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Abstract In endothelial cells, agonist-induced Ca”" entry
takes place via the store-operated Ca®" entry pathway and/
or via channel(s) gated by second messengers. As cell
stimulation leads to both a partial Ca®" store depletion as
well as the production of second messengers, these two
pathways are problematic to distinguish. We showed that
passive endoplasmic reticulum (ER) depletion by thapsi-
gargin or cell stimulation by histamine activated a similar
Ca*"-release-activated Ca®" current (CRAC)-like current
when 10 mM Ba?’/2 mM Ca®" was present in the
extracellular solution. Importantly, during voltage clamp
recordings, histamine stimulation largely depleted the ER
Ca*" store, explaining the activation of a CRAC-like
current (due to store depletion) upon histamine in Ba*"
medium. On the contrary, in the presence of 10 mM Ca®",
the ER Ca®" content remained elevated, and histamine
induced an outward rectifying current that was inhibited by
Ni?" and KB-R7943, two blockers of the Na'/Ca®*
exchanger (NCX). Both blockers also reduced histamine-
induced cytosolic Ca®" elevation. In addition, removing
extracellular Na" increased the current amplitude which is
in line with a current supported by the NCX. These data are
consistent with the involvement of the NCX working in
reverse mode (Na* out/Ca®" in) during agonist-induced Ca®"
entry in endothelial cells.
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Abbreviations used

SOCE Store-operated Ca®" entry

RACE  Receptor-activated Ca*" entry

IP; Inositol 1,4,5-trisphosphate

ER Endoplasmatic reticulum

SERCA  Sarco-endoplasmic reticulum Ca>" ATPase
TG Thapsigargin

NCX Na'/Ca®" exchanger

Dlgr ER-targeted cameleon

Introduction

Calcium signaling in non-excitable cells relies, for a large
part, on the Ca®" entry phase that occurs through non-
voltage-gated channel(s). Store-operated Ca’" entry
(SOCE), which is activated by the depletion of the
endoplasmic reticulum (ER), is the best-characterized and
most studied pathway leading to Ca®" influx. Initially, the
SOCE phenomenon was described in acinar cells [45], and
it was then extensively studied in T lymphocytes and mast
cells (review in [42]). While the mechanism coupling ER
Ca”" depletion to ion channel activation remained unre-
solved for more than 20 years, it was recently shown that
the ER transmembrane protein stromal interaction molecule
(STIM1) is the Ca®* sensor that aggregates and redistributes
toward the plasma membrane upon store depletion [29, 46,
64]. The Orail protein on the other side is postulated to be
the Ca®" entry channel that is getting activated by STIM1
clustering [9, 59, 63]. In most experiments, SOCE is
activated by a large ER Ca®" depletion achieved by, e.g.,
blocking the sarco-endoplasmic reticulum Ca®"-ATPases
(SERCA) with drugs like thapsigargin (TG). Besides
SOCE, other routes for Ca>" entry exist that are not linked
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to store depletion but require the production of second
messengers to be activated, a pathway that we called
receptor-activated Ca®" entry (RACE; [22]). For instance,
diacylglycerol [17], arachidonic acid [32, 51], or Ca*" itself
([3, 23]) are known activators of these store-independent
cation channels.

The endothelium is a multifunctional “organ” involved
in multiple processes like the regulation of coagulation,
vessel permeability, angiogenesis, or the local control of the
vascular tone. Most, if not all, of these regulatory
mechanisms imply a cytosolic Ca*" signal that crucially
depends on the Ca”*' entry phase [15]. While SOCE is
frequently referred to as the main pathway for Ca>" entry
and thus essentially contributes to a proper function of
endothelial cells [1, 10], several channels from the transient
receptor potential (TRP) family are present on endothelial
cells and have been implicated in numerous functions
(review [61]). It is reasonable to postulate that during a
physiological cell stimulation, two major events take place
that account for Ca®" entry. On the one hand, the Ca*"
content of the ER decreases (to a level that is often
unknown), leading possibly to SOCE activation, and on the
other hand, second messengers are produced as a conse-
quence of mechanisms downstream to receptor activation
that eventually stimulate store-independent Ca** entry
channels. Recently, we showed that during endothelial cell
stimulation by histamine, the ER Ca*" depletion is very
minor [22], reaching about 15% of what is produced upon
SERCA inhibition with TG. Malli et al. obtained a similar
level of store depletion upon agonist stimulation [31]. Even
though these measurements reflected global ER Ca*"
changes, these findings strengthen our hypothesis that other
Ca”" entry pathways than SOCE are engaged during
agonist-induced cell activation that are of physiological
relevance. However, using cytosolic Ca>* measurements, it
is difficult to separate RACE from SOCE mainly due to the
lack of specific inhibitors for one or the other pathway [22].
In addition, it is more than likely that if the RACE pathway
is inhibited, the ER Ca®" depletion that would develop will
increase the SOCE pathway, and the resulting cytosolic
Ca”" signal would remain almost unaffected. Thus, the best
approach to separate both entries is to measure directly the
currents on intact cells using the patch-clamp technique. In
blood cells, the current supporting SOCE, known as Ca**-
release-activated Ca®" current (Icrac), is well-characterized
and presents some key features like a high selectivity for
Ca’", an inward rectification, a tiny unitary conductance, as
well as a complex regulation by Ca®" itself ([42]). For
blood cells, at least, it is now firmly established that Icrac
is supported by Orail channel [44, 58, 62]. Besides cells
from the immune system, a SOCE current with a similar
characteristic to Icgac Was also recorded in other cell types,
including endothelial cells. In this cell type, the current was
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of significantly smaller amplitude than on the “prototypi-
cal” rat basophil leukemia (RBL) cells [8] and less Ca”'-
selective than Icrac (review in [34]). Recently, a paper
reported a very small Icpac current on endothelial cells
supported by Orail and STIM1 [1]. The tiny current
amplitude and a peculiar kinetic of activation raised some
controversies about the exact nature of this CRAC current
in endothelial cells [4, 57], while the implication of STIM1
and Orail as SOCE components in endothelial cells was
firmly established by this study.

