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Mutations in presenilins are responsible for approximately 40% of all early-onset familial Alzheimer disease (FAD) cases
in which a genetic cause has been identified. In addition, a number of mutations in presenilin-1 (PS1) have been
suggested to be associated with the occurrence of frontal temporal dementia (FTD). Presenilins are highly conserved
transmembrane proteins that support cleavage of the amyloid precursor protein by γ-secretase. Recently, we discovered
that presenilins also function as passive ER Ca2+ leak channels. Here we used planar lipid bilayer reconstitution assays
and Ca2+ imaging experiments with presenilin-null mouse embryonic fibroblasts to analyze ER Ca2+ leak function of 6
FAD-linked PS1 mutants and 3 known FTD-associated PS1 mutants. We discovered that L166P, A246E, E273A, G384A,
and P436Q FAD mutations in PS1 abolished ER Ca2+ leak function of PS1. In contrast, A79V FAD mutation or FTD-
associated mutations (L113P, G183V, and Rins352) did not appear to affect ER Ca2+ leak function of PS1 in our
experiments. We validated our findings in Ca2+ imaging experiments with primary fibroblasts obtained from an FAD
patient possessing mutant PS1-A246E. Our results indicate that many FAD mutations in presenilins are loss-of-function
mutations affecting ER Ca2+ leak activity. In contrast, none of the FTD-associated mutations affected ER Ca2+ leak
function of PS1, indicating that the observed effects are disease specific. Our observations are consistent with the […]
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Mutations	in	presenilins	are	responsible	for	approximately	40%	of	all	early-onset	familial	Alzheimer	disease	
(FAD)	cases	in	which	a	genetic	cause	has	been	identified.	In	addition,	a	number	of	mutations	in	presenilin-1	
(PS1)	have	been	suggested	to	be	associated	with	the	occurrence	of	frontal	temporal	dementia	(FTD).	Prese-
nilins	are	highly	conserved	transmembrane	proteins	that	support	cleavage	of	the	amyloid	precursor	protein	
by	γ-secretase.	Recently,	we	discovered	that	presenilins	also	function	as	passive	ER	Ca2+	leak	channels.	Here	
we	used	planar	lipid	bilayer	reconstitution	assays	and	Ca2+	imaging	experiments	with	presenilin-null	mouse	
embryonic	fibroblasts	to	analyze	ER	Ca2+	leak	function	of	6	FAD-linked	PS1	mutants	and	3	known	FTD-asso-
ciated	PS1	mutants.	We	discovered	that	L166P,	A246E,	E273A,	G384A,	and	P436Q	FAD	mutations	in	PS1	abol-
ished	ER	Ca2+	leak	function	of	PS1.	In	contrast,	A79V	FAD	mutation	or	FTD-associated	mutations	(L113P,	
G183V,	and	Rins352)	did	not	appear	to	affect	ER	Ca2+	leak	function	of	PS1	in	our	experiments.	We	validated	
our	findings	in	Ca2+	imaging	experiments	with	primary	fibroblasts	obtained	from	an	FAD	patient	possessing	
mutant	PS1-A246E.	Our	results	indicate	that	many	FAD	mutations	in	presenilins	are	loss-of-function	muta-
tions	affecting	ER	Ca2+	leak	activity.	In	contrast,	none	of	the	FTD-associated	mutations	affected	ER	Ca2+	leak	
function	of	PS1,	indicating	that	the	observed	effects	are	disease	specific.	Our	observations	are	consistent	with	
the	potential	role	of	disturbed	Ca2+	homeostasis	in	Alzheimer	disease	pathogenesis.

Introduction
Alzheimer disease (AD) is the most common form of age-related 
dementia in human beings over the age of 60 years. AD affects about 
2% of populations in industrialized countries. The understanding 
of the molecular processes that lead to the pathogenesis of AD is 
immensely important in combatting this neurological disease. 
Most cases of AD are idiopathic and are characterized by late onset 
(in individuals over 60 years of age). A small fraction of AD cases 
(familial AD [FAD]) are characterized by an earlier onset and genetic 
inheritance. Mutations in presenilin-1 (PS1) and PS2 account for 
about 40% of all known FAD cases in which a genetic cause has been 
identified (1). Three missense mutations in PS1 have been suggested 
to be associated with frontal temporal dementia (FTD) (2), a neuro-
logical disorder that affects the frontal and temporal lobes of the 
brain. Presenilins are 50-kD proteins that contain 9 transmembrane 
domains (3, 4) and reside in the ER membrane (5). The complex of 
presenilins, that includes aph-1 and pen-2 subunits, is transported 
to the cell surface and endosomal structures, where it functions as 
γ-secretase. The γ-secretase cleaves the amyloid precursor protein 
(APP) and releases the amyloid β-peptide, the principal constituent 
of the amyloid plaques in the brains of AD patients. Consistent with 
the role of presenilins as catalytic subunits of γ-secretase (6, 7), FAD 
mutations in presenilins affect APP processing.

In addition to changes in APP processing, many FAD mutations 
in presenilins result in deranged Ca2+ signaling (reviewed in ref. 8). 
Although the connection between FAD mutations in presenilins and 
abnormal Ca2+ signaling has been known for over a decade (9), the 
mechanistic explanation for this finding has been controversial (8). 
Recently, we discovered that presenilins function as passive ER Ca2+ 
leak channels (10). We further found that PS1-M146V, PS1-ΔE9,  
and PS2-N141I FAD mutations in presenilins affected their ER 
Ca2+ leak function (10). In the present study, we used planar lipid 
bilayer (BLM) reconstitution assays and Ca2+ imaging experiments 
with presenilin-null mouse embryonic fibroblasts (MEFs) to ana-
lyze ER Ca2+ leak function of 6 additional PS1 FAD mutants. Our 
results indicate that many FAD mutations in PS1 disrupt ER Ca2+ 
leak function. These observations provide further support for the 
contribution of disturbed Ca2+ homeostasis to AD pathogenesis 
(8, 11–13). In addition, we discovered that none of the 3 suggested 
FTD-associated PS1 mutations affected ER Ca2+ leak function of 
PS1. These results indicate that the effects of FAD mutations on ER 
Ca2+ leak function of presenilins are disease specific.

