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The presenilin 2 M2391 mutation associated with familial Alzheimer’s
disease reduces Ca’* release from intracellular stores
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Mutations in presenilin (PS) genes account for the majority of the cases
of the familial form of Alzheimer’s disease (FAD). PS mutations have
been correlated with both over-production of the amyloid-B-42 (AB42)
peptide and alterations of cellular Ca”>* homeostasis.

We here show, for the first time, the effect of the recently described
PS2 FAD-associated M2391 mutation on two major parameters of
intracellular Ca®" homeostasis: the Ca?" storing capacity of the
endoplasmic reticulum (ER) and the activation level of capacitative
Ca®" entry (CCE), the Ca®" influx pathway activated by depletion of
intracellular stores.

Ca”" release from intracellular stores was significantly reduced in
fibroblasts from FAD patients, compared to that found in cells from
healthy individuals or patients affected by sporadic forms of
Alzheimer’s Disease (AD). No significant difference was however found
in CCE between FAD and control fibroblasts. Similar results were
obtained in two cell lines (HEK293 and HeLa) stably or transiently
expressing the PS2 M2391 mutation.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Presenilin; Alzheimer’s disease; Ca®" homeostasis; Capacitative
2+

Ca™ entry

Introduction

The most common forms of early onset FAD were linked to
missense mutations in one of three genes encoding for amyloid
precursor protein (APP), presenilin 1 (PS1) and presenilin 2 (PS2)

Abbreviations: PS, presenilin; FAD, Familial form of Alzheimer’s
Disease; ER, Endoplasmic Reticulum; CCE, Capacitative Ca*" Entry; AD,
sporadic form of Alzheimer’s Disease; APP, Amyloid Precursor Protein;
SERCA, Sarcoplasmic/Endoplasmic Reticulum Ca®" ATPase; mKRB,
modified Krebs—Ringer Buffer; AEQ, aequorin; [Ca®'];, intracellular
Ca®" concentration; CPA, cyclopiazonic acid; Tg, thapsigargin; Cch,
carbachol; InsP3, inositol 1,4,5-trisphosphate; Hist, histamine.

* Corresponding author. Department of Biomedical Sciences, Univer-
sity of Padova, Via G. Colombo, 3, 35121 Padua, Italy. Fax: +39-049-
8276049.

E-mail address: paola.pizzo@unipd.it (P. Pizzo).

Available online on ScienceDirect (www.sciencedirect.com.)

0969-9961/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/1.nbd.2003.11.002

which promote neuritic plaque accumulation and neuronal degen-
eration (Selkoe, 2000). PS7 and PS2 genes share a similar genomic
organization and encode proteins that are 67% identical. Despite
their similarities, there are genetic and physiological differences
between the two molecules (Lai et al., 2003). While over 120
mutations have been identified in PS1, only 10 mutations have
been found in PS2 that are definitively linked to FAD (Binetti et
al., in press; Ezquerra et al., 2003; Finckh et al., 2000a; Levy-
Lahad et al., 1995; Rogaev et al., 1995). In addition, PS1 mutations
cause an aggressive form of FAD with a very early age of onset,
whereas PS2 mutations are associated with a form of FAD that
more closely resembles sporadic AD in terms of age of onset and
disease duration (Finckh et al., 2000b; Sherrington et al., 1996).
The majority of APP and PS mutations have been correlated with
an increased cleavage of APP, resulting in overproduction of the
highly amyloidogenic peptide AP42, the main constituent of
neuritic plaques. Nonetheless, it has been reported that other
FAD-linked APP mutations (Ancolio et al., 1999; Stenh et al.,
2002), as well as a PS1 mutation associated with familial fronto-
temporal dementia (insR352; Amtul et al., 2002) did not affect or
even diminished AP42 production. Perturbed Ca** homeostasis is
also considered a common feature of FAD-linked PS mutations. In
particular, mutant presenilins have been associated with both
increased Ca’' release from intracellular stores (Chan et al.,
2000; Leissring et al., 1999, 2000; Schneider et al., 2001) and
reduced CCE, the Ca** influx pathway that is activated upon store
depletion (Smith et al., 2002; Yoo et al., 2000). More recently, a
causal link has been proposed between alteration of cellular Ca>"
homeostasis and increased production of AR42 peptides (Yoo et
al., 2000). Moreover, abnormalities in Ca** handling have been
correlated with increased vulnerability of neurons to excitotoxicity
and apoptosis induced by APR42 exposure and trophic factor
deprivation (Guo et al., 1996, 1997, 1999). A number of alterations
in metabolic and biochemical processes, including signal transduc-
tion systems, oxidative metabolism, APP processing, and Ca*"
homeostasis itself have been found in cultured skin fibroblasts
derived from patients affected by sporadic and familial AD (Cecchi
et al., 2002; Etcheberrigaray and Bhagavan, 1999; Gasparini et al.,
1998; Gibson, 2002; Palotas et al., 2001; Zhao et al., 2002). We
have here employed human primary fibroblasts obtained from
patients bearing the recently described PS2 M2391 mutation,
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associated with autosomal dominant FAD (Finckh et al., 2000b), to
study both CCE and intracellular Ca’" stores. In these cells, with
the Ca®" indicator fura-2, we measured the amount of Ca®*
released from the ER and the properties of CCE upon treatment
with sarcoplasmic/endoplasmic reticulum Ca®>* ATPase (SERCA)
inhibitors. In addition, the effect of expression of such mutation on
Ca®" handling was evaluated in two different cell lines, to proof a
specific role of the PS2 M2391 mutation on Ca®>" homeostasis.
Altogether, our findings suggest that this mutation plays a causal
role in determining an altered Ca*" handling in a way that differs
significantly from that described for the large majority of FAD-
linked PS mutations.

Materials and methods
Subjects

Patients included in this study were recruited and evaluated at
the Memory Clinic of IRCCS “Centro San Giovanni di Dio-
Fatebenefratelli”’, Brescia, Italy. Written informed consent was
obtained from all subjects or, where appropriate, their caregivers,
following the procedures approved by the hospital local ethical
committee. Full description of the Italian pedigree with FAD-
associated PS2 M239I mutation was reported elsewhere (Finckh
et al., 2000b). We obtained fibroblast cell lines from two siblings
carrying the PS2 M2391 mutation: patients II-1 and I1-6 (II-1, age
70 years; 11-6, age 58 years). At the time of the first description
(Finckh et al., 2000b), subject II-1 was unaffected. Additionally,
we included in the present study subjects affected by sporadic AD
(n =", mean age: 71.9 £ 11.2 years) and healthy controls (HC, n =
8, mean age: 67.5 + 4.0 years). Global cognition was investigated
by Mini-Mental State Examination (MMSE) as previously de-
scribed (Folstein et al., 1975). Demographic and clinical features
of subjects are reported in Table 1.

