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Darier's disease (DD) is a high penetrance, autosomal
dominant mutation in the ATP2A2 gene, which
encodes the SERCA2 Ca2+ pump. Here we have used a
mouse model of DD, a SERCA2+/± mouse, to de®ne the
adaptation of Ca2+ signaling and Ca2+-dependent exo-
cytosis to a deletion of one copy of the SERCA2 gene.
The [Ca2+]i transient evoked by maximal agonist
stimulation was shorter in cells from SERCA2+/± mice,
due to an up-regulation of speci®c plasma membrane
Ca2+ pump isoforms. The change in cellular Ca2+

handling caused ~50% reduction in [Ca2+]i oscillation
frequency. Nonetheless, agonist-stimulated exocytosis
was identical in cells from wild-type and SERCA2+/±

mice. This was due to adaptation in the levels of the
Ca2+ sensors for exocytosis synaptotagmins I and III
in cells from SERCA2+/± mice. Accordingly, exocytosis
was ~10-fold more sensitive to Ca2+ in cells from
SERCA2+/± mice. These ®ndings reveal a remarkable
plasticity and adaptability of Ca2+ signaling and Ca2+-
dependent cellular functions in vivo, and can explain
the normal function of most physiological systems in
DD patients.
Keywords: adaptation/Ca2+ signaling/Darier's disease/
exocytosis/SERCA2+/± mice

Introduction

Cells tightly regulate their free cytosolic Ca2+ concentra-
tion ([Ca2+]i) by the coordinated action of active Ca2+

pumps and passive Ca2+ channels. The plasma membrane
(PMCA) and endoplasmic reticulum (SERCA) Ca2+

ATPase pumps generate steep Ca2+ gradients, and the
inositol 1,4,5-trisphosphate receptor Ca2+ release channels
(IP3Rs) in the endoplasmic reticulum (ER) and the store-
operated Ca2+ in¯ux channels (SOCs) in the plasma
membrane rapidly dissipate these gradients upon cell
activation (Muallem and Wilkie, 1999; Putney and
McKay, 1999; Berridge et al., 2000). Molecular cloning
identi®ed multiple isoforms of the Ca2+ transport proteins
that are expressed in a cell-speci®c manner, some of which
have specialized functions. PMCA pumps are encoded by

four distinct genes and >20 splice variants (Guerini et al.,
1998). PMCA1 is considered the housekeeping isoform,
whereas the other isoforms may have a more specialized
expression and function (Guerini et al., 1998). SERCA
pumps are encoded by three genes (Baba-Aissa et al.,
1998). SERCA1 is expressed largely in skeletal muscle
and SERCA2a is expressed largely in cardiac muscle.
SERCA2b is ubiquitous and functions to maintain the ER
stores loaded with Ca2+ (Baba-Aissa et al., 1998). The
expression pattern and specialized function of SERCA3
are not fully understood (Baba-Aissa et al., 1998). IP3R
channels are encoded by three genes and are expressed in a
cell-speci®c manner (Taylor et al., 1999). In polarized
cells, such as epithelial cells, IP3Rs are expressed at high
levels at the secretory pole (Muallem and Wilkie, 1999).
The molecular identity of the SOCs is not known.

Agonist-evoked Ca2+ signals involve the sequential
activation of the Ca2+ transport proteins to generate a
transient change in [Ca2+]i. IP3 generated by receptor-
dependent activation of phospholipase C (PLC) activates
the IP3R channels to release Ca2+ stored in the ER and
increases [Ca2+]i (Berridge et al., 2000). Ca2+ release from
the ER is followed by activation of SOCs and Ca2+ in¯ux
to increase [Ca2+]i further (Berridge et al., 2000). In the
next step, PMCA and the SERCA pumps remove Ca2+

from the cytosol to reduce [Ca2+]i back toward resting
levels (Muallem, 1992). At continuous agonist stimula-
tion, [Ca2+]i stabilizes at a steady-state level determined by
the relative activities of all four types of Ca2+ transporters
(Muallem and Wilkie, 1999).

At physiological stimulus intensity, the sequence of
events leading to a transient change in [Ca2+]i is repeated
periodically, giving rise to [Ca2+]i oscillations (Berridge,
1993). Often, [Ca2+]i oscillations are receptor speci®c and
are characterized by their frequency and amplitude
(Berridge, 1993; Thorn et al., 1993a). [Ca2+]i oscillations
regulate many fundamental cellular functions, such as
muscle contraction, secretion, fertilization and gene
expression (Berridge et al., 2000). Furthermore, oscilla-
tion frequency can be translated into speci®c cellular
responses. In secretory cells, [Ca2+]i oscillations are
translated faithfully into rhythmic exocytosis (Hille et al.,
1994). In other cell types, speci®c [Ca2+]i oscillation
frequencies activate speci®c transcription factors
(Crabtree, 1999; Olson and Williams, 2000).

The unique role of Ca2+ as a second messenger requires
tight regulation of [Ca2+]i in resting and stimulated cells.
This is re¯ected in the ability of cell lines that overexpress
PMCA or SERCA2 pumps to generate nearly normal
Ca2+ signals. Hence, transient expression of PMCA1 or
SERCA2b in CHO cells at ~3 times the endogenous level
had minimal effect on the extent of agonist-evoked [Ca2+]i

increase and only affected the time of establishing the new
steady-state [Ca2+]i (Brini et al., 2000). Stable expression
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of PMCA1a at ~4 times the endogenous level in an
endothelial cell line resulted in a reduction in SERCA
pumps and IP3-mediated Ca2+ release activities to generate
the same agonist-evoked [Ca2+]i signal in the parental cells
and in cells overexpressing PMCA1a (Liu et al., 1996).
Adaptation of Ca2+ signaling may also take place in the
in vivo situation. A recent study reported that in the
speci®c case of the heart, a reduction in the level
of SERCA2a resulted in enhanced phosphorylation of
phospholamban, to reduce SERCA2a inhibition, and
increased Na+/Ca2+ exchanger protein and activity
(Ji et al., 2000). However, whether Ca2+ signaling
plasticity and adaptation take place in the in vivo situation
in peripheral tissues that express SERCA2b, and how
Ca2+-dependent cellular functions are affected in cells with
altered expression of Ca2+ transport proteins is not known.