As already raised up [4, 33], the experimental conditions
used to record Icrac might prevent other events to take
place and thus preclude the recordings of current(s)
different from Icgrac. A major issue is the presence of a
high concentration of Ca*" chelator inside the patch pipette
that impedes Ca*"-activated current(s) to be stimulated. In
the present study, we wanted to determine what kind of
current involved in Ca®" entry is/are getting activated upon
agonist stimulation and whether this/these current(s) are
distinguishable from Icgac on a human endothelial cell
line. For this purpose, we used the perforated variant of the
whole-cell recordings and applied either TG to fully deplete
stores and activate SOCE or histamine to record other types
of current (RACE). We show that great caution is necessary
in order to prevent unexpected store depletion upon
histamine stimulation due to experimental conditions rather
than to physiological process. Hence, we demonstrated that
histamine activated a current that shares pharmacological
and biophysical properties with the Na'/Ca®" exchanger
(NCX) and that is implicated in the Ca®" entry process in
this particular cell type.

Materials and methods
Material

Dulbecco’s modified Eagle’s medium (DMEM), penicillin,
and streptomycin were obtained from Invitrogen. Fetal calf
serum (FCS) was from PPA Laboratories (Linz, Austria).
Histamine and thapsigargin were obtained from Sigma.
KB-R7943 was from Tocris. Acetoxymethyl ester form of
fura-2 (fura-2/AM) was from Invitrogen. The ER-targeted
cameleon probe (D1gr) was kindly provided by Drs Amy
Palmer and Roger Tsien.

Cell culture and transfection

Experiments were performed on the human umbilical vein
endothelial cells derived cell line EA.hy926 at passages >45.
Cells were grown in DMEM containing 10% FCS, 1% HAT
(5 mM hypoxanthin, 20 pM aminopterin, 0.8 mM thimidine),
50 U/ml penicillin, and 50 pg/ml streptomycin and were
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maintained at 37°C in 5% CO, atmosphere. For experiments,
cells were plated on 30 mm glass cover slips 2—4 days before
use. For the D1gr experiments, cells were grown until 70—
80% confluence and were transiently transfected with 2 g
¢DNA encoding the Dlgr construct, using TransFectin™
(BioRad).

Electrophysiological recordings

Cells were plated 1 day before the experiments to avoid
cell—cell contact. We performed whole-cell recording using
the perforated patch approach ([18]). Nystatin was included
in the patch pipette at a concentration of 350 pug/ml (300—
400 pg/ml). Borosilicate glass pipettes (Harvard Apparatus)
were pulled with a Sutter puller, fired polished, and had a
resistance between 3 and 6 MS). Patch-clamp recordings
were made using an Axopatch 200B amplifier, a Digidata
1440A, and a pClamp 8 software (Molecular Devices).
Voltage ramps (—120 to +80 mV, 500 ms) were
repeatedly applied in order to obtain the current—voltage
relationships. Cell capacitance (25-50 pF) was obtained
for each cell measured, and the current was normalized
to the cell capacitance. Average currents obtained before
the cell stimulation were subtracted from the activated
current. Pipette solution contained (in mM) 140 CsAsp,
10 NaCl, 1 MgCl,, 10 Hepes, pH 7.2 with CsOH. Bath
solutions contained (in mM) 125 NaCl, 10 BaCl,, 2
CaCl,, 1 MgCl,, 5 KCI, 10 Hepes, pH 7.45 with NaOH
(referred as 10 mM Ba®'/2 mM Ca®"), or 125 NaCl, 10
CaCl,, 1 MgCl,, 5 KCl, 10 Hepes pH 7.45 with NaOH
(referred as 10 mM Ca”"). For some experiments, NaCl
was substitute for N-methyl-D-glucamine (NMDG). The
junction potential of around 15 mV between the pipette
and the bath solution was corrected off-line.

Ca®" measurements

Cells were loaded with 2 uM fura-2 AM for 40 min in the
dark at room temperature in a medium containing (in mM)
135 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 Hepes acid, 2.6
NaHCO3;, 0.44 KH,PO,, 10 glucose with 0.1% vitamins
and 0.2% amino acids, pH adjusted to 7.45 with NaOH.
After washing the cells, 10—15 min was needed to allow de-
esterification. For cytosolic Ca®>" measurements, cells were
alternatively illuminated at 340 nm (340AF15; Omega
Optical) and 380 nm (380AF15; Omega Optical) using a
Lambda DG4 illumination system (Sutter Instrument
Company, Novato, CA, USA), through a 415DCLP
dichroic mirror, and emission was collected through a
510WB40 filter (Omega Optical). Fluorescence images were
collected using a cooled, 12-bit CCD camera (CoolSnap HQ,
Ropper Scientific, Trenton, NJ, USA) operated by the
Metafluor 6.3 software (Universal Imaging, West Chester,

PA, USA). To measure the ER Ca?’, cells were illuminated
at 440 nm (440AF21; Omega Optical), and emission was
collected through a 455DRLP dichroic mirror, alterna-
tively at 480 nm (480AF30; Omega Optical) and 535 nm
(535AF26; Omega Optical). For cytosolic and ER Ca®"
measurements, the experiments were performed in Hepes-
buffered solution containing (in mM) 135 NacCl, 5 KCI, 1
MgCl,, 2 CaCl,, 10 Hepes, 10 Glucose, pH adjusted at
7.45 with NaOH. In solutions with various Na" concen-
trations, Na" was replaced by NMDG. All data are
expressed as R/Ro, Ro being the initial ratio value
obtained before cell stimulation.

Statistics

Experimental data are expressed as mean = SEM. Student’s
t test was used to compare results, with p<0.05 taken as the
level of significance.

Results

TG and histamine both activated a CRAC-like current
in the presence of extracellular Ba*"

In order to electrophysiologically characterize the currents
activated by TG and histamine in endothelial cells, we used
the perforated patch variant of the whole-cell configuration.
Using this approach, we expected to minimally alter the cell
machinery, especially upon agonist stimulation, and thus to
increase the chance to differentiate SOCE currents from
agonist-activated currents. In the first series of experiments,
10 mM BaCl, was added in the extracellular medium, as
many Ca®>" channels, including CRAC channels, conduct
Ba®" better than Ca®', at least at negative membrane
potentials [19, 42]. We previously showed that in the
absence of extracellular Ca®*, histamine leads to strong ER
Ca*" depletion ([22]); hence, 2 mM Ca>" was also added in
the bath solution to minimize store depletion. In these
conditions (10 mM Ba**/2 mM Ca*"), TG and histamine
activated inward rectifying currents, reaching a maximal
amplitude (measured at —115 mV) of —0.59 4+ 0.04 pA/pF
(n =30) for histamine and —0.48 + 0.07 pA/pF(n = 11)
for TG (Fig. la, b). The activation kinetic was similar for
both stimuli, and the current remained stable over time. As
shown in Fig. lc, d, 10 uM La’" inhibited both TG- and
histamine-activated currents. The reversal potential, E,.,, was
estimated around —11 mV for TG and +7 mV for histamine,
but due to the pronounced inward rectification, an accurate
measure of E., was problematic. The strong inward
rectification, the very small size of the current, and the block
with lanthanide are three characteristics of Icgrac. To confirm
that TG and histamine activated Icrac or a CRAC-like
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Fig. 1 TG and histamine both
activated a CRAC-like current
in presence of 10 mM Ba*"/