Human primary skin fibroblast cultures

Fibroblast primary cultures were derived from the dermal
biopsy of FAD-PS2 M2391 patients as previously described
(Govoni et al., 1993). Fibroblasts from sporadic AD subjects and
healthy controls were obtained from Fatebenefratelli Biological
Repository (F-BR) of IRCCS “Centro San Giovanni di Dio-Fate-
benefratelli”’, Brescia, Italy. Cells were cultured at 37°C in 5%
C0,/95% air in Eagle’s minimal essential medium (MEM, Gibco,
Invitrogen, San Diego, CA, USA), supplemented with 10% fetal
calf serum (FCS, Gibco, Invitrogen), 100 U/ml penicillin, 100 pg/
ml streptomycin and with non-essential amino acids. The different
fibroblast cell cultures were plated, at the same passage number, on
cover slips (BDH, Milan, Italy) and used, after 2 days, for Ca>"
measurements.

2+
Ca”" measurements

Cells, plated on cover slips (24 mm diameter), were loaded with
fura-2 by incubation with 2 pM fura-2/AM at room temperature for
about 60 min in MEM containing 10% FCS and 0.04% pluronic.
To prevent fura-2 leakage and sequestration, 250 pM sulfinpyra-
zone was present throughout the loading procedure and [Ca”'];
measurement. The cover slips were washed with a modified
Krebs—Ringer Buffer (mKRB, in mM: 140 NaCl, 2.8 KCI, 2

Table 1
Clinical and demographic characteristics
Subjects Age Gender Duration MMSE
(years) of disease
(years)
PS2 M2391 (FAD)
1I-1 70 M 3 12/30
11-6 58 M 10 0/30

Healthy Controls (HC)

Mean values + SD  67.5 + 4.0 2825 £ 1.6
HC-1 65 F - 30/30
HC-2 70 F - 28/30
HC-3 70 M - 30/30
HC-4 65 M - 30/30
HC-5 69 F - 27/30
HC-6 66 M - 27/30
HC-7 74 M - 28/30
HC-8 61 F - 26/30

Alzheimer Disease (AD)
Mean values + SD  71.86 + 11.2

6.43 £33 10.0 £ 9.7

AD-1 85 F 9 1/30
AD-2 66 F 8 15/30
AD-3 89 F 10 16/30
AD-4 66 M 6 2/30
AD-5 72 M 7 0/30
AD-6 67 M 5 26/30
AD-7 58 F 1 10/30

MMSE = Mini-Mental State Examination; F = female, M = male.

MgCl,, 1 CaCl,, 10 HEPES, 11 glucose, pH 7.4, at 37°C),
mounted on a thermostated chamber (Medical System Corp.,
New York, USA), placed on the stage of an inverted microscope
(Zeiss, Axiovert 100 TV) equipped for single cell fluorescence
measurements and imaging analysis (TILL Photonics, Martinsried,
Germany). The sample was alternatively illuminated (z = 10 ms) by
monochromatic light (at 340 and 380 nm) every second through a
40x oil immersion objective (NA = 1.30; Zeiss). The emitted
fluorescence was passed through a dichroic beamsplitter
(455DRPL), filtered at 505—530 nm (Omega Optical and Chroma
Technologies, Brattleboro, VT, USA) and captured by a cooled
CCD camera (Imago, TILL Photonics). Cells were challenged with
different stimuli by either perfusion or quick mixing at 37°C. For
presentation, the ratios (F340/F380) were off-line averaged (20—30
cells) and normalized to the resting value measured within the first
minute of the experiment. All figures are representative of at least
four independent experiments. Where indicated, in the mKRB,
CaCl, was omitted and EGTA (150 pM) was added (Ca**-free
medium), or NaCl was substituted by 140 mM KCI (K'-based
medium).

Cell lines and transfection

Human embryonic kidney (HEK) 293 cell lines stably express-
ing human wild-type (wt) or mutant (M2391) PS2, and control cells
stably transfected with the void vector, were obtained by the
Fugene methodology (Roche, Molecular Biochemicals, Indianap-
olis, IN, USA) following the manufacturer’s instructions, employ-
ing 1 pg of pcDNA3 void vector (Invitrogen), or pcDNA3
construct containing the cDNA encoding either for human PS2
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wt or PS2 M2391 mutation. Cells were grown in F12/DMEM
supplemented with 10% FCS containing penicillin (100 U/ml),
streptomycin (100 pg/ml) and the selecting antibiotic gentamicin
(800 pg/ml) (Gibco, Invitrogen). Resistant clones were isolated by
using cloning cylinders and then analyzed by Western blot with
antibody against PS2 (see below). Stable transfected HEK293
cells, expressing the different PS2 constructs, were maintained in
gentamicin at a final concentration of 800 ug/ml. Additionally, to
confirm the integration of cDNA, clones stably expressing mutant
PS2 M2391 were sequenced by using specific primers.

For Ca®>" measurements, cells from the three different HEK
clones were plated into 13-mm glass cover slips and transiently
transfected, using the Fugene methodology, with 1.5 pg aequorin
(AEQ) cDNA, and used after 36 h as described below.

Transient transfections of HEK293 cells were performed by the
Fugene methodology employing 0.5 pg of AEQ cDNA, together
with 1.5 pg of pcDNA3 vector or pcDNA3 construct containing
the cDNA encoding either for human PS2 wt or PS2 M2391
mutation. After 36 h, cells were used for intracellular Ca>"-AEQ
measurements (see below).

HeLa cells were grown in DMEM supplemented with 10% FCS
containing penicillin (100 U/ml), streptomycin (100 pg/ml) in 75-
cm? Falcon flasks. Before transfection, cells were seeded onto 13-
mm glass cover slips and allowed to grow to 50% confluence. At
this stage, transfections were carried out using the Ca**-phosphate
technique in the presence of 4 pg of DNA [3 pug PS2 (wt or M2391)
c¢DNA or void vector (pcDNA3; Invitrogen, Milan, Italy) + 1 pg
AEQ cDNA]. Intracellular Ca*" measurements were carried out 36
h after transfection with the AEQ technique as previously de-
scribed (Brini et al., 1995) and here briefly summarized.

Aequorin measurements

The cells, seeded on cover slips, were incubated with 5 pM
coelenterazine for 1-2 h in mKRB and then transferred to the
perfusion chamber. All the AEQ measurements were carried out in
mKRB at 37°C. Agonists and other drugs were added to the same
medium, as specified in the figure legends. The experiments were
terminated by lysing the cells with 100 pM digitonin in a hypotonic
Ca*"-rich solution (10 mM CaCl, in H,O) to discharging the
remaining unused AEQ pool. The light signal was collected by a
low-noise photomultiplier with a built-in amplifier-discriminator
(Thorn-EMI photon counting board), stored on an IBM-compatible
computer and off-line calibrated into [Ca®"] values, as previously
described (Brini et al., 1995).

