
&p.1:Abstract In endothelial cells, different types of Ca2+

conductances have been described, but none of them has
been clearly identified as ICRAC, the Ca2+ release-activat-
ed Ca2+ current originally described in mast and lympho-
ma cells. Here we show that in bovine pulmonary artery
endothelial cells (CPAE) depletion of intracellular Ca2+

stores by inositol 1,4,5-trisphosphate (InsP3), Ca2+ iono-
phores and Ca2+ pump inhibitors activates a Ca2+-selec-
tive conductance in the presence of the Ca2+ chelator 1,2-
bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid
(BAPTA). The current shows inward rectification, a
highly positive reversal potential and is blocked by mi-
cromolar concentrations of La3+. The conditions used in
studies of endothelial cells were also employed in those
of HEK-293, an embryonic kidney cell line commonly
used to express putative store-operated channels, and
Jurkat cells, the reference cell model. Similar to CPAE,
HEK cells also have an ICRAC-like current. At 0 mV
holding potential the estimated current density is –0.1
and –0.2 pA/pF in CPAE and HEK cells respectively, i.e.
15 and 30% of that measured in Jurkat cells. As shown
in studies of Jurkat cells, larger Na+ currents are detect-
able in CPAE and HEK cells following store depletion in
Ca2+- and Mg2+-free medium. The current carried by Na+

ions is similarly blocked by micromolar La3+, is inward-
ly rectifying and has a positive reversal potential.
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Introduction

The free intracellular Ca2+ concentration ([Ca2+]i) plays a
primary role in the control of cell life and death. At rest,
the average [Ca2+]i is kept very low (100–200 nM) by
means of active uptake mechanisms inside the internal
stores and extrusion processes across the plasma mem-
brane. Complex patterns of cytosolic Ca2+ spikes and
waves are generated by tight control of Ca2+ release from
internal stores and Ca2+ influx across the plasma mem-
brane [20]. Different signalling molecules are known to
selectively activate conductances that are permeable to
Ca2+ ions. These Ca2+ pathways, activated by the agonist
directly or through the production of second messengers,
are variably distributed among different cell types and
tissues [6]. However, the type of Ca2+ entry pathway that
is triggered by empty stores is shared by a much larger
number of eukaryotic cells, probably because the re-
quirement of filled stores is mandatory for cell survival.
Since the time that this phenomenon was originally de-
scribed and named “capacitative Ca2+ influx” [21], a
growing number of Ca2+ conductances have been pro-
posed as store-operated channels (SOCs) and only re-
cently they have been gathered together in a well-estab-
lished family [3].

The first described store-operated current is ICRAC, a
current with a very low Ca2+ conductance (10–20 fS) and
a Ca2+ selectivity comparable to that of the voltage-oper-
ated-Ca2+ channels [10, 11, 28]. In lymphoma and mast
cells this current has been thoroughly characterized in
terms of its electrophysiological properties and mecha-
nisms of regulation [10–12, 18, 28–30]. However, its
precise mechanism of activation remains elusive [1–3,
6].

In endothelial cells (ECs) different types of depletion-
activated currents have been reported ([4, 8, 9, 13, 14,
22, 23] for a review see [16]), but none of them has been
unambiguously identified as ICRAC. Furthermore, because
of a lower Ca2+ selectivity over monovalents and a high-
er Ca2+ conductance, these channels more closely resem-
ble those linked to the products of the transient receptor

Cristina Fasolato (✉)
Dipartimento di Scienze Biomediche Sperimentali,
CNR Centro di Studio delle Biomembrane, Università di Padova,
Via G. Colombo 3, I-35121 Padua, Italy

B. Nilius
Katholieke Universiteit Leuven, Laboratorium voor Fysiologie,
Campus Gasthuisberg, B-3000 Leuven, Belgium&/fn-block:

Pflügers Arch – Eur J Physiol (1998) 436:69–74 © Springer-Verlag 1998

O R I G I N A L  A RT I C L E

&roles:Cristina Fasolato · Bernd Nilius

Store depletion triggers the calcium release-activated calcium current
(ICRAC) in macrovascular endothelial cells: a comparison with Jurkat
and embryonic kidney cell lines

