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Abstract: Perturbations in intracellular Ca2* signaling
may represent one mechanism underlying Alzheimer’s
disease (AD). The presenilin-1 gene (PS7), associated
with the majority of early onset familial AD cases, has
been implicated in this signaling pathway. Here we used
the Xenopus oocyte expression system to investigate in
greater detail the role of PS1 in intracellular Ca2* signal-
ing pathways. Treatment of cells expressing wild-type
PS1 with a cell surface receptor agonist to stimulate the
phosphoinositide second messenger pathway evoked
Ca2*-activated CI~ currents that were significantly po-
tentiated relative to controls. To determine which ele-
ments of the signal transduction pathway are responsible
for the potentiation, we used photolysis of caged inositol
1,4,5-trisphosphate (IP;) and fluorescent Ca2™" imaging to
demonstrate that PS1 potentiates IP;-mediated release
of Ca2* from internal stores. We show that an AD-linked
mutation produces a potentiation in Ca2* signaling that is
significantly greater than that observed for wild-type PS1
and that cannot be attributed to differences in protein
expression levels. Our findings support a role for PS1 in
modulating IP;-mediated Ca®™* liberation and suggest
that one pathophysiological mechanism by which PS1
mutations contribute to AD neurodegeneration may in-
volve perturbations of this function. Key Words: Alzhei-
mer’s disease—Presenilin—Calcium signaling—Inositol
1,4,5-trisphosphate.
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Mutations in the presenilin-1 gen®$1), located on

chromosome 14, are linked to early onset, autosomal
dominant Alzheimer’s disease (AD) (Sherrington et al.,
1995). The mechanisms by which these mutations sub-
vert normal cellular functions, culminating in AD neu-

may involve alteration of intracellular a signaling.
Increasing C&'" levels in cultured cells have been shown
to modulate the processing of the amyloid precursor
protein, resulting in increasedpproduction (Querfurth
and Selkoe, 1994), which suggests that perturbations in
C&* regulation may lie upstream of B\production.

Other roles for PS1 include a potential role in cellular
signaling mechanisms, based on studies showing homol-
ogy of PS1 to th&€€aenorhabditis elegargotein Sel-12,
which facilitates signal transduction through the Notch/
lin-12 family of receptors (Levitan and Greenwald,
1995). As PS1 is capable of rescuing egg-laying deficits
in Sel-12-deficient worms (Levitan et al.,, 1996;
Baumeister et al., 1997), this suggests that it too may
play a similar role in modulating cell-signaling path-
ways. The topology of PS1, an integral membrane pro-
tein, has been proposed to consist of six to eight mem-
brane-spanning domains (Doan et al., 1996; Li and
Greenwald, 1996; Lehmann et al., 1997), causing some
to suggest that PS1 may be involved in ion transport or
as part of an ion channel (Clark et al., 1995; Li and
Greenwald, 1996). The expression profile and localiza-
tion of PS1 within the cell are also consistent with a
potential role in regulating neuronal €asignaling. The
PS1gene is ubiquitously expressed (Sherrington et al.,
1995), but within the brain, neurons are the predominant
expressing cell type (Cribbs et al., 1996; Kovacs et al.,
1996). Within the cell, the PS1 molecule is localized
predominantly to the endoplasmic reticulum (ER) (Ko-
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vacs et al., 1996), an organelle involved iCaeques-
tration and release (Berridge, 1998).

Direct evidence that mutations in PS1 perturb cellular
Ca* signaling comes from several lines of study. Even
prior to the isolation of th&S1gene itself, it was shown
that fibroblasts isolated from chromosome 14-linked fa-
milial AD patients displayed alterations in €asignal-
ing (McCoy et al., 1993; Ito et al., 1994). Subsequently,
fibroblasts from other carriers d?S1 mutations were
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quences were confirmed by DNA sequencing of the entire
coding region.