The importance of understanding plasticity and adapta-
tion in Ca2+ signaling and Ca2+-dependent cell functions in
peripheral tissues in vivo is highlighted by the recent
demonstration that Darier's disease (DD) is due to
mutations in the ATP2A2 gene, which codes for the
SERCA2 Ca2+ pump (Jacobsen et al., 1999; Ruiz-Perez
et al., 1999; Sakuntabhai et al, 1999a,b). DD is an
autosomal dominant disorder with high penetrance, pre-
dominantly affecting skin keratinocytes (Jacobsen et al.,
1999; Sakuntabhai et al., 1999b). Although several of the
mutations in ATP2A2 that cause DD were associated with
a neuropsychiatric phenotype (Jacobsen et al., 1999), all
other physiological functions, including function of the
cardiovascular system, appear normal in DD patients
(Jacobsen et al., 1999; Ruiz-Perez et al., 1999;
Sakuntabhai et al., 1999a,b). This would suggest that in
most tissues, Ca2+ signaling and Ca2+-dependent cell
functions are adapted to the loss-of-function mutation in
one copy of the ATP2A2 gene. The development of a gene-
targeted mouse model of DD, carrying a null mutation in
one copy of the Atp2a2 (SERCA2) gene (Periasamy et al.,
1999), afforded us the opportunity of testing such plasti-
city and adaptation of Ca2+ signaling and Ca2+-regulated
cell functions in vivo.

The SERCA2+/± mice (SERCA2±/± mice are not pro-
duced) show mild impairment of cardiac function under
resting conditions, but otherwise are indistinguishable
from wild-type controls. We report here that the nearly
normal phenotype of the SERCA2+/± mice is probably due
to adaptation of the Ca2+ signaling machinery and Ca2+-
dependent cell functions. Thus, reduction in SERCA2
pumps resulted in adaptive up-regulation of PMCA,
which, in turn, caused a 2-fold reduction in [Ca2+]i

oscillation frequency evoked by physiological concentra-
tions of agonist. Nonetheless, agonist-stimulated exocy-
tosis was identical in cells from wild-type and SERCA2+/±

mice due to an adaptive increase in the apparent af®nity
for Ca2+ in stimulating exocytosis in cells from
SERCA2+/± mice.

Results and discussion

SERCA2 pumps are the products of the ATP2A2 gene.
SERCA2a is expressed mainly in cardiac myocytes and is
responsible for Ca2+ uptake into the sarcoplasmic
reticulum. SERCA2b is ubiquitous and is responsible for
Ca2+ uptake into the ER, including the agonist mobilizable

Ca2+ pool (Baba-Aissa et al., 1998; Shull, 2000). SERCA2
pumps are essential for life, as is evident from the
production of only wild-type and SERCA2+/± mice by
mating of the heterozygous mutants (Periasamy et al.,
1999). Yet, the function of most organs and physiological
systems of patients with DD and of SERCA2+/± mice
appears normal (Jacobsen et al., 1999; Periasamy et al.,
1999, Ruiz-Perez et al., 1999; Sakuntabhai et al., 1999a,b).
It has been suggested that the limited phenotype in DD
patients is due to functional compensation by the remain-
ing SERCA2 pumps and/or other types of SERCA pumps
(Jacobsen et al., 1999; Sakuntabhai et al., 1999b). Another
alternative is adaptation of the Ca2+ signaling machinery
and Ca2+-dependent cellular functions to the reduced
number of SERCA2 pumps. In the present work, we
provide evidence in support of the second alternative.

We elected to study Ca2+ signaling and exocytosis in
pancreatic acinar and submandibular gland (SMG) duct
cells because of our experience in using these cells and
because these cells serve as model systems for studying
mechanisms of Ca2+ signaling (Muallem and Wilkie,
1999; Petersen et al., 1999) and agonist- and Ca2+-
dependent exocytosis (Williams et al., 1997). The
SERCA2+/± mouse serves as an animal model for DD
and allowed us to study the effect of deletion of one
ATP2A2 allele on Ca2+ signaling in vivo. It is important to
note that in all ®gures the activity of cells from wild-type
and SERCA2+/± mice was always compared in parallel
experiments. Hence, for [Ca2+]i measurements, cells from
the two mice lines were prepared and loaded with dye at
the same time, and [Ca2+]i was measured alternately in
cells from each line. Similarly, exocytosis was measured
at the same time in cells prepared from wild-type

Fig. 1. Agonist-evoked Ca2+ transients in cells from wild-type and
SERCA2+/± mice. Pancreatic acini (A and B) or SMG ducts (C and D)
prepared from wild-type (solid lines) or SERCA2+/± mice (dashed lines)
were loaded with Fura2 and, as indicated by the bars, were stimulated
with 1 mM carbachol (A and C), 10 nM CCK (B) or 10 mM
epinephrine (D). Note that after the similar initial increase in [Ca2+]i,
cells from SERCA2+/± mice reduced [Ca2+]i more quickly and to a
lower level than cells from wild-type mice independently of cell or
receptor types.
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and SERCA2+/± mice. This procedure allowed direct
comparison of signals between cells from the two lines
in each experiment and minimizes differences due to
procedural and technical reasons. However, because the
differences in Ca2+ signaling and Ca2+-dependent exocy-
tosis between cells from wild-type and SERCA2+/± mice
were pronounced, where appropriate results from multiple
experiments were averaged and analyzed statistically with
no need for paired t-tests.

