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a  b  s  t  r  a  c  t

Ca2+-regulating  and  Ca2+-dependent  molecules  enriched  in caveolae  are  typically  shaped  as plasmalem-
mal  invaginations  or vesicles.  Caveolae  structure  and  subcellular  distribution  are  critical  for  Ca2+ release
from  endoplasmic  reticulum  Ca2+ stores  and  for Ca2+ influx  from  the  extracellular  space into  the  cell.
However,  Ca2+ dynamics  inside  caveolae  have  never  been  directly  measured  and  remain  uncharacter-
ized.  To target  the fluorescence  resonance  energy  transfer  (FRET)-based  Ca2+ sensing  protein  D1,  a  mutant
of cameleon,  to  the  intra-caveolar  space,  we  made  a cDNA  construct  encoding  a  chimeric  protein  of lectin-
like oxidized  low-density  lipoprotein  receptor  1 (LOX-1)  and  D1 (LOXD1).  Immunofluorescence  and
immunoelectron  microscopy  confirmed  that  a  significant  portion  of LOXD1  was  localized  with  caveolin-1
at  morphologically  apparent  caveolar  vesicles  in  endothelial  cells.  LOXD1  detected  ATP-induced  tran-
sient  Ca2+ decreases  by confocal  FRET  imaging  in  the  presence  or absence  of  extracellular  Ca2+. This
ATP-induced  Ca2+ decrease  was  abolished  following  knockdown  of  caveoin-1,  suggesting  an  association
with  caveolae.  The  X-ray  spectra  obtained  by the  spot  analysis  of  electron-opaque  pyroantimonate  pre-
cipitates  further  confirmed  that  ATP-induced  calcium  decreases  in intra-caveolar  vesicles.  In conclusion,
subplasmalemmal  caveolae  function  as  Ca2+-releasable  Ca2+ stores  in response  to  ATP. This  intracel-
lular  local  Ca2+ delivery  system  may  contribute  to the  complex  spatiotemporal  organization  of  Ca2+

signaling.
© 2013 The Authors. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Intracellular calcium is a second messenger that mediates a vari-
ety of important functions in vascular endothelial cells, ranging
from the production of vasoactive substances to gene expression
[1]. A key feature of intracellular calcium (Ca2+) signaling is its com-
plex spatiotemporal organization, which is essential for enabling
diverse and versatile cellular functions [2,3].

Caveolae are cholesterol-enriched small plasmalemmal invagi-
nations or subplasmalemmal vesicles, and have been sug-
gested to act as signaling scaffolds based on biochemical and
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morphological presentation of a diverse array of signaling
molecules at the microdomains [4]. Using the chelating-type Ca2+

indicator dye indo-1, we previously observed that ATP-induced
Ca2+ waves originate at caveolin-rich cell edges and are propa-
gated throughout the entire cell [5]. We  also demonstrated that
caveolae are preferential sites for store-operated Ca2+ entry by
targeting a fluorescence resonance energy transfer (FRET)-based
Ca2+-sensing protein to the cytoplasmic face of caveolae [6]. Thus,
many observations, including ours, have suggested that the struc-
ture and subcellular distribution of caveolae are critical for Ca2+

release from endoplasmic reticulum (ER) Ca2+ stores and for Ca2+

influx from the extracellular space into the cell [7–9]. However,
Ca2+ dynamics inside caveolae have never been directly observed
and remain uncharacterized.

A variety of Ca2+-regulating and Ca2+-dependent molecules such
as IP3 receptor-like protein [10], Ca2+-ATPase [11] and endothelial
nitric oxide synthase (eNOS) [12] are enriched in caveolae, which
are known to be mobile and are typically shaped as plasmalem-
mal  invaginations or vesicles. About two decades ago, Dr.  Fujimoto
detected the colocalization of IP3 receptor-like protein and Ca2+-
ATPase in endothelial caveolae by immunoelectron microscopy,
and proposed that caveolae could work as subcompartments of
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Ca2+-releasable Ca2+ stores similar to the major Ca2+ store com-
partment in the ER. However, Ca2+ dynamics inside caveolae remain
uncharacterized in intact cells.