Protein extracts preparation and Western blot analysis

HEK293 and HeLa cells were washed twice with ice-cold
phosphate-buffered saline (PBS) and harvested in ice-cold RIPA
modified lysis buffer [25 mM Tris—HCI pH 7.2, 150 mM NacCl, 1
mM EDTA, 0.5% sodium salt deoxycholic (NaDOC), 1% nonidet-
P40 (NP-40), 0.1% SDS, 200 uM phenylmethylsulfonyl fluoride
(PMSF), 1 pg/ml aprotinin, 20 pg/ml leupeptin, 1 pg/ml pepstatin
A, 5 mM dithiothreitol (DTT)]. The homogenates were incubate 30
min on ice and centrifuged at 60,000 X g for 20 min at 4°C.
Loading of the samples was normalized for the total content of
cellular proteins determined by the BCA assay (Pierce, Rockford,
IL, USA). Samples were run on a 10-20% Tris-tricine gels
(Novex, Invitrogen) and then blotted onto PVDF membrane
(Perkin-Elmer Life Sciences, Boston, MA, USA). Immunodetec-

tion of PS2 proteins was carried out with the polyclonal antibody
Ab-2 PC235 (Oncogene, Merck, Darmstadt, Germany) that recog-
nizes the PS2 C-terminal proteolytic fragments of 20 kDa. Detec-
tion was carried out by incubation with alkaline phosphatase-
conjugated anti-rabbit IgG (Vector Laboratories, Burlingame,
CA, USA) for 1 h. The proteins were visualized by the chemilu-
minescence reagent CDP-star (Perkin Elmer Life Sciences). Den-
sitometric analyses were performed by using NIH Image software.
Means of densitometric measurements of three independent experi-
ments, normalized by the void vector values, were compared by
Student’s ¢ test.

Results

Primary fibroblasts from patients carrying the FAD-associated PS2
M239I mutation show altered Ca®" release from intracellular
stores and normal CCE

The aim of the present investigation was to define whether Ca**
homeostasis is altered in cells carrying the FAD-linked PS2 M2391
mutation. On this purpose, changes in cytosolic Ca®" concentration
([Ca*']}) were monitored with the Ca®' indicator fura-2 (see
Materials and methods) in primary skin fibroblasts from FAD-
PS2 M23091 patients, sporadic AD patients, and healthy controls
(HC) (see Table 1). Fura-2 loaded cells were used to measure the
effects of the PS2 M239I mutation on both Ca®" content of
intracellular stores and CCE, the Ca®" influx across the plasma
membrane which is elicited by store depletion (Penner et al., 1993).
A typical protocol that allows to better distinguish between Ca**
release and Ca®" influx is described in Fig. 1A. By keeping the
cells in a Ca**-free medium, store depletion was first induced by
adding the SERCA inhibitor cyclopiazonic acid (CPA, 20 uM);
CCE was subsequently monitored upon CaCl, addition (Ca*", 1
mM). The SERCA inhibitor, by inducing the passive release of
Ca?" from intracellular stores, caused a transient increase in
[Ca2+];, After 6-8 min, addition of CaCl,, in the continuous
presence of CPA, induced a second large [Ca®']; peak followed
by a sustained [Ca®"]; plateau due to Ca** influx across the plasma
membrane. Indeed, removal of extracellular Ca>* by the Ca®"
chelator EGTA (2 mM) caused a rapid return of the [Ca®']; to
the resting level. Fig. 1A shows [Ca®>"]; changes in two represen-
tative experiments carried out with control (dashed trace) and
FAD-PS2 M2391 (continuous trace) fibroblasts. The transient
increase in [Ca®']; elicited by CPA was significantly reduced in
FAD cells relative to control ones. Similar results were obtained
with thapsigargin (Tg), another SERCA inhibitor (data not shown).
Thus, the rise in [Ca®']; induced by discharging intracellular Ca>"
stores is diminished in cells expressing the PS2 M2391 mutation. In
Fig. 1B, the entity of such reduction can be estimated from the
average peak amplitudes above resting [Ca®’]; values obtained
upon CPA addition (38 £ 10%, mean + SEM, P < 0.05; n = 10
FAD, n = 62 HC). Primary fibroblasts from sporadic AD patients,
however, did not show any significant reduction in the Ca®"
content of intracellular stores when discharged by CPA (Fig.
1B), suggesting a direct involvement of the PS2 M2391 mutation
on this phenomenon.

The effect of the PS2 M2391 mutation on Ca>" influx activated
by store depletion was measured with the same protocol described
in Fig. 1A. No significant difference in Ca®" entry was found
between FAD and control fibroblasts, by measuring the peak value
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Fig. 1. Fibroblasts from FAD-PS2 M239I patients show a decreased Ca®"
release from intracellular stores and normal CCE. Panel A shows a typical
experiment performed with fibroblasts from FAD-PS2 M2391 patients
(continuous trace) and healthy control subjects (dashed trace). Cells, loaded
with fura-2 as described in Materials and methods, were perfused in mKRB
in the absence of extracellular CaCl, and in the presence of EGTA 150 uM
(Ca**-free medium). CPA (20 pM), CaCl, (1 mM), and EGTA (2 mM) were
added when indicated by top bars. The ratio (F340/F380) was normalized to
the averaged value obtained within the first minute of the experiment. Panel
B shows the average peak amplitudes measured from resting values (A
normalized ratio, mean + SEM) for both intracellular Ca®* release (left)
and CCE (right); n = number of independent experiments (n = 62 controls,
n =10 FAD, n = 45 AD; * = P < 0.05, ** = P < 0.001, Student’s  test).

reached upon CaCl, addition (Fig. 1B). In contrast, a marked
increase in CCE was observed in fibroblasts from sporadic AD
patients as compared to controls (63 + 10%, mean = SEM, P <
0.001, n = 45 AD, n = 62 HC; Fig. 1B).

It is well known that differences in plasma membrane potential
strongly affect the rate and extent of CCE by altering the driving
force for Ca*" entry (Penner et al., 1993). To nullify any difference
in membrane potential between the three cell groups, CCE was
measured with the same protocol described in Fig. 1 but in a
medium where NaCl was iso-osmotically substituted by KCI (K*-
based medium). Under these conditions, the membrane potential
collapsed and differences among cells mostly abridged. Primary
fibroblasts, bathed in a K -based medium, were first treated with
CPA in the absence of Ca’" and then challenged with a high

concentration of CaCl, (10 mM) to obtain a more robust Ca*"
influx under a reduced electrical gradient. Even under depolarizing
conditions, the effects of the PS2 M239I mutation on Ca** changes
induced by CPA were similar to those found in the standard Na'-
containing medium (data not shown).

Decreased Ca*" release from intracellular stores and normal CCE
in HEK293 cells stably expressing the PS2 M2391 mutation

The impact of the PS2 M239I mutation on Ca*" homeostasis
was also checked in HEK293 cells stably expressing the void
vector (control cells), human wild-type (wt), or mutant (M239I)
PS2. We decided to employ this experimental approach since in
stable clones, the expression level of the exogenous protein is
comparable with that of the endogenous one, thus better resem-
bling the conditions present in primary fibroblasts. The cell clones
were obtained as described in Materials and methods and analyzed
by Western blot for the presence of the PS2 proteins. Immunode-
tection of PS2 protein showed a very similar expression level of the
20-kDa PS2 C-terminal proteolytic fragment in both PS2 wt and
M239I clones, as well as in the control clone expressing endog-
enous PS2 (Fig. 2A).