Figure 1 compares the [Ca2+]i signals evoked by
maximal agonist stimulation of paired cells prepared
from wild-type and SERCA2+/± mice. High concentrations
of the agonist caused the same initial increase in [Ca2+]i in
all cell types [averages from all experiments are: pancreas
wild type (Pwt), resting 73 6 16, stimulated [carbachol or
cholecystokinin (CCK)] 745 6 96 nM; PSERCA2+/±,
resting 71 6 14, stimulated 718 6 83 nM; SMGDwt,
resting 87 6 21, stimulated (with epinephrine) 876
6 88 nM; SMGDSERCA2+/±, resting 78 6 11, stimulated
864 6 91 mM]. Subsequently, however, [Ca2+]i was
reduced more quickly and to a lower steady-state level
in cells from SERCA2+/± mice than in cells from wild-
type mice. Speci®cally, pancreatic acinar cells from
SERCA2+/± mice stimulated with carbachol (Figure 1A)
reduced [Ca2+]i at a rate constant 1.8 6 0.2-fold faster
than cells from wild-type mice (n = 13 wild type, n = 9
SERCA2+/±, p <0.001). Similarly, cells from SERCA2+/±

mice stimulated with CCK (Figure 2B) reduced [Ca2+]i at a
rate constant 1.6 6 0.1-fold faster than cells from wild-
type mice (n = 6 wild type, n = 7 SERCA2+/±, p <0.002).

Similar changes in rate constants were observed in SMG
duct cells stimulated with carbachol (Figure 1C) (n = 11
wild type, n = 9 SERCA2+/±) or epinephrine (Figure 1D)
(n = 9 wild type, n = 7 SERCA2+/±). Hence, partial
deletion of SERCA2 pumps resulted in a shorter agonist-
evoked [Ca2+]i transient irrespective of cell or receptor
types.

The ®ndings in Figure 1 are opposite to what was
expected from a reduction in SERCA2 pump activity. It is
well established that the transient nature of the agonist-
induced [Ca2+]i signal in pancreatic acini is due in part to
re-uptake of Ca2+ back into the ER by SERCA pumps
(Muallem, 1992). Accordingly, we expected that the
[Ca2+]i transient would be longer, rather than shorter, in
cells from SERCA2+/± mice. Several possible explanations
for this paradox include: (i) reduced IP3-mediated Ca2+

release from the stores of SERCA2+/± cells; (ii) an up-
regulation of the overall Ca2+ uptake by the stores of
SERCA2+/± cells; (iii) a down-regulation of capacitative
Ca2+ in¯ux in SERCA2+/± cells; and (iv) an up-regulation
of PMCA activity in cells from SERCA2+/± mice. The
results in Figure 2 exclude the ®rst three possibilities and
the results in Figure 3 support the fourth possibility.

The identical initial increase in [Ca2+]i caused by
agonist stimulation (Figure 1) suggests that the mechanism
and extent of Ca2+ release from internal stores are the same
in cells from wild-type and SERCA2+/± mice. We veri®ed
this by direct measurements of Ca2+ release from internal
stores. Figure 2A±C shows that the similar magnitude of
agonist-evoked [Ca2+]i increase and the difference in the

Fig. 2. Measurement of Ca2+ release and Ca2+ in¯ux in cells from wild-type and SERCA2+/± mice. In (A±C), cells from wild-type (solid lines) or
SERCA2+/± mice (dashed lines) were incubated in Ca2+-free medium prior to stimulation with 1 mM carbachol. After reduction of [Ca2+]i to a stable
level, the cells were incubated with a solution containing 2 mM CaCl2 to estimate the rate of Ca2+ in¯ux. In (B) and (C), the cells were treated with
5 mM thapsigargin to inhibit any remaining SERCA pump activity prior to initiation of Ca2+ in¯ux. To measure directly Ca2+ uptake and release from
internal stores, pancreatic acini from wild-type (D and F) or SERCA2+/± mice (E and F) were permeabilized by addition of cells to an SLO-containing
medium. When medium Ca2+ was reduced to a stable level, incremental concentrations of IP3 were added to estimate the extent and potency of
IP3-mediated Ca2+ release.
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rate of [Ca2+]i reduction subsequent to Ca2+ release
between cells from wild-type and SERCA2+/± mice were
maintained in the absence of extracellular Ca2+. The
averaged levels for [Ca2+]i were as follows: Pwt, resting
60 6 7, stimulated 665 6 74 nM; PSERCA2+/±, resting
61 6 5, stimulated 676 6 78 nM; SMGDwt, resting
52 6 5, stimulated 304 6 29 nM; SMGDSERCA2+/±, rest-
ing 51 6 6, stimulated 293 6 33 mM. The averaged fold
changes in [Ca2+]i reduction rates between cells from wild-
type and SERCA2+/± mice were 1.8 6 0.1-fold (n = 8
wild type, n = 9 SERCA2+/±, p <0.001). In Figure 2D±F,
the cells were permeabilized with streptolysin O (SLO) to
measure directly Ca2+ uptake into and IP3-mediated Ca2+

release from internal stores. As expected from the reduced
SERCA2 pumps, the rate of Ca2+ uptake into SLO-
permeabilized cells from SERCA2+/± mice was
51 6 7.7% slower than that into cells from wild-type
mice (p <0.01, n = 6 wild type, n = 5 SERCA2+/±).
However, as shown in Figure 2F, Ca2+ mobilization by
IP3 was indistinguishable among the two cell types. IP3

released the same amount of Ca2+ from the stores of the
two cell types and with the same potency. Hence, Ca2+

uptake and release from internal stores cannot account for
the shorter [Ca2+]i transient in SERCA2+/± cells.