Results
Ca2+ channel function of PS1 FAD mutants in BLMs. Predicted structure 
of presenilins includes 9 transmembrane domains (3, 4) (Figure 1A),  
consistent with potential ion channel or transporter function. In a 
previous study, we discovered that presenilin holoproteins function 
as passive ER Ca2+ leak channels (10). We further discovered that 
PS1-M146V, PS1-ΔE9, and PS2-N141I FAD mutations (Figure 1A)  
affected their ER Ca2+ leak function, whereas PS1-D257A γ-secre-
tase catalytic mutation was without effect (10). In the present 
study, we set out to test ER Ca2+ leak function of 6 additional PS1 
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FAD mutants — A79V, L166P, A246E, E273A, G384A, and P436Q 
(Figure 1A). The FAD mutations from different regions of the PS1 
sequence were chosen for analysis (Figure 1A) to maximize coverage 
of our experiments. Baculoviruses encoding these 6 selected FAD 
PS1 mutants were generated, and recombinant WT PS1 and PS1 
FAD mutants were expressed in Sf9 cells. Western blotting analysis 
confirmed that WT PS1 and all 6 FAD PS1 mutants were expressed 
at similar levels in baculovirus-infected Sf9 cells (Figure 1B).  
To study the ion channel function of recombinant PS1 and the 
PS1 FAD mutants, we performed BLM reconstitution experi-
ments with ER microsomes from baculovirus-infected Sf9 cells. 
These experiments were performed as described in our previous 
study of the ion channel function of PS1 (10). Ba2+ ions (50 mM 
on trans side) were used in these experiments as a current carrier. 
We did not detect ion currents across the BLM prior to fusion of 
ER microsomes or following fusion of microsomes from nonin-
fected Sf9 cells (Figure 1C). In contrast, when microsomes from 
PS1-infected Sf9 cells were fused to the BLM, Ba2+ currents were 
observed in our experiments (Figure 1C), consistent with our pre-
vious findings (10). A previous report indicated that the function 
of ER Ca2+ leak pathway may be modulated by millimolar levels of 
cytosolic ATP levels (14). We evaluated effects of ATP on PS1-medi-
ated current activity in bilayers but did not observe significant 
effects (data not shown). Using noise analysis, we estimated that 
the unitary current size of PS1-supported channel was equal to 
0.046 ± 0.004 pA (n = 3) in the absence of ATP and 0.041 ± 0.005 pA  
(n = 3) in the presence of 5 mM ATP on the cytosolic (cis) side of 
the bilayer, not significantly different from each other. In further 
bilayer experiments we determined that the PS1-A79V mutants 
supported Ba2+ currents across the BLM, similar to the WT PS1 
(Figure 1C), but the other 5 mutants tested in our experiments 
were not active in the BLM (Figure 1C). By applying the previously 
described noise analysis algorithm (10), we estimated that at 0 mV  

transmembrane potential, the unitary Ba2+ current size was 
equal to 0.04 ± 0.01 pA (n = 5) for PS1-supported currents and  
0.035 ± 0.003 pA (n = 4) for currents supported by PS1-A79V 
mutant (Table 1). Noise analysis further confirmed absence of 
detectable ion channel activity in experiments with L166P, A246E, 
E273A, G384A, and P436Q FAD mutants of PS1 (Table 1).

Rescue of Ca2+ signaling defects in presenilin double-knockout MEFs 
with FAD PS1 mutations. In the previous study (10), we described 
Ca2+ signaling defects in PS1/2 double-knockout (DKO) MEFs 
(15). Specifically, we found that the amplitude of bradykinin-
induced (BK-induced) Ca2+ release (mediated by inositol 1,4,5-
triphosphate ER Ca2+ channels) is twice as high in DKO MEFs 
as in WT MEFs (10). We further found that the application of 
the Ca2+ ionophore ionomycin (IO) resulted in more massive and 
longer-lasting Ca2+ signals in DKO cells than in MEFs (10), and 
that the intraluminal ER Ca2+ levels were significantly elevated 
in DKO cells compared with WT cells (10). As described in the 
previous study, all of these observations could be explained by 
defective ER Ca2+ leak pathway in DKO cells (10). To evaluate ER 
Ca2+ leak function of WT PS1 and selected PS1 FAD mutants, we 
performed a series of rescue experiments. In these experiments, 
DKO fibroblasts were transfected by enhanced GFP (EGFP) plas-
mid alone (EGFP control) or EGFP plasmid together with the 
PS1 expression constructs and analyzed by Fura-2 Ca2+ imaging 
48 hours after transfection. The transfected cells in these experi-
ments were identified by GFP fluorescence (Figure 2).

The resting Ca2+ levels in transfected DKO cells were estimated 
from Fura-2 340:380 ratio measurements. We found that the aver-
age basal Ca2+ level in DKO cells transfected with EGFP plasmid was 
equal to 186 ± 32 nM (n = 33) (Figure 3A). The average basal Ca2+ 
levels in DKO cells cotransfected with EGFP and L166P, A246E, 
E273A, G384A, and P436Q mutant PS1 expression plasmids were 
not significantly different from DKO cells transfected with EGFP 
plasmid alone (Figure 3A). In contrast, the mean basal Ca2+ level 
in DKO cells transfected with the EGFP+PS1 plasmid combina-
tion was equal to 263 ± 47 nM (n = 21), significantly higher than 
in DKO cells transfected with EGFP alone (P < 0.05) (Figure 3A).  

Figure 1
Recombinant presenilins form Ca2+ channels in BLMs. (A) Molecular 
model of presenilins (3, 4). The 9 transmembrane domains (TM1–TM9) 
of presenilins, the γ-secretase catalytic aspartate residues (yellow dots), 
and the site of the endoproteolytic cleavage (scissors) are shown. The 
positions of PS1 FAD mutants A79V, L166P, A246E, E273A, G384A, 
and P436Q examined in our study are shown (red dots, black letters). 
Also shown are positions of M146V, ∆E9 FAD mutations in PS1, and 
N141I FAD mutations in PS2 analyzed in ref. 10 (red dots, green let-
ters). Also shown is D257A "γ-secretase" mutation in PS1, which was 
analyzed in ref. 10 (yellow dot, orange letters) and FTD-associated 
PS1 mutations L113P, G183V, and Rins352 examined in our study 
(blue dots, blue letters). (B) Expression of PS1 and PS1 mutants in 
Sf9 cells. The ER microsomes from noninfected Sf9 cells and from Sf9 
cells infected with WT and FAD mutant PS1-encoding baculoviruses 
were analyzed by Western blotting with anti-PS1 monoclonal antibod-
ies. The position of PS1 holoprotein is indicated by an arrow. Actin was 
used as the loading control. (C) The Ba2+ currents recorded at +10 mV, 
0 mV, and –10 mV holding potentials are shown for the empty BLM 
and for BLM fused with ER microsomal preparations from Sf9 cells 
infected with the WT and FAD mutant PS1-encoding baculoviruses. 
Similar results were obtained in at least 5 independent BLM experi-
ments with each PS1 mutant.
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The mean basal Ca2+ level in DKO cells cotransfected with 
EGFP and A79V PS1 mutant plasmid was equal to 257 ± 34 nM  
(n = 40), also significantly higher (P < 0.05) than in DKO cells 
transfected with EGFP alone. To explain these results, we reasoned 
that the expression of WT PS1 and PS1-A79V mutant plasmids, 
but not the other 5 FAD PS1 mutants tested in our study increases 
passive Ca2+ leak from the ER and elevates basal cytosolic Ca2+ lev-
els in transfected DKO cells.