Once integration of exogenous cDNA was confirmed by se-
quencing, the different clones were used for studying changes in
the [Ca®']; with the technique based on the photoprotein AEQ.
This methodology was preferred to the fura-2 technique, because
HEK293 cells, differently from primary fibroblasts, are easily
transfectable with high efficiency by the cDNA for AEQ, thus
allowing cytosolic Ca*>" measurements at the cell population level
(see Materials and methods).

To investigate the influence of the PS2 mutation on the Ca*"
content of intracellular stores, cells were challenged with CPA
(20 uM) and carbachol (Cch, 100 uM), an agonist linked to
inositol 1,4,5-trisphosphate (InsP3) production. Compared to CPA
alone, this type of stimulation produces a sharper and higher rise
in the [Ca®"];. This protocol appears better suited to monitor with
AEQ the differences in Ca>* dynamics between controls and PS2
expressing clones because the photoprotein is quite insensitive in
the range 200—400 nM [Ca®']; (i.e., the peak values obtained
with CPA alone), while it is very sensitive in the range 1-2 pM
[Ca®*]; (i.e., the peak reached with CPA + Cch). When CPA and
Cch were applied together in a Ca*'-free medium, a fast rise in
[Ca®"];, due to a prompt and complete discharge of intracellular
stores, was followed by a rapid return to the pre-stimulatory level
(Fig. 3A, first part of the traces). This fast Ca’" response is
typical of agonists coupled to phospholipase C activation and has
been described in a large variety of cell types (Fasolato et al.,
1988; Freichel et al., 2001; Pizzo et al., 1997; Pozzan et al.,
1994; Putney, 1977). As shown in Fig. 3A, in the continuous
presence of CPA, activation of CCE was detected as a second
large [Ca”"]; peak, upon CaCl, addition (Ca*’, 1 mM). Similar to
fibroblasts from FAD-PS2 M239I patients, in HEK293 cells
stably expressing the PS2 M2391 mutation (continuous trace),
depletion of intracellular stores caused an increase in the [Ca*'];
that was significantly smaller than that observed in control cells
(dashed trace) (mean peak amplitudes + SEM of 0.85 + 0.06
UM vs. 1.02 + 0.03 pM, P < 0.05, n = 15 PS2 M2391, n = 20
controls; Fig. 3B). Thus, also in this latter cell model, the PS2
M2391 mutation appears to be linked to a reduced Ca®" release
from internal stores. In contrast, no difference was found in the
PS2 wt clone compared to control cells transfected with the void
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Fig. 2. HEK239 and HeLa cells stably or transiently transfected with the PS2 M239I mutation exhibit different expression levels of PS2. (A) Western blot
analysis of HEK293 cell lines stably expressing human PS2 wt or mutant PS2 M2391 and control cell line stably transfected with the void vector. (B and C)
Western blot analysis of HEK293 and HeLa cells transiently transfected with human PS2 wt, mutant PS2 M2391, or the void vector. For each cell type,
densitometric analysis of the bands corresponding to PS2 C-terminal fragment is shown in histograms (mean values & SEM, n = 3). Cell lysates (15 pg per
lane) were loaded on 10—20% denaturing Tris-Tricine gel and immunoblotted by using the polyclonal antibody Ab-2 PC 235 (Oncogene) that recognizes the

20 KDa PS2 C-terminal proteolitic fragment.

vector (mean peak amplitudes £ SEM of 0.98 £+ 0.05 uM vs.
1.02 £+ 0.03 pM, P < 0.05, n = 16 PS2 wt, n = 20 controls; Fig.
3B), thus excluding possible unspecific effects of exogenous PS2
expression on this Ca** pathway.

As far as CCE is concerned, again no significant difference was
found among the three HEK293 clones (Fig. 3B), in agreement
with the results obtained in FAD-PS2 M239I fibroblasts (Fig. 1B).

Transient over-expression of the PS2 M2391 mutation reduces
intracellular Ca®* stores

To further confirm the effect of the PS2 M2391 mutation on
cellular Ca®" handling, we over-expressed the mutated protein in
HEK293 cells by transient co-transfection with the cDNA encod-
ing for the photoprotein AEQ (see Materials and methods). By this

approach, high levels of PS2 wt, as well as of the mutated protein,
are expected without the disadvantages that are intrinsic to both
stably expressing cell lines and primary cells from patients. In fact,
the variability of individual clones or adaptive phenomena may
erroneously be interpreted as specific properties of the protein(s)
under investigation. The AEQ approach was again selected for its
advantage of Ca>" measurements at the population level. In fact,
HEK293 cells are easily transfectable and it was previously
demonstrated that, upon transient co-transfection, the two recom-
binant proteins are effectively expressed by the same subset of cells
(Brini et al., 1995). In addition, since the majority of FAD-
associated PS mutations are considered “gain of function” and
thus linked to an increase in the y-secretase activity (Haass and De
Strooper, 1999), it could be predicted that over-expression of PS2
wt will, at least qualitatively, mimic the effect of the pathological
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Fig. 3. HEK293 cells stably or transiently expressing the PS2 M2391 mutation exhibit similar alterations of Ca*" homeostasis. HEK293 clones, stably
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transfection experiments, HEK293 cells were exposed to both the cDNAs, for PS2 (wt, M2391 or void vector) and AEQ, as described in Materials and methods.
Panel A shows a typical protocol employed with these cells: upon perfusion in a Ca**-free medium, intracellular stores were depleted by adding CPA (20 uM)
and Cch (100 uM); CCE started upon CaCl, addition (1 mM) (dashed trace, control clone; continuous trace, PS2 M2391 clone). Panel B shows the average
peak amplitudes measured from resting values (A[Ca*'];, uM, mean + SEM) for both intracellular Ca’" release (left) and CCE (right), in stable HEK clones; n =
number of independent experiments (n = 20 control clone, n = 15 PS2 M2391 clone, n = 16 PS2 wt clone; * = P < 0.05, Student’s ¢ test). Panel C shows the
same values obtained with transient transfected HEK293 cells (n = 8 for controls, n = 11 for PS2 M239I and PS2 wt over-expressing cells; ** = P < 0.001, * =

P < 0.05, Student’s ¢ test).

PS forms. In other words, we expect that over-expression of the PS
wt should cause alterations of Ca>" homeostasis similar to those
caused by FAD-linked PS mutations. To obtain direct experimental
evidence for this notion, HEK293 cells were transiently trans-
fected; over-expression of PS2 wt and mutated PS2 M2391 was
then verified by Western blot. As expected, the expression level of
the exogenous proteins (both PS2 wt and PS2 M239I) was much
higher if compared to the level of the endogenous PS2 protein
detected in control cells (Fig. 2B).

Fig. 3C shows the results obtained with transiently transfected
HEK293 cells, following the protocol described above and repre-
sented in Fig. 3A: a reduction of Ca®" release from intracellular
stores was found in cells over-expressing the PS2 M239I mutation
when compared to controls (mean peak amplitudes + SEM of
0.61 + 0.04 uM vs. 1.13 £ 0.08 pM, P < 0.001, n = 11 for PS2
M2391, n = 8 for controls; Fig. 3C). Interestingly, a similar effect
was observed, as predicted, in cells over-expressing the PS2 wt.