In vitro RNA synthesis was performed by runoff transcrip-
tion of linearizedPS1 cDNAs using the Riboprobe Gemini
System (Promega, Madison, WI, U.S.A.) according to manu-
facturer’s instructions. Each template plasmid was linearized
with the restriction endonucleas®st or Sadl and used to
generate sense or antisense cRNA, respectively. As several of
our experiments involved comparisons between RSand
PS1,.46v CRNA-injected oocytes, we employed several mea-

also shown to have increased levels of acylphosphatasegyres to minimize variability in the quality and quantity of the

an enzyme involved in regulating the ERLCaATPase
(Liguri et al., 1996). The most direct evidence that PS1 is
involved in C&* signaling is derived from studies by
Guo et al. (1996, 1997), who have shown thatCa

cRNA constructs to be injected into the oocytes. To that end,
PS1,+ and PS},,.6v CRNAS were generated in parallel from

equal amounts of linearized cDNA, and the concentrations of
the resulting transcripts were determined spectrophotometri-

homeostasis is perturbed in cultured PC12 cells express-cally. Additionally, a portion of each transcription product was

ing PS1 mutations.

To better define the elements of the intracellular path-
way by which PS1 affects €a signaling, we studied the
effects of both wild-type PS1 (PG4) and an AD-linked
mutation (PSi146y) IN Xenopus laevioocytes. Two
unique features of these cells make them particularly
well suited for the study of intracellular €& signaling.
First, becausXenopusoocytes contain a plasma mem-
brane CI" channel whose activation is sensitive to intra-
cellular C&" concentrations ([Cd],), C&" responses
can be measured by recording evoked® Gactivated
CI™ currents under voltage-clamped conditions (Miledi
and Parker, 1984). Second, in this system, intracellular
Ca&" release is activated exclusively by inositol 1,4,5-
trisphosphate (I1§), as these cells do not express the
ryanodine receptors that also mediate intracelluled™Ca
release in many other cell types.

Here we report that Pk potentiates Ca -activated
CI™ currents evoked by lysophosphatidic acid (LPA), a
cell surface agonist that activates thg-liiked signaling
pathway (Tigyi et al., 1990). Using photolysis of caged
IP; {c-IP; b-myoinositol 1,4,5-trisphosphaté*®)-[1-
(2-nitrophenyl)ethyl ester]; Calbiochem, La Jolla, CA,
U.S.A.} and fluorescent Ga imaging, we show that this
effect involves the potentiation of jAnediated C&"
release. Moreover, the magnitude of the potentiation is
significantly increased in cells expressing Rgky rel-
ative to PS},-expressing cells, despite the fact that
protein expression levels are similar for both conditions.
Collectively, our findings indicate that PS1 modulates
the IP,-mediated release of €a and suggest that per-
turbations in this function caused by mutations in PS1
may contribute to the pathogenesis of early onset AD.

EXPERIMENTAL PROCEDURES

Mutagenesis and in vitro transcription

The PS1,146, Missense mutation was introduced into hu-
man PS1,,+ cDNA contained in pGem plasmid (Cribbs et al.,
1996), using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA, U.S.A.) according to manufacturer’s
recommendations with the following two mutagenic oligonu-
cleotides: 5>ACCAGGAGGATAGTCACGACAACAATGA-
CACTGAT-3 and B3-ATCAGTGTCATTGTTGTCGTGAC-
TATCCTCCTGGT-3. Both the mutant and the wild-type se-
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analyzed on a denaturing agarose gel and visualized by
ethidium bromide fluorescence to verify that comparable levels
of full-length transcripts were produced. Finally, cRNA con-
centrations were diluted to a final concentration of 50Quhg/
and stored in small aliquots at80°C.