When transfected DKO cells were challenged with 300 nM  
BK, large transient Ca2+ signals were observed in EGFP, 
EGFP+L166P–, EGFP+A246E–, EGFP+E273A–, EGFP+G384A–, 
and EGFP+P436Q–transfected cells (Figure 2). In contrast, signifi-
cantly smaller Ca2+ signals were induced by BK in DKO cells trans-
fected with EGFP+PS1 and EGFP+A79V combinations (Figure 2).  
On average, the difference between peak and basal Ca2+ levels 
(Δ[Ca2+]) in BK-stimulated cells was equal to 732 ± 103 nM (n = 33) 
for EGFP-transfected cells, 271 ± 53 nM (n = 21) for EGFP+PS1–
transfected cells, and 253 ± 39 nM (n = 40) for EGFP+A79V–trans-
fected cells (Figure 3A and Table 1). The peak responses in DKO 
cells transfected with the other FAD mutants were not significant-
ly different from the peak Ca2+ responses in cell transfected with 
EGFP plasmid alone (Figure 3A and Table 1). Thus, transfection of 
DKO cells with WT PS1 and A79V expression constructs reduced 
the amplitude of BK-induced Ca2+ responses to levels observed 
in experiments with WT MEFs (Figure 3A and Table 1), where-
as expression of L166P, A246E, E273A, G384A and P436Q FAD 
mutants had no significant effect on the amplitude of BK-induced 
responses (Figure 3A and Table 1).

In the next series of experiments we evaluated the size of IO-sen-
sitive Ca2+ pool in PS1-transfected DKO cells. IO is an ionophore 
that induces formation of Ca2+-permeable pores in cellular mem-
branes, leading to complete emptying of ER Ca2+ stores indepen-
dently from the inositol 1,4,5-triphosphate receptor activation. 

In agreement with the previous findings (10), we found that 
addition of 5 μM IO induced large and long-lasting elevation of 
cytosolic Ca2+ levels in EGFP-transfected DKO cells, but smaller 
in amplitude and shorter in duration in EGFP+PS1–transfected 
cells (data not shown). To estimate the size of IO-sensitive Ca2+ 
pool, we calculated the area under the IO-induced Ca2+ sig-
nals. On average, the area under the IO-induced Ca2+ curve was 
equal to 52 ± 11 μM•s (n = 19) for EGFP-transfected DKO cells,  
33 ± 9 μM•s (n = 21) for EGFP+PS1–transfected DKO cells, and  
31 ± 14 μM•s (n = 18) for EGFP+A79V–transfected DKO cells 
(Figure 3B and Table 1). Transfection with other FAD mutants 
had no significant effect on the size of IO-sensitive Ca2+ pool  
(Figure 3B and Table 1). To determine the effect of PS1 constructs 
expression on ER Ca2+ levels, we directly measured ER Ca2+ concen-
tration ([Ca2+]ER) of transfected DKO MEFs with low-affinity Ca2+ 
imaging dye Mag-Fura-2 (16). Consistent with the previous find-
ings (10) we found that [Ca2+]ER levels were equal to 183 ± 42 μM  
(n = 18) in EGFP-transfected DKO cells, 108 ± 21 μM (n = 17) in 
EGFP+PS1–transfected DKO cells, and 114 ± 28 μM (n = 23) in 
EGFP+A79V–transfected DKO cells (Figure 3C and Table 1). The 
[Ca2+]ER levels in DKO cells transfected with other FAD mutants 
were not significantly different from the [Ca2+]ER levels in DKO 
cell transfected with EGFP plasmid alone (Figure 3C and Table 1).  
From these results we concluded that expression of WT PS1 or 
A79V FAD mutant, but not L166P, A246E, E273A, G384A, and 
P436Q FAD mutants, restored the size of IO-sensitive Ca2+ pool 
and the [Ca2+]ER levels in DKO cells to the levels observed in WT 
MEFs (Figure 3C and Table 1).

To rule out potential artifacts resulting from transient overex-
pression of PS1 constructs in DKO cells, we performed a series 
of Ca2+ imaging experiments with DKO MEFs stably transfected 
with WT PS1 (human PS1 [hPS1] line), and L166P, A246E, and 
G384A FAD rescue constructs. The expression of PS1 rescue con-

Table 1
The effects of FAD mutations on ER Ca2+ leak function of presenilins

Cells and i (pA) Transient  Stable
constructs  BK peak (nM) IO area (μM•s) ER Ca2+ (μM) IO area (μM•s) ER Ca2+ (μM) Mean AAO References
MEF NA 234 ± 27 22 ± 8 97 ± 19 22 ± 8 97 ± 19 NA 
DKO NA 752 ± 141 56 ± 16 183 ± 42 56 ± 16 183 ± 42 NA 
PS1 0.04 ± 0.01 271 ± 53 33 ± 9 108 ± 21 24 ± 5 93 ± 15 NA 
A79V 0.035 ± 0.003 253 ± 39 31 ± 14 114 ± 28 ND ND 53–58 39
M146V - 634 ± 125 49 ± 11 170 ± 36 ND ND 32–39 39
L166P - 714 ± 73 52 ± 14 227 ± 39 53 ± 9 178 ± 19 24 44
A246E - 706 ± 92 51 ± 12 234 ± 47 54 ± 11 191 ± 23 53 39
ΔE9 0.09 ± 0.02 242 ± 76 20 ± 10 65 ± 20 23 ± 8 81 ± 30 36–55 39
E273A - 674 ± 154 53 ± 9 210 ± 53 ND 186 ± 31 63 39
D257A 0.06 ± 0.01 219 ± 99 23 ± 5 70 ± 10 25 ± 11 ND NA 
G384A - 631 ± 133 50 ± 12 221 ± 42 57 ± 9 104 ± 36 31–37 39
P436Q - 748 ± 124 48 ± 9 216 ± 59 ND ND 20–42 39
PS2 0.03 ± 0.01 343 ± 58 ND ND 34 ± 10 104 ± 36 NA 
N141I/L - 617 ± 169 ND ND 48 ± 19 211 ± 55 50–65 48
hF NA 318 ± 71 84 ± 19 ND 19 ± 7 84 ± 19 NA 
hF-A246E - 629 ± 114 169 ± 27 ND 37 ± 12 169 ± 27 53 39