Under this experimental condition, expression of PS2 M2391
did not significantly modify the CCE, although a tendency to a

reduction was observed (Fig. 3C), thus reinforcing the idea that the
Ca®" influx pathway activated by store depletion is not mainly
affected by this PS2 mutation.

To validate these results in a different cell model, similar
transient transfections were carried out in HeLa cells. This cell
line is also suitable for Ca** measurements at the cell population
level because of its high efficiency of transfection.

Fig. 4A shows two representative traces of [Ca®']; changes
recorded in HeLa cells transiently co-transfected with cDNAs
encoding for AEQ and the void vector (control, dashed trace) or
the mutated PS2 (M2391, continuous trace). Maximal depletion of
the ER Ca®" content was obtained by stimulating the cells with
CPA (20 pM) and the InsP3-generating agonist histamine (Hist,
100 uM), here employed for the same technical reasons discussed
above. Subsequent addition of CaCl, (Ca*", 1 mM) in the
continuous presence of the stimulus allowed detection of CCE.
Once again, PS2 M239I over-expressing cells showed a reduced
Ca®" release from intracellular stores compared to control cells
(mean peak amplitudes £ SEM of 1.79 £ 0.08 uM vs. 2.83 £
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Fig. 4. Intracellular Ca®" release is decreased in HeLa cells transiently
transfected with the PS2 M2391 mutation. HeLa cells were transiently co-
transfected with the cDNA encoding for the PS2 wt, the PS2 M239I
mutation, or the void vector (control), together with cDNA for AEQ. (Panel
A) The experimental protocol is similar to that employed in Fig. 3: upon
perfusion in a Ca**-free medium, cells were challenged with CPA (20 pM)
and Hist (100 pM) to emptying the stores; CaCl, (1 mM) was then added to
recording CCE (dashed trace, control cells; continuous trace, PS2 M2391
transfected cells). Panel B shows the average peak amplitudes, measured
from resting values (A[Ca®'];, uM, mean + SEM) for both intracellular
Ca®" release (left) and CCE (right); n = number of independent experiments
(n =19 controls, n = 15 PS2 M2391, n = 15 PS2 wt; * = P < 0.001,
Student’s 7 test).

0.08 pM, P < 0.001, n =15 for PS2 M2391, n = 19 for controls;
Fig. 4B).

Also in this cell model, expression of PS2 M2391 did not
significantly alter the CCE, showing, however, the same tendency
to a reduction observed in transiently transfected HEK293 cells
(see Figs. 3C and 4B).

Discussion

The aim of the present study was to determine the influence on
cellular Ca*" homeostasis of the new FAD-PS2 M2391 mutation
(Finckh et al., 2000b). In fact, recent evidence suggests that
abnormalities in cell Ca®" signaling are common features in the
pathogenesis of a range of neurodegenerative disorders, including
AD (Mattson et al., 2000). It is well known that Ca®" is one of the
most relevant intracellular messengers, being essential in neuronal
development, synaptic transmission, and plasticity, as well as in the
regulation of various metabolic pathways at the brain level.

However, in Alzheimer’s pathology, the nature of alterations in
Ca®" homeostasis is highly controversial. In fact, increased (Hir-
ashima et al., 1996; Ito et al., 1994), decreased (Grossmann et al.,
1993; McCoy et al., 1993; Peterson et al., 1986, 1988; Tatebayashi
et al., 1995), as well as unchanged (Borden et al., 1992; Gibson et
al., 1997) Ca®" responses have variously been reported in periph-
eral cells from AD patients, as compared to control cells, upon
different stimulation protocols. Furthermore, opposite effects on
both Ca®" release from intracellular stores and CCE have also been
reported in various cell models expressing different FAD-linked PS
mutations (as well as FAD-associated APP mutations (Gibson et
al., 1997)). In particular, mutations in PS1 (A246E and M146V)
cause, upon agonist stimulation, higher Ca®" release from intra-
cellular stores and increased excitotoxicity in neurons from trans-
genic mice (Chan et al., 2000; Guo et al., 1999; Schneider et al.,
2001). Furthermore, FAD-associated PS1 mutations have been
shown to increase the level of ryanodine receptors and Ca®" release
in cortical neurons and PC12 cells (Chan et al., 2000), and
endogenous PS2 has been reported to interact molecularly with
sorcin, a modulator of the ryanodine receptor (Pack-Chung et al.,
2000). Regarding CCE, it has recently been reported that the FAD-
linked PS2 N1411 mutation, as well as the PS1 M146L and AE9
mutations, all down-regulate CCE induced by Tg in cultured
cortical neurons from transgenic mice and in stably transfected
neuroblastoma SH-SYSY cells (Smith et al., 2002; Yoo et al.,
2000). In contrast, the PS1 A246E FAD-linked mutation increases
Ca®" influx induced by Tg or agonists in acutely dissociated
hippocampal neurons from transgenic mice (Schneider et al.,
2001), whereas no effect on CCE, induced by Tg, was found in
PS1 M146V-knockin fibroblasts (Leissring et al., 2000). The
emerging theme is that all the different mutations perturb ER
Ca*" homeostasis in a way resulting in sensitization of neurons to
apoptosis and excitotoxicity (for a review, see Mattson et al.,
2000).

We first analyzed primary fibroblasts from FAD-PS2 M239I1
and sporadic AD patients, as well as cells from healthy control
subjects. We found that cells from patients carrying the PS2 M2391
mutation showed a reduction in the Ca®" content of intracellular
stores compared to control cells. In contrast, sporadic AD fibro-
blasts did not differ in that parameter from control fibroblast cell
lines, suggesting a determinant role of the PS2 M2391 mutation in
this phenotype.

As far as CCE is concerned, FAD-PS2 M239I cells showed a
normal Ca®" influx pathway activated by store depletion with
respect to controls. In contrast, a marked increase in CCE was
present in fibroblasts from sporadic AD patients compared to
controls. This interesting, rather unexpected, result requires to be
further investigated to define, in the sporadic AD patients
belonging to this study, a possible influence of environmental/
metabolic factors or genetic background on this specific Ca*"
pathway.