2 mM Ca®*". Whole-cell record-
ings (perforated patch) of EA.
hy926 activated by 100 uM
histamine or 1 uM TG. a, b
Average current—voltage rela-
tionships obtained at the
maximal stimulation after
addition of TG (a; n=16) or
histamine (b; n=30) in the
presence of 10 mM Ba®" and

2 mM Ca®" in the bath. Traces
are mean + SEM. ¢, d Time
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current, we tested the behavior of the current in divalent-
free (DVF) extracellular medium. Removing the extra-
cellular divalent cations after stimulation with TG
(Fig. le) or histamine (Fig. 1f) led to a large Na" current
due to the removal of Ca®" block. This large Na™ current
exhibited a rapid depotentiation characteristic of Icrac
([52]). Because of the slow solution exchange of our
system, we probably missed the initial increase in the
current upon divalent removal, and the current amplitude
increased about three times in DVF medium. Another
known characteristic of Icrac is the rapid inactivation,
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which is due to a negative feedback of Ca’’ entering
through the CRAC channel itself [65]. To test this character-
istic, a step of voltage from 0 to —120 mV was applied once
the currents activated by histamine or TG were fully
developed. As shown in Fig. 1g, h, a fast inactivation was
clearly observed. Even though the current shared common
properties with the Icrac, the relatively negative E.., points
to a reduced Ca®" selectivity compared to the Icgac. In any
instance, the current activated by TG or histamine could not
be differentiated in these experimental conditions, with
10 mM Ba®"/2 mM Ca”" in the bath.
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TG and histamine activated different currents in presence
of extracellular Ca*"

In the second series of experiments, we added 10 mM Ca*"
instead of 10 mM Ba”" in the extracellular solution (10 mM
Ca”"). Ba®" (100 uM) was added to the medium to prevent
the activation of the inward rectifying K" channels (Kj,),
which were occasionally present on these cells (data not
shown). In these conditions, the current activated after
passive depletion of the ER Ca*' stores with TG was
inward rectifying with a reversed potential of +7.5+£6.5 mV,
(n=13) and an amplitude of —0.34 4 0.04 pA/pF(n = 13)
at =115 mV (Fig. 2a). Surprisingly, histamine evoked an
outward rectifying current that reversed at —37.5+

Fig. 2 Currents activated by TG
or histamine in the presence of
10 mM Ca®". a, b Current—
voltage relationships obtained at
the maximal stimulation after
addition of 1 puM TG (a; n=12)
or 100 uM histamine (b; n=13)
in the presence of 10 mM Ca*".
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1.9mV(n = 12) (Fig. 2b). The two currents can be
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rectifying current (Fig. 2¢, d). Both currents were inhibited
by 10 uM La>" (Fig. 2c).
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delay, an inward rectifying current developed (Fig. 2e, f).
The data confirm our assumptions that Ba>" prevents the
histamine-activated outward rectifying current, while under
these conditions, a distinct current substitutes for Ca®" entry
(the CRAC-like current). The same experiment was
performed during cell stimulation with TG. In that case,
the substitution of Ca’" by Ba®" increased the current
amplitude at negative potentials (Fig. 2g, h), in line with
previous Icrac recordings obtained on T lymphocytes [2].

ER Ca”" levels upon cell stimulation measured
during voltage clamp experiments

The inhibition of histamine-activated outward rectifying
current by Ba®" (Fig. 2¢) explains that we could not observe
this current in 10 mM Ba®"/2 mM Ca?" condition, but it
does not explain the activation of a CRAC-like current in
Ba”?" medium. For SOCE to get activated, a substantial ER
Ca*" depletion has to take place, which normally is not the
case upon histamine stimulation due to a sufficient ER Ca*"
replenishment. In our electrophysiological recording condi-
tion, however, the ER might get more depleted than normal,
as we clamped the potential at 0 mV between each ramp of
voltages, decreasing the driving force for Ca®" entry.
Hence, the presence of Ba®" and the clamp of voltage at
0 mV might possibly impact on the filling status of Ca*"
stores. To assess the effect of Ba** on ER Ca’’ levels
during cell stimulation with histamine, we transiently
transfected the cells with a cameleon-based Ca®" probe
targeted to the ER, DIgr [21, 31, 40]. The level of Ca*"
within the ER was then measured on cells clamped at 0 mV
under the same experimental conditions as used for Figs. 1
and 2. Cells were first stimulated with 100 pM histamine in
the presence of 10 mM Ca®" or 10 mM Ba*"/2 mM Ca*",
followed by 1 uM TG to maximally empty the stores. The
results presented in Fig. 3 clearly showed that, upon
histamine stimulation, the ER Ca*' level decreased more
in the presence of high Ba®" than in the presence of high
Ca®". In 10 mM Ca®’, histamine depleted the ER by
23.52 £4.67%(n = 6) of the depletion caused by TG,
while in 10 mM Ba®"/2 mM Ca®", the level of depletion
reached 58.34 £ 9.31%(n = 6) of the response due to TG.
Hence, even though 2 mM Ca®" was present in the high Ba>"
solution during whole-cell recordings, the Ca>" level within
the ER decreased to a level likely sufficient to activate SOCE
and might explain the activation of a CRAC-like current
upon histamine stimulation.