To evaluate the rate of Ca2+ in¯ux, cells were stimulated
in Ca2+-free medium and then exposed to media containing
2 mM CaCl2. Figure 2A shows that, in contrast to what
was expected, the apparent rate and extent of Ca2+ in¯ux
into cells from SERCA2+/± mice were faster than those in
cells from wild-type mice. However, remembering that the
rate of Ca2+ in¯ux into the stores of SERCA2+/± cells is one
half that in wild-type cells (Figure 2D and E), we reasoned
that Ca2+ entering the cells was taken up into the stores of
wild-type cells faster than into the stores of SERCA2+/±

cells, resulting in the paradoxically higher apparent rate of
Ca2+ in¯ux into SERCA2+/± cells. To show that this is
indeed the case, cells stimulated with carbachol in Ca2+-
free medium were then treated with the speci®c SERCA
pump inhibitor thapsigargin (Tg) prior to initiation of Ca2+

in¯ux. Figure 2B and C shows that under these conditions,

Fig. 3. Up-regulation of PMCA mRNA, protein and activity in SERCA2+/± cells. In (A±C), intact pancreatic acini from wild-type (A and C) or
SERCA2+/± mice (B and C) were added to a Ca2+-free, high K+ solution containing ~7.5 mM EGTA and 2 mM of the free acid form of Fura 2 (see
Materials and methods). Where indicated by the arrows, the cells were stimulated with 1 mM carbachol. The rate of unidirectional Ca2+ ef¯ux was
calculated from the ®rst derivative of the slopes and corrected for the basal Ca2+ ef¯ux prior to agonist stimulation. (D) RT±PCR analysis of PMCA
isoforms in mRNA prepared from brain or pancreatic acini. In the case of the pancreas, the products of PMCA1 and 4 obtained in the ®rst round of
ampli®cation were used as the template for a second round of ampli®cation, and the products of the second round are shown in the last two lanes.
For the western blots in (E) and the RT±PCR analysis in (G), brains were collected from six wild-type and six SERCA2+/± mice. Parts of the brains
were homogenized immediately to prepare brain microsomes and then brain extracts. A second portion of the brains was used to extract the mRNA.
The blot in (E) was probed with the 5F10 antibody and the results were analyzed by densitometry (F). (H and I) Confocal images of immunolocal-
ization of PMCA using the 5F10 antibody that recognizes all PMCA isoforms (H) and the JA9 antibody that speci®cally recognizes PMCA4 (I).
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Ca2+ in¯ux into stimulated cells from wild-type and
SERCA2+/± mice was indistinguishable (n = 6 wild type,
n = 5 SERCA2+/± for pancreatic acini; n = 3 for each
genotype for SMG cells).

The combined results in Figure 2 exclude reduced Ca2+

release from stores, increased Ca2+ uptake into the ER and
reduced Ca2+ in¯ux across the plasma membrane as the
causes of the increased rate of [Ca2+]i reduction and shorter
Ca2+ transient in cells from SERCA2+/± mice. The results
in Figure 3A±C show that this was due to an up-regulation
of PMCA pump activity in pancreatic acini. In Figure 3A
and B, the rate of Ca2+ ef¯ux out of the cells was measured
directly by suspending the cells in a low Ca2+ medium
containing Fura2 and measuring the appearance of Ca2+ in
the medium. The cells were incubated in a medium
containing 120 mM KCl and 20 mM NaCl to depolarize
the plasma membrane and remove any possible contribu-
tion of Na+/Ca2+ exchange activity. In four experiments
with each cell type, the rate of Ca2+ ef¯ux by cells from
SERCA2+/± mice was 230 6 31 nM/mg protein/min,
whereas that by cells from wild-type mice was
120 6 19 nM/mg protein/min (p <0.005) (Figure 3C).

The increased rate of Ca2+ ef¯ux by SERCA2+/± cells
suggests an up-regulation of PMCA protein. Like other
cells from peripheral tissues, pancreatic acini express
relatively low levels of PMCA protein, which made
analysis of PMCA mRNA levels by semi-quantitative
RT±PCR and protein levels by western blot non-reliable.
This is illustrated in Figure 3D. Parallel RT±PCR analysis
of PMCA isoforms in cDNA prepared from pancreatic
acini and brain shows that brain expressed all PMCA
isoforms and pancreatic acini expressed mostly the
PMCA1 and PMCA4 isoforms. Furthermore, the level of
mRNA for these isoforms was much higher in brain than in
the acini. Accordingly, reliable analysis of mRNA and
protein levels of PMCA isoforms could be obtained only
using brain tissue. Therefore, brains from six wild-type
and six SERCA2+/± mice were used to analyze PMCA
protein and mRNA in these tissues. In Figure 3E, the anti-
PMCA antibody 5F10, which recognizes all PMCA
isoforms (Filoteo et al., 1997), was used to analyze
PMCA protein. The densitometric analysis of the results
(Figure 3F) shows that PMCA protein was 1.86 6 0.21-
fold higher in brains from SERCA2+/± than in brains
from wild-type mice (n = 6, p <0.01). Semi-quantitative
RT±PCR analysis using mRNA prepared from the same
brains that were used for western blot analysis revealed
that only speci®c isoforms of PMCA were up-regulated in
SERCA2+/± brains (Figure 3G). Thus, the mRNA levels of
PMCA1 and PMCA2 were not changed, whereas the
mRNA levels of both PMCA3 and PMCA4 increased.

The exact role of each PMCA isoform is not known.
However, by virtue of its expression in all cell types
examined, PMCA1 is believed to serve a major house-
keeping role, whereas the other isoforms are assumed to
have a more speci®c role (Guerini et al., 1998). This is
supported by the localization of these isoforms in pancre-
atic acini. Figure 3H con®rms our previous ®ndings that
the 5F10 antibody, which recognizes all PMCA isoforms
(Filoteo et al., 1997), stained the basal and lateral
membranes (Lee et al., 1997a). This antibody also stained
the part of the lateral membrane in proximity to the apical
pole with high intensity (Figure 3H and Lee et al., 1977a).

In contrast, the JA9 antibody, which exclusively recog-
nizes PMCA4 (Filoteo et al., 1997), stained only the lateral
membrane at the apical pole that is in close proximity to
the tight junction (Figure 3I). We already showed that this
is the exact membrane microdomain where Ca2+ signaling
complexes are concentrated (Lee et al., 1997a,b) and from
which [Ca2+]i waves are initiated (Kasai et al., 1993; Thorn
et al., 1993b; Lee et al, 1997b). Hence, only PMCA4,
which is localized in signaling microdomains, is up-
regulated in SERCA2+/± cells (Figure 3G), whereas the
housekeeping PMCA1 remains unchanged. It is of
particular interest that most PMCA-mediated Ca2+ ef¯ux
during agonist stimulation occurs exactly at the site of
expression of PMCA4 (Belan et al., 1996).