The goal of this study was to directly measure and analyze Ca2+

changes, not at the cytoplasmic face of caveolae but inside sub-
plasmalemmal caveolar vesicles, and to examine whether caveolae
work as Ca2+-releasable Ca2+ store subcompartments.

2. Materials and methods

2.1. Solutions and chemicals

For experiments that required physiological Ca2+, we  used
Hank’s balanced salt solution (HBSS; Invitrogen, Carlsbad, CA, USA)
containing 1.2 mol/L Ca2+, 1.05 mmol/L MgCl2, and 0.83 mmol/L
MgSO4. For experiments that required Ca2+-free conditions, we
used HBSS without Ca2+ and Mg2+ supplemented with 1.05 mmol/L
MgCl2 and 0.83 mmol/L MgSO4. ATP was from Sigma–Aldrich (St.
Louis, MO,  USA). Ionomycin was from Calbiochem (San Diego, CA,
USA). Caveolin pAb was from BD Biosciences (Franklin Lakes, NJ,
USA). GFP mAb  and Alexa-conjugated secondary antibodies were
from Invitrogen. Anti-clathrin heavy chain pAb (P1663) was from
Cell Signaling Technology, Inc. (Boston, MA,  USA). Anti-TGN46
pAb was from Abcam® (Cambridge, MA,  USA). MitoTracker® Red
CMXRos was from Invitrogen. Calreticulin pAb (PA3-900) was  from
Pierce Biotechnology® (Lockford, IL, USA).

2.2. Cell culture

Endothelial cells were isolated from the descending thoracic
aorta of a bovine fetus and maintained in M199-based medium
(Invitrogen) as previously described [5].

2.3. Vectors and transfection

The vectors for D1ER, an ER-targeting version of cameleon,
GCaMP3 [13], and a red genetically encoded calcium indicator for
optimal imaging (RGECO) [14] were kindly provided by Drs. R.
Tsien (Howard Hughes Medical Institute, UCSD, La Jolla, CA, USA), L.
Looger (Howard Hughes Medical Institute, Ashburn, VA, USA), and
R.E. Campbell (University of Alberta, Edmonton, Alberta, Canada),
respectively. TagRFP was from Evrogen (Moscow, Russia). We  fused
the cDNA of D1, a yellow cameleon mutant [15], at the C-terminus
of bovine low-density lipoprotein receptor 1 (LOX-1), and inserted
it into pcDNA3 (Invitrogen) using the Hind III and Eco RI site. We
named this construct LOXD1 (Fig. 1A). Human caveolin1-specific
shRNA (AGAGCTTCCTGATTGAGATTCAGTGCATC) (cat# TF314183)
and the scrambled negative control non-effective shRNA expres-
sion cassette (cat# TR30015) in the pRFP-C-RS plasmid were
from Orinene Technologies, Inc. (Rockville, MD,  USA). A vector for
mitGC3, a mitochondria-targeting version of GCaMP3, was  made
by insertion of a sequence encoding the N-terminal mitochondrial-
targeting sequence of cytochrome c oxidase VIII at the 5′ site of
GCaMP3 in the pcDNA3 vector. Sub-confluent endothelial cells
were transiently transfected with the indicated cDNA-encoding
plasmid using lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. Two days after transfection, the cells
were transferred to 35-mm glass-bottom culture dishes (MatTec
Corp, Ashland, MA,  USA).