&misc:Received: 12 November 1997 / Received after revision: 11 February 1998 / Accepted: 12 February 1998



potential (trp) and the transient receptor potential-like
(trpl) genes, originally identified in Drosophila [1–3].
trp is considered a prototype gene for SOCs and proteins
homologous to Trp have been found in different organ-
isms ranging from worms to humans [1–3]. Trp-depen-
dent conductances with different Ca2+ selectivities can be
activated by Ca2+ release from internal stores, following
expression in Xenopusoocytes, Sf9, COS, CHO and
HEK cells [1–3, 19, 24, 26, 27]. Except for Xenopusoo-
cytes, in which an endogenous ISOCwith a high degree of
similarity to ICRAC has been demonstrated [25], very little
is known about the endogenous currents that are activat-
ed by empty stores in the other cell models.

Given that Ca2+ signalling in vascular endothelial
cells (ECs) plays a pivotal role in many different pro-
cesses, ranging from blood clotting, angiogenesis and the
immune response, to control of vessel permeability and
tone, it is important to establish, first, what types of Ca2+

channels are present in the plasma membrane of ECs
and, second, how a particular channel is selectively re-
cruited in response to a defined stimulus [16]. The aim
of the present study was to verify if a CRAC-like con-
ductance is present in vascular ECs. Therefore, the store-
operated Ca2+ current was studied in the bovine pulmo-
nary artery endothelial cells, CPAE, and, for comparison,
in two other cell lines: the Jurkat cells, as a “positive”
control for ICRAC [28] and the embryonic kidney cells,
HEK-293, as a hypothetical “negative” control, given
that this cell line is largely employed in transfection
studies, aimed at unravelling the molecular structure of
SOCs [2, 19, 24].

Materials and methods

Cell culture

Bovine pulmonary artery endothelial cells CPAE (ATCC CCL
209) and embryonic kidney cells HEK-293 were grown in DMEM
containing 10% human serum, 2 mM L-glutamine, 2 U/ml penicil-
lin and 2 mg/ml streptomycin at 37oC in a humidity-controlled in-
cubator with 10% CO2. Jurkat cells were grown in RPMI 1640
containing 10% human serum, 20 mM 4-(2-hydroxyethyl)-1-pi-
perazineethanesulphonic acid (HEPES), 5 mM NaHCO3, 2 mM L-
glutamine, 2 U/ml penicillin and 2 mg/ml streptomycin at 37oC in
a humidity-controlled incubator with 5% CO2.

For experiments CPAE and HEK cells were detached by expo-
sure to 0.05% trypsin in Ca2+- and Mg2+-free phosphate-buffered
solution, reseeded on gelatin-coated coverslips and used within
36–48 h. Jurkat cells (about 105) in complete culture medium
were briefly centrifuged, resuspended in the standard recording
medium and left to adhere to the coverslip before starting perfu-
sion.

Patch-clamp experiments

The whole-cell configuration of the patch-clamp technique was
used to study single cells under voltage-clamp. Currents were
monitored with an EPC-7 (List-Elektronic) patch-clamp amplifier
and sampled at 10 kHz (1024 points per record, filtered at 1 kHz).
Voltage ramps of 50 ms duration, from –120 to +40 mV (for Jur-
kat cells, to avoid activation of outward currents) or from –100 to
+100 mV (for CPAE and HEK cells), were delivered every 2 s

from a holding potential of 0 mV. Cell surface area was estimated
from the cell capacitance, as indicated by the analog compensation
circuit of the EPC-7 amplifier. Experiments were carried out at
room temperature (20–23oC).

