produced little or no effect on
both AS and holoSAPP levels. Forskolin, which is known to
enhance cAMP levels in various cell types (Feinstein et al.,
1983; Knight et al., 1984; Moos & Goldberg, 1988), also did
not increase A8 levels (notshown). These experimentssuggest
that the caffeine response is likely to involve intracellular
calcium mobilization and that cAMP does not directly regulate
Ag production.

DISCUSSION

Our experiments demonstrate that elevations in intracellular
calcium increase the production of the amyloidogenic Ap
peptide in BAPP-expressing cultured cells, A23187 raises
both ABand p3 levels in the media of cells in a dose-dependent
manner, with an apparent maximal effect at 0.5 uM. A
variable decrease in both peptides, more noticeable for p3,
occurs at ionophore concentrations =1.0 uM. The effect
requires the presence of extracellular calcium, because
calcium-deficient medium markedly attenuates or eliminates
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the response. Residual free calcium concentrations in such
nominally “calcium deficient” solutions have been reported to
be on the order of 3—5 uM (Streb & Schulz, 1983; Streb et
al., 1983; Brass & Joseph, 1985) or as low as approximately
1 uM (M. Mattson, personal communication); this amount
isstill an order of magnitude greater than intracellular calcium
levels, which are approximately 0.1-0.4 uM (Streb & Schulz,
1983; Purdon et al., 1984). The addition of 0.5 mM EGTA
to calcium-deficient medium essentially removes all traces of
free calcium (Mattson et al., 1991; Blinks et al., 1982). The
increase in the peptides is observed with a ~12-h exposure
of cells to A23187 during metabolic labeling and after 30 min
of treatment with A23187 in pulse—chase experiments.
A23187, at the concentrations used for these experiments,
produced an expected dose-dependent increase in intracellular
calcium levels in our 293 cells, as evidenced by a change in
the 405/485 nM fluorescence ratio after loading with the dye
INDO-1 in a FACS analysis (H. W. Querfurth, unpublished
data). Our studies with A23187 do not address any role that
transient influxes or net redistributions of calcium among its
various intraluminal stores and functional cytoplasmic sites
of action might play in either basal or dynamic AB production.
Thisis in part due to the likelihood of nonspecific equilibration
of calcium pools between most compartments over the
incubation period with A23187 (Beckersetal., 1990). Because
very small amounts of AS are released into culture medium
(Seubert et al., 1992), our assay precludes detecting changes
in AB concentrations on the time scale of seconds customarily
attributed to rapid calcium-mediated events [e.g., see Massini
and Luscher (1974) and Sage and Rink (1987)]. Some
calcium ionophore-induced events are known to occur on a
time scale of hours (Ben-Av et al., 1988).

The rise of both A@ and p3 after a brief chase in A23187
and the lack of a significant rise in full-length SAPP in the
overnight labeling experiment suggest that the increases in
the peptides arise from an acceleration of their proteolytic
generation from SAPP rather than a greater availability of
the precursor (see Figure 2A,D). The a-secretase-mediated
cleavage of BAPP generates APP,and a membrane-associated
10-kDa (88 amino acid) carboxyl-terminal fragment (Olters-
dorfet al., 1990; Weidemann et al., 1989). Itis believed that
a precursor—product relationship exists between the 10-kDa
peptide and p3 (Haass et al., 1992b). Simultaneous A8 and
p3 generation rates in shorter pulse—chase experiments do not
support a precursor—product relationship between these two
peptides (Haass et al., 1993), and we have confirmed this in
the current work. The increase in p3 level, seen when either
a-secretase cleavage [e.g., Hung et al. (1993)] or calcium-
regulated pathways (this work) are activated, suggests to us
that production of this fragment can increase through
stimulation of either its N-terminal (a-secretase) or its
C-terminal cleavage sites within SAPP, respectively. Therise
in p3 after ionophore treatment in particular cannot be
explained by increased a-secretase cleavage, because our
experiments show no significant rise in APP; production after
A23187 (Figure 2C,E). Ourdatadonotruleout the possibility
that both p3 and A@ could arise from a common precursor
such as a 100 amino acid long C-terminal fragment or from
along AB-bearing form of APP; [see Anderson et al. (1992)].
Once formed, ABand p3 are very stable in conditioned medium
(C. Haass and D. Selkoe, unpublished data), making a direct
ionophore effect which increases their half-life in medium
unlikely, particularly in view of the rise in their levels seen
after only a brief (30-60 min) treatment. Theinfluxof calcium
which A23187 mediates has several effects on SAPP metab-
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olism (discussed below) that ultimately must lead to an
enhancement of cleavage at the N- and/or C-termini of the
Ag fragment.

