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Abstract In endothelial cells, different types of €a |gtroduction

conductances have been described, but none of them has

been clearly identified dg.zac, the C&8* release-activat- The free intracellular Gaconcentration ([C&];) plays a

ed C&* current originally described in mast and lymphggrimary role in the control of cell life and death. At rest,
ma cells. Here we show that in bovine pulmonary artehe average [Cd); is kept very low (100-200 nM) by
endothelial cells (CPAE) depletion of intracellular?€ameans of active uptake mechanisms inside the internal
stores by inositol 1,4,5-trisphosphate Rg)s C&* iono- stores and extrusion processes across the plasma mem-
phores and CGa pump inhibitors activates a &aselec- brane. Complex patterns of cytosolic 2€apikes and

tive conductance in the presence of thé*Chelator 1,2- waves are generated by tight control o#Galease from
bis(2-aminophenoxy)etharMéN,N',N'-tetraacetic  acid internal stores and €ainflux across the plasma mem-
(BAPTA). The current shows inward rectification, &rane [20]. Different signalling molecules are known to
highly positive reversal potential and is blocked by mgelectively activate conductances that are permeable to
cromolar concentrations of Ba The conditions used inCa* ions. These Cd pathways, activated by the agonist
studies of endothelial cells were also employed in thadieectly or through the production of second messengers,
of HEK-293, an embryonic kidney cell line commonlare variably distributed among different cell types and
used to express putative store-operated channels, @gglies [6]. However, the type of €a&ntry pathway that
Jurkat cells, the reference cell model. Similar to CPAE, triggered by empty stores is shared by a much larger
HEK cells also have ah.gac-like current. At 0 mV number of eukaryotic cells, probably because the re-
holding potential the estimated current density is —Qqlirement of filled stores is mandatory for cell survival.
and —0.2 pA/pF in CPAE and HEK cells respectively, i.8ince the time that this phenomenon was originally de-
15 and 30% of that measured in Jurkat cells. As shosgribed and named “capacitative 2€anflux” [21], a

in studies of Jurkat cells, larger Neurrents are detect-growing number of G& conductances have been pro-
able in CPAE and HEK cells following store depletion iposed as store-operated channels (SOCs) and only re-
Ca&*- and Mg@*free medium. The current carried by*Nacently they have been gathered together in a well-estab-
ions is similarly blocked by micromolar £q is inward- lished family [3].

ly rectifying and has a positive reversal potential. The first described store-operated currenk:j$,c. a
current with a very low Ca conductance (10-20 fS) and
Key words Calcium influx - CPAE cells - a C&* selectivity comparable to that of the voltage-oper-
Calcium-release activated (CRAC) current - Endotheliunated-C&+ channels [10, 11, 28]. In lymphoma and mast
HEK-293 - Jurkat - Patch-clamp - Store-operated cells this current has been thoroughly characterized in
channels (SOC) 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]
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potential {rp) and the transient receptor potential-likom a holding potential of 0 mV. Cell surface area was estimated

(trpl) genes, originally identified iDrosophila [1-3]. from the cell capacitance, as indicated by the analog compensation

trp is considered a prototype gene for SOCs and protej ”'ttg;g'gfaﬁfec éoiﬁg‘gf;"“e“ Experiments were carried out at

homologous to Trp have been found in different organ- '

isms ranging from worms to humans [1-3]. Trp-depen-

dent conductances with different&aelectivities can be Solutions

activated by C# release from internal stores, followin . . .
- . uring current recordings cells were constantly perfused via a

expression inXenopusoocytes, Sf9, COS, CHO an(%lultichannel pipette, allowing rapid exchange of bath solutions.

HEK cells [1-3, 19, 24, 26, 27]. Except f8enopusno- The standard extracellular solution was a modified Krebs medium

cytes, in which an endogenoldg,- with a high degree of containing (mM): 150 NaCl, 6 CsCl, 20 CgC50 mannitol, 10

similarity tol.gac has been demonstrated [25], very littlglucose, 10 HEPES, pH 7.4 with NaOH. When Gats omitted

. . +free solutions) hypertonicity was maintained by increasing
is known about the endogenous currents that are acti “mannitol concentration to 100 mM. The osmolality of these

ed by empty stores in the other cell models. _ solutions, as measured with a vapour osmometer (Wescor 5500,
Given that C& signalling in vascular endothelialSchlag, Gladbach, Germany) was 390+5 mosmot.Kbhe stan-

cells (ECS) plays a pivotal role in many different pr(ﬂ.ard pipette solution contained (mM) 145 glutamic acid, 8 NacCl,

: - : : gCl,, 10 HEPES, pH 7.2 with CsOH. 0.5 MdP and 12 1,2-
cesses, ranging from blood clotting, angiogenesis and -aminophenoxy)ethartéN,N', N -tetraacetic acid, Cs salt

immune response, to control of vessel permeability BAPTA) were added freshly every day from 100 mM stock
tone, it is important to establish, first, what types of*Cabuffered solutions. When required the fawas buffered be-

channels are present in the plasma membrane of Egen 50 and 100 nM with €afree and Cer-saturated CsBA-
and, second, how a particular channel is selectively Fa# (10 mM final concentration).