It is clear from the results in Figures 2 and 3 that a major
adaptation of Ca2+ signaling in vivo to partial loss of the
SERCA2 pump is the up-regulation of PMCA. The result
of this adaptation was to shorten the duration of the [Ca2+]i

spike evoked by intense agonist stimulation (Figure 1).
However, at physiological concentrations, all agonists
evoke repetitive [Ca2+]i oscillations (Berridge, 1993) with
de®ned frequencies. In recent years, it became clear that
[Ca2+]i oscillation frequencies code for information that
regulates exocytosis (Hille et al., 1994), energy metabol-
ism (Robb-Gaspers et al., 1998) and gene expression
(Crabtree, 1999; Olson and Williams, 2000). Therefore, it
was of particular interest to determine how adaptation of
[Ca2+]i signaling in vivo affects [Ca2+]i oscillations, the
physiological form of Ca2+ signaling. Figure 4 shows that
partial loss of SERCA2 and the consequent increase in
PMCA activity, presumably due to up-regulation of
PMCA4, dramatically reduced the frequency of [Ca2+]i

oscillation in pancreatic acini. Each panel in Figure 4A±D
shows examples of three separate cells of acini from paired
wild-type or SERCA2+/± mice and stimulated with two
Ca2+ mobilizing agonists, bombesin or CCK, which induce
receptor-speci®c Ca2+ signals (Xu et al., 1996). The
summary in Figure 4E shows that for both receptors, the
[Ca2+]i oscillation frequency was reduced by as much as
50%. Increasing agonist concentration by 2.5-fold in-
creased the frequency of oscillations in parallel in cells
from the two genotypes, while the difference in frequency
could still be observed. However, the best signal/noise
ratio was obtained at the concentrations used in Figure 4.

How can a decrease in SERCA2 and an increase in
PMCA activities decrease [Ca2+]i oscillation frequencies?
This is most likely due to an increase in the time needed to
reload the stores with Ca2+ between spikes. Sustained
[Ca2+]i oscillations are absolutely dependent on the
presence of external Ca2+ (Berridge, 1993). In pancreatic
acini, it was shown that agonist-evoked [Ca2+]i oscillations
involve pulsatile extrusion of Ca2+ out of the cells (Tepikin
et al., 1992), cyclical activation of Ca2+ in¯ux (Loessberg
et al., 1991) and replenishment of the stores between
[Ca2+]i spikes. An up-regulation of PMCA in cells of
SERCA2+/± mice would remove Ca2+ from the cytosol
more quickly and set the steady-state [Ca2+]i between
[Ca2+]i spikes at a lower level (see Figure 1A±C). After
inhibition of IP3-mediated Ca2+ release between [Ca2+]i

spikes (Zhang and Muallem, 1992), the reduced SERCA2
level prolonged the reloading of the Ca2+ stores (see
Figure 2A and B) and thus delayed the initiation of the
next Ca2+ spike. The combined effects resulted in a 50%

X.-S.Zhao et al.

2684



reduction in the [Ca2+]i oscillation frequency evoked by all
agonists tested.

Reduction in the frequency of [Ca2+]i oscillations should
have a prominent effect on many Ca2+-dependent physio-
logical functions. In the example of polarized secretory
cells, such as pancreatic, salivary gland and neuronal cells,
[Ca2+]i oscillations are translated faithfully to an exocy-
totic response (Maruyama et al., 1993; Hille et al., 1994).
Reduction in the frequency of agonist-evoked [Ca2+]i

oscillations was expected to reduce markedly or cause a
right shift in the dose±response curve for agonist-stimu-
lated exocytosis. Remarkably, this was not the case.
Figure 5A shows that in 11 experiments with pancreatic
acini from wild-type mice and nine experiments with
pancreatic acini from SERCA2+/± mice, the dose±response
curve for carbachol-stimulated exocytosis was identical.
Similar results were obtained in four experiments, each
with selective submaximal concentrations of bombesin
and CCK (not shown).

The same agonist-induced exocytotic response, but at a
reduced [Ca2+]i oscillation frequency, suggested that Ca2+-
dependent exocytosis by cells from SERCA2+/± mice was
adapted to have a higher sensitivity to Ca2+. This was
tested directly by measuring the Ca2+ dependency of
exocytosis in SLO-permeabilized cells. Figure 5B shows
that Ca2+-triggered exocytosis from wild-type acini
occurred with an apparent af®nity of ~3.1 6 0.27 mM
(n = 7). In contrast, Ca2+-triggered exocytosis from
SERCA2+/± cells occurred with an apparent af®nity of
~0.29 6 0.03 mM (n = 7). Thus, Ca2+-dependent exocy-
tosis was ~10-fold more sensitive to Ca2+ in cells from
SERCA2+/± mice. It is of note that the extent of exocytosis
at the optimal concentration of 50 mM Ca2+ was the same

in the two cell types (Figure 5B). Similarly, amylase
content of secretory granules in the pancreas of both
animals was the same (not shown). This suggests that
biosynthesis of secretory granules, storage of secretory
content and the exocytotic machinery were not modi®ed in
cells from SERCA2+/± mice. Only the Ca2+ sensory
mechanism of exocytosis was adapted in SERCA2+/± cells.