The summary of results obtained in this study with A79V, L166P, A246E, E273A, G384A, P436Q, hF, and hF-A246E and in ref. 10 with MEF, DKO, PS1, 
M146V, ΔE9, D257A, PS2, and PS2-N141I is shown. The unitary size of Ba2+ currents estimated from noise analysis of BLM reconstitution experiments 
is shown for PS1, PS1-A79V, PS1-ΔE9, PS1-D257A, and PS2. No currents were observed in experiments with other FAD mutants tested. The average 
amplitude of BK-induced Ca2+ response, the average content of IO-sensitive Ca2+ pool and the mean [Ca2+]ER are shown for WT MEFs, DKO cells, DKO 
cells transiently and stably transfected with presenilin rescue constructs, hFs, and PS1-A246E hFs. The FAD age of onset (AAO) for cases resulting from 
the same mutations is also shown. NA, not applicable; ND, not determined.
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structs in these stable lines was confirmed by Western blotting 
(Figure 4A). In Ca2+ imaging experiments with these cells we found 
that addition of IO induced large Ca2+ responses in DKO, L166P, 
A246E, and G384A cell lines and much smaller Ca2+ responses in 
WT MEF and hPS1 rescue cell lines (Figure 4B). By calculating an 
area under IO-induced Ca2+ curve, we determined that the con-
tent of IO-sensitive Ca2+ stores was significantly lower in WT and 
hPS1 rescue cells than in DKO, L166P, A246E, and G384A rescue 
cells (Figure 4C and Table 1). Direct measurements of [Ca2+]ER 
levels with Mag-Fura-2 yielded values consistent with IO results 
(Figure 4D and Table 1). Thus, similar to transient transfection 
experiments (Figure 3), we found that the stable expression of WT 

PS1 but not L166P, A246E, and G384A FAD mutants in DKO 
cells restored IO-sensitive Ca2+ pool content and [Ca2+]ER to 
WT MEF levels (Figure 4, C and D, and Table 1).

Rescue of Ca2+ signaling defects in presenilin DKO MEFs with 
FTD PS1 mutations. Human genetic studies identified 3 
missense mutations in PS1 sequence (L113P, G183V, and 
Rins352) which are potentially associated with FTD (refs. 
17–21; reviewed in ref. 2) (Figure 1A). Do these potentially 
FTD-associated mutations in PS1 sequence affect ER Ca2+ 
leak function? To answer this question we performed a series 
of rescue experiments by transiently transfecting DKO cells 
with the PS1-FTD expression plasmids (L113P, G183V, and 
Rins352) together with EGFP plasmid. In parallel control 
experiments DKO cells were transfected with EGFP plasmid 
alone. The transfected cells were identified by GFP fluores-
cence (Figure 5) and Ca2+ imaging experiments with trans-
fected cells have been performed using Fura-2 fluorescent 
dye as described above. When Fura-2 images (Figure 5) were 
analyzed, we determined that the resting basal Ca2+ levels 
in DKO cells transfected with EGFP plasmid alone was on 
average 179 ± 27 nM (n = 26), while the basal Ca2+ levels 
in EGFP+PS1, EGFP+PS1-L113P, EGFP+PS1-G183V, and 
EGFP+PS1-Rins352 were 246 ± 38 nM (n = 31), 259 ± 56 nM 
(n = 27), 253 ± 34 nM (n = 39), and 234 ± 29 nM (n = 34), 
respectively (Figure 6A). The resting basal Ca2+ levels was sig-
nificantly (P < 0.05) higher in PS1 and PS1-FTD transfected 
DKO cells when compared with DKO cells transfected with 
EGFP alone (Figure 6A).

When transfected DKO cells were challenged with 300 nM  
BK, large transient Ca2+ signals were observed in EGFP trans-
fected cells (Figure 5). In contrast, significantly smaller Ca2+ 
signals were induced by BK in DKO cells transfected with 
EGFP+PS1, EGFP+PS1-L113P, EGFP+PS1-G183V, and 
EGFP+PS1-Rins352 combinations (Figure 5). On average, the 
difference between peak and basal Ca2+ levels (Δ[Ca2+]) in BK-
stimulated DKO cells was equal to 689 ± 99 nM (n = 26) for 
EGFP-transfected cells, 261 ± 45 nM (n = 31) for EGFP+PS1–
transfected cells, 288 ± 61 nM (n = 27) for EGFP+L113P–trans-
fected cells, 237 ± 51 nM (n = 39) for EGFP+G183V–transfected 
cells, and 247± 37 nM (n = 34) for EGFP+Rins352–transfected 
cells (Figure 6A). The amplitude of BK-induced Ca2+ transients 
was significantly (P < 0.05) lower in PS1 and PS1-FTD–trans-
fected DKO cells when compared with DKO cells transfected 
with EGFP alone (Figure 6A).

Consistent with results from BK experiments, we found 
that the application of 5 μM IO induced large and long-last-
ing elevation of cytosolic Ca2+ levels in DKO cells transfect-
ed with EGFP, but a smaller and shorter-lasting increase of 

Ca2+ in DKO cells transfected with WT PS1 or PS1-FTD mutants 
(data not shown). By integrating an area under IO-induced Ca2+ 
transients we found that the average content of IO-sensitive Ca2+ 
stores was equal to 55 ± 14 μM•s (n = 27) for EGFP-transfected 
DKO cells, 22 ± 7 μM•s (n = 21) for DKO cells transfected with 
EGFP+PS1, 25 ± 11 μM•s (n = 39) for DKO cells transfected with 
EGFP+L113P, 31 ± 13 μM•s (n = 31) for DKO cells transfected with 
EGFP+G183V, and 28 ± 11 μM•s (n = 26) for DKO cells transfected 
with EGFP+Rins352 (Figure 6B). The content of IO-sensitive Ca2+ 
stores was significantly smaller in PS1 and PS1-FTD–transfected 
DKO cells when compared with DKO cells transfected with EGFP 
alone (P < 0.05) (Figure 6B).