Preparation of oocytes and cRNA injection

Oocytes obtained from adutt laevisfrogs (Xenopus I, Ann
Arbor, Ml, U.S.A.) were defolliculated by two 1-h treatments
with 0.5 mg/ml collagenase and incubated overnight in normal
Ringer’s solution (120 Ml NacCl, 2 nM KCI, 1.8 mM CacCl,
5 mM HEPES, pH 7.4) at 16°C. For cRNA injections, a
piston-driven Nanoject microinjection apparatus (Drummond
Scientific Co., Broomall, PA, U.S.A.) was fitted with glass
electrodes pulled to tip diameters 6fL5—-20um that had been
baked at 200°C for 1-7 days to eliminate any residual RNases.
Stage V and VI oocytes were injected with 46 nl of the
appropriate cRNA (500 ngl) or RNase-free HO. Injection
volumes were checked periodically for consistency using a
dissecting microscope fitted with an eyepiece reticule. Follow-
ing microinjection, cells were incubated in Ringer’s solution at
16°C for 2—4 days before recording. Throughout the incubation
period, the Ringer’s solution was changed twice daily and the
health of the cells was closely monitored under a dissecting
microscope.

Loading of c-IP; and C&?* indicator

For electrophysiological studies, oocytes were injected with
4 pmol of c-IR, using a pressure microinjector (General Valve
Corp., Fairfield, NJ, U.S.A)) fitted with a freshly pulled glass
pipette. Careful precautions were taken to ensure that all cells
received equal amounts of czlPOocytes of similar diameter
(~1.2 mm; volume~1 ul) were selected to minimize varia-
tions in the final intracellular concentration of c5IP~4 uM).
Before and after loading of each oocyte, the diameter of the
droplet expelled by pressure pulse with the tip in the air was
measured with an eyepiece reticule at<G@nagnification; if
any variation was evident, previously injected cells were dis-
carded. In addition, to guard against any systematic changes in
injection volume or c-IR concentration, oocytes from different
conditions were loaded in a rotating schedule. After loading
with c-IP;, cells were allowed to incubate for 30—45 min prior
to recording to allow diffusion of c-IPthrough these large
cells. For C&* imaging experiments, oocytes received injec-
tions containing 4 pmol of c-lPcombined with 40 pmol of the
fluorescent C& indicator Oregon Green-5N (Molecular
Probes, Eugene, OR, U.S.A)), yielding final concentrations of
~4 and~40 uM, respectively.
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Flash photolysis H,0 wT M146V
Photolysis of c-IR to liberate free intracellular Pwas
achieved using flashes of UV light (360—400 nm) derived from
a mercury arc lamp fitted with an electronic shutter, which
illuminated a spot of~100 wm in diameter. The amount of }P
liberated was controlled by manipulating the durations of each
flash. To establish a suitable range of flash durations, the
intensity of the UV light was first adjusted through a variable
neutral-density filter, which was kept constant throughout each
experiment. Because Eaactivated CI' channels are most
densely concentrated in the animal hemisphere (Machaca and
Hartzell, 1998), electrophysiological experiments were done by
stimulating the animal hemisphere of albino oocytes, which
was identified by the presence of the translucent germinal
vesicle, evident by transillumination. Imaging experiments uti-
lized pigmented oocytes; therefore, the vegetal hemisphere near
the equator was stimulated because this region contains the
least pigmentation. FIG. 1. Wild-type and mutant PS1 proteins accumulate to sim-
. ilar levels in Xenopus oocytes. Shown is representative protein
Electrophy5|ology . . blot of extracts plrgepared )gom oocytes tha? had been irf}ected
Oocytes were impaled by two microelectrodes (resistance yjith H,0, PS1,,y cRNA, or PS1y4ey CRNA. Antibody PS1,;
~1-5 MQ) filled with 3 M KCI and voltage clamped at 60 (Thinakaran et al., 1998) was used to detect PS1 protein expres-
mV using a GeneClamp 500 (Axon Instruments, Burlingame, sion. Note that only the holoprotein is detected and that the
CA, U.S.A)) as described (Sumikawa and Miledi, 1989). Cur- levels of the wild-type and mutant proteins are comparable.
rents were low-pass filtered at 100 Hz and stored on floppy disk Quantification of digitized images of immunoblots revealed that
by a digital oscilloscope for subsequent analysis. To generate t¢ PSTwr and PS1y46y proteins accumulated to levels within
agonist-evoked responses, cells were continuously superfused®?° ct’f eﬁfh other apdlthaltl both were approximately three times
with Ringer’s solution and subjected to 5-s pulses oful@ greater than In control cels.
LPA (Sigma Chemical Co., St. Louis, MO, U.S.A.). All elec-
trophysiological experiments were performed at 20°C. Statis-
tical comparisons were made using two-factor ANOVA with
replication. All results are presented as mean valueSEM.