Next, we asked how the Ca2+ sensing mechanism of
exocytosis was adapted in cells of SERCA2+/± mice. The
molecular mechanism of Ca2+-dependent exocytosis and
the Ca2+ sensor for exocytosis is best understood in
neuronal and neuroendocrine cells (Jahn and Sudhof,
1999). In neuronal cells, the assembly of a core complex
composed of three proteins mediates exocytosis: VAMP,
the vSNARE protein in the donor membrane, and SNAP25
and syntaxin, the tSNAREs in the acceptor membrane
(Hay and Scheller, 1997; Jahn and Sudhof, 1999). These
proteins spontaneously assemble into a functional com-
plex and are suf®cient to mediate exocytosis (Weber et al.,
1998; McNew et al., 2000). Exocytosis is believed to be
regulated by blocks that prevent the spontaneous assembly
of the core complex (Weber et al., 1998; Jahn and Sudhof,
1999). In neuronal cells, the family of the Ca2+-binding
proteins synaptotagmins (Syts) are believed to comprise,
or at least be part of the block (Geppert and Sudhof, 1998).
The Syt family consists of at least 12 members, which can
be grouped into three subclasses (Ibata et al., 1998).
Genetic and biochemical evidence showed that Syt I
functions as a low af®nity Ca2+ sensor (Geppert and
Sudhof, 1998). Syn III may have other Ca2+-dependent
functions in neuronal cells (Butz et al., 1999), but it
appears to serve as a high af®nity Ca2+ sensor for
exocytosis in neuroendocrine cells, such as pancreatic

Fig. 4. [Ca2+]i oscillations in pancreatic acinar cells from wild-type and SERCA2+/± mice. Pancreatic acini from wild-type (A and B) or SERCA2+/±

mice (C and D) were stimulated with either 80 pM bombesin (A and C) or 8 pM CCK (B and D). Each panel shows three traces from separate cells
in the same experiment. The frequency of the oscillation in each experiment was calculated by averaging the frequencies of all cells within an
experiment, and these numbers were used to calculate the average frequency from separate acinar cell preparations from 4±9 mice as summarized
in (E).
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islet b-cells (Mizuta et al., 1997; Brown et al., 2000; Gao
et al., 2000). The role of the other Syts in cell function is
not known at present.

Considering the marked enhancement in Ca2+ sensi-
tivity of exocytosis in cells from SERCA2+/± mice
(Figure 5B), we ®rst compared the level of Syt mRNAs
by RT±PCR in pancreas and brains. We analyzed the
levels of Syt I and II as representative of subclass 1, Syt III
as representative of subclass 2 and Syt IV as representative
of subclass 3 (Ibata et al., 1998). Figure 6A shows that
pancreatic acini express Syt I and III, but not II and IV,
whereas the brain expresses all isoforms and the mRNA
levels in brain are much higher than in pancreas. Again,
reliable, quantitative data on the differences in mRNA
and protein levels of the Syts between wild-type and
SERCA2+/± mice could be obtained only in brain. Syt
mRNA and protein were analyzed in brains of six wild-
type and six SERCA2+/± mice. Figure 6B shows that Syt I
mRNA was reduced in brains from all six SERCA2+/±

mice tested, whereas no differences were detected in
mRNA levels of all other Syt subclasses. Similar differ-
ences were observed in 3±5 separate experiments using the
same 12 cDNA preparations and between 23 and 27 PCR
cycles. Figure 6D shows that Syt1 mRNA was reduced by
~47 6 12% in brains from SERCA2+/± mice.

Western blot analysis was used to determine the protein
levels of the Ca2+ sensor proteins Syt I and Syt III and the
core complex proteins sytaxin and VAMP. Figure 6C and
D shows that the amount of Syn I protein in SERCA2+/±

brains was reduced by 63 6 7%. Surprisingly, despite the
lack of change in mRNA, expression of Syt III protein was
increased by 1.71 6 0.08-fold in SERCA2+/± cells.
Notably, in six separate experiments with syntaxin and
three separate experiments with VAMP, no difference in
expression of the core complex proteins was found. The
results in Figure 6, therefore, indicate that adaptation of

the Ca2+-dependent exocytotic machinery in response to a
change in Ca2+ signaling imposed by deletion of one of the
SERCA2 genes is the result of adaptation of the Ca2+

sensors, rather than the basic components of the exocytotic
machinery.

The results presented here reveal a remarkable plasticity
of Ca2+ signaling and Ca2+-dependent cellular functions
in vivo. Of all the Ca2+ transporting pathways (IP3R, SOC
channels and PMCA), adaptation to a partial deletion of
SERCA2b involved the up-regulation of PMCA. In the
speci®c case of the heart, where SERCA2a is regulated by
phospholamban, adaptation of the Ca2+ signal to partial

Fig. 6. Synaptotagmin, VAMP and syntaxin in wild-type and
SERCA2+/± mice. For the results in (A), mRNA from brain or
pancreatic acini was used to estimate relative expression of Syt
isoforms in the two tissues. Note the expression of all isoforms in
brain and expression of only Syt I and III in the acini and at a lower
level than in brain. For the experiments in (B±D), mRNA and protein
extracts from the six wild-type and six SERCA2+/± mice brains that
were used to analyze PMCA protein and mRNA in Figure 3 were
used to analyze by RT±PCR the level of mRNA for Syt I, II, III and
IV. The experiment in (B) shows results obtained with 23 PCR cycles.
Similar results were obtained in 3±5 additional experiments using
between 23 and 27 cycles. (C) Western blot analysis with antibodies
speci®c for Syt I, Syn III, syntaxin 1 and VAMP 2. Similar results
were obtained in ®ve experiments with Syt I, three experiments with
Syt III, six experiments with syntaxin 1 and three experiments with
VAMP2. (D) Summary of the fold changes in the indicated mRNA
or protein levels for the six wild-type and six SERCA2+/± mice.

Fig. 5. Agonist and Ca2+-dependent exocytosis in cells from wild-type
and SERCA2+/± mice. In (A), intact pancreatic acini from wild-type
(closed circles) or SERCA2+/± mice (open squares) were stimulated
with the indicated concentrations of carbachol, and the fraction of
amylase released was calculated as a percentage of total amylase
content in the acini. In (B), pancreatic acini from wild-type (closed
circles) or SERCA2+/± mice (open squares) were permeabilized with
SLO in a medium containing 4 mM EGTA and an ATP regeneration
system. Ca2+-dependent exocytosis was initiated by a 1:1 dilution of
the permeabilized cells into media containing different amounts of
CaCl2 to yield the indicated free Ca2+ concentrations. The results
show the mean 6 SEM of the indicated number of experiments.
*p <0.05 or better relative to the respective control.
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deletion of SERCA2a appears to be by a different
mechanism, which did not restore normal myocyte func-
tion (Ji et al., 2000). Up-regulation of PMCA in cells
expressing SERCA2b is probably the most ef®cient
mechanism in preventing prolongation of the [Ca2+]i