2.4. Imaging

All fluorescence images were captured using a Leica confo-
cal microscopy system TCS SP2 or a TCS SP8 (Leica, Mannheim,
Germany) equipped with Acousto-Optical Tunable Filter (AOTF),

inverted microscope, and oil immersion objectives of 100× and
40× (PL APO, Leica) with NA values of 1.4 and 1.25, respectively
[16]. Excitation lasers were argon (458, 476, 488, 496, and 514 nm
lines) and HeNe (543 and 633 nm lines) for SP2, and solid lasers
(448, 488, 552, and 638 nm lines) for SP8. For cytosolic [Ca2+]i
imaging, cells transfected with RGECO were excited at 543 nm and
emissions ranging from 560 to 600 nm were collected and saved.
For mitochondrial [Ca2+]i imaging, cells transfected with mitG-
CaMP3 were excited at 488 nm and emissions ranging from 500
to 530 nm were collected and saved. For subcellular Ca2+ imag-
ing in caveolae or the ER, cells transfected with LOXD1 or D1ER
were excited at 458 nm using the SP2 system or 448 nm using
the SP8 system, and image pairs of donor Cyan Fluorescent pro-
tein (CFP) (480 ± 10 nm)  and acceptor Citrine or Yellow Fluorescent
Protein (YFP) (515 ± 10 nm)  were acquired simultaneously. We
designated the Citrine (YFP)/CFP emission ratio, which is a mea-
sure of bound Ca2+, as the FRET image. Alternate Ca2+ recordings
of bulk cytosol and another subcellular compartment were per-
formed in cells doubly transfected with RGECO and another Ca2+

probe at intervals of 2.44 s. Acquired values of the FRET ratio
(R), and the fluorescence (F) were divided by an initial ratio (Ro)
or fluorescence (Fo) at t = 0 s and plotted as time course graphs.
Image processing was  performed off-line using Openlab v.5.5.1
(Improvision Ltd., Coventry, UK) software for image handling and
processing.

2.5. Immunofluorescence microscopy

Cells were washed three times with phosphate-buffered saline
(PBS) and fixed for 30 min  at room temperature (RT) with 3%
(w/v) paraformaldehyde. After fixation, the cells were rinsed
with PBS, with or without permeabilization using 0.1% (v/v)
Triton X-100 in PBS for 5 min  on ice. Cells were washed exten-
sively with PBS in 0.5% bovine serum albumin (BSA) before
processing for indirect immunofluorescence localization [5] of
caveolin-1, clathrin heavy chain, TGN46, or mutants of GFPs (CFP
and citrine) which are components of LOXD1 exposed to the
extracellular space. Cells were examined with the Leica confocal
microscope.

2.6. Immunoelectron microscopy

Cultured cells were fixed with 4% (w/v) paraformaldehyde in
0.1 M PBS for 2 h on ice and then permeabilized with 0.1% (v/v) Tri-
ton X-100 in PBS for 5 min  at RT. Following washes with 10 mM
glycine in PBS for 10 min  at RT and blocking with 4% (w/v) BSA
in PBS for 10 min, primary antibodies against caveolin pAb and
GFP mAb  in blocking buffer were applied at 4 ◦C for 24 h. Colloidal
gold-conjugated secondary antibodies (BB International, Cardiff,
UK) were applied for 24 h. Cells were then extensively washed
with PBS and fixed with 2.5% (v/v) glutaraldehyde in 0.1 M PBS
and then 1% (w/v) osmium tetroxide (OsO4) at RT for 30 min
each. Fixed cells were dehydrated, embedded in resin, and then
ultra-thin sectioned. Samples were observed using transmission
electron microscopy (H-700; Hitachi Ltd., Tokyo, Japan) at an
acceleration voltage of 75 kVm, and the magnification was set at
30,000×.