Solutions

During current recordings cells were constantly perfused via a
multichannel pipette, allowing rapid exchange of bath solutions.
The standard extracellular solution was a modified Krebs medium
containing (mM): 150 NaCl, 6 CsCl, 20 CaCl2, 50 mannitol, 10
glucose, 10 HEPES, pH 7.4 with NaOH. When CaCl2 was omitted
(Ca2+-free solutions) hypertonicity was maintained by increasing
the mannitol concentration to 100 mM. The osmolality of these
solutions, as measured with a vapour osmometer (Wescor 5500,
Schlag, Gladbach, Germany) was 390±5 mosmol kg–1. The stan-
dard pipette solution contained (mM): 145 glutamic acid, 8 NaCl,
2 MgCl2, 10 HEPES, pH 7.2 with CsOH. 0.5 Na2ATP and 12 1,2-
bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid, Cs salt
(CsBAPTA) were added freshly every day from 100 mM stock
buffered solutions. When required the [Ca2+]i was buffered be-
tween 50 and 100 nM with Ca2+-free and Ca2+-saturated CsBA-
PTA (10 mM final concentration).

Results

To understand if endothelial and embryonic kidney cells
are endowed with the same type of current originally de-
scribed in mast and Jurkat cells, conditions were chosen
to simulate as closely as possible those employed with
those cell models.

The driving force for Ca2+ was magnified by using an
external Ca2+ concentration of 20 mM, known to produce
maximal Ca2+ currents [11]. Outward K+ currents were
blocked by internal Cs+, whereas a possible contamina-
tion by inward rectifying K+ channels was excluded by
substituting external K+ with Cs+. Because of the well-
known inhibition of ICRAC by Ca2+ entry [10, 11], incom-
ing Ca2+ was highly buffered with 12 mM BAPTA. Mast
and Jurkat cells are small and round shaped, with an av-
erage diameter of between 5 and 10 µm. In these cells,
access to the internal “milieu” can be reached rather
quickly, following patch rupture. A good access to the
cell is required to obtain a substantially high amount of
Ca2+ buffer during current activation. HEK cells, and
ECs in particular, are large and flat. Cells were therefore
used within 36–48 h from plating, and small, isolated
cells were chosen. Small, nonconfluent ECs have a high-
er imput resistance compared to large confluent cells
[16], a condition that favours the detection of small cur-
rents, such as ICRAC.

It has recently been shown that CPAE cells possess a
volume-sensitive anion conductance, active under isoton-
ic conditions [15]. The current is blocked by cell shrink-
age; therefore, to avoid any contribution from this type
of current, mannitol was routinely included in the exter-
nal solution (see Materials and methods and [15]).

As shown in Fig. 1 (left panels), when the above-
mentioned conditions were employed, a small inward
current similarly developed in Jurkat (top panel) and
CPAE (middle panel) cells clamped at 0 mV holding po-
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tential. Inositol 1,4,5-trisphosphate (InsP3,1 µM) was in-
cluded in the patch pipette to obtain faster activation of
the current. The presence of the buffer itself was indeed
sufficient to activate the current, albeit with variable de-
lays (data not shown).

The bottom panel of Fig. 1 (left) shows the activation
of ICRAC in HEK-293 cells, triggered by puffing ionomy-
cin, a Ca2+ ionophore, close to the cell. To avoid sponta-
neous activation of the current, before ionomycin appli-
cation, [Ca2+]i was buffered at about 50–100 nM, in the
presence of a high concentration of the Ca2+ chelator
BAPTA (see Materials and methods). This protocol has
been previously shown to prevent passive store depletion
in rat basophilic leukaemia cells, and was effective also
in HEK cells, as long as ionomycin was applied within
5 min.

The corresponding right panels of Fig. 1 show fast
current/voltage (I/V) relationships, 50 ms long, recorded
at 0.5 Hz while holding the cells at 0 mV. The two trac-
es, shown in each panel, correspond to subtracted ramps
obtained at the current peak (a), and during recovery
from a short application of 10 µM La3+ (b). In this figure,
a few ramps, recorded during La3+ application, were
used for background subtraction. In previous studies,
background ramps were routinely chosen before current
development. When the two procedures are compared,
currents obtained with the background in La3+ are re-

duced slightly in size, likely due to the fact that at this
concentration La3+ can be easily washed away but does
not cause a full block, and have a slightly less positive
reversal potential, maybe due to a concomitant blockage
of a small contaminating leak current. For ECs this latter
procedure is, however, much more reliable since tran-
sient leak currents often accompany patch rupture, and
initial ramps are frequently useless. Nonetheless the sub-
tracted ramps, shown in Fig. 1, still reverse at high posi-
tive potentials (>40 mV). Both procedures were routine-
ly employed.