spikes. As noted before, the down stroke of the agonist-
evoked Ca2+ transient involves both Ca2+ uptake back into
the stores by SERCA pumps and Ca2+ ef¯ux by PMCA
(Muallem, 1992). Up-regulation of PMCA prevents pro-
longation of the Ca2+ spikes. It is also of interest that the
PMCA3 and PMCA4 isoforms were up-regulated specif-
ically. As is shown in Figure 3 for PMCA4 in pancreatic
acini, these PMCA isoforms may localize within Ca2+

signaling complexes and determine the shape of each Ca2+

spike and modulate the periodicity of [Ca2+]i oscillations.
That is, PMCA3 and PMCA4 may be the isoforms that
communicate with the intracellular Ca2+ pool in close
proximity to the plasma membrane that gates the SOC
channels (Broad et al., 1999; Krause et al., 1999) by
coupling to IP3R (Kiselyov et al., 1998, 1999). PMCA1
and PMCA2 may be more involved in the overall cellular
Ca2+ homeostasis.

The plasticity of Ca2+ signaling and, in particular, Ca2+-
dependent cellular functions in vivo could explain the mild
phenotypes in DD patients and in SERCA2+/± mice.
Pancreatic, salivary and most neuronal functions appear
normal in DD patients presumably because they were
adapted to generate normal agonist-mediated responses
(Figure 5). Although we tested here the adaptation of only
one fundamental cellular function, Ca2+-dependent exo-
cytosis, it is possible that other Ca2+-dependent physio-
logical functions undergo similar adaptation of their Ca2+

sensing switches that are analogous to Syt I and Syt III in
exocytosis. It is also possible that Ca2+ signaling and/or
Ca2+-dependent cell functions are regulated differentially
in keratinocytes, resulting in the phenotypes seen in DD
patients.

Considering the involvement of [Ca2+]i in so many
fundamental physiological functions, it is reasonable that
Ca2+ signaling and Ca2+-dependent responses would
exhibit the plasticity and adaptability observed in the
present work. These ®ndings also suggest that transcrip-
tion and/or translation of genes coding for proteins
involved in Ca2+ signaling and Ca2+-dependent cellular
functions share common regulatory elements or are
regulated by common Ca2+-dependent transcription fac-
tors such as NF-kB, NFAT and/or MEF2 (Olson and
Williams, 2000). Indeed, NF-kB and NFAT differentially
sense [Ca2+]i oscillation frequency to regulate Ca2+-
dependent gene expression (Crabtree, 1999; Olson and
Williams, 2000). Once the promoter region of the genes
coding for Ca2+ signaling proteins and for the Ca2+ sensors
of cell function are known, it will be interesting to
compare their regulation in wild-type and SERCA2+/±

mice.

Materials and methods

Materials
The antibodies used in the present work were from the following sources:
the anti-PMCA antibody clone 5F10 was from Af®nity Bioreagents; the
JA9 clone was a kind gift from Drs J.Penniston and A.Filoteo (Mayo
Clinic, Rochester, NY); a polyclonal anti-synaptotagmin I was from

Alomone Labs, Israel; a polyclonal anti-Syt III was a generous gift from
Dr T.Sudhof (UT Southwestern, Dallas, TX); anti-syntaxin 1 was a
generous gift from Dr J.Albanesi (UT Southwestern, Dallas, TX); and
anti-VAMP2 was from Chemicon Co. The standard solution used during
[Ca2+]i measurements (solution A) contained 140 mM NaCl, 4 mM KCl,
1 mM MgCl2, 10 mM HEPES pH 7.4 with NaOH, 10 mM glucose and
either 1 mM CaCl2 (Ca2+-containing) or 0.1 mM EGTA (Ca2+-free).

Cell preparation
A standard collagenase digestion procedure was used to prepare isolated
pancreatic acini (Xu et al., 1996) or SMG fragments (Lee et al., 1997a)
from wild-type or SERCA2+/± mice. Cells were always prepared in
parallel from the two genotypes and used side by side to facilitate
comparison of activities. In brief, after sacri®ce of animals, the tissues
were removed, cleaned and minced in solution A supplemented with
1 mg/ml bovine serum albumin (BSA), 10 mM pyruvate and 0.02%
soybeans trypsin inhibitor (PSA). After incubation with collagenase for
10±15 min, the cells were washed twice, resuspended in PSA and kept on
ice until use.

Measurement of [Ca 2+]i

Cells in PSA were incubated with 5 mM Fura2/AM for 15±30 min at room
temperature and washed once with PSA. Sample of cells were plated on
glass coverslips that formed the bottom of a perfusion chamber. After
2±3 min of incubation, to allow attachment of cells to the coverslips, the
cells were perfused continuously with pre-warmed (37°C) solution A at a
rate of 5 ml/min (or ~30 chamber volumes/min). Agonists were delivered
to the cells by inclusion in the perfusion medium. Fura2 ¯uorescence was
measured at excitation wavelengths of 340 and 380 nm using a PTI image
inquisition and analysis system as detailed before (Xu et al., 1996).
Fluorescence signals were converted to [Ca2+]i by a standard calibration
curve, which was obtained by exposing acini ®rst to a solution containing
10 mM Ca2+ and 5 mM ionomycin and then to the same solution in which
10 mM EGTA replaced the Ca2+. [Ca2+]i was measured alternately in cells
from wild-type and SERCA2+/± mice in each experiment.

Measurement of extracellular [Ca 2+]
To measure directly the rate of Ca2+ ef¯ux by PMCA (Figure 3A±C), we
measured the appearance of Ca2+ in the external medium using the
procedure described before (Zhang et al., 1992) with minor modi®ca-
tions. Intact acini were washed once and then suspended in medium
containing 120 mM KCl, 20 mM NaCl, 10 mM HEPES pH 7.4 with
KOH, 10 mM glucose and 2 mM of the free acid form of Fura2. After
initiation of ¯uorescence recording, 7.5 mM EGTA was added to reduce
the extracellular Ca2+ concentration to ~100 nM. After establishing a
baseline leak for ~1 min, the cells were stimulated with 1 mM carbachol.
At the end of each experiment, the signals were calibrated simply by
adding 1 mM CaCl2 and then 1 mM MnCl2 to the medium as detailed
before (Zhang et al., 1992).