2.7. X-ray microanalysis by pyroantimonate methods

Samples were fixed with 1% (w/v) OsO4 containing 2% (w/v)
pyroantimonate potassium (K[Sb(OH6)]) in 0.1 M cacodylate buffer
at 4 ◦C for 60 min. The samples were dehydrated through a series of
graded concentrations of ethanol. The samples were transferred to
resin (Quetol-812; Nisshin EM Co., Tokyo, Japan) and polymerized
at 60 ◦C for 48 h. The blocks were ultra-thin sectioned at 100 nm
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Fig. 1. Construct and subcellular localization of LOXD1. (A) A construct map  for LOXD1, consisting of lectin-like oxidized LDL receptor-1 (LOX-1) and D1, a mutant of the
genetically encoded FRET-based Ca2+ sensing protein. TMD, trans-membrane domain of LOX-1; CaM, calmodulin; M13, calmodulin-binding peptide. (B) A cultured bovine
endothelial cell expressing LOXD1 (green) was immunostained for endogenous caveolin-1 (red). Intrinsic CFP fluorescence of LOXD1 was  recorded (excitation at 448 nm,
emission from 455 to 490 nm)  and assigned as a green channel (LOXD1, left panel). Caveolin immunofluorescence was detected by an AlexaFluor 555®-conjugated secondary
antibody  (excitation at 552 nm,  emission from 565 to 600 nm)  and assigned as the red channel (caveolin-1, middle panel). (C) An image field surrounded by a dotted rectangle
in  B was magnified. The merged image indicates that a significant portion of LOXD1 was  colocalized with caveolin-1 (arrows). Other control subcellular structures and
markers including a clathrin heavy chain (D), mitochondria (E), trans-Golgi network (E), cytosol (G), and endoplasmic reticulum (H) were distinctively localized from LOXD1.
(I)  Immunofluorescence for calreticulin, a marker of the ER, clearly colocalized with D1ER, an ER-targeted version of the Ca2+-sensing protein. Bar = 10 !m.

with a diamond knife using the LKB Bromma  2088 Ultrotome V
(Leica Instruments, Bannockburn, IL) and sections were placed on
copper grids. Sections were stained with 2% (w/v) uranyl acetate
at RT for 15 min, and then rinsed with distilled water followed by
incubation in lead stain solution (Sigma–Aldrich) at RT for 3 min.
The grids were observed by transmission electron microscopy
(JEM-1200EX; JEOL Ltd., Tokyo, Japan) at an acceleration voltage
of 80 kV. Digital images (2048 × 2048 pixels) were taken with a
CCD camera (Veleta; Olympus Soft Imaging Solutions GmbH). To
confirm that regions of interest contained high amounts of cal-
cium, X-ray microanalysis of calcium precipitation was  performed
using a transmission electron microscope (JEM-2010; JEOL Ltd.)
equipped with energy dispersive X-ray spectrometry. For micro-
analysis, magnification was set at 15,000× and the area for analysis
was exposed to an electron beam for 90 s. The obtained X-ray spec-
trum was analyzed.

3. Results

Immunofluorescence confocal microscopy confirmed that a
significant portion of LOXD1 was colocalized with endogenous
caveolin-1, a marker protein of caveolae, in cultured bovine aortic
endothelial cells transiently expressing LOXD1 (Fig. 1B and C). The
portion of Ca2+ sensor D1 was fused to the C-terminal extracellu-
lar domain of LOX-1 (Fig. 1A), and some D1 was  actually expressed
outside of the plasma membrane (Supplemental Figs. S1 and S2).
Therefore, the FRET status of the LOXD1 exposed to the extracellular
space should remain unchanged if we did not modify Ca2+ levels in
the extracellular medium. Thus, Ca2+ signal changes were detected
by LOXD1 in endocytosed vesicles not directly exposed to extracel-
lular medium (Supplemental Fig. S2). In contrast to the significant
colocalization of LOXD1 and caveolin1, LOXD1 did not colocalize
with clathrin heavy chains (Fig. 1D), suggesting that the trafficking
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Fig. 2. Immuno-electron microscopy for LOXD1 and caveolin-1. Immunogold label-
ing for caveoin-1 (10 nm particle, orange arrowheads) and GFP (5 nm particle, green
arrowheads) was  performed in permeabilized cells. Note: The anti-GFP antibody
recognizes the CFP and citrine of D1, components of LOXD1. A black arrow and an
arrowhead indicate the apical site of the plasma membrane and a basal substratum
attachment site, respectively. Bar = 500 nm.  Images at lower magnifications and of
a  negative control are shown in Supplemental Fig. S4.

of LOXD1 was mediated mainly by caveolae, but not clathrin-coated
pits. None of our other subcellular markers, including those spe-
cific for mitochondria (Fig. 1E), the trans-Golgi apparatus (Fig. 1F),
cytosol (Fig. 1G), and the ER (Fig. 1H) colocalized with LOXD1.