Pharmacological profile of histamine-activated Ca®" entry
We suspected that the NCX could be involved in the RACE

mainly based on two points: the similarity between the shape
of the IV curve of histamine-induced current compared to

@ Springer

A 1.1, ® 10mMCa?
o
D\:O 1.0
=)
o
I 0.91
0
[}
©v
Re]
= 0.8
o
0.7 100uM Histamine
0 2 4 6 8 10 12 14 16
Time (min)
B Histamine TG Histamine TG
10Ca 10Ca 10Ba 10Ba
0.0+ L L
o
S
B -0.11
[}
©v
ks L
T -0.24
i
< —
| —
0.3 ns
I ———————
*

Fig. 3 Measurements of the ER Ca”" level during whole-cell

recordings. Cells were clamped at 0 mV under the same experimental
conditions as presented in Figs. 1 and 2. The cells were transiently
transfected with the ER-targeted cameleon probe D1gg. a Histamine
(100 pM) was applied in the presence of 10 mM Ca" (black dots) or
10 mM Ba>" /2 mM Ca*" (gray dots). After approximately 4 min of
histamine stimulation, 1 pM TG was added to obtain a total depletion
of the ER. b Statistics of the level of ER depletion after histamine and
TG addition in the two different bath solutions. Bars are mean + SEM
(n=6 in 10 mM Ca*"; n=6 in 10 mM Ba*’/2 mM Ca*"), *p<0.05

previous reports on NCX current [12, 30, 38] and reports
demonstrating the implication of the NCX in Ca”" entry [43,
48, 54]. Indeed, under certain conditions, the NCX can work
in the reverse mode and allow Ca®" to enter the cell. We thus
wanted to determine whether part of the RACE was due to
the reverse mode of the NCX on EA.hy926 cells. As a first
approach, we stimulated the cells with histamine and added
Ni*", a well-accepted blocker of the NCX (review [6]), on
top of the response. As shown in Fig. 4a, adding Ni** initially
completely blocked the response, and then about 50% of the
cells showed some level of recovery. On the contrary,
Ni*" minimally affected TG-induced Ca®" entry (Fig. 4b).
We also tried another known inhibitor of the NCX, KB-R7943
[20]. At 10 uM or below, KB-R7943 was reported to inhibit
preferentially the reverse mode of the NCX. However, it was
also reported to have some off-targets; in particular, KB-
R7943 activates BK¢, channels [28]. As these channels are
present on EA.hy926 cells and are activated by histamine
[11], we used 5 mM tetracthylammonium (TEA) to prevent
their activations. Adding 10 uM KB-R7943 during the
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plateau phase of histamine response severely decreased
Ca”" entry, but the effect was transient and followed by a
recovery phase (Fig. 4c). On the contrary, the response
upon TG stimulation was mildly affected by the addition of
KB-R7943 (Fig. 4d). The inhibition by Ni*" and KB-
R7943 thus suggested that the NCX is involved in
histamine-induced Ca®" entry.

Pharmacological profile of histamine-activated current

First, we wanted to ensure that the current activated by
histamine was dependent on the signaling pathway activated
by the agonist. For this purpose, we applied U73122, an
inhibitor of the PLC (phospholipase C) during histamine-
induced outward current, that fully blocked the response
(Fig. 5a). The inactive analogue of the PLC blocker, U73343,
did not inhibit the current activated by histamine (data not
shown). We then used the same inhibitors as those tested on
the cytosolic Ca>" response to confirm the role played by the
NCX. As shown on Fig. 5b, Ni*" significantly inhibited the
current activated by histamine by 61 £ 13%(n = 4). Simi-
larly, 10 pM KB-R7943 also reduced by 80 £ 10%(n = 4)
the current activated by histamine (Fig. 5c¢). In addition,
neither Ni*" nor KB-R7943 affected the current activated by

Time (min)

TG, showing that the NCX is not implicated in SOCE (data
not shown). Besides using inhibitors, we also investigated the
effect of Na" removal on the histamine-induced outward
current. As shown in Fig. 5d, in the absence of extracellular
Na“, the outward current strongly increased, which is in line
with an increased activity of the NCX working in the reverse
mode. Furthermore, the current recorded in 0 mM Na' was
blocked by the addition of KB-R7943, as shown on the time
course presented in Fig. Se, again pointing to a current
supported by the NCX. We also performed experiments
under conditions where the intracellular Na" was increased to
50 mM, instead of 10 mM. In these conditions, an outward
rectifying current was already present before the stimulation,
which is in line with a basal stimulation of the NCX due to
the high [Na']; conditions (Fig. 5f). Upon histamine
stimulation, both the outward and the inward currents
increased. This increase in the inward current (Fig. 5f),
similar to what we observed in the absence of extracellular
Na' (Fig. 5d), is not compatible with a current through the
NCX, as the Encx(Encx = 3Ena — 2Ec,) under these ionic
conditions is very negative and should lead exclusively to
the outward current. This suggests that the inward current, at
least in these experimental conditions, was unlikely due to
NCX activation.
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Fig. 5 Pharmacological profile of histamine-activated Ca>" current.
Whole-cell recordings (perforated patch) of EA.hy926 cells activated
by 100 uM histamine. a—c¢ Representative current—voltage relation-
ships at the maximal stimulation after activation with histamine (black
dots) and after addition of blockers (gray dots) in the presence of
10 mM Ca*" in the bath. The blockers were added directly on the top
of the histamine-activated current: 2 uM U731222 (a), 2.5 mM Ni**
(b), and 10 uM KB-R7943 (c). d Representative current—voltage
relationships obtained after stimulation with histamine in the presence
of 125 mM Na" (black dots) and after a switch in a 0 mM Na®

Discussion

The aim of the present study was to investigate whether it
is possible, using an electrophysiological approach, to
distinguish between current activated by passive store
depletion from current activated by the inositol 1,4,5-
trisphosphate (IP3)-generating agonist histamine on endo-
thelial cells. In other words, we intend to elucidate whether
histamine-induced Ca®" entry (the RACE) has an electro-
physiological signature different from the SOCE, which
would imply the activation of different channels. One of
our main concerns was to avoid important ER Ca®"
depletion upon histamine stimulation. Indeed, in our
previous papers [22, 31], we showed that in Ca*"
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an initial increase in the current, the extracellular Na™ was removed,
leading to an increase in the current amplitude, which was
subsequently inhibited by the addition of 10 uM KB-R7943. The
current value from each ramp was taken at =115 mV and at +60 mV. f
Representative current—voltage relationships obtained in basal condi-
tion with 50 mM Na" inside the patch pipette in basal condition (black
dots), and after histamine stimulation (gray dots)