Figure 2
Rescue of Ca2+ signaling defects in DKO MEFs with PS1-FAD mutants. 
The representative images of BK-induced Ca2+ responses in DKO cells 
transfected with EGFP, EGFP+PS1, EGFP+PS1-A79V, EGFP+PS1-
L166P, EGFP+PS1-A246E, EGFP+PS1-E273A, EGFP+PS1-G384A, and 
EGFP+PS1-P436Q expression plasmids. The 340:380 Fura-2 ratio images 
shown are prior to application of BK (–1 min) and 5 seconds, 2 minutes, and 
5 minutes after BK application. The 340:380 Fura-2 ratios are presented 
using pseudocolor scale (the calibration bar is shown at top). The GFP 
images were used to identify transfected cells. The representative Ca2+ 
traces recorded in individual transfected DKO cells are shown at right for 
each expression construct.
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Ca2+ signaling defects in human FAD primary fibroblasts. To estab-
lish the relevance of our results for human FAD, we obtained a 
sample of primary human fibroblasts (hFs) derived from a 56-year-
old symptomatic patient with A246E mutation in PS1 (subject 
AG06840). The hFs from an unaffected 62-year-old spouse (who 
does not have any known FAD mutations) were also obtained to 
facilitate the control experiments (subject AG08701). The hF and 
A246E primary hFs were used in Fura-2 Ca2+ imaging experiments 
by following the same procedures as described above for MEFs. In 
these experiments, we determined that the mean basal Ca2+ level 
was equal to 217 ± 37 nM (n = 43) in control hFs. In A246E hFs, 
the mean basal Ca2+ level was equal to 173 ± 26 nM (n = 54), signifi-
cantly lower (P < 0.05) than in control hFs. We further discovered 
that application of 300 nM BK induced larger Ca2+ responses in 
A246E hFs than in control hFs (Figure 7, A and B). On average, the 
amplitude of BK-induced Ca2+ responses was equal to 318 ± 71 μM  
(n = 43) in hFs and 629 ± 114 μM (n = 54) in A246E cells (Figure 7C  
and Table 1). The enhanced amplitude of BK-induced Ca2+ respons-
es in A246E hFs is in agreement with the earlier observations made 
with hFs harboring the same mutation (9, 22). Similar to results 
from experiments with BK, application of 5 μM IO induced larger 
Ca2+ transients in A246E cells than in control hFs in our experi-
ments (Figure 7D). As described above for MEFs, we calculated 
an area under the IO-induced Ca2+ curve to quantify the content 
of IO-sensitive Ca2+ stores in these cells. We found that the aver-
age content of IO-sensitive Ca2+ stores was equal to 19 ± 7 μM•s  
(n = 56) for hFs and 37 ± 12 μM•s (n = 63) for A246E cells (Figure 7E  
and Table 1). Direct measurements of [Ca2+]ER with Mag-Fura-2 
yielded 84 ± 19 μM Ca2+ (n = 34) in hFs and 169 ± 27 μM Ca2+  
(n = 41) in hF-A246E (Figure 7, F and G, and Table 1). From these 
experiments, we concluded that the intracellular Ca2+ stores were 
overfilled in primary fibroblasts from the A246E patient when 
compared with hFs from the unaffected family member. The Ca2+ 

signaling defects observed in A246E primary hFs in our experi-
ments are consistent with the previous studies of Ca2+ signaling in 
FAD fibroblasts (refs. 9, 22–24; but also see ref. 25).

Discussion
Mutations in PS1 and PS2 account for majority of all known 
FAD cases for which genetic cause has been identified (1). Many 
FAD mutations in presenilins result in deranged Ca2+ signaling, 
but the mechanistic explanation for these finding has been con-
troversial (reviewed in ref. 8). Our recent discovery that prese-
nilins function as ER Ca2+ leak channels (10) provided a direct 
link between presenilins and Ca2+ signaling. The results pre-
sented here and in ref. 10 indicate that most FAD mutations in 
presenilins have a dramatic effect on the ability of presenilins 
to function as ER Ca2+ leak channels. In experiments from this 
study and ref. 10, we tested 8 FAD mutations in PS1 and 1 FAD 
mutation in PS2 (Figure 1A and Table 1). From the 9 FAD muta-
tions tested, 7 mutations (M146V, L166P, A246E, E273A, G384A, 
and P436Q mutations in PS1 and the N141I/L mutation in PS2) 
abolished ER Ca2+ leak function of presenilins. This conclusion 
was based on the lack of channel activity in BLM experiments 
with the FAD mutants and the failure of these mutants to rescue 
Ca2+ signaling defects in presenilin DKO cells (Table 1). One FAD 
mutation (PS1-ΔE9) appeared to be a gain-of-function mutation 
that enhanced Ca2+ channel activity of presenilins in BLM experi-
ments (10) (Table 1). Interestingly, ER Ca2+ leak function was not 
affected by D257A mutation, which abolishes γ-secretase func-
tion of PS1 (10) (Table 1). As discussed in our previous publi-
cation (10), ER Ca2+ leak function of presenilins appears to be 
independent of their γ-secretase function.

A single mutation from 9 FAD mutations tested (PS1-A79V) 
had no apparent effect on ER Ca2+ leak function in our experi-
ments (Table 1). Interestingly, PS1-A79V mutation resulted in a 