PS5yt

study include SW2 (1:500; Weber et al., 1996), N-terminal
fragment- and C-terminal fragment-specific antibodies (1:200;
Chemicon, Temecula, CA, U.S.A), and Rgland PS} 0,
Fluorescent C&* imaging (1:5,000; Thinakaran et al., 1996, 1998). Densitometric quan-
Ca* fluorescence changes in response to photoreleaged IP tification of inmunoblots was conducted using the Stratagene
were imaged using an Odyssey video-rate laser-scanned con-Eagle Eye Il gel documentation system according to manufac-
focal microscope (Noran Instruments, Middleton, WI, U.S.A.) turer's recommendation (Stratagene).
interfaced to an Olympus IMT-2 inverted microscope (Olym-
pus, Tokyo, Japan) (Yao et al., 1995). Video signals were RESULTS
recorded using a professional S-VHS recorder (Sony SVO- .
9500MD; Sony Corp., Tokyo, Japan). Image analysis was One advantage of th¥enopusoocyte system is that
performed off-line using the Meta-Morph software package these cells readily express introduced foreign molecules.
(Universal Imaging Corp., West Chester, PA, U.S.A.) running Accurate determination of protein expression levels was
on an IBM-compatible PC equipped with a Matrox LC video of central importance for the present study, as one of our
card (Matrox Electronic Systems, Dorval, Montreal, Canada) goals was to determine whether evoked?tagsponses
(Yao et al., 1995; Parker et al., 1997). Fluorescence intensities were different in cells expressing Rgland PSi;;46v-
were measured within representative25-.um* areas of the some of the injected oocytes were randomly selected for
video image. Fluorescence intensities are expressed as theygtein expression analysis by western blot, whereas the
change in intensity over the basal level of fluorescence prior to remaining cells were used in the electrophysiological
stimulation QF/Fo). experiments described below. Figure 1 shows a repre-
Western blotting sentative western blot of protein extracts prepared from
Protein extracts were prepared from PSl-injected and con- H,O-, PS1,+-, and PS},, 46 injected oocytes stained
trol oocytes as described (Callamaras and Parker, 1994), andwith the PS],r antibody (Thinakaran et al., 1998), re-
protein concentrations were de@ermined by the Bradford vealing high levels of expression of both the wild-type
method. Equal amounts of protein (I) were incubated  and the mutant proteins relative to controls. Two points
briefly at 37°C, separated by SOd'”modOdeCyl sulfate—polyac- 516 \orth noting. First, despite using an antibody that is
e to & nitrocelluiose membrane, and biscked overhight m Capable of detecting the N-terminal proteolytic fragment
' 9 of PS1 (Thinakaran et al., 1998) and despite our ability to