containing medium, histamine stimulation did not induce
an important ER Ca”" store depletion, leading us to
postulate that Ca®" entry upon agonist stimulation does
not essentially rely on SOCE but rather on RACE. For this
reason, a minimum of 2 mM Ca®" was present in all
electrophysiological experiments. The other point was to
let the intracellular signaling machinery as close as possible
to what is taking place in an intact cell, thereby increasing
the chance to record current different from the SOCE.
Hence, we were using the perforated patch configuration to
prevent dialysis of cytosolic compounds. We took these
precautions to avoid uncontrolled activation of the SOCE
in particular during experiments using an agonist to
stimulate Ca®" entry.
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The CRAC-like current we recorded in 10 mM Ba®"/
2 mM Ca*' extracellular medium shared many common
features with the prototypical Icrac measured in RBL cells.
For instance, it was strongly inward rectifying, was blocked
by micromoles of lanthanides, and displayed a fast Ca”*-
dependent inactivation. It also permeates monovalent ions
better when divalent ions are removed from the bath, a
phenomenon called anomalous mole fraction. The current
recorded in high Ba*' showed a marked increased in
amplitude at potentials below —40/—50 mV, a phenomenon
already reported when using Ba®" as a charge carrier in
RBL cells [2, 19]. However, in Jurkat T cells, the Ba**
permeability was reported to be lower than the Ca*"
permeability at all potentials [19]. A recent paper strength-
ened that the relative abundance of STIM1 compared to
Orail affected the Ba®" permeability of the Icrac [49],
possibly explaining the discrepancy regarding the perme-
ability of Ba®" versus Ca®". A peculiar aspect of the
CRAC-like current present on EA.hy926 cells was the
relative negative Ei.,, both in Ba®" as well as in Ca*"
medium. This points to the fact that the CRAC-like current
on EA.hy926 cells is less Ca®" selective than the “classical”
Icrac- Such a feature was often reported for SOCE currents
in endothelial cells [34]. On EA.hy926 cells, we do not
know whether it reflects a peculiar characteristic of SOCE
or whether the current is actually the sum of different
conductances, one being very similar to Icrac, With a high
Ca*" selectivity that displays the anomalous mole fraction
and the fast Ca”*'-dependent inactivation, and the other
being a nonselective cation current of unknown nature. A
complete characterization of the current(s) activated by
store depletion would require additional investigation, but
this was beyond the scope of the present study. Recently, a
CRAC-like current with a similar electrophysiological
signature was reported on endothelial cells from human
umbilical vein mediated by STIM1 and Orail proteins [1].
Hence, in our cellular system, we could not distinguish
between the current activated by histamine from the current
activated by TG, both sharing characteristics of the Icgrac.
This rather unexpected result prompted us to measure the
Ca?" level within the ER during electrophysiological
recordings, and we found out that in fact histamine induced
important Ca®" store depletion, even though caution was
taken to prevent it. The level of store depletion upon
histamine stimulation was smaller than upon TG addition
(about 60%; Fig. 3), but it was certainly strong enough to
activate the SOCE. The depletion of the ER even in the
presence of 2 mM Ca?" can be explained by the following
reasons: first, the presence of Ba®" that blocked the outward
rectifying current activated by histamine (see below) and,
second, the reduced driving force for Ca®" entry as the cells
were clamped at 0 mV between the voltage ramps. This
observation stressed the fact that ER Ca®" depletion occurs

easily and that great caution has to be taken in order to
avoid it and thus allow the recording of store-independent
agonist-induced current.

When Ba®" was absent from the bath solution and
replaced by 10 mM Ca”", the current activated by TG was
very similar to that in Ba** containing medium except the
E.., that was slightly more positive. On the contrary, the
current activated by histamine had a completely different
shape from the one recorded in 10 mM Ba®*/2 mM Ca*". In
10 mM Ca*', the current was outward rectifying with an
E.., around —40 mV. One should mention that this current
was activated in about 70-80% of the cells, whereas in
10 mM Ba®'/2 mM Ca**, almost 100% of the cells showed
a CRAC-like current. In the remaining patches, either no
detectable current was activated, or a current with a double
rectification could be recorded. Due to the very low
frequency of the later one, we could not further characterize
this particular current.

In order to determine what type of current was activated
by histamine, we used two different approaches: the
addition of blockers and the ion substitution. The results
we obtained all pointed to a current supported mainly by
the NCX. The NCX can operate in both directions, meaning
transporting Ca>* out of the cell (forward mode) or into the
cell (reverse mode). The direction of the ion exchange
depends on the concentration gradients of both Na® and
Ca®" and on the membrane potential (review in [6]). The
reverse mode of the NCX was reported to take place in,
e.g., smooth muscle cells [26, 27], NG2 glial cells [55], and
also in endothelial cells [41, 48, 54]. An important
condition leading to the reverse mode of the NCX is a
local Na' loading, a process that was suggested to
significantly contribute to Ca®" entry in endothelial cells
[14, 41]. This was shown to happen as a consequence of
nonselective cation channel opening that allows substantial
Na' entry, which in turn reverses the mode of the NCX.
Functional link between TRPC (canonical transient receptor
potential) channel activation and Ca®" entry through the
NCX was recently reported in different cell types [16, 27,
43, 47], and thus it is tempting to speculate that the same
mechanism is responsible for the Na" loading in EA.hy926
cells. We have to notice that we could not separate a current
responsible for the Na* loading from the current due to the
exchanger. In addition, we cannot exclude that histamine
activates the turnover rates of the NCX, favoring both the
forward and the reverse modes. To drive the reverse mode
activity of the exchanger, however, the intracellular Na*
concentration has to rise sufficiently to counteract the
intracellular Ca”" elevation that occurs during cell stimula-
tion, and thus the system very likely requires a Na" loading
process. To assess the role of the NCX in our cellular
system, we used Ni* and KB-R7943, which are both well-
accepted blockers of the NCX even though they are not
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considered as fully specific (review [6]). Indeed, KB-R7943
was shown to inhibit at least three different TRPC channels
[25], and Ni** was described blocking SOCE [5, 13] as
well as TRPC1 [53]. In our cellular system, both blockers
reduced the current by about 70%, which is in favor of a
role played by the NCX, while we cannot rule out that other
conductances are also part of the current activated by
histamine. Additionally, adding Ba®" to the bath fully
blocked the current, explaining why we did not record the
outward rectifying current in 10 mM Ba®*/2 mM Ca*"
medium. Previous studies that have investigated the ability
of the NCX to transport ions other than Na* and Ca®" have
shown that indeed the transport efficiency of the exchanger
was strongly reduced in the presence of Ba** [24, 50, 56],
which is in line with our findings. Other reports suggested
on the contrary that Ba®" can be transported by the NCX, in
particular extruded by the exchanger [7, 60]. The reasons
for the contradictory results regarding the transport of Ba*"
by the exchanger remain to be clarified. We also showed
that La®* fully blocked the current, which was reported in
previous studies [6, 24]. In the case of La’", it is more than
likely that this compound not only inhibits the NCX but
also other conductances, like TRPC channels that would be
responsible for the initial Na" loading process. Hence, and
even though no specific blockers exist for the NCX, all that
we tested strongly inhibited histamine-induced outward
current. The other approach we used was to change the
extracellular Na" concentration. Removing Na' significantly
increased the current amplitude, a behavior expected if the
outward current was due to NCX. The concomitant increase
in the inward current that we also observed when intracel-
lular Na" was elevated (Fig. 5f) cannot be due to the NCX,
as the Encx is very negative under these experimental
conditions. The inward current could be due to TRPC
channel activation, but the exact characterization of this current
remains to be determined. Regarding the outward current, and
as K currents were prevented by the presence of Cs' in the
patch pipette, the remaining possibility to explain the
histamine-induced current was chloride. A large implication
of a Cl' current appears very unlikely for several reasons: in
endothelial cells, the size of the CI™ current activated by an
agonist was in general much larger with a faster activation
kinetic than the one activated on EA.hy926 cells [36, 37, 39].
The inhibitory effect of La**, Ba**, Ni**, and KB-R7943 that
we observed on the outward rectifying current was, to our
knowledge, never reported for CI currents (review [35]).
Finally, the increase in current amplitude upon Na" removal
(Fig. 5d) was not compatible with a current due to CI” ions.
Altogether, our experimental evidence point to a current
supported for a large part by the NCX.