I/V relationships, similar to those shown in Fig. 1,
were obtained by perfusion with 2,5-di(tert-butyl)-1,4-
benzohydroquinone (tBHQ) (50 µM), an inhibitor of
sarco-endoplasmic reticulum Ca2+ ATPases (SERCAs).
When tBHQ was perfused from the beginning of the cell
recording, the current reached its maximum within
3–5 min (not shown, but see also Fig. 3A).

Figure 2 compares the average current densities for
the three cell types, measured at two different potentials,
0 and –80 mV, from I/V relationships obtained as de-
scribed in Fig. 1. Compared to Jurkat cells, the current
density at 0 mV is about 15% in CPAE cells
(–0.10±0.04 pA/pF, mean±SEM, n=11), and 30% in
HEK-293 cells (–0.18±0.03 pA/pF, mean±SEM, n=8)&fnn.1:1.

With a mean cell size of 36.4±1.9 and 19.3±2.6 pF,
for CPAE and HEK cells respectively, a total current of
–3.4 to –3.6 pA could be measured at 0 mV holding po-
tential. Similarly, in Jurkat cells, a total current of about
–5 pA was measurable with an average cell size of
8.4±1.1 pF (n=10).

In addition to high Ca2+ selectivity, inward rectifica-
tion and high sensitivity to La3+, another property of
ICRAC is its peculiar permeability to monovalent cations.
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1 For CPAE cells, currents activated by a low dose of InsP3 or by
perfusion with tBHQ were pooled together since maximal current
activation was reached within a few minutes from cell recording
and no substantial difference was observed between the two proce-
dures. For HEK cells, currents obtained with a low dose of InsP3,
or ionomycin added within 50–100 s from cell recording, were
also pooled together. The corresponding values were in fact
0.9±0.4 and 1.0±0.4 pA/pF at –80 mV, for InsP3- and ionomycin-
activated currents respectively&/fn:

Fig. 1 Activation of Ca2+-release-activated Ca2+ current (ICRAC) in
Jurkat, CPAE and HEK-293 cells. Left panels: time course of
ICRAC activation at 0 mV holding potential for the three different
cell types. Cells were continuously perfused with the external
standard solution containing 20 mM CaCl2. Where indicated (hor-
izontal bar) 10 µM LaCl3 was applied with the same external solu-
tion. Jurkat cells (top panel) and CPAE cells (middle panel) were
dialysed with the standard internal solution containing 12 mM
BAPTA and 1 µM inositol 1,4,5-trisphosphate (InsP3). HEK-293
cells (bottom panel) were dialysed with the standard internal solu-
tion containing 10 mM BAPTA, buffered with CaCl2 to reach a fi-
nal concentration of 50–100 nM. Current was triggered by puff ap-
plication (arrow) of 1 µM ionomycin close to the cell. Calibration
bars: 10 pA and 1 min. Right panels: the subtracted I/V relation-
ships, obtained as described in Materials and methods, are shown
at the peak current (a) and after recovery from perfusion with
10 µM La3+ (b) &/fig.c:

Fig. 2 Average current density in Jurkat, CPAE and HEK-293
cells. Cells were voltage-clamped at 0 mV holding potential. ICRAC
was activated as shown in Fig. 1 or by application of 50 µM 2,5-
di(tert-butyl)-1,4-benzohydroquinone (tBHQ). Current values
were measured at 0 and –80 mV from the instantaneous I/V rela-
tionships, obtained at the peak current as shown in Fig. 1 (right
panels), and were normalized to the cell capacitance&/fig.c:



The phenomenon has been thoroughly investigated by
Lepple-Wienhues and Cahalan [12].