SuperBlock (Pierce, Rockford, IL, U.S.A.). The blot was incu- . / ;
bated with primary antibody in Tris-buffered saline (pH 7.5) detect this~30-kDa fragment in mouse brain extracts

supplemented with 0.2% Tween 20 for several hours at room (data not shown), we did not detect the proteolytic frag-
temperature and processed essentially as described previouslynents of PS1 in the oocyte extracts. Rather, under our
(Weber et al., 1996) using the Ultra enhanced chemilumines- conditions, only the holoprotein was detected in the
cence kit (Pierce). PS1 antibodies and dilutions used in this western blot, which was recognized by a wide variety of
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FIG. 2. Agonist-evoked Ca?"-activated Cl~ currents are poten-

tiated in cells overexpressing PS1,,;. a: Representative whole-
cell Ca?*-activated ClI~ currents from Xenopus oocytes previ-
ously injected with either PS1,,+ cRNA or H,O measured with a
two-electrode voltage clamp. LPA (10 uM) was bath applied for
5 s in each case. b: Mean peak currents evoked by LPA in
PS1,,r-expressing oocytes (n = 13) and controls (n = 17). c:
Mean total charge transferred per response (integral under cur-
rent response). Data are from same experiments as in b.

antibodies, including those directed against the N- and
C-terminal portions of PS1 (see Experimental Proce-
dures for list of antibodies used). Second, and more
importantly, the wild-type and mutant proteins accumu-
late to similar levels in the injected oocytes. Quantifica-
tion of digital images of immunoblots revealed that pro-
tein levels did not differ by>5%, a result that was
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current traces were quantified according to mean peak
current and total charge transferred. We found that the
absolute magnitude of the LPA-evoked mean peak cur-
rent in the HO-injected control cells averaged0.07

pA (Fig. 2b, filled column), whereas a significantly
larger mean peak current 6f0.25 uA was observed in
cells expressing PS4 (Fig. 2b, hatched columnp

< 0.001). Likewise, the mean total charge transferred in
response to fixed (5-s) pulses of LPA, obtained by inte-
grating the area under each current trace, was also sig-
nificantly greater for PS-expressing cells relative to
controls 3 vs. ~17 wuC, respectively; Fig. 2cp

< 0.001). Therefore, expression of Rlin Xenopus
oocytes results in potentiation of agonist-evoked'Ga
activated CI' currents, suggesting that PS1 may play a
role in modulating C&" signaling.

Potentiation of Ca?*-activated CI~ currents by
PS1,+ occurs downstream of IR production

Modulation of agonist-evoked currents by Rgl
could, in principle, be mediated by any of the numerous
elements along the signal transduction cascade (e.qg., cell
surface receptors, G proteins, phospholipase g réP
ceptors, C&"-activated CI channels). To circumvent
signaling elements upstream of;lBroduction, we di-
rectly manipulated intracellular JRevels using c-IB, a
chemically modified form of IRthat is nonmetabolizable
and physiologically inert but is photolyzed by UV light
to liberate free intracellular I(Callamaras and Parker,
1998). Hence, by changing the duration of UV light
flashes, varying amounts of JRan be liberated repro-
ducibly in different oocytes.

H,0O-injected controls exhibited HPevoked CI
currents that increased in size in response to increas-
ing flash durations, eventually reaching an asymptotic
maximum for flash durations=30 ms; no currents
were evoked for flash durations10 ms (Fig. 3b and

observed in several experiments (e.g., see legend to Figd: circles). Compared with control cells, Rgtex-
1). Therefore, differences in electrophysiological re- Préssing oocytes exhibited responses that were consis-
sponses between these two groups of cells are not likelyt€ntly larger for all flash durations tested and that
attributable to quantitative differences in protein expres- reached an asymptotic maximum approximately twice

sion levels.

PS1,r potentiates LPA-evoked C&*-activated CI~
currents

To test whether expression of RgAmodulates intra-
cellular C&* signaling inXenopusocytes, we recorded
currents evoked by LPA (1@M) in voltage-clamped
cells injected 2—4 days previously with either sense or
antisense P cRNA or H,O. Compared with EO-

and antisense-injected controls from the same donor

frogs, oocytes injected with sense Rgl1cRNA pro-
duced significantly larger currents following application
of LPA (Fig. 2a). LPA-evoked responses in antisense-
and H,O-injected cells were indistinguishable (data not
shown); hence, only kD-injected oocytes were used as
controls in subsequent experiments.