The PS2 M2391 mutation affects cellular Ca®>" handling also in
two other different cell models: stably and transiently transfected
HEK?293 cells and transiently transfected HeLa cells. Ca®" release
from intracellular stores was significantly reduced also in PS2
M2309I stably or transiently expressing cells, strengthening the idea
that this PS2 mutation influences the ER Ca®" content. Again, as
far as CCE is concerned, it was not significantly affected by
expression of the PS2 M2391 mutation in all the three experimental
conditions analyzed, in agreement with the results obtained from
primary FAD fibroblasts.
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It is worth noting that the over-expression in HEK293 and
HeLa cells of PS2 wt showed effects similar to those caused by the
mutated form (Figs. 3C and 4B). This result was predictable given
that the majority of FAD associated PS mutations are presumably
linked to a toxic “gain of function” (Haass and De Strooper,
1999). This conclusion is further strengthened by the observation
that PS knockout mice do not develop the Alzheimer’s phenotype
(Yoo et al., 2000). Thus, the over-expressed PS2 wt can mimic the
effects on Ca®" homeostasis elicited by the mutated PS2 M239I
protein. On the other hand, unspecific effects, due to protein
overload, can be excluded given that a “loss of function” PS2
protein, carrying the D257A mutation (Yu et al., 2000), did not
affect Ca®>" release and CCE in transiently transfected cells (data
not shown). In addition, the lack of effect of the PS2 wt in HEK
cells stably expressing the protein could simply be explained by the
fact that the protein level, as shown from Western blot, was
comparable to that found in vector-transfected cells. At variance
with this latter clone, in HEK and HeLa cells transiently over-
expressing wt or mutated PS2, the level of the protein was clearly
increased compared to control cells. Noteworthy, in transient
transfections, the percentage of cells expressing exogenous PS2
proteins is about 50%, and thus the level of transfected protein per
cell was underestimated. It is therefore conceivable that, because of
the higher amount found in over-expressing cells, the PS2 wt
protein functions as the mutated form, inducing similar alterations
in Ca®" homeostasis.

Our findings, showing that the PS2 M239] mutation causes
similar alterations of Ca®>" homeostasis in three different experi-
mental models, strongly favor the idea that this mutation directly
alters Ca*" handling. It is worth noting that its effect on Ca®"
content of intracellular stores substantially differs from that de-
scribed for a wide number of FAD-linked PS mutations (for a
review, see LaFerla, 2002). From the clinical point of view,
neuropathological and clinical phenotype of FAD-associated PS2
M2391 mutation can be considered relatively mild and thus
different (in terms of age of onset and disease duration) from the
more aggressive form of the disease caused by PS1 mutations
(Finckh et al., 2000b). Various reports from the literature show a
decreased, rather than an increased, Ca>" response in FAD periph-
eral cells upon different stimulation protocols (Grossmann et al.,
1993; McCoy et al., 1993; Peterson et al., 1986, 1988; Tatebayashi
et al., 1995), thus contrasting the hypothesis of cellular Ca®"
overload in AD pathogenesis (LaFerla, 2002). These findings can
be explained by assuming that the different PS mutations exert
multiple effects on cell physiology. As an example, it has been
shown that, in fibroblasts, mutations in different domains of PS1
modulate the signal transduction pathway of adenylate cyclase in
opposite ways, resulting in either a decrease (Huang and Gibson,
1993) or an increase (Vestling et al., 1997) in adenylate cyclase
activity upon P-adrenergic-receptor stimulation. These reports and
the data here presented suggest the possibility that, in FAD,
alterations in multiple signal transduction systems can lead to
divergent phenotypic patterns because of the carried mutation.
Alternatively, given that InsP;- and ryanodine-sensitive stores
can differ significantly among various cell types, the discrepancy
in the literature could be due to methodological aspects, including
the cell models and the experimental protocols employed.

Our conclusion that the PS2 M2391 mutation reduces the Ca®"
content of intracellular stores with minor, or non-significant, effects
on CCE has been reached by analyzing, at the same time, both
Ca®" release and Ca®" influx in three different cell models and by

employing different experimental protocols. By this integrated
approach, we can state that the PS2 M2391 mutation exerts a
primary effect on ER Ca®" homeostasis. The precise linkage
between PS and other proteins directly involved in Ca*>" handling
remains, however, to be established yet and requires further
investigation.

Acknowledgments

We thank M. Giacomello for performing some of the experi-
ments, G. Ronconi and M. Santato for technical assistance. The
original work in the authors’ laboratories was supported by grants
from the 2002 Athenaeum Project (to P.P.), from Telethon-Italy,
from the Italian Association for Cancer Research (AIRC), from the
European Community, from the Italian Minister of University and
Scientific Research (MURST) Cofin Project 2002, from the
National Research Center (CNR), from the Italian Space Agency
(ASI) and from the Armenise Harvard Foundation.

References

Ancolio, K., Dumanchin, C., Barelli, H., Walter, J.M., Brice, A., Campion,
D., Frebourg, T., Checler, F., 1999. Unusual phenotypic alteration of
beta amyloid precursor protein (betaAPP) maturation by a new Val-
715—Met betaAPP-770 mutation responsible for probable early-onset
Alzheimer’s disease. Proc. Natl. Acad. Sci. 96, 4119-4124.

Amtul, Z., Lewis, P.A., Piper, S., Crook, R., Baker, M., Findlay, K., Single-
ton, A., Hogg, M., Younkin, S.G., Hardy, J., Hutton, M., Boeve, B.F.,
Tang-Wai, D., Golde, T.E., 2002. A presenilin 1 mutation associated
with familial frontotemporal dementia inhibits gamma-secretase cleav-
age of APP and notch. Neurobiol. Dis. 9, 269—-273.

Binetti, G., Signorini, S., Squitti, R., Alberici, A., Benussi, L., Cassetta, E.,
Frisoni, G.B., Barbiero, L., Feudatari, E., Nicosia, F., Testa, C., Zanetti,
0., Gennarelli, M., Perani, D., Anchisi, D., Ghidoni, R., Rossini, P.M.,
2003. Atypical dementia associated to a novel presenilin-2 mutation.
Ann. Neurol. 54, 832-836 .

Borden, L.A., Frederick, R., Maxfield, F.R., Goldman, J.E., Shelanski,
M.L., 1992. Resting [Ca®>"] and [Ca®']; transients are similar in
fibroblasts from normal and Alzheimer’s donor. Neurobiol. Aging
13, 33-38.

Brini, M., Marsault, R., Bastianutto, C., Alvarez, J., Pozzan, T., Rizzuto,
R., 1995. Transfected aequorin in the measurement of cytosolic Ca>"
concentration ([Ca2+]c): a critical evaluation. J. Biol. Chem. 270,
9896-9903.

Cecchi, C., Fiorillo, C., Sorbi, S., Latorraca, S., Nacmias, B., Bagnoli, S.,
Nassi, P., Liguri, G., 2002. Oxidative stress and reduced antioxidant
defenses in peripheral cells from familial Alzheimer’s patients. Free
Radic. Biol. Med. 33, 1372-1379.

Chan, S.L., Mayne, M., Holden, C.P., Geiger, J.D., Mattson, M.P., 2000.
Presenilin-1 mutations increase levels of ryanodine receptors and cal-
cium release in PC12 cells and cortical neurons. J. Biol. Chem. 275,
18195-18200.

Etcheberrigaray, R., Bhagavan, S., 1999. Ionic and signal transduction
alterations in Alzheimer’s disease: relevance of studies on peripheral
cells. Mol. Neurobiol. 20, 93—-109.

Ezquerra, M., Lleo, A., Castellvi, M., Queralt, R., Santacruz, P., Pastor, P.,
Molinuevo, J.L., Blesa, R., Oliva, R., 2003. A novel mutation in the
PSEN2 gene (T430M) associated with variable expression in a family
with early-onset Alzheimer disease. Arch. Neurol. 60, 1149—1151.