Our Ca®" imaging experiments further pointed to an
involvement of the NCX in the overall Ca** entry upon
histamine stimulation. The addition of 2.5 mM Ni*"
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strongly reduced the Ca®" entry (Fig. 4a), an inhibition
that was followed by a partial recovery of about half of the
cells. Using 1 mM Ni** similarly blocked the response but
with a more pronounced recovery phase (data not shown).
Using KB-R7943 to reveal the role of the NCX was more
problematic. Indeed, KB-R7943 alone hardly affected the
plateau phase of Ca®" entry (data not shown). Even though
KB-R7943 is a potent blocker of the exchanger, it has also
a rather long list of side effects. Among them, it was
reported to activate BKc, channels [28], an effect that
would increase Ca®" entry as it hyperpolarizes the cells.
Thus, to better reveal the action of KB-R7943 on the NCX, we
blocked the BK¢, channels with TEA. In these experimental
conditions, KB-R7943 induced a transient drop of the Ca*"
plateau followed by a recovery. This pattern of inhibition with
a recovery phase is a strong indication that agonist-induced
Ca®" influx is the result of several processes simultaneously
engaged. Blocking only one of these players (like the NCX)
is compensated possibly by other channels involved in the
RACE or by channels supporting the SOCE pathway.
Considering that EA.hy926 cells have a redundant system
to allow Ca" entry, it is surprising that we could not
consistently measure other types of currents on endothelial
cells. We do not have so far a clear explanation for that, but
we can propose three hypotheses: one, which is the most
likely, is that the current activated by histamine was not
purely supported by the NCX but that another conductance
was also activated. Another explanation would be that the
other currents supporting Ca®" entry are of very small
amplitude that makes their recording very challenging.
Finally, the experimental conditions we were using might
preclude the recording of additional currents. As a conse-
quence, the current supported by the NCX is so far the only
conductance involved in Ca®" entry besides the SOCE current
that we could characterize on EA.hy926 cells. The NCX
working in the reverse mode accounts for a significant part of
the Ca®" entry, but certainly other players are also involved
that would fully explain the RACE phenomenon.

Acknowledgements We thank Cyril Castelbou for his excellent
technical assistance, Drs. A Palmer and R. Y. Tsien for providing the
D1ggr construct, and Dr. C.J.S. Edgell for the EA.hy926 cells. We also
thank Drs. N. Demaurex, W.F. Graier, and R. Malli for fruitful
discussions and a critical reading the manuscript. This work was
supported by the Swiss National Science Foundation, grant 310000-
120186, and the Foundation Carlos and Elsie de Reuter.

References

1. Abdullaev IF, Bisaillon JM, Potier M, Gonzalez JC, Motiani RK,
Trebak M (2008) Stim1 and Orail mediate CRAC currents and
store-operated calcium entry important for endothelial cell
proliferation. Circ Res 103:1289-1299



Pflugers Arch - Eur J Physiol (2010) 460:109-120

119

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Bakowski D, Parekh AB (2007) Voltage-dependent Ba(2+)
permeation through store-operated CRAC channels: implications
for channel selectivity. Cell Calcium 42:333-339

. Baron A, Frieden M, Chabaud F, Beny JL (1996) Ca(2+)-

dependent non-selective cation and potassium channels activated
by bradykinin in pig coronary artery endothelial cells. J Physiol
(Lond) 493:691-706

. Beech DJ (2009) Harmony and discord in endothelial calcium

entry. Circ Res 104:¢22—23

. Bergdahl A, Gomez MF, Dreja K, Xu SZ, Adner M, Beech DJ,

Broman J, Hellstrand P, Sward K (2003) Cholesterol depletion
impairs vascular reactivity to endothelin-1 by reducing store-
operated Ca>" entry dependent on TRPCI. Circ Res 93:839-847

. Blaustein MP, Lederer WJ (1999) Sodium/calcium exchange: its

physiological implications. Physiol Rev 79:763-854

. Condrescu M, Chernaya G, Kalaria V, Reeves JP (1997) Barium

influx mediated by the cardiac sodium-calcium exchanger in
transfected Chinese hamster ovary cells. J Gen Physiol 109:41-51

. Fasolato C, Nilius B (1998) Store depletion triggers the calcium

release-activated calcium current (ICRAC) in macrovascular
endothelial cells: a comparison with Jurkat and embryonic kidney
cell lines. Pflugers Arch 436:69-74

. Feske S, Gwack Y, Prakriya M, Srikanth S, Puppel SH, Tanasa B,

Hogan PG, Lewis RS, Daly M, Rao A (2006) A mutation in Orail
causes immune deficiency by abrogating CRAC channel function.
Nature 441:179-185

Freichel M, Suh SH, Pfeifer A, Schweig U, Trost C, Weissgerber
P, Biel M, Philipp S, Freise D, Droogmans G, Hofmann F,
Flockerzi V, Nilius B (2001) Lack of an endothelial store-operated
Ca*" current impairs agonist-dependent vasorelaxation in TRP4-/-
mice. Nat Cell Biol 3:121-127

Frieden M, Graier WF (2000) Subplasmalemmal ryanodine-
sensitive Ca2+ release contributes to Ca>*-dependent K* channel
activation in a human umbilical vein endothelial cell line. J
Physiol (Lond) 524:715-724