To facilitate statistical comparison of responses in
PS1,-expressing oocytes and,B-injected controls,

J. Neurochem., Vol. 72, No. 3, 1999

as large as that seen in control cells (Fig. 3b and d,
triangles). Statistical comparison of responses to flash
durations=60 ms revealed that Pevoked currents in
cells expressing P§J} were significantly greater than
in controls in terms of both mean peak curremt (
< 0.002; Fig. 3c) and mean total charge transferred
per responsep < 0.001; Fig. 3e). We also found that
shorter flash durations were required to elicit a re-
sponse in PSl-expressing cells relative to controls,
indicating that the threshold LRevel required to elicit

a response was decreased by Ra1

Potentiation of IP;-evoked C&* activated CI~
currents is enhanced by AD-linked mutant
PSly4ev

Another important aim of these experiments was to
determine if a mutant form of PS1 known to cause AD
might yield IP;-evoked responses that differ from those
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FIG. 3. IP;-evoked Ca2*-activated

Cl~ currents are potentiated by a
wild-type PS1 and to a greater ex- Control , |:)S']WT , F’S']M146V

tent by mutant PS1. a: Represen-

tative families of Ca?"-activated V \/_—
Cl~ currents evoked by photore-
leased IP; in individual cells ex- is

pressing PS1,,; or PS1y,146v @nd a

control. Oocytes were injected with

4 pmol of c-IP; and stimulated by b oto c
flashes of UV light applied to the
animal hemisphere (arrowheads).
Traces show responses to 10-, 15-,
30-, and 90-ms flash durations. b:
Mean peak currents in control (cir-
cles), PS1,,-expressing (triangles), . +

and mutant PS1y,,,e-€Xpressing O 3 3 $ 4

(squares) oocytes as a function of Vs _
flash duration. Data points are A S % % % o
mean *= SEM values from five to d
nine oocytes. c: Mean responses

for flashes =60 ms. The p values

apply to comparisons between
PS1,,r and control responses (mid-

dle column) and PS1y4,yv and
PS1,,r responses (right column). d

and e: Similar analysis of measure-
ments of total charge transferred
during IP;-evoked responses. Data

are from same experiments as in b Photolysis Duration (ms)
and c.

40nA

* pe0.00t
.

*p<0.002
i

Mean Peak Current{pA)
O

“ p<0.001

T

*p<0.001

Mean Total Charge (1C)

100

Control PS1yr  PS1yaev

observed in cells expressing the wild-type protein. We Ca?* imaging reveals that IP;-mediated C&™*

chose to study the AD-linkeS1missense mutation that  release is potentiated by PS}+ and to a greater

results in a methionine-to-valine substitution at amino extent by PS1,;46v

acid 146,PS},146y as this mutation causes an aggres-  The potentiation in CI currents induced by PS1 might

sive form of early onset AD (Van Broeckhoven, 1995) pe due to up-regulation of the €aactivated Ct chan-

and has been shown to significantly increase the produc-nels themselves rather than to direct changes ip IP

tion of ABy_4543)both in vitro and in vivo (Borchelt et mediated C&" release. This is of particular concern as,

al., 1996; Duff et al., 1996). Accordingly, PR3- and in other cell types, functional K channels have been

PSluisev-€Xxpressing cells were compared to determine yeported to be up-regulated by PS1 (Malin et al., 1998).

how IP;-evoked currents were affected. _ To resolve this issue, we imaged changes in2[Qaby
Like PSlyr-expressing cells, oocytes expressing |gading cells with the fluorescent Eaindicator Oregon

PSlyeyv exhibited a significant potentiation in 4P Green-5N and measuring changes in normalized fluores-

tek:/ oked cqtrrgnts fr ?Lz;nve :0 ‘f{‘.’TrOIS' Stnklng![)I/, however,d cence evoked by photorelease of IRing laser-scanned
e magnitude of this potentiation was greatly increased (oo’ oce ooy

in cells expressing Pylqe, compared with responses IP;-evoked fluorescence signals were potentiated in
of PS1,-expressing cells for all flash durations tested .
cells expressing P$L and to a greater extent