Transfection of the megakaryocytoid cell line DAMI with
a BAPP cDNA resulted in the biosynthesis of SAPP and,
upon ionophore treatment, the release of abundant APP; but
virtually no AS. This is consistent with our conclusion that
the substantial rise in AS secretion observed in the 293 cells
isnotattributable toany increase in BAPP induced by A23187.
The DAMI cells may have very low levels or activity of the
N-terminal protease (“B-secretase™) which cleaves A8 from
BAPP; a-secretase cleavage and secretion of APP; still occur,
and p3 generation is seen. The possibility that the inhibition
of BAPP maturation by A23187 in DAMI cells precludes it
from serving as substrate for Agis unlikely, because the same
effect on SAPP maturation in 293 cells is associated with
robust A8 production. We favor the explanationthat A23187
in the presence of extracellular calcium activates proteolytic
events in 293 cells which generate both A3 and p3. En-
hancement of calcium-dependent exocytosis could play an
additional role in secretion of these peptides once they are
formed.

The increased production of A8 and p3 we observed is
unlikely to be a nonspecific consequence of ionophore/calcium-
mediated membrane damage or cell death. Hypothetically,
cellular stress could accelerate A8 production through (1)
nonspecific release from damaged membranes (e.g., via lipid
peroxidation) and discharge of vesicle contents, or (2)
endosomal/lysosomal breakdown and accelerated SAPP
proteolysis. However, membrane disruption in the presence
of ionophore has been reported not to occur at less than 2 uM
concentrations of A23187 in platelets (Massini & Luscher,
1974). The concentration of ionophore we used was not
associated with detectable cytotoxicity, as determined by lack
of morphological changes, no increase in vital dye uptake and
maintenance of normal levels of BAPP biosynthesis and APP,
secretion. Lipidsand proteinsin plasma membranes are known
targets of iron-catalyzed reactive oxygen species (ROS), via
lipid peroxidation and oxidative damage with increased
proteolysis, respectively [see, e.g., Richards et al. (1988) and
Jamieson (1989)]; calcium can exacerbate these processes
(Braughler & Hall, 1989). However, using two ROS-
generating systems that resulted in partial death of 293 cells,
we found that AB and p3 production actually decreased. It
remains to be explored whether lower doses of these agents,
such as those that produce measurable lipid hydroperoxides
but no cellular death, have an effect on A8 production.

Calcium ionophore interfered with the full maturation of
BAPP and led to the appearance of an intermediate molecular
weight isoform that comigrates with enzymatically desialated
BAPP, a species described previously (Oltersdorfetal., 1990).
The intermediate BAPP species (as well as its corresponding
APP; derivative) obtained after ionophore treatment is an
immature form of BAPP which apparently fails to undergo
full O’-glycosylation. Monensin and NH4CI have been found
to produce similar changes in SAPP maturation, but they
decrease AB and p3 levels (Caporaso et al., 1992; Haass et
al., 1993). Therefore, the partial inhibition of SAPP mat-
uration caused by ionophore is not necessarily directly
associated with the rise in AB. Neuraminidase treatment has
previously been used to establish that the higher molecular
weight form of the GAPP doublet seen on Western blots of
cell extractsis produced by the addition of glucosamine residues
toserine and threonine sites of N’-glycosylated BAPP (Olters-
dorf et al., 1990). This modification probably occurs in the
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FiGure 7: Hypothetical model for some aspects of the regulation of Ag production. In this model, A8 production and p3 peptide production
occur in the same submembranous vesicle which, as depicted, either could be in the process of fusion with the plasma membrane to discharge
its contents or could be engaged in the reinternalization of SAPP. The a-secretase cleavage of SAPP within the AS domain is known to be
stimulated via the PKC-mediated pathway (right half of figure) and is responsible for the generation of APP;, the 10-kDa C-terminal fragment
and thus the N terminus of p3; Ag formation is precluded. The initial event is an agonist—G-protein or agonist—tyrosine kinase receptor-induced
hydrolysis of PIP2 to generate DAG and IP3 which directly and indirectly activate calcium—phospholipid—dependent PKC (Streb & Schulz,
1983; Nishizuka, 1984; Berridge, 1993). The membrane-bound PKC can be sustained in the activated state by (1) further hydrolysis of
membrane lipids (Ptdins and PC) which serve to maintain DAG levels after calcium levels fall to base line (Rink et al., 1983; Nishizuka, 1992)
and (2) receptor-linked calcium channel opening and calcium cycling (Rasmussen, 1986, 1989). The N-terminus of the Af peptide is hypothesized
to be created by cleavage of BAPP by a protease which directly or indirectly requires calcium (CRP) (left half of figure). The distinct protease
creating the C-terminus of A and p3 may similarly be calcium-requiring. Abnormal calcium transients or sustained calcium fluxing, such
as through the additional release of calcium from caffeine-stimulated RYR’s or the effect of ionophores such as A23187, could activate a CRP
(e.g., a membrane-bound calpain). Voltage-dependent and excitotoxic amino acid gated calcium channels are not shown. Abbreviations: G,
GTP binding protein; PLC, phospholipase C; PIP2, phosphatidylinositol 4,5-bisphosphate; Ptdins and PC, other phosphatidylinositols and
phosphatidylcholine, respectively; DAG, diacylglycerol; PKC, protein kinase C; IP3, inositol 1,4,5-triphosphate; ER, endoplasmic reticulum;
RYR, ryanodine receptor; CICR, calcium- and caffeine-induced calcium release phenomenon; wavy line, calcium pump; TPA, phorbol ester;
a, calcium-independent activated state; a’, calcium-requiring activated state.