Fasolato, C., Pandiella, A., Meldolesi, J., Pozzan, T., 1988. Generation of
inositol phosphates, cytosolic Ca®", and ionic fluxes in PCI2 cells
treated with bradykinin. J. Biol. Chem. 263, 17350—17359.



G. Zatti et al. / Neurobiology of Disease 15 (2004) 269-278 277

Finckh, U., Muller-Thomsen, T., Mann, U., Eggers, C., Marksteiner, J.,
Meins, W., Binetti, G., Alberici, A., Hock, C., Nitsch, R M., Gal, A.,
2000a. High prevalence of pathogenic mutations in patients with early-
onset dementia detected by sequence analyses of four different genes.
Am. J. Hum. Genet. 66, 110—-117.

Finckh, U., Alberici, A., Antoniazzi, M., Benussi, L., Fedi, V., Giannini,
C., Gal, A., Nitsch, R.M., Binetti, G., 2000b. Variable expression of
Familial Alzheimer’s disease associated with an M2391 mutation in the
presenilin 2 gene. Neurology 54, 2006—2008.

Folstein, M.F., Folstein, S.E., McHugh, P.R., 1975. Mini-mental state: a
practical method for grading the cognitive state of patients for the
clinician. J. Psychiatr. Res. 12, 189—198.

Freichel, M., Suh, S.H., Pfeifer, A., Schweig, U., Trost, C., Wei3gerber, P.,
Biel, M., Philipp, S., Freise, D., Droogmans, G., Hofmann, F., Flock-
erzi, V., Nilius, B., 2001. Lack of an endothelial store-operated Ca®"
current impairs agonist-dependent vasorelaxation in TRP4~'~ mice.
Nat. Cell Biol. 3, 121-127.

Gasparini, L., Racchi, M., Binetti, G., Trabucchi, M., Solerte, S.B., Alkon,
D., Etcheberrigaray, R., Gibson, G., Blass, J., Paoletti, R., Govoni, S.,
1998. Peripheral markers in testing pathophysiological hypotheses and
diagnosing Alzheimer’s disease. FASEB J. 12, 17-34.

Gibson, G.E., 2002. Interactions of oxidative stress with cellular calcium
dynamics and glucose metabolism in Alzheimer’s disease. Free Radic.
Biol. Med. 32, 1061-1070.

Gibson, G.E., Vestling, M., Zhang, H., Szolosi, S., Alkon, D., Lannfelt, L.,
Gandy, S., Cowburn, R.F., 1997. Abnormalities in Alzheimer’s disease
fibroblasts bearing the APP670/671 mutation. Neurobiol. Aging 18,
573-580.

Govoni, S., Bergamaschi, S., Racchi, M., Battaini, F., Binetti, G., Bian-
chetti, A., Trabucchi, M., 1993. Cytosol protein kinase C downregula-
tion in fibroblasts from Alzheimer’s disease patients. Neurology 43,
2581-2586.

Grossmann, A., Kukull, W.A., Jinneman, J.C., Bird, T.D., Villacres, E.C.,
Larson, E.B., Rabinovitch, P.S., 1993. Intracellular calcium response is
reduced in CD4" lymphocytes in Alzheimer’s disease and in older
persons with Down’s syndrome. Neurobiol. Aging 14, 177—185.

Guo, Q., Furukawa, K., Sopher, B.L., Pham, D.G., Xie, J., Robinson, N.,
Martin, G.M., Mattson, M.P., 1996. Alzheimer’s PS-1 mutation perturbs
calcium homeostasis and sensitizes PC12 cells to death induced by
amyloid B-peptide. Neurochemistry 8, 379—383.

Guo, Q., Sopher, B.L., Furukawa, K., Pham, D.G., Robinson, N., Martin,
G.M., Mattson, M.P., 1997. Alzheimer’s presenilin mutation sensitizes
neural cells to apoptosis induced by trophic factor withdrawal and
amyloid beta-peptide: involvement of calcium and oxyradicals. J. Neu-
rosci. 17, 4212-4222.

Guo, Q., Fu, W., Sopher, B.L., Miller, M.W., Ware, C.B., Martin, G.M.,
Mattson, M.P., 1999. Increased vulnerability of hippocampal neurons to
excitotoxic necrosis in presenilin-1 mutant knock-in mice. Nat. Med. 5,
101-106.

Haass, C., De Strooper, B., 1999. The presenilins in Alzheimer’s disease—
Proteolysis holds the key. Science 286, 916—-919.

Hirashima, N., Etcheberrigaray, R., Bergamaschi, S., Racchi, M., Battaini,
F., Binetti, G., Govoni, S., Alkon, D.L., 1996. Calcium responses in
human fibroblasts: a diagnostic molecular profile for Alzheimer’s dis-
ease. Neurobiol. Aging 17, 549—555.

Huang, H.M., Gibson, G.E., 1993. Altered beta-adrenergic receptor-stimu-
lated cAMP formation in cultured skin fibroblasts from Alzheimer do-
nors. J. Biol. Chem. 268, 1416—1421.

Ito, E., Oka, K., Etcheberrigaray, R., Nelson, T.J., McPhie, D.L., Tofel-
Grehl, B., Gibson, G.E., Alkon, D.L., 1994. Internal Ca>" mobilization
is altered in fibroblasts from patients with Alzheimer disease. Proc.
Natl. Acad. Sci. U. S. A. 91, 534-538.

LaFerla, F.M., 2002. Calcium dyshomeostasis and intracellular signaling in
Alzheimer’s disease. Nat. Rev., Neurosci. 3, 862—-872.

Lai, M.T., Chen, E., Crouthamel, M.C., DiMuzio-Mower, J., Xu, M.,
Huang, Q., Price, E., Register, R.B., Shi, X.P., Donoviel, D.B., Bern-
stein, A., Hazuda, D., Gardell, S.J., Li, Y.M., 2003. Presenilin-1 and

presenilin-2 exhibit distinct yet overlapping gamma-secretase activities.
J. Biol. Chem. 278, 22475-22481.

Leissring, M.A., Parker, 1., LaFerla, F.M., 1999. Presenilin-2 mutations
modulate amplitude and kinetics of inositol 1,4,5-trisphosphate-medi-
ated calcium signals. J. Biol. Chem. 274, 32535-32538.

Leissring, M.A., Akbari, Y., Fanger, C.M., Cahalan, M.D., Mattson, M.P.,
LaFerla, F.M., 2000. Capacitative calcium entry deficits and elevated
luminal calcium content in mutant presenilin-1 knockin mice. J. Cell
Biol. 149, 793-797.

Levy-Lahad, E., Wasco, W., Poorkaj, P., Romano, D.M., Oshima, J., Pet-
tingell, W.H., Yu, C.E., Jondro, P.D., Schmidt, S.D., Wang, K., Crow-
ley, A.C., Fu, Y.-H., Guenette, S.Y., Galas, D., Nemes, E., Wijsman,
E.M., Bird, T.D., Schellenberg, G.D., Tanzi, R.E., 1995. Candidate gene
for the chromosome 1 familial Alzheimer’s disease locus. Science 269,
973-977.