Importantly, subcellular distribution of LOXD1 was  spatially dis-
tinct from the ER marker calreticulin. This was  in contrast to the
almost complete colocalization of calreticulin with the intra-ER
Ca2+ sensor D1ER (Fig. 1I) [15], indicating LOXD1 detectable signals
are different from intra-ER Ca2+ changes.

To further confirm that LOXD1 is targeted to caveolae, we per-
formed immuno-electron microscopy, showing that a significant
portion of LOXD1, as well as endogenous LOX-1 (Supplemental Fig.
S3), was  colocalized with caveolin-1 at morphologically apparent
caveolar vesicles (Fig. 2). Thus, LOXD1 enabled us to specifically
measure Ca2+ changes only inside closed caveolar vesicles.

Using the caveolar Ca2+ sensor LOXD1, we initially recorded
the effect of ATP on Ca2+ levels inside closed caveolae by confo-
cal FRET-imaging in a single endothelial cell expressing LOXD1.
As anticipated, LOXD1 detected transient dose-dependent ATP-
induced Ca2+ decreases in the presence of 1.2 mM extracellular
calcium (Fig. 3A). Pseudo-colored ratio imaging at the subcellular
level revealed that LOXD1 at some discrete cell edges detected ATP-
induced transient decreases, most likely inside caveolae (Fig. 3B).
These ATP-induced transient Ca2+ decreases were also seen even in
the absence of extracellular calcium (Fig. 3C).

Next, we measured caveolar Ca2+ and cytosolic Ca2+ almost
simultaneously in a cell doubly expressing the caveolar Ca2+ sen-
sor, LOXD1, and the cytosolic red fluorescent Ca2+ sensing protein,
RGECO. The graph shows that an ATP-induced, initial transient Ca2+

decrease was  repeatedly observed inside caveolae (Fig. 4A). As a
control experiment, we used the ER-targeted version of cameleon,

Fig. 3. LOXD1 detects an ATP-induced Ca2+ decrease. (A) An endothelial cell transiently expressing LOXD1 was stimulated with 20 !M or 500 !M ATP as indicated. (B)
Pseudo-colored ratio images of basal (t = 0), 4 min  after 500 !M ATP stimulation (t = 300). LOXD1 detected ATP-induced transient Ca2+ decreases at discrete cell edges
(arrows). Bar = 10 !m.  (C) An endothelial cell transiently expressing LOXD1 was stimulated with 100 !M ATP in the absence of extracellular Ca2+ for 5 min  followed by re-
addition of extracellular Ca2+ and 1 !M ionomycin (IONO) as indicated. (D) Quantification of ATP-induced decreases in FRET normalized to basal ratio (!R/R) in the presence
(shaded and closed bars) or absence (open bar) of extracellular Ca2+ (exCa2+). *p < 0.05, compared to 10 !M ATP stimulation, error bars = SE.
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Fig. 4. Alternate recording of ATP-induced Ca2+ changes in caveolar vesicles and other intracellular subcompartments in the presence of extracellular Ca2+. Alternate recording
of  Ca2+ in bulk cytosol and intracellular subcompartments including caveolae (A), the ER (B), and mitochondria (C), at intervals of 2.44 s using the Ca2+ sensing probes RGECO,
LOXD1, D1ER, and mitGC3. RGECO-detected cytosolic Ca2+ changes are shown in green, and other intracellular subcompartments are shown in red. Single cells expressing
two  different Ca2+ sensors were repeatedly stimulated by 100 !M ATP in the presence of extracellular Ca2+.