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 stResults

operated C& current was studied in the bovine pulmo-

nary artery endothelial cells, CPAE, and, for comparisofg understand if endothelial and embryonic kidney cells
in two other cell lines: the Jurkat cells, as a “positiveire endowed with the same type of current originally de-
control for Icgac [28] and the embryonic kidney cellsscribed in mast and Jurkat cells, conditions were chosen
HEK-293, as a hypothetical “negative” control, giveto simulate as closely as possible those employed with
that this cell line is largely employed in transfectiothose cell models.

studies, aimed at unravelling the molecular structure of The driving force for C& was magnified by using an
SOCs [2, 19, 24]. external C& concentration of 20 mM, known to produce
maximal C&* currents [11]. Outward Kcurrents were
blocked by internal Cs whereas a possible contamina-

Materials and methods tion by inward rectifying K channels was excluded by
substituting external Kwith Cs". Because of the well-
Cell culture known inhibition ofl ;gac by C&* entry [10, 11], incom-

Bovine pulmonary artery endothelial cells CPAE (ATCC CC .
209) and embryonic kidney cells HEK-293 were grown in DME nd Jurkat cells are small and round shaped, with an av-

containing 10% human serum, 2 mMylutamine, 2 U/ml penicil- €rage diameter of between 5 and 10 um. In these cells,
lin and 2 mg/ml streptomycin at 8Z in a humidity-controlled in- access to the internal “milieu” can be reached rather
cubator with 10%1] CQ Jurkat cells were QEOV\IT oiln RP'\I/'q' |§640quickly, following patch rupture. A good access to the
containing 10% human serum, 20 mM 4-(2-hydroxyethyl)-1-pi . : ; ; : :
perazineethanesulphonic acid (HEPES), 5 mM Nak/@anM (- bell+|s required to obtain a sub_sta_ntlally high amount of
glutamine, 2 U/ml penicillin and 2 mg/mi streptomycin ae@in C@* buffer during current activation. HEK cells, and
a humidity-controlled incubator with 5% GO ECs in particular, are large and flat. Cells were therefore
For experiments CPAE and HEK cells were detached by expsed within 36—48 h from plating, and small, isolated

sure 0 0.05% trypsin in €& and Mg*-free phosphate-buffered co||5 ere chosen. Small, nonconfluent ECs have a high-
solution, reseeded on gelatin-coated coverslips and used W|t(l;1|n !

36-48 h. Jurkat cells (about 30in complete culture medium €/ _IMput resistance compared to large confluent cells
were briefly centrifuged, resuspended in the standard recordid§], a condition that favours the detection of small cur-
rr]edium and left to adhere to the coverslip before starting perfents, such al%RAc,

sion. 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
The whole-cell configuration of the patch-clamp technique w&§ current, mannitol was routinely included in the exter-
used to study single cells under voltage-clamp. Currents weral solution (see Materials and methods and [15]).
monitored with an EPC-7 (List-Elektronic) patch-clamp amplifier -As shown in Fig. 1 (left panels), when the above-

and sampled at 10 kHz (1024 points per record, filtered at 1 kH : . .
Voltage ramps of 50 ms duration, from —120 to +40 mV (for Ju rentioned conditions were employed, a small inward

kat cells, to avoid activation of outward currents) or from —100 glrrent similarly developed in Jurkat (top panel) and
+100 mV (for CPAE and HEK cells), were delivered every 2 GPAE (middle panel) cells clamped at 0 mV holding po-

’\g]g Ca&* was highly buffered with 12 mM BAPTA. Mast

Patch-clamp experiments
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Fig. 2 Average current density in Jurkat, CPAE and HEK-293
cells. Cells were voltage-clamped at 0 mV holding potenitialc
was activated as shown in Fig. 1 or by application of 50 uM 2,5-
t a b di(tert-butyl)-1,4-benzohydroquinone tBHQ). Current values
L were measured at 0 and —80 mV from the instantanBvugla-
N HEK-203 40l : tionships, obtained at the peak current as shown in Figght (
-80 -40 o mv 40 paneld, and were normalized to the cell capacit:nce