Figure 3
Summary of PS1-FAD rescue experiments. (A) The average basal 
cytosolic Ca2+ levels (gray bars) and the amplitude of BK-induced Ca2+ 
responses (black bars) are shown as mean ± SD for DKO cells trans-
fected with EGFP and PS1 expression constructs (the number of cells 
analyzed is indicated above each set of bars). When compared with 
DKO cells transfected with EGFP alone, the basal Ca2+ levels were 
significantly higher and the amplitude of BK-induced Ca2+ responses 
was significantly smaller in DKO cells transfected with EGFP+PS1 
and EGFP+PS1-A79V combinations. [Ca2+]i, intracellular Ca2+ con-
centration. (B) The average size of IO-releasable Ca2+ pool is shown 
as mean ± SD for DKO cells transfected with EGFP and PS1 expres-
sion constructs (the number of cells analyzed is shown above each 
bar). When compared with DKO cells transfected with EGFP alone, the 
size of IO-releasable Ca2+ pool was significantly smaller in DKO cells 
transfected with EGFP+PS1 and EGFP+PS1-A79V combinations. (C) 
The average [Ca2+]ER level is shown as mean ± SD for DKO cells trans-
fected with EGFP and PS1 expression constructs (the number of cells 
analyzed is shown above each bar). When compared with DKO cells 
transfected with EGFP alone, the [Ca2+]ER levels were significantly 
smaller in DKO cells transfected with EGFP+PS1 and EGFP+PS1-
A79V combinations. ***P < 0.05 by ANOVA. 
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highly variable age of FAD onset and incomplete penetrance in 
one of the carrier families (26). FAD mutations typically have 
complete penetrance, and a few incompletely penetrant FAD-
linked mutations such as PS1-E318G and PS1-T354I appear to 
represent rare polymorphisms and are not pathogenic (27–30). 
It remains to be determined whether the PS1-A79V mutation 
is pathogenic or another example of a rare polymorphism. Our 
results suggest that, if it is pathogenic, abnormal Ca2+ signaling 
would not be involved in the pathology resulting from this muta-
tion. It is also possible that PS1-A79V is a mutation that results 
in partial loss of ER Ca2+ leak function mutation and therefore 
cannot be detected in our bilayer and DKO rescue experiments, 
which are geared toward detecting phenotypes with complete loss 
of ER Ca2+ leak function. The incomplete penetrance of PS1-A79V 
mutation discussed above may also be consistent with a partial-
loss-of-function phenotype. More precise and sensitive experi-
ments will be required to formally address this possibility.

With the exception of PS1-A79V and PS1-ΔE9, all 7 other FAD-
linked mutations tested in our experiments resulted in complete 
loss of ER Ca2+ leak function of presenilins (Table 1). These results 
are in sharp contrast to the results obtained with 3 known FTD-
associated mutations in PS1, none of which appear to affect ER 
Ca2+ leak function of PS1. Expression of FTD-associated L113P, 
G183V, and Rins352 PS1 mutants rescued Ca2+ signals in DKO 
cells similar to expression of WT PS1 (Figures 5 and 6). These 
results suggest either that these mutations are not pathogenic 

or that defects in ER Ca2+ leak 
pathway are not involved in FTD 
pathogenesis. In contrast to our 
findings, the insR352 mutation 
in PS1 has been reported to be 
a loss-of-function mutation 
for the γ-secretase activity (17). 
However, a recent study indicat-
ed that the insR352 mutation in 
PS1 is in fact not pathogenic and 
that FTD in the affected family 
results from a mutation in the 
progranulin gene (31). Further 
studies are needed to determine 
the pathogenic status of L113P 
(20) and G183V (19) FTD-associ-
ated mutations in PS1. Addition-
al investigation is also necessary 
to analyze functional effects of 
2 more recently described FTD-
associated PS1 mutations, L226F 
and L424H (32).

Some of the FAD mutants 
analyzed here and in ref. 10 
(PS1-M146V/L, PS2-N141I/L, 
PS1-ΔE9, PS1-A246Q/E) were 
previously linked to abnormal 
Ca2+ signaling (8). Our new 
results indicate that L166P, 
E273A, G384A, and P436Q FAD 
mutants in PS1 are also linked to 
abnormal Ca2+ signaling due to 
impaired ER Ca2+ leak function 
(Table 1). The impaired ER Ca2+ 

leak function of PS1 FAD mutants observed here and in ref. 10  
is consistent with the increased inositol 1,4,5-triphosphate–
induced Ca2+ release in Xenopus oocytes expressing PS1-M146V 
and PS2-N141I FAD mutants (33–35), in synaptosomes and corti-
cal neurons from the PS1-M146V mutant knockin mouse (36, 37),  
in hippocampal neurons from PS2-N141I and PS1-A246E trans-
genic mice (38), and in hFs from PS1-A246E patients (9, 22). 
However, our results differ from the data obtained in studies of 
PS1-M146L, PS1-A246E, and PS2-N141I FAD mutants recently 
reported by Zatti et al. (25). In contrast to our findings, these 
authors found that expression of these FAD mutants causes 
either no effect or reduction of ER Ca2+ content and decreased 
inositol 1,4,5-triphosphate receptor–mediated Ca2+ release. The 
exact nature of this discrepancy is unclear at the moment and will 
require further investigation.

The mutations analyzed in the present paper and in the 
previous study are spread across the sequence of presenilins  
(Figure 1A) and correspond to FAD cases with varying ages of 
onset (Table 1). We could not detect from these results any par-
ticular “hot-spot” region or pattern that could be used to predict 
which mutations influenced ER Ca2+ leak function of presenilins 
and which did not. With 156 FAD mutations identified in the 
sequence of PS1 and 10 FAD mutations in the sequence PS2 (1, 39),  
future experimentation will be required to identify all FAD muta-
tions in presenilins that affect their ER Ca2+ leak function. How-
ever, from the results obtained so far (Table 1), we can conclude 

Figure 4
Ca2+ signals in stable DKO rescue lines. (A) The lysates from WT MEFs, DKO cells, and stable DKO 
rescue lines hPS1, PS1-L166P, PS1-A246E, and PS1-G384A were prepared and analyzed by Western 
blotting with anti-PS1 monoclonal antibodies. The positions of PS1 holoprotein and PS1-CTF fragment 
are indicated. Longer exposure was used for MEF and DKO samples than for stable rescue lines. (B) The 
representative IO-induced Ca2+ responses are shown for WT MEFs, DKO cells, and stable DKO rescue 
lines. (C) The average size of IO-sensitive Ca2+ pool is shown as mean ± SD for WT MEFs, DKO cells, 
and stable DKO rescue lines (the number of cells analyzed is shown above each bar). When compared 
with DKO cells, the size of IO-sensitive Ca2+ pool was significantly smaller in WT MEFs and hPS1 cells 
but not significantly different in FAD stable rescue lines. (D) The average [Ca2+]ER in WT MEFs, DKO cells, 
and stable DKO rescue lines is shown as mean ± SD (the number of cells analyzed is shown above each 
bar). When compared with DKO cells, the [Ca2+]ER was significantly smaller in WT MEFs and hPS1 cells 
but not significantly different in FAD stable rescue lines. ***P < 0.05 by ANOVA.



research article

1236	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 117   Number 5   May 2007

that many FAD point mutations in presenilins result in loss of 
ER Ca2+ leak function. As discussed previously (10), the autoso-
mal-dominant character of these mutations may be explained by 
a dominant-negative effect of mutant presenilin allele on Ca2+ 
channel function of WT alleles. Our results are in general agree-
ment with the hypotheses that FAD is associated with a loss of 
presenilin function (40–42) and that disturbed Ca2+ homeostasis 
contributes to AD pathogenesis (8, 11–13). Additional studies 
will be required to investigate the connection between defective 
Ca2+ signaling and neurodegeneration in AD.