(Fig. 3b and d, squares). Interestingly, unlike Rl PS1,146v-€Xpressing cells relative to controls (Fig. 4a),

expressing cells or controls, Jf2voked responses in . X A .
PS1y14cv-expressing cells did not reach a clear asymp- consistent with the findings for €&-activated CI cur-
rents. Mean peak fluorescence changes also showed

totic maximum within the range of flash durations tested, N :
as assessed by either mean peak current (Fig. 3b) or totalower thresholds for activation and reached higher as-

charge transferred per response (Fig. 3d). Nonethelessymptotic maxima in PSj,-expressing cells and to a
statistical comparison of Pevoked responses to flash ~9reater extent in PR 46,-expressing cells relative to
durations =60 ms revealed that currents evoked in Controls for a range of flash durations tested (Fig. 4b).
PS1,146-€Xpressing cells were significantly potentiated Statistical comparison Qf responses to flash durations
relative to PS{,-expressing cellsg < 0.001; Fig. 3¢ =500 ms revealed significant differences between
and e). Threshold IPlevels (i.e., flash durations) were PSlyr-expressing cells and controls € 0.001, Fig. 4c)
also decreased in Pl -expressing cells to an even as well as between P{l,e,~ and PS}-expressing
greater extent than was observed in cells expressingcells (p < 0.001; Fig. 4c). These findings indicate that
PS1,, suggesting that additional sensitivity to;li% PS1,s and, to a greater extent, Pgls, potentiate
conferred by PS}.46v (Fig. 3b and d). IP;-mediated C&'" release.

J. Neurochem., Vol. 72, No. 3, 1999
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FIG. 4. Ca?* imaging demonstrates that
PS1 potentiates IP;-mediated Ca?* re-
lease. a: Representative families of re-
cordings of changes in Ca?* fluores-
cence intensity (AF/F,) evoked by
photoreleased IP; in PS1, and
PS1u146v-€xpressing cells and a control.
Oocytes were injected with 4 pmol of
c-IP; and 40 pmol of Oregon Green-5N
and stimulated by flashes of UV light
applied to the vegetal hemisphere near
the equator. Traces show normalized flu-
orescence responses (AF/Fy) to 100-,
150-, 200-, 400-, and 700-ms flash du-
rations. b: Mean peak fluorescence in-
tensity in control (circles), PS1,-
expressing (triangles), and mutant
PS1u146v-€Xpressing (squares) oocytes
as a function of flash duration. Data
points are mean * SEM values from
8-11 oocytes. ¢: Mean responses for
flashes =500 ms. The p values apply to
comparisons between PS1,,; and con-
trol responses (middle column) and

PS1pm146v

*p<0.001

[ S—

T T T T T
200 300 400 500 600

Photolysis Duration (ms}
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DISCUSSION

Perturbations in intracellular €& homeostasis have
been documented in both familial and sporadic forms of
AD (for reviews, see Khachaturian, 1994; Mattson et al.,
1998). With the identification and isolation of genes
causally linked to AD, it has become possible to inves-
tigate whether alterations in €asignaling represent a
cause or a consequence of AD neuropathology. In this
study, we examined the role of PS1 in modulating the
IPy/C& " signaling cascade.

In initial experiments, we activated the phosphoinosi-

tide second messenger cascade with the cell surface

receptor agonist LPA. Using &&-activated CI cur-
rents as an endogenous measure of intracellul&* Ca
release, we found that overexpression of psiesulted
in a significant potentiation in LPA-evoked Cturrents.
To further elucidate which elements in this complex

signaling pathway are modulated by PS1, we used pho-

tolysis of c-IR; to circumvent the many upstream signal-
ing elements. In addition, we used fluorescenfCa
imaging to rule out possible effects on the Gihannels
themselves. Both strategies demonstrated that,RS1
potentiates C& signals by modulating the }Pmediated
release of C&". Furthermore, the AD-linked mutation
PS1,146v Was tested and shown to potentiatg-8voked
Ca* signaling to a significantly greater extent than
PS1,+ due to mechanism(s) not attributable to differ-
ences in protein expression levels.