Fujioka Y, Matsuoka S, Ban T, Noma A (1998) Interaction of the
Na™-K* pump and Na*-Ca>* exchange via [Na+]i in a restricted
space of guinea-pig ventricular cells. J Physiol 509(Pt 2):457—470
Gkoumassi E, Dekkers BG, Droge MJ, Elzinga CR, Hasenbosch
RE, Meurs H, Nelemans SA, Schmidt M, Zaagsma J (2009)
(Endo)cannabinoids mediate different Ca** entry mechanisms in
human bronchial epithelial cells. Naunyn Schmiedebergs Arch
Pharmacol 380:67-77

Graier WF, Simecek S, Sturek M (1995) Cytochrome P450 mono-
oxygenase-regulated signalling of Ca®" entry in human and
bovine endothelial cells. J Physiol (Lond) 482:259-274

Graier WF, Sturek M, Kukovetz WR (1994) Ca** regulation and
endothelial vascular function. Endothelium 1:223-236

Harper AG, Sage SO (2007) A key role for reverse Na(+)/Ca(2+)
exchange influenced by the actin cytoskeleton in store-operated
Ca(2+) entry in human platelets: evidence against the de novo
conformational coupling hypothesis. Cell Calcium 42:606—617
Hofmann T, Obukhov AG, Schaefer M, Harteneck C, Gudermann
T, Schultz G (1999) Direct activation of human TRPC6 and
TRPC3 channels by diacylglycerol. Nature 397:259-263

Horn R, Marty A (1988) Muscarinic activation of ionic currents
measured by a new whole-cell recording method. J Gen Physiol
92:145-159

Hoth M (1995) Calcium and barium permeation through calcium
release-activated calcium (CRAC) channels. Pflugers Arch
430:315-322

Iwamoto T, Watano T, Shigekawa M (1996) A novel isothiourea
derivative selectively inhibits the reverse mode of Nat/Ca2+
exchange in cells expressing NCX1. J Biol Chem 271:22391-22397
Jousset H, Frieden M, Demaurex N (2007) STIM1 knockdown
reveals that store-operated Ca®" channels located close to sarco/

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

endoplasmic Ca®>" ATPases (SERCA) pumps silently refill the
endoplasmic reticulum. J Biol Chem 282:11456-11464

Jousset H, Malli R, Girardin N, Graier WF, Demaurex N, Frieden
M (2008) Evidence for a receptor-activated Ca>" entry pathway
independent from Ca®" store depletion in endothelial cells. Cell
Calcium 43:83-94

Kamouchi M, Mamin A, Droogmans G, Nilius B (1999)
Nonselective cation channels in endothelial cells derived from
human umbilical vein. J] Membr Biol 169:29-38

Kimura J, Miyamae S, Noma A (1987) Identification of sodium-
calcium exchange current in single ventricular cells of guinea-pig.
J Physiol 384:199-222

Kraft R (2007) The Na'/Ca** exchange inhibitor KB-R7943
potently blocks TRPC channels. Biochem Biophys Res Commun
361:230-236

Lee CH, Poburko D, Sahota P, Sandhu J, Ruehlmann DO, van
Breemen C (2001) The mechanism of phenylephrine-mediated
[Ca(2+)](i) oscillations underlying tonic contraction in the rabbit
inferior vena cava. J Physiol 534:641-650

Lemos VS, Poburko D, Liao CH, Cole WC, van Breemen C
(2007) Na* entry via TRPC6 causes Ca”" entry via NCX reversal
in ATP stimulated smooth muscle cells. Biochem Biophys Res
Commun 352:130-134

Liang GH, Kim JA, Seol GH, Choi S, Suh SH (2008) The Na(+)/Ca
(2+) exchanger inhibitor KB-R7943 activates large-conductance
Ca(2+)-activated K(+) channels in endothelial and vascular smooth
muscle cells. Eur J Pharmacol 582:35-41

Liou J, Kim ML, Heo WD, Jones JT, Myers JW, Ferrell JE Jr,
Meyer T (2005) STIM is a Ca®" sensor essential for Ca**-store-
depletion-triggered Ca*" influx. Curr Biol 15:1235-1241

Maack C, Ganesan A, Sidor A, O'Rourke B (2005) Cardiac
sodium-calcium exchanger is regulated by allosteric calcium and
exchanger inhibitory peptide at distinct sites. Circ Res 96:91-99
Malli R, Naghdi S, Romanin C, Graier WF (2008) Cytosolic Ca>"
prevents the subplasmalemmal clustering of STIMI: an intrinsic
mechanism to avoid Ca®" overload. J Cell Sci 121:3133-3139
Mignen O, Shuttleworth TJ (2000) I(ARC), a novel arachidonate-
regulated, noncapacitative Ca(2+) entry channel. J Biol Chem
275:9114-9119

Nilius B (2004) Store-operated Ca>" entry channels: still elusive!
Sci STKE 2004:pe36

Nilius B, Droogmans G (2001) Ion channels and their functional
role in vascular endothelium. Physiol Rev 81:1415-1459

Nilius B, Droogmans G (2003) Amazing chloride channels: an
overview. Acta Physiol Scand 177:119-147

Nilius B, Prenen J, Szucs G, Wei L, Tanzi F, Voets T, Droogmans
G (1997) Calcium-activated chloride channels in bovine pulmo-
nary artery endothelial cells. J Physiol (Lond) 498:381-396
Nilius B, Szucs G, Heinke S, Voets T, Droogmans G (1997)
Multiple types of chloride channels in bovine pulmonary artery
endothelial cells. J Vasc Res 34:220-228

Noma A, Shioya T, Paver LF, Twist VW, Powell T (1991)
Cytosolic free Ca** during operation of sodium-calcium exchange
in guinea-pig heart cells. J Physiol 442:257-276

Ono K, Nakao M, Iijima T (1998) Chloride-sensitive nature of the
histamine-induced Ca2+ entry in cultured human aortic endothe-
lial cells. J Physiol (Lond) 511:837-849

Palmer AE, Jin C, Reed JC, Tsien RY (2004) Bcl-2-mediated
alterations in endoplasmic reticulum Ca”" analyzed with an
improved genetically encoded fluorescent sensor. Proc Natl Acad
Sci U S A 101:17404-17409

Paltauf-Doburzynska J, Frieden M, Spitaler M, Graier WF (2000)
Histamine-induced Ca2+ oscillations in a human endothelial cell
line depend on transmembrane ion flux, ryanodine receptors and
endoplasmic reticulum Ca2+-ATPase. J Physiol (Lond) 524:701—
713

@ Springer



120

Pflugers Arch - Eur J Physiol (2010) 460:109-120

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Parekh AB, Putney JW Jr (2005) Store-operated calcium
channels. Physiol Rev 85:757-810