Methods
Expression constructs and recombinant baculoviruses. The WT PS1 expression 
construct and generation of PS1 baculovirus has been previously described 
(10). The PS1-G384A and PS1-A246E constructs were kindly provided by 
Christine Van Broeckhoven (University of Antwerp, Antwerp, Belgium) 
(43) and the PS1-L166P construct was kindly provided by Christian Haass 
(University of Munich, Munich, Germany) (44). The A79V, E273A, G384A, 
P436Q, L113P, G183V, and Rins352 mutations in WT PS1 sequence were 
generated by QuikChange Site-Directed Mutagenesis Kit (Stratagene) and 

verified by sequencing. The PS1-FAD constructs were cloned into pFast-
Bac1 baculovirus vector (Invitrogen) and recombinant PS1-FAD baculo-
viruses were generated using Bac-to-Bac System (Invitrogen) as previously 
described for the WT PS1 (10). The high-titer baculoviral stocks were 
obtained by amplification of generated viruses in Sf9 cells. For expression 
in DKO cells, all FAD and FTD PS1 constructs were cloned into pcDNA3 
or pmSCV mammalian expression vectors.

BLM reconstitution experiments. WT and mutant presenilins were expressed 
in Sf9 cells as previously described (10). The ER microsomes were isolated 
from Sf9 cell homogenates by differential centrifugation as previously 
described (45) and stored at –80°C. The expression of PS1 in Sf9 cells 
was confirmed by Western blotting of isolated microsomal preparations 
with monoclonal anti-PS1 antibodies (catalog no. MAB5232; Chemicon  

Figure 5
Rescue of Ca2+ signaling defects in DKO MEFs with PS1-
FTD mutants. The representative images of BK-induced Ca2+ 
responses in DKO cells transfected with EGFP, EGFP+PS1, 
EGFP+PS1-L113P, EGFP+PS1-G183V, and EGFP+PS1-
Rins352 expression plasmids. The 340:380 Fura-2 ratio 
images are shown prior to application of BK (–1 min) and 
5 seconds, 2 minutes, and 5 minutes after BK application. 
The 340:380 Fura-2 ratios are presented using a pseudocolor 
scale (the calibration bar is shown at top). The GFP images 
were used to identify transfected cells. The representative 
Ca2+ traces recorded in individual transfected DKO cells are 
shown for each expression construct on the right.

Figure 6
Summary of PS1-FTD rescue experiments. (A) The average basal 
cytosolic Ca2+ levels (gray bars) and the amplitude of BK-induced 
Ca2+ responses (black bars) are shown as mean ± SD for DKO cells 
transfected with EGFP and PS1 expression constructs (the number of 
cells analyzed is shown above each set of bars). When compared with 
DKO cells transfected with EGFP alone, the basal Ca2+ levels were 
significantly higher and the amplitude of BK-induced Ca2+ response 
was significantly smaller in DKO cells transfected with EGFP+PS1, 
EGFP+PS1-L113P, EGFP+PS1-G183V, and EGFP+PS1-Rins352. 
(B) The average size of IO-releasable Ca2+ pool is shown as mean 
± SD for DKO cells transfected with EGFP and PS1 expression con-
structs (the number of cells analyzed is shown above each bar). When 
compared with DKO cells transfected with EGFP alone, the size of 
IO-releasable Ca2+ pool was significantly smaller in DKO cells trans-
fected with EGFP+PS1, EGFP+PS1-L113P, EGFP+PS1-G183V, and 
EGFP+PS1-Rins352 combinations. ***P < 0.05 by ANOVA.



research article

	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 117   Number 5   May 2007 1237

International). As a loading control, the samples were blotted with mono-
clonal antibodies against β-actin (catalog no. MAB1501; Chemicon Inter-
national). The samples used for Western blotting were maintained at 37°C 
prior to loading on the gel. The isolated ER microsomes were fused with 
BLMs, and recordings of presenilin-supported currents were performed 
and analyzed as previously described (10). In these experiments the trans 
(intraluminal) side of the BLM contained 50 mM Ba2+/HEPES (pH 7.35) 
and the cis (cytosolic) side contained 100 mM Tris/HEPES (pH 7.35). The 
cis chamber was held at virtual ground and the trans chamber was voltage 
clamped (BC-525C bilayer clamp; Warner Instruments) to 0 mV, +10 mV,  
and –10 mV as indicated (Figure 1C). The current across the BLM was 
amplified (OC-725C), filtered at 5 kHz, digitized (Digidata 1200; Axon 
Instruments), and stored on a computer hard drive and recordable opti-
cal discs. For presentation, the current traces were digitally filtered at 
200 Hz (pClamp 6.0; Axon Instruments). For off-line computer analysis, 
stationary noise analysis method was used as previously described (10). 
Using WinEDR version 2.4.3 software (BioLogic) (46), the currents were 
filtered at 100 Hz and the mean current (I) and the current variance (δ2) 
was determined for the currents measured before addition of ER micro-

somes (IBLM and δBLM
2) and after fusion of ER microsomes (IPS and δPS

2) 
in the same experiment. The unitary size of PS1-mediated currents (iPS) 
was then estimated for each experiment from the noise analysis equation:  
iPS = (δPS

2 – δBLM
2)/(IPS – IBLM) as previously described (10).