D1ER, and measured ER Ca2+ changes and cytosolic Ca2+ changes
almost simultaneously (Fig. 4B). As anticipated, ATP transiently
decreased Ca2+ in ER stores in parallel with cytosolic Ca2+ elevation.
Interestingly, this observation of repeated ATP-induced transient
ER Ca2+ decreases was highly comparable to intra-caveolar Ca2+

changes detected by LOXD1. In contrast to the ATP-induced Ca2+

decreases in caveolae vesicles or the ER, other subcompartments
such as mitochondria showed transient Ca2+ increases, and did not
work as Ca2+-releasable Ca2+ store subcompartments (Fig. 4C).

To confirm that the ATP-induced FRET change was  associated
with caveolar structure, we silenced caveolin-1 expression by tran-
sient expression of caveolin-1-specific shRNA in an RFP vector.
Decreased expression of caveolin-1 was confirmed by caveolin-1
immunostaining in RFP expressing cells (Supplemental Fig. S5).
ATP-induced transient FRET decreases were abolished in cells
simultaneously expressing LOXD1 and caveolin-1-specific shRNA
(Fig. 5), suggesting the Ca2+ responses were possibly associated
with caveolar structure.

Finally, we  performed X-ray microanalysis of calcium precipi-
tation using the pyroantimonate method to confirm that caveolar
vesicles contain high amounts of calcium. It is known that the pre-
cipitate contains a large amount of calcium if the peak X-ray energy
used is around 3620 eV. As shown in the micrographs, spot anal-
ysis of caveolae-rich plasma membranes revealed a typical peak
pattern for calcium (Fig. 6A and B). The density of pyroantimonate
precipitation inside caveolae decreased in response to ATP (Fig. 6C,
Supplemental Fig. S6), suggesting that caveolae are Ca2+-releasable
Ca2+ store subcompartments (Fig. 7). Confirmatively, in situ proxi-
mal  ligation assays and co-immunoprecipitation analysis revealed
that caveolin-1 was colocalized both with the PMCA Ca2+ pump and
IP3 receptor type 1 (Supplemental Figs. S7 and S8).

4. Discussion

We targeted a FRET-based Ca2+ sensor to inside caveolae and
demonstrated in intact endothelial cells that subplasmalemmal
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Fig. 5. Knockdown of endogenous caveolin-1 abolishes ATP-induced Ca2+ changes.
FRET time lapse was recorded in endothelial cells simultaneously expressing LOXD1
and  caveolin-1-specific shRNA or negative control scramble shRNA in RFP vector.

caveolar vesicles work as Ca2+-releasable Ca2+ store subcom-
partments. The key issue to be resolved in this study involved
developing a method for targeting a Ca2+ sensor to the intra-
caveolar space. To achieve this aim, we utilized the endocytic
pathway of LOX-1, which is a single membrane spanning recep-
tor for oxidized low-density lipoprotein (LDL) with its C-terminus
on the outside of the plasma membrane or inside trafficking vesi-
cles [17]. Previous reports suggest that LOX-1 is internalized by a
clathrin-independent and dynamin-dependent pathway [18] and
that dynamin mediates caveolae internalization [19]. More recent
reports from different groups demonstrated that LOX-1 is biochem-
ically present in caveolae-enriched lipid rafts and that caveolae
mediate endocytosis of oxidized LDL in endothelial cells [20] [21].
We also confirmed by electron microscopy studies that endogenous
LOX-1 is clearly colocalized with caveolin-1 at morphologically
apparent caveolar membranes (Supplemental Fig. S3). Thus, endo-
cytosis and trafficking of LOX-1 may  be closely associated with
caveolae, and we predicted that the Ca2+ sensor D1 would be
targeted to endocytosed, closed caveolar vesicles by expressing
its fusion protein LOXD1. As expected, a large portion of D1 was
outside the plasma membrane and some portion was  present
as single or racemous vesicles (Supplemental Fig. S2) that were
clearly colocalized with the caveolar marker caveolin-1, but not
clathrin heavy chains. These results suggested that the trafficking
of LOXD1 was mediated mainly by caveolae, but not clathrin coated
pits. Colocalization of LOXD1 with caveolin-1 was confirmed by
immunofluorescence and immune electron microscopy. Because
the FRET status of D1 expressed outside the plasma membrane
remained unchanged by the constant Ca2+ levels in the recording
medium, FRET changes in LOXD1-expressing cells led us to specif-
ically measure Ca2+ dynamics inside caveolar vesicles. The Ca2+

sensor D1 was originally made to detect intra ER Ca2+ changes ran-
ging from about 10 !M to several hundred !M [15], and was  found
in the present study to be suitable for Ca2+ measurements inside
caveolae.