Measurement of Ca 2+ uptake and release from
internal stores
This was achieved by using the SLO permeabilization systems described
before (Xu et al., 1996). The cells were washed with a high K+, chelax-
treated medium and then added to the same medium containing an ATP
regeneration system (composed of 3 mM ATP, 5 mM MgCl2, 10 mM
creatine phosphate and 5 U/ml creatine kinase), a cocktail of
mitochondrial inhibitors, 2 mM Fluo3 and 3 mg/ml SLO (Difco,
Detroit, MI). After addition of cells, the free Ca2+ concentration of this
medium is ~350±400 nM. In this medium, the cells are permeabilized
almost instantaneously to molecules of the size of 20 kDa so that Ca2+

uptake into the ER can be measured immediately. Uptake of Ca2+ into the
ER was allowed to continue until medium [Ca2+] was stabilized. Then
increasing concentrations of IP3 were added to measure the extent of Ca2+

release and the potency of IP3 in mobilizing Ca2+ from the ER.

Measurement of exocytosis in intact and permeabilized cells
Exocytosis in intact and SLO-permeabilized cells was measured as before
(Muallem et al., 1995). In brief, intact acini from one mouse pancreas
were suspended in ~15 ml of PSA and portions of 1.5 ml were transferred
to vials containing agonists to give the ®nal concentration indicated in the
®gures. After 15 and 30 min incubation at 37°C, samples were transferred
to Eppendorf tubes, the supernatants were separated from the acini by
centrifugation and amylase released to the medium was measured. In each
experiment, samples of cells were lysed to measure the total amylase
content and exocytotic amylase release was calculated as a fraction of
total amylase content. The same media and procedure that were used to
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measure Ca2+ uptake and release from SLO-permeabilized cells were
used to measure Ca2+-dependent exocytosis except that the cells were
permeabilized in medium containing 4 mM EGTA [see Xu et al. (1996)
for details of the [Ca2+] clamp]. After permeabilization with SLO,
samples of permeabilized cells were diluted 1:1 into SLO-free complete
medium containing different concentrations of CaCl2 to yield the desired
®nal free [Ca2+]. After 7.5 and 10 min incubation at 37°C, samples were
removed to measure amylase released to the medium.

Immunocytochemistry
Cells were plated on glass coverslips for 10 min at room temperature
before ®xation with methanol (5F10 antibodies) or paraformaldehyde
(JA9 antibodies). After ®xation, the immunostaining solutions and
procedure were exactly as described (Lee et al., 1977a). Both antibodies
were used at a dilution of 1:100 for the immunolocalization of PMCA.
Images were collected with a Bio-Rad model 1020 confocal microscope.

Western blotting
Brains from six wild-type and six SERCA2+/± mice were removed
quickly, placed in an ice-cold homogenization solution and cleaned. The
brains were processed one at a time. About one-®fth of each brain (cortex)
was removed to prepare mRNA. The remaining portion of each brain was
homogenized in 5 ml of homogenization medium containing 100 mM
KCl, 20 mM Tris pH 7.6 with HCl, 1 mM EDTA, 1 mM
phenylmethylsulfonyl ¯uoride (PMSF) and 1 mM benzamidine. The
brains were homogenized by 20 strokes at 1000 r.p.m. in a Te¯on±glass
homogenizer and then centrifuged at 3000 r.p.m. for 10 min. The
supernatants were collected and centrifuged at 18 000 r.p.m. for 30 min.
The pellets were resuspended in 1 ml of homogenization medium and
centrifuged at 14 000 r.p.m. for 10 min. Each pellet was dissolved in 1 ml
of lysis buffer containing 150 mM NaCl, 50 mM Tris pH 8.5 with NaOH,
2 mM EDTA, 2 mM EGTA, 1 mM PMSF, 1 mM benzamidine, 1% Triton
X-100, 10 mg/ml leupeptin and 10 mg/ml pepstatin. Protein concentration
was measured using a Bio-Rad protein assay and adjusted to the same
concentration with lysis buffer. The lysis buffer was diluted 1:1 into
sample buffer and boiled for 10 min before separation on SDS±gels. Band
intensities were analyzed by densitometry.

RT±PCR analysis
mRNA was extracted from brain samples or isolated pancreatic acini with
a mRNA extraction kit as per the kit instructions. For RT±PCR analysis of
PMCA isoforms, two different sets of primers were used, those described
by Reisner et al. (1997) and by White et al. (1997). For RT±PCR analysis
of Syts, the following primers were used: Syt I, sense 5¢-GTGCCA-
TACTCGGAATTAGGTG-3¢, antisense 5¢-GCTGAAGGACTCATT-
GTAGTAGGG-3¢ (393 bp); Syt II, sense 5¢-ACACTGACGAGATCC-
ATAGCTATC-3¢, antisense 5¢-GCACATACAGGTGTACACACA-
CAC-3¢ (402 bp); Syt III, sense 5¢-GTACCTCTATGGTTCTGACCA-
GCTC-3¢, antisense 5¢-GGAGGTAGCAGAGAGAGAAGTTGAG-3¢
(404 bp); Syt IV, sense 5¢-GAGAAGAAGCACAGAGTGAAGACC-3¢,
antisense 5¢-GGTACAGGTTCACTTTGACGTAGG-3¢ (397 bp); and b-
actin, sense 5¢-TGTTACCAACTGGGACGACA-3¢, antisense 5¢-TCT-
CAGCTGTGGTGGTGAAG-3¢ (392 bp). The PCRs were started by 3 min
incubation at 94°C and then proceeded for between 23 and 27 cycles of
30 s at 94°C, 1 min at between 55 and 60°C and 45 s at 72°C.
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