In media containing millimolar amounts of Mg2+,
ICRAC is practically impermeant to monovalent cations.
In the virtual absence of divalent cations, large linear
currents are instantaneously recorded when the medium
is exchanged from a high-Ca2+ to a divalent-free medium
containing ethylenebis(oxonitrilo)tetraacetate (EGTA)
[11, 12]. However, in the absence of Mg2+ when the ex-
ternal Ca2+ concentration is reduced to micromolar lev-
els, ICRAC transiently decreases and then increases to
reach a much larger peak, which is followed by a slow
deactivation [12]. CPAE cells were challenged either
from the beginning of the cell recording with an isotonic,
divalent-free solution (contaminant, micromolar Ca2+)

containing 50 µM tBHQ (Fig. 3A), or with the divalent-
free solution after full development of the current in-
duced by InsP3 (1 µM) in the high-Ca2+ medium
(Fig. 3B). In this latter panel, the La3+-sensitive current,
which was maximally activated in the high-Ca2+ medi-
um, was transiently reduced by the initial decrease in
[Ca2+]o, when switching to a divalent-free solution, and
was then followed by Na+ permeation, as soon as diva-
lent-free conditions were attained. The bottom panels of
Fig. 3 show the I/V relationships in high-Ca2+ (C) and
Ca2+-free (D) medium obtained from the current trace
shown in panel B. The current recorded in the absence of
divalent ions becomes larger after full depletion of the
stores, is blocked by micromolar La3+ concentrations,
has a positive reversal potential and is inwardly rectify-
ing (Fig. 3D). On average, currents in Na+ reversed at
30±7 mV (n=5, mean±SEM). When the peak current in
Na+ is compared to the maximal current in Ca2+, a ratio
of 7.9±2.1 is estimated for currents recorded at 0 mV
holding potential. Similar results have been obtained in
studies of HEK-293 cells (data not shown). On average,
in these cells, the Na+ current reversed at 16±3 mV and
the Na+/Ca2+ ratio for currents measured at 0 mV was
6.1±1.6 (n=4).

Discussion

The main finding of this study is the detection of an
ICRAC-like conductance in the vascular endothelium cell
line CPAE and in the embryonic kidney cell line HEK-
293, using conditions similar to those previously em-
ployed in studies of mast and lymphoma cells [10–12,
18, 28–30]. The smaller current density, respectively 15
and 30% of that in Jurkat cells, is consistent with modest
(if compared to these latter cells) Ca2+ influx and Ca2+

“plateaus”, recorded upon full depletion of Ca2+ stores
by SERCA inhibitors [6, 8]. It remains to be established
whether a lower current density reflects a reduced num-
ber of channels, or a cell-specific channel modulation.
However, a likely underestimation of the current density,
mainly due to the background subtraction in La3+ and/or
to the slow activating procedures, cannot be excluded.
On the other hand, a larger surface to volume ratio, char-
acteristic of ECs, may be also responsible for the re-
duced channel density. It is worth mentioning that clones
of Jurkat cells, with normal store content but a reduced
rate of refilling, have been shown to express 10–30% of
the current expressed in the parental cell line [5]. The
large surface to volume ratio of ECs is also believed to
be responsible for the slightly different shape of the I/V
curve shown in Fig. 1 (middle panel), which is mainly
due to suboptimal compensation of the capacitative tran-
sients.

The inward rectification, the highly positive reversal
potential, and the high sensitivity to La3+ point to a high-
ly selective Ca2+ current, similar to ICRAC. Moreover, at
0 mV holding potential, currents carried by Ba2+