Our results add to a growing list of studies showing
potentiated C& signaling in cells expressing missense
mutations in PS1. In particular, bombesin-activated'Ca

¢

PS1yr

PS1u146v @nd PS1,; responses (right

PSTurasy column).

1993; Ito et al., 1994). Similar disturbances have been
reported in PC12 cells expressing Rk, (Guo et al.,
1996). Hence, the potentiation in €asignaling we
observe with PS}, 46y does not appear to be specific to
this mutation, but rather our findings lend support to the
hypothesis that potentiation of €asignaling represents

a general consequence shared by many PS1 mutations.

Although previous studies have documented perturba-
tions in IPy-linked C&* signaling in several systems
expressing PS1 mutations (Ito et al., 1994; Guo et al.,
1996, 1997), any of several steps along this complex
signal transduction pathway might have been responsible
for the observed effects. Here, we provide direct evi-
dence that the fPmediated release of €afrom internal
stores is specifically modulated by PS1. Although the
precise mechanism by which PS1 affect€ Csignaling
remains to be elucidated, several clues are provided by
the present study. First, in cells expressing either,3S1
or PS1,,146v, lOwer threshold amounts of JPare re-
quired to elicit detectable G&-activated CI currents
and fluorescent Ga changes. Second, the maximal lev-
els of IP;-evoked C3" responses are also elevated in
these cells. Both of these findings suggest an increased
sensitivity to IR that is more pronounced in cells ex-
pressing PSki 46y than PSY .

Another point worth noting is that expression of PS1
in Xenopusoocytes leads to the production of the full-
length protein. Although many reports show that PS1 is
proteolytically processed to generate N- and C-terminal
fragments of~30 and~20 kDa, respectively (Thinaka-
ran et al., 1996), we do not detect any evidence of

signals have been shown to be disturbed in fibroblasts proteolytic fragments in our system, despite using nu-

isolated from a number of familial AD cases, including
those containing the mutation P31so (McCoy et al.,

J. Neurochem., Vol. 72, No. 3, 1999

merous well-characterized antibodies specific for both
fragments (Thinakaran et al., 1998). Although the lack of
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processing in this system may reflect species differences
and/or procedural artifacts (e.g., incubation at 16°C), our
results are consistent with those of several studies show-
ing that overexpression of exogenous PS1 leads prefer-
entially to the accumulation of the full-length protein
(Thinakaran et al., 1996; Baumann et al., 1997). There-
fore, our results suggest that the holoprotein is respon-
sible for the potentiation of Pmediated C&" release
conferred by both P and PS};;46v- Consistent with
this interpretation, recent subcellular fractionation stud-
ies have shown that the holoprotein is predominantly
localized to the ER, whereas the proteolytic fragments
are localized to the Golgi compartment (Zhang et al.,
1998), thus suggesting that the holoprotein is more likely
to be involved in modulating ER functions such agCa
signaling. Hence, even if the fragments do have some
physiological role(s), the PS1 holoprotein appears to be
the functional species involved in regulating?Casig-
naling in our system.

Disturbances in the YfCa* signaling cascade could
account for several hallmark features of AD, including
increased vulnerability to neuronal cell death and deficits
in learning and memory. Moreover, the finding that in-
creasing [C&"]; enhances @& production (Querfurth and
Selkoe, 1994; Querfurth et al., 1995) suggests that
changes in this Cd signaling pathway might lie up-
stream in the events leading to AD neurodegeneration.
Consequently, further research into the role of PS1 in this
ubiquitous intracellular pathway should yield novel tar-
gets for therapeutic intervention.
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