Golgi apparatus (Weidemann et al., 1989). An early and other proteins, including the EGF receptor and myosin, thereby

rapid step of protein transfer from the ER to the cis-Golgi is
known to be sensitive to local calcium concentrations and
inhibited by A23187 (Beckers et al., 1990), and this occurs
prior to late posttranslational events such as O’-glycosylation
(Sheng et al., 1990). The inhibition of O’-glycosylation by
ionophore did not decrease APP; secretion and therefore does
not appear to impair transport of SAPP or APP; to the cell
surface. Secretion of some other proteins such as human
protein C also does not depend on complete Golgi processing
(McClure et al., 1992).

Calcium influx could activate calcium/phospholipid-de-
pendent protein kinase (PKC). PKC is responsible for the
phosphorylation of certain membrane-bound receptors and

influencing their proteolysis (Hunter et al., 1984; Nishizuka,
1992). It is therefore possible that calcium ionophore could
increase SAPP phosphorylation through activation of PKC
(or another kinase) and render it a better substrate for the
cleavage events that generate A and p3. However, calcium
ionophore resulted in a decrease in SAPP phosphorylation in
our experiments. Moreover, direct activation of PKC with
phorbol esters decreased A S levels, in contrast to the ionophore
effect, and augmented p3 production to a greater degree, in
agreement with recent studies (Hung et al., 1993; Buxbaum
etal., 1993). Ourdata are consistent with the work of Nitsch
and colleagues (Nitsch et al., 1992), who found no effect of
ionophore on the BAPP secretory (a-secretase) pathway.
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The inhibitory effect of A23187 on SAPP maturation was
independent of the presence of external calcium, in contrast
to the enhancement of A8 and p3 formation in intact 293
cells. This result provides evidence that ionophore may also
affect BAPP metabolism by release of calcium from intra-
cellular stores. The fact that A23187 did not increase AB
levels in calcium-deficient medium suggests that calcium
mobilization from intracellular stores by the ionophore is of
less importance than its effect on calcium entry as regards the
regulation of AB formation. However, the observation that
permeabilized cells can increase Af production when exposed
to A23187 in calcium-deficient medium provides evidence
that mobilization of calcium from intracellular stores could
enhance amyloidogenic cleavage of BAPP under some cir-
cumstances.