Ca2+ imaging experiments. The presenilin-DKO MEFs and the hPS1, L166P, 
A246E, G384A stable rescue lines have been previously described (15, 44). 
Primary hFs from a 56-year-old symptomatic FAD patient with PS1-A246E 
mutation (subject AG06840) and the control hFs from the 62-year-old 
unaffected spouse (subject AG08701) were obtained from the Coriell Cell 
Repositories (Coriell Institute for Medical Research). Ca2+ imaging experi-
ments with MEFs and hFs were performed as previously described (10). 
Briefly, the cells were cultured on poly-d-lysine–coated (Sigma-Aldrich)  
12-mm round glass coverslips and loaded with 5 μM Fura-2, AM 
(Invitrogen) in HCSS buffer (120 mM NaCl, 5.4 mM KCl, 0.8 mM MgCl2, 
2 mM CaCl2, 15 mM glucose, and 20 mM HEPES, pH 7.3) for 45 minutes 
at 37°C. For Ca2+ imaging experiments the coverslips were mounted onto 
a recording/perfusion chamber (RC-26G; Warner Instruments), positioned 
on a movable stage of an Olympus IX-70 inverted microscope, and washed 
with Ca2+-deficient HCSS buffer (buffered with EGTA to 50 nM Ca2+). In 

Figure 7
Ca2+ signals in human primary fibroblasts from the FAD patient. (A) The representative Fura-2 images of BK-induced Ca2+ responses are shown for 
hFs from symptomatic PS1-A246E FAD patient and for hFs from the unaffected spouse. The Fura-2 340:380 ratios are presented as explained in 
the Figure 2 legend. (B) The time course of BK-induced Ca2+ signals in representative experiments with hFs and hF-A246E cells. (C) The average 
basal cytosolic Ca2+ levels (gray bars) and the amplitude of BK-induced Ca2+ responses (black bars) are shown as mean ± SD for hFs and hF-A246E 
cells (the number of cells analyzed is shown above each set of bars). When compared with hFs, the basal Ca2+ levels were significantly lower and 
the amplitude of BK-induced Ca2+ response was significantly larger in hF-A246E cells. (D) The time course of IO-induced Ca2+ signals in repre-
sentative experiments with hFs and hF-A246E cells. (E) The average size of IO-sensitive Ca2+ pool is shown as mean ± SD for hFs and hF-A246E 
cells (the number of cells analyzed is shown above each bar). When compared with hFs, the size of IO-sensitive Ca2+ pool was significantly larger 
in hF-A246E cells. (F) Representative ER Ca2+ traces recorded by ER-loaded Mag-Fura-2 in hFs and hF-A246E cells. The cells were loaded with 
Mag-fura-2 and permeabilized by 10 μM digitonin (DG) in a buffer containing 170 nM Ca2+ and 3 mM ATP. The ER membrane was permeabilized 
with 5 μM IO in Ca2+-free buffer at the end of the experiment. The Mag-Fura-2 340:380 ratios were converted to [Ca2+ ]ER as described in Methods. 
(G) The average [Ca2+]ER determined for hFs and hF-A246E cells are shown as mean ± SD (the number of cells analyzed is shown above each bar). 
When compared with control hFs, the ER Ca2+ concentration was significantly higher in hF-A246E cells. ***P < 0.05 by ANOVA.
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Ca2+ imaging experiments, the cells were intermittently excited by 340-nM 
and 380-nM UV light using DeltaRam illuminator (Photon Technology 
International) using a Fura-2 dichromic filter cube (Chroma Technology) 
and ×60 UV-grade oil-immersed objective (Olympus). The emitted light 
was collected by an IC-300 camera (Photon Technology International), and 
the images were digitized by the ImageMaster Pro software (version 1.49;  
Photon Technology International). Baseline (6-minute) measurements were 
obtained prior to bath application of drugs. The drugs — 300 nM BK and  
5 μM IO (both from Sigma-Aldrich) — were dissolved in Ca2+-deficient 
HCSS buffer prior to application to the cells. Images at 340-nm and 380-nm 
excitation wavelengths were captured every 2 seconds and shown as 340:380 
image ratios at the time points indicated (Figure 2, Figure 5, and Figure 7A).  
Background fluorescence was determined according to the manufac-
turer’s recommendations (Photon Technology International) and sub-
tracted. The absolute values of free cytosolic Ca2+ concentrations ([Ca2+ ])  
in these experiments were determined from the equation (47).

[Ca2+]i = Kd (R – Rmin)/(Rmax – R) Sf′380/Sb′380, where Kd is the affinity of 
Fura-2 for Ca2+ (140 nM), R is the experimentally determined 340:380 
ratio, Rmax is the 340:380 ratio for Fura-2 saturated with Ca2+ (determined 
by application of 20 mM Ca2+ and 10 μM IO at the end of the experiment), 
Rmin is the 340:380 ratio for Ca2+-free Fura-2 (determined by addition of  
10 mM EGTA following Rmax determination), and Sf′380/Sb′380 is the ratio 
of fluorescence intensity of Ca2+-free and Ca2+-bound form of Fura-2 at  
380 nM (Sf′380/Sb′380 = 2 in our experiments).

In transient transfection rescue experiments, DKO cells were transfect-
ed using Lipofectamine (Invitrogen) by pEGFP-C3 plasmid (Clontech) 
or by a 1:3 mixture of pEGFP-C3 and PS1 expression plasmids. The Ca2+ 
imaging experiments were performed and analyzed as described above 
48 hours after transfection. The transfected cells were identified by GFP 
imaging using GFP filter cube (Chroma) prior to Fura-2 Ca2+ imaging as 
previously described (10).

ER Ca2+ measurements. The ER Ca2+ levels in MEFs were measured using 
Mag-Fura-2 as previously described (10, 16), with the Photon Technology 
International Ca2+ imaging setup described above. Briefly, the cells were 
first loaded with 2 μM Mag-Fura-2, AM (Invitrogen) in HCSS buffer for 
30 minutes at 37°C and permeabilized by application of 10 μM digitonin 
in the intracellular buffer (125 mM KCl, 25 mM NaCl, 10 mM HEPES, 

0.1 mM MgCl2; pH 7.3) containing 170 nM free Ca2+ (clamped by 5 mM 
EGTA) and 3 mM ATP. Mag-Fura-2 signals were collected as 340:380 
ratios for the duration of the experiment, then the ER membrane was 
permeabilized with 5 μM IO and the cells were washed with an ATP- and 
Ca2+-free calibration buffer (125 mM KCl, 25 mM NaCl, 10 mM HEPES, 
pH 7.3) containing 0.8 mM EGTA. The Mag-Fura-2 signals were calibrated 
in the presence of 10 μM IO using a series of calibration buffers with free 
Ca2+ clamped to defined concentrations by 1 mM nitrilotriacetic acid as 
previously described (10). Based on these calibration results, the 340:380 
Mag-Fura-2 ratios were converted to [Ca2+]ER concentrations using the 
following empirical formula: [Ca2+]ER = 141 (R – 0.49) / (1.42 – R), where 
[Ca2+]ER is intraluminal ER Ca2+ concentration in μM and R is the 340:380 
ratio reported by Mag-Fura-2 in our experiments.
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