(10 mM) were undetectable (not shown), consistent with
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Fig. 3A–D Na+ current following store depletion in CPAE cells.
CPAE cells were voltage-clamped as described in Fig. 1 (middle
panels). During current recordings cells were constantly perfused
via a multichannel pipette, allowing rapid exchange of bath solu-
tions. A The internal solution contained 12 mM BAPTA, in the ab-
sence of InsP3. The cell was initially perfused with a divalent-free
solution containing 50 µM tBHQ. The bath solution was then al-
ternately switched from the standard high-Ca2+-containing solu-
tion (20 mM CaCl2) to the divalent-free solution (indicated as “0
Ca”). Currents were blocked by 1 µM La3+ added to either the
standard, or the divalent-free bath solution. B The internal solution
contained 12 mM BAPTA, in the presence of 1 µM InsP3. Other
conditions as in panelA. C I/V relationship in high-Ca2+ medium,
obtained by subtracting ramps recorded before current activation
(a), from ramps recorded at the peak Ca2+ current (b), as shown in
panel B. D I/V relationship with the preparation bathed in diva-
lent-free medium, obtained by subtracting ramps recorded in the
same medium containing La3+ (d) from ramps at the peak Na+ cur-
rent (c) as shown in panelB. The trace is representative of 5 simi-
lar experiments&/fig.c:



the highest permeability of ICRAC being for Ca2+ ions,
and the fact that Ba2+ is a poor substitute for Ca2+. On
the other hand, a procedure which allows the larger Na+

current typical of ICRAC [12] to be revealed helps to un-
mask the low level of expression of this type of current
in CPAE and HEK cells, and therefore is a powerful tool
with which to detect this current type in cell systems
from which it was originally excluded.

There are numerous implications of these findings.
They will be briefly summarized here. First, these data
confirm that ICRAC is a common pathway for Ca2+ entry
that is triggered simply by depletion of intracellular
Ca2+ stores, and is shared by many eukaryotic cells.
Apart from rat mast cells and human lymphoma cells, in
which ICRAC was originally described [10, 28], ICRAC-
like currents have also been detected with a similar pro-
cedure in hepatocytes, fibroblasts, thyrocytes, HL-60
cells, pancreatic acinar cells and Xenopusoocytes [6,
25]. Second, the use of HEK-293 cells, as a “negative”
control, was surprisingly misleading, since in this cell
type, a current with properties similar to ICRAC is also
measurable under the conditions employed in the study
of Jurkat and CPAE cells. Indeed, this finding extends
the minor observation, frequently reported in transfec-
tion studies, that the current induced by overexpression
of trp/trpl genes never resembles the small endogenous
current activated by store depletion [2, 19]. The pres-
ence of a ICRAC-like current in HEK cells must be taken
into consideration, since assembly of exogenous pro-
teins with endogenous CRAC components may not be
excluded a priori, and may be able to modify the overall
current properties. Moreover, some components of the
Trp/Trpl family are Ca2+-activated channels [27] that
can be triggered following previous activation of an en-
dogenous ICRAC current. Finally, these findings are par-
ticularly relevant to ECs, in which the presence of ICRAC
has been widely debated [16]. These data, in fact, con-
firm theoretical calculations based on the rate of Ca2+

influx induced by store depletion, at varying driving
forces, under unbuffered intracellular conditions. Ac-
cordingly, in perforated, voltage-clamped ECs, a current
density of about –0.01 pA/pF at –80 mV has been calcu-
lated from reconstructed I/V relationships, which show
typical inward rectification and a positive reversal po-
tential [17]. Such a type of reconstruction is consistent
with the present findings, since a reduction in current
size of at least one order of magnitude is expected under
unbuffered conditions.

However, many questions remain to be answered. In
vascular ECs different Ca2+ conductances have been de-
scribed to occur following agonist stimulation [4, 8,
13–17, 22, 23]. Given that Ca2+ fluxes play a pivotal role
in most of the EC’s functions [16], it will be interesting
to find out which channel type contributes most to store
refilling upon different depletion protocols or stimuli.
Moreover, the detection of an ICRAC-like current reported
here concerns small, non-confluent ECs, and it remains
to be established whether a similar current is expressed
at higher or lower levels in confluent ECs as well.

Unfortunately, as yet, no specific drug is available to
block ICRAC. On the other hand, it has been clearly dem-
onstrated that different K+ and Cl– channel inhibitors are
also effective blockers of ICRAC and capacitative Ca2+ en-
try [7, 9]. Therefore, the specific contribution of this in-
flux pathway must be carefully considered to fully un-
derstand the physiological and pathological aspects of
the vascular tissue.
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