Itis generally accepted that the endoplasmic reticulum (ER)
serves as the major reservoir of mobilizable Ca2* in the cell
(Berridge & Irvine, 1989). The second messenger inositol
1,4,5-triphosphate (IP3) produces a brief (1 min) release of
Ca?* upon binding toits receptor on the ER surface. However,
IP3 had no effect on either A8 production or BAPP maturation
inintact 293 cells in our experiments, in accord with its defined
role in the PKC pathway (summarized in Figure 7, right). A
second mechanism for intracellular calciumrelease is mediated
by the ryanodine receptor (Berridge, 1993). It is usually
activated by cell-surface, voltage-gated calcium channel
currents and a “calcium induced calcium release (CICR)”
process acting on ER pools which may or may not be distinct
from the IP3-responsive calcium pools (Walton et al., 1991;
Zacchetti et al., 1991) (Figure 7, left). Caffeine is a potent
stimulator of repetitive calcium release via the ryanodine
receptor (Endo, 1977). As documented previously in other
cell types (Giannini et al., 1992; Stein et al., 1992), our 293
cells contain caffeine-sensitive ryanodine receptors (J. Geiger,
personal communication). In our experiments, high levels of
caffeine produced both a cAMP-independent increase in Ag
and an inhibition of SBAPP maturation. Intracellular calcium
release mechanisms have been shown to substitute, albeit to
a lesser extent, for external calcium entry in some in vitro
situations (Feinman & Detwiler, 1974; Rink, 1983). The
caffeine effect is in contrast to the absence of an IP3 effect
and may be explained by differences in the utilization of one
mechanism over the other in cellular processes requiring
discrete calcium transients, as we hypothesize for SAPP in
Figure 7 [see also Malgaroli et al. (1990)]. Caffeine may
even inhibit IP3-sensitive calcium channel opening (Brown et
al., 1992; Parker & lvorra, 1991). The possibility remains
that IP3 did not, for unclear or artifactual reasons, produce
the expected rise in cytosolic calcium. Addressing this
possibility will require the application of techniques that
directly measure such changes in permeabilized, calcium
clamped cells [see Hofer and Machen (1993)].

One explanation for our finding that enhanced intracellular
calcium levels lead to increased AS production is that the
N-terminal and/or C-terminal cleavage events necessary for
the generation of AS are catalyzed by a calcium-requiring
protease(s). The responsible enzyme(s) has (have) not yet
been identified. Among numerous possible candidates for
the N-terminal protease that have been proposed, one is a
calcium-activated cathepsin G-like serine protease present in
adult human and monkey brain (Abraham et al.,, 1991,
Razzaboni et al., 1992). The nonlysosomal cytosolic and
membrane-bound neutral cysteine protease calpain is another
hypothetical candidate, and it has an absolute requirement
for calcium ions (Mellgren, 1987; Suzuki, 1987). Calpain I
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has been reported to be activated in particulate fractions of
postmortem Alzheimer disease brains (Saitoh, 1993), and its
endogenous inhibitor calpastatin is reduced in the same brain
regions (Nixon et al., 1992). Activation of calpain proceeds
by calcium-mediated autolysis and submembrane association,
which also serves to increase the enzyme’s calcium sensitivity
into the micromolar range. Calpains can effect the limited
cleavage of membrane glycoproteins and cytoskeletal an-
choring proteins into large fragments (Suzuki, 1987; Siman
& Noszek, 1988; Siman et al., 1989; Mellgren, 1987).
However, how a subplasmalemmal protease could attack the
N-terminal cleavage site of A8, which is believed to be located
in the lumen of the vesicle (Figure 7), is unclear.

Various aspects of the calcium-mediated events discussed
herein that could lead to AS production are summarized in
Figure 7 (left). Elevations in intracellular calcium concen-
trations could result from influx via ionophore(s) or voltage/
ligand-gated calcium channels (e.g., the NMDA receptor) or
by release from an appropriate ER store (e.g., the ryanodine
receptor channel). Subsequently, a calcium-requiring protease
could be activated and catalyze the Met-Asp cleavage of
membrane-associated BAPP, creating the N-terminus of Ag,
and/or catalyze the AS C-terminal cleavage. Alternatively,
the protease in question could act indirectly, i.e., on another
substrate which then serves to enhance SAPP proteolysis.
Calcium cycling known to occur within the submembrane
region could maintain such a protease in an activated state
after calcium transients return to base-line levels. Our finding
that elevations in cellular calcium consistently increase A8
production provides one specific example relevant to the
hypothetical connection between altered calcium homeostasis
and Alzheimer’s disease. On the basis of these findings,
inhibition of calcium-requiring proteases or blockage of
agonist-operated calcium channels could represent possible
therapeutic targets to decrease A release and deposition in
Alzheimer’s disease.
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