Poburko D, Liao CH, Lemos VS, Lin E, Maruyama Y, Cole WC,
van Breemen C (2007) Transient receptor potential channel 6
mediated, localized cytosolic [Na'] transients drive Na'/Ca®"
exchanger mediated Ca>" entry in purinergically stimulated aorta
smooth muscle cells. Circ Res 101:1030-1038

Prakriya M, Feske S, Gwack Y, Srikanth S, Rao A, Hogan PG
(2006) Orail is an essential pore subunit of the CRAC channel.
Nature 443:230-233

Putney JJ (1986) A model for receptor-regulated calcium entry.
Cell Calcium 7:1-12

Roos J, DiGregorio PJ, Yeromin AV, Ohlsen K, Lioudyno M,
Zhang S, Safrina O, Kozak JA, Wagner SL, Cahalan MD,
Velicelebi G, Stauderman KA (2005) STIMI1, an essential and
conserved component of store-operated Ca>" channel function. J
Cell Biol 169:435-445

Rosker C, Graziani A, Lukas M, Eder P, Zhu MX, Romanin C,
Groschner K (2004) Ca(2+) signaling by TRPC3 involves Na(+)
entry and local coupling to the Na(+)/Ca(2+) exchanger. J Biol
Chem 279:13696-13704

Schneider JC, El Kebir D, Chereau C, Mercier JC, Dall'Ava-Santucci
J, Dinh-Xuan AT (2002) Involvement of Na(+)/Ca(2+) exchanger in
endothelial NO production and endothelium-dependent relaxation.
Am J Physiol Heart Circ Physiol 283:H837-H844

Scrimgeour N, Litjens T, Ma L, Barritt GJ, Rychkov GY (2009)
Properties of Orail mediated store-operated current depend on the
expression levels of STIM1 and Orail proteins. J Physiol
587:2903-2918

Shimoni Y, Giles W (1987) Separation of Na-Ca exchange and
transient inward currents in heart cells. Am J Physiol 253:H1330-
H1333

Shuttleworth TJ, Thompson JL (1999) Discriminating between
capacitative and arachidonate-activated Ca(2+) entry pathways in
HEK293 cells. J Biol Chem 274:31174-31178

Su Z, Shoemaker RL, Marchase RB, Blalock JE (2004) Ca*"
modulation of Ca®" release-activated Ca>" channels is responsible
for the inactivation of its monovalent cation current. Biophys J
86:805-814

Sweeney M, McDaniel SS, Platoshyn O, Zhang S, Yu Y, Lapp
BR, Zhao Y, Thistlethwaite PA, Yuan JX (2002) Role of
capacitative Ca®" entry in bronchial contraction and remodeling.
J Appl Physiol 92:1594-1602

@ Springer

54.

55.

56.

57.

8.

59.

60.

62.

63.

64.

65.

Teubl M, Groschner K, Kohlwein SD, Mayer B, Schmidt K
(1999) Na(+)/Ca(2+) exchange facilitates Ca(2+)-dependent acti-
vation of endothelial nitric-oxide synthase. J Biol Chem
274:29529-29535

Tong XP, Li XY, Zhou B, Shen W, Zhang ZJ, Xu TL, Duan S
(2009) Ca(2+) signaling evoked by activation of Na(+) channels
and Na(+)/Ca(2+) exchangers is required for GABA-induced NG2
cell migration. J Cell Biol 186:113-128

Trac M, Dyck C, Hnatowich M, Omelchenko A, Hryshko LV
(1997) Transport and regulation of the cardiac Na(+)-Ca2+
exchanger, NCX1. Comparison between Ca®" and Ba>*. J Gen
Physiol 109:361-369

Trebak M (2009) STIM1/Orail, ICRAC, and endothelial SOC.
Circ Res 104:e56—e57

Vig M, Beck A, Billingsley JM, Lis A, Parvez S, Peinelt C,
Koomoa DL, Soboloff J, Gill DL, Fleig A, Kinet JP, Penner R
(2006) CRACMI1 multimers form the ion-selective pore of the
CRAC channel. Curr Biol 16:2073-2079

Vig M, Peinelt C, Beck A, Koomoa DL, Rabah D, Koblan-
Huberson M, Kraft S, Turner H, Fleig A, Penner R, Kinet JP
(2006) CRACMLI is a plasma membrane protein essential for
store-operated Ca®" entry. Science 312:1220-1223

Wagner-Mann C, Hu Q, Sturek M (1992) Multiple effects of
ryanodine on intracellular free Ca*>" in smooth muscle cells from
bovine and porcine coronary artery: modulation of sarcoplasmic
reticulum function. Br J Pharmacol 105:903-911

. Yao X, Garland CJ (2005) Recent developments in vascular endothelial

cell transient receptor potential channels. Circ Res 97:853-863
Yeromin AV, Zhang SL, Jiang W, Yu Y, Safrina O, Cahalan MD
(2006) Molecular identification of the CRAC channel by altered
ion selectivity in a mutant of Orai. Nature 443:226-229

Zhang SL, Yeromin AV, Zhang XH, Yu Y, Safrina O, Penna A,
Roos J, Stauderman KA, Cahalan MD (2006) Genome-wide
RNAI screen of Ca(2+) influx identifies genes that regulate Ca(2
+) release-activated Ca(2+) channel activity. Proc Natl Acad Sci U
S A 103:9357-9362

Zhang SL, Yu Y, Roos J, Kozak JA, Deerinck TJ, Ellisman MH,
Stauderman KA, Cahalan MD (2005) STIM1 is a Ca*>* sensor that
activates CRAC channels and migrates from the Ca®" store to the
plasma membrane. Nature 437:902-905

Zweifach A, Lewis RS (1995) Rapid inactivation of depletion-
activated calcium current (ICRAC) due to local calcium feedback.
J Gen Physiol 105:209-226



	Electrophysiological characterization of store-operated and agonist-induced Ca2+ entry pathways in endothelial cells
	Abstract
	Introduction
	Materials and methods
	Material
	Cell culture and transfection
	Electrophysiological recordings
	Ca2+ measurements
	Statistics

	Results
	TG and histamine both activated a CRAC-like current in the presence of extracellular Ba2+
	TG and histamine activated different currents in presence of extracellular Ca2+
	ER Ca2+ levels upon cell stimulation measured during voltage clamp experiments
	Pharmacological profile of histamine-activated Ca2+ entry
	Pharmacological profile of histamine-activated current

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