Because D1ER is almost completely expressed in the ER (Fig. 1H),
we can assume the intra-ER Ca2+ level to be 128 !M (Supplemen-
tal Table). In contrast, the conversion of FRET levels in caveolae to

[Ca2+] is difficult owing to background FRET at the non-caveolar
locations of some D1. Taking this into account, we tried to cali-
brate the LOXD1-detectable average [Ca2+] in a single cell in the
presence or absence of extracellular Ca2+ (Supplemental Fig. S9
and Table). We assumed that intracaveolar Ca2+ levels are between
these ranges (21–153 !M)  and that [Ca2+] inside some populations
of caveolae may  be comparable to intra-ER Ca2+ levels. However,
caveolar Ca2+ storage capacity is probably much lower than the ER
in view of the enclosed volumes.

Earlier studies using the pyroantimonate method demonstrated
that the density of calcium precipitation in subplasmalemmal
caveolae was clearly in concert with the excitation–contraction
cycle, suggesting release and re-loading of Ca2+ across the cave-
olar membrane in excitable cells [22,23]. In the present study, we
confirmed using the same technique that caveolar vesicles contain
high amounts of calcium and that the precipitate density decreased
in response to ATP in non-excitable endothelial cells. Furthermore,
FRET-imaging using LOXD1 successfully detected intra-caveolar
Ca2+ changes in response to ATP at some discrete cell edges, indicat-
ing that caveolae are Ca2+ releasable Ca2+ store subcompartments.
Interestingly, the recorded Ca2+ dynamics inside caveolae were
very similar to those in the ER, a major spatially distinct Ca2+ store
compartment. In contrast, Ca2+ dynamics in another subcellular
compartment, mitochondria, were similar to bulk cytosolic Ca2+

and did not work as Ca2+-releasable Ca2+ stores. Molecular com-
ponents essential for the ER to work as a Ca2+-releasable Ca2+

store compartment are the IP3 receptor and the Ca2+ pump on the
ER membrane [24], playing their roles for extrusion and seques-
tration of Ca2+, respectively. Previous reports clearly demonstrate
by immunoelectron microscopy that an IP3 receptor-like protein
[10] and a Ca2+-ATPase [11] are abundantly localized at caveo-
lae in endothelial cells. More recently, caveolin-1 was  shown to
be co-immunoprecipitated with the IP3 receptor type 1 in smooth
muscle cells [25]. We  also confirmed by in situ proximal ligation
assay and co-immunoprecipitation analysis that plasma membrane
Ca2+-ATPase and IP3 receptor type 1 are colocalized with caveolin-1
(Supplemental Figs. S7 and S8). Thus, our observation in the present
study is consistent with the proposal by Dr. Fujimoto that caveo-
lae work as Ca2+-releasable Ca2+ store subcompartments spatially
distinct from the ER. Previously, in other cell types, different Ca2+

probes have been used to measure Ca2+ levels in subcellular com-
partments including the ER, mitochondria, Golgi, endosome, and
secretary granules (see review [26]). The Golgi apparatus [27], iso-
lated pancreatic zymogen granules [28], isolated mucin granules
[29], isolated mast cell granules [30], and acrosomes of sperm [31]
were responsive to IP3 for releasing Ca2+, while granules in neu-
roendocrine cells [32] and insulin-containing vesicles in pancreatic
beta cells [32] were not. Because caveolae are preferential sites for
PI hydrolysis via Gq-coupled phospholipase C (PLC) activation [33]
and caveolin-rich cell edges are initiation sites in IP3-dependent
Ca2+ releases from the ER [5], ATP-induced transient Ca2+ decreases
inside caveolae are probably mediated by IP3. Plasma membrane
Ca2+-ATPase is a high affinity, low capacity Ca2+ pump, and repre-
sents a primary pathway for Ca2+ extrusion out of the cell following
intracellular Ca2+ elevation [34]. Interestingly, plasma membrane
Ca2+-ATPase is internalized through a lipid raft endocytic pathway
during Xenopus oocyte maturation and the rate of Ca2+ extrusion
is slowed down [35,36], supporting our and Dr. Fujimoto’s pro-
posal that subplasmalemmal caveolar Ca2+ storage is maintained
by Ca2+-ATPase activity.