Mattson, M.P., LaFerla, FM., Chan, S.L., Leissring, M.A., Shepel, P.N.,
Geiger, D., 2000. Calcium signaling in the ER: its role in neuronal
plasticity and neurodegenerative disorders. Trends Neurosci. 23,
222-229.

McCoy, K.R., Mullins, R.D., Newcomb, T.G., Ng, G.M., Pavlinkova, G.,
Polinsky, R.J., Nee, L.E., Sisken, J.E., 1993. Serum- and bradykinin-
induced calcium transients in familial Alzheimer’s fibroblasts. Neuro-
biol. Aging 14, 447—-455.

Pack-Chung, E., Meyers, M.B., Pettingell, W.P., Moir, R.D., Brownawell,
AM., Cheng, 1., Tanzi, R.E., Kim, T.W., 2000. Presenilin 2 interacts
with sorcin, a modulator of the ryanodine receptor. J. Biol. Chem. 275,
14440 14445.

Palotas, A., Kalman, J., Laskay, G., Juhasz, A., Janka, Z., Penke, B., 2001.
Comparative studies on [Ca®")i-level of fibroblasts from Alzheimer
patients and control individuals. Neurochem. Res. 26, 817—-820.

Penner, R., Fasolato, C., Hoth, M., 1993. Calcium influx and its control by
calcium release. Curr. Opin. Neurobiol. 3, 368—374.

Peterson, C., Ratan, R.R., Shelanski, M.L., Goldman, J.E., 1986. Cytosolic
free calcium and cell spreading decrease in fibroblasts from aged and
Alzheimer donors. Proc. Natl. Acad. Sci. U. S. A. 83, 7999-8001.

Peterson, C., Ratan, R.R., Shelanski, M.L., Goldman, J.E., 1988. Altered
response of fibroblasts from aged and Alzheimer donors to drugs that
elevate cytosolic free calcium. Neurobiol. Aging 9, 261—266.

Pizzo, P., Fasolato, C., Pozzan, T., 1997. Dynamic properties of an inositol
1,4,5-trisphosphate- and thapsigargin-insensitive calcium pool in mam-
malian cell line. J. Cell Biol. 136, 355-366.

Pozzan, T., Rizzuto, R., Volpe, P., Meldolesi, J., 1994. Molecular and
cellular physiology of intracellular calcium stores. Physiol. Rev. 74,
595-636.

Putney Jr., J.W., 1977. Muscarinic, a-adrenergic and peptide receptors
regulate the same calcium influx sites in the parotid gland. J. Physiol.
268, 139-149.

Rogaev, E.I., Sherrington, R., Rogaeva, E.A., Levesque, G., lkeda, M.,
Liang, Y., Chi, H., Lin, C., Holman, K., Tsuda, T., Mar, L., Sorbl, S.,
Nacmias, B., Piacentini, S., Amaducci, L., Chumakov, 1., Cohen, D.,
Lannfelt, L., Fraser, P.E., Rommens, J.M., St. George-Hyscope, P.H.,
1995. Familial Alzheimer’s disease in kindreds with missense mutations
in a gene on chromosome 1 related to the Alzheimer’s disease type 3
gene. Nature 376, 775—-778.

Schneider, 1., Reversé, D., Dewachter, L., Ris, L., Caluwaerts, N., Kuipéri,
C., Gilis, M., Geerts, H., Kretzschmar, H., Godaux, E., Moechars, D.,
Van Leuven, F., Herms, J., 2001. Mutant presenilins disturb neuronal
calcium homeostasis in the brain of transgenic mice, decreasing the
threshold for excitotoxicity and facilitating long-term potentiation.
J. Biol. Chem. 276, 11539—11544.

Selkoe, D.J., 2000. The genetics and molecular pathology of Alzheim-
er’s disease: roles of amyloid and the presenilins. Neurol. Clin. 18,
903-922.

Sherrington, R., Froelich, S., Sorbi, S., Campion, D., Chi, H., Rogaeva,
E.A., Levesque, G., Rogaev, E.I, Lin, C., Liang, Y., Ikeda, M., Mar, L.,
Brice, A., Agid, Y., Percy, M.E., Clerget-Darpoux, F., Piacentini, S.,
Marcon, G., Nacmias, B., Amaducci, L., Frebourg, T., Lannfelt, L.,



278 G. Zatti et al. / Neurobiology of Disease 15 (2004) 269-278

Rommens, J.M., St. George-Hyslop, P.H., 1996. Alzheimer’s disease
associated with mutations in presenilin 2 is rare and variably penetrant.
Hum. Mol. Genet. 5, 985-988.

Smith, LF., Boyle, J.P., Vaughan, P.F.T., Pearson, H.A., Cowburn, R.F.,
Peers, C.S., 2002. Ca>" stores and capacitative Ca®" entry in human
neuroblastoma (SH-SY5Y) cells expressing a familial Alzheimer’s dis-
ease presenilin-1 mutation. Brain Res. 949, 105—111.

Stenh, C., Nilsberth, C., Hammarback, J., Engvall, B., Naslund, J., Lann-
felt, L., 2002. The Artic mutation interferes with processing of the
amyloid precursor protein. NeuroReport 13, 1857—1860.

Tatebayashi, Y., Takeda, M., Kashiwagi, Y., Okochi, M., Kurumadani, T.,
Sekiyama, A., Kanayama, G., Hariguchi, S., Nishimura, T., 1995. Cell-
cycle-dependent abnormal calcium response in fibroblasts from patients
with familial Alzheimer’s disease. Dementia 6, 9—16.

Vestling, M., Adem, A., Racchi, M., Gibson, G.E., Lannfelt, L., Cowburn,
R.F., 1997. Differential regulation of adenylyl cyclase in fibroblasts

from sporadic and familial Alzheimer’s disease cases with PS1 and
APP mutations. NeuroReport 8, 2031-2035.

Yoo, A.S., Cheng, L., Chung, S., Grenfell, T.Z., Lee, H., Pack-Chung, E.,
Handler, M., Shen, J., Xia, W.M., Tesco, G., Saunders, A.J., Ding, K.,
Frosch, M.P., Tanzi, R.E., Kim, T.W., 2000. Presenilin-mediated mod-
ulation of capacitative calcium entry. Neuron 27, 561—-572.

Yu, G., Chen, F., Nishimura, M., Steiner, H., Tandon, A., Kawarai, T.,
Arawaka, S., Supala, A., Song, Y.Q., Rogaeva, E., Holmes, E., Zhang,
D.M., Milman, P., Fraser, P.E., Haass, C., George-Hyslop, P.S., 2000.
Mutation of conserved aspartates affects maturation of both aspartate
mutant and endogenous presenilin 1 and presenilin 2 complexes. J. Biol.
Chem. 275, 27348-27353.

Zhao, W.Q., Ravindranath, L., Mohamed, A.S., Zohar, O., Chen, G.H.,
Lyketsos, C.G., Etcheberrigaray, R., Alkon, D.L., 2002. MAP kinase
signaling cascade dysfunction specific to Alzheimer’s disease in fibro-
blasts. Neurobiol. Dis. 11, 166—183.