Ca2+ delivery from subplasmalemmal caveolae can modify spa-
tiotemporal Ca2+ signaling and affect endothelial function. Because
caveolae are mobile and their distribution is highly polarized, espe-
cially in migrating endothelial cells [37], Ca2+ release from caveolar
vesicles may  contribute to the Ca2+ wave initiation at caveolin-rich
cell edges by priming the sensitization of local IP3 receptors on
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Fig. 6. X-ray microanalysis of calcium precipitation by pyroantimonate methods. Spot microanalysis of the caveolae-rich plasma membranes (C), intracellular control regions
(I),  and non-cellular background (B) was performed. Bar = 500 !m.  (B) Energy spectrum of X-ray microanalysis. Caveolae-rich plasma membranes revealed a typical peak
pattern for calcium. Note that the precipitate contains a high amount of calcium if the peak X-ray energy used is around 3620 eV. (C) Micrographs before (Basal) and after
100  !M ATP stimulation (ATP) in the absence of extracellular Ca2+. Note the density of pyroantimonate precipitation inside caveolae decreased in response to ATP (arrows).
Bar  = 500 !m.  Images of these regions at lower magnification are shown in Supplemental Fig. S6.

the ER [7]. Consistent with this hypothesis, a recent report demon-
strated that caveolin-1 deficiency, which should induce complete
disappearance of morphological caveolae, impairs Ca2+ release but
not IP3 production in endothelial cells [38]. Furthermore, because
caveolar vesicles are known to travel on microtubules to different
regions of the cell [39], quantal delivery of caveolar Ca2+ may  locally
affect Ca2+ dependent effectors such as eNOS, which is closely reg-
ulated by Ca2+ and caveolin-1 at endothelial caveolae [40]. In fact,
spatial confinement of different nitric oxide (NO) synthase isoforms

and NO signaling could allow independent effects on the pheno-
type of cardiac cells [41]. Finally, Ca2+ release from ER Ca2+ stores
are known to stress cells, known as ER-stress, by misfolding of syn-
thesized proteins. Thus, Ca2+ mobilization from non-ER Ca2+ store
subcompartments may  be harmless to cells during Ca2+-dependent
local signal activation around caveolae.

Ca2+ binding proteins such as calreticulin or calsequestrin are
essential for Ca2+ storage in membrane-closed compartments.
Although immune-reactivity for calreticulin at the cytoplasmic site
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Fig. 7. Proposed model of caveolae as Ca2+-releasable Ca2+ store subcompartments.

of caveolae was detected [42], Ca2+ binding proteins inside caveolae
remain unidentified and the capacity of Ca2+ storage inside caveolae
is not known. Furthermore, it remains unclear how dynamic cave-
olar budding and pinching off from the plasma membrane affects
store-operated Ca2+ entry. Further investigations are necessary to
clarify such issues.

5. Conclusion

In this study, we directly measured intra-caveolar Ca2+ dynam-
ics by targeting the FRET-based Ca2+ sensor and by pyroantimonate
precipitation methods. We  found that subplasmalemmal caveo-
lae function as Ca2+-releasable Ca2+ stores in response to ATP.
This intracellular local Ca2+ delivery system may  contribute to the
highly complex spatiotemporal organization of Ca2+ signaling, and
may  increase the versatility of endothelial functions with less Ca2+

depletion in ER-Ca2+ stores.
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