Fig. 1 Activation of C&*release-activated @acurrent (cgad in . . . . .
Jurkat, CPAE and HEK-293 celldeft panels time course of duced slightly in size, likely due to the fact that at this
lcrac activation at 0 mV holding potential for the three differentoncentration L& can be easily washed away but does
g?alllncti)é?gss:ofﬁlcl)?w were. g%’ét'ggonz‘ﬂycp‘g;/“hsg‘é Vr‘]’(';r(‘: ;g%@’r‘te”}%t cause a full block, and have a slightly less positive
ut ni ndai - . .

izontal ba) 10 pM LaC} was applied wi?h the same external solu[eversal pOtent'aI’_ ma_ybe due to a concomitant b_Iockage
tion. Jurkat cellstop pane) and CPAE cellsriddle panel were Of @ small contaminating leak current. For ECs this latter
dialysed with the standard internal solution containing 12 mprocedure is, however, much more reliable since tran-

O T, Aol L4 Usphesphatedt), X 299 st eak curtent often accompany patch rupture, and
tion containing 10 mM BAPTA, buffered with Cagib reach a fi- Ynitial ramps are frequently useless. Nonetheless the sub-

nal concentration of 50-100 nM. Current was triggered by puff dﬁaCtEd ramps, shown in Fig. 1, still reverse at high posi-
plication @rrow) of 1 uM ionomycin close to the cellalibration tive potentials (>40 mV). Both procedures were routine-
bars 10 pA and 1 minRight panelsthe subtracted/V relation- ly employed.

ships, obtained as described in Materials and methods, are showrp/V relationships, similar to those shown in Fig. 1

% ﬂqﬁ faegf‘l((b)c urrenta) and after recovery from perfusion W'thwere obtained by perfusion with 2,54it-butyl)-1,4-

benzohydroquinone (tBHQ) (50 pM), an inhibitor of
sarco-endoplasmic reticulum €aATPases (SERCAS).

tential. Inositol 1,4,5-trisphosphate (Mgl uM) was in- When tBHQ was perfused from the beginning of the cell
cluded in the patch pipette to obtain faster activation f§cording, the current reached its maximum within
the current. The presence of the buffer itself was inde&dP min (not shown, but see also Fig. 3A). -
sufficient to activate the current, albeit with variable de- Figure 2 compares the average current densities for
lays (data not shown). the three cell types, measured at two different potentials,

The bottom panel of Fig. 1 (left) shows the activatidh and —80 mV, fromi/V relationships obtained as de-
of Icrac in HEK-293 cells, triggered by puffing ionomy-scribed in Fig. 1. Compared to Jurkat cells, the current
cin, a Ca* ionophore, close to the cell. To avoid spontglensity at 0 mV is about 15% in CPAE cells
neous activation of the current, before ionomycin app(i=0.10+0.04 pA/pF, mean+SEMp=11), and 30% in
cation, [C&*]; was buffered at about 50-100 nM, in thelEK-293 cells (-0.18+0.03 pA/pF, mean+SEM8).
presence of a high concentration of the2‘Cehelator ~ With a mean cell size of 36.4+1.9 and 19.3+2.6 pF,
BAPTA (see Materials and methods). This protocol hif CPAE and HEK cells respectively, a total current of
been previously shown to prevent passive store depletigh4 to —3.6 pA could be measured at 0 mV holding po-
in rat basophilic leukaemia cells, and was effective aftial. Similarly, in Jurkat cells, a total current of about
in HEK cells, as long as ionomycin was applied withinfo> PA was measurable with an average cell size of
5 min. 8.4+1.1 pF (1:10).

The corresponding right panels of Fig. 1 show fast In addition to high C& selectivity, inward rectifica-
current/voltage I(V) relationships, 50 ms long, recordedon and high sensitivity to 134, another property of
at 0.5 Hz while holding the cells at 0 mV. The two traderac iS its peculiar permeability to monovalent cations.
es, shown in each panel, correspond to subtracted ral .
obtained at the current peak (), and during recovey Gor e eohs, TENS achted by 3 jow dose Bl by
from a short application of 10 uM Ba(b). In this figure, activation was reached within a few minutes from cell recording
a few ramps, recorded during ¥aapplication, were and no substantial difference was observed between the two proce-
used for background subtraction. In previous studi€gres. For HEK cells, currents obtained with a low dose d¥;ins

; ‘ionomycin added within 50-100 s from cell recording, were
background ramps were routinely chosen before Currg E pooled together. The corresponding values were in fact

development. When the two procedures are comparg@g+0.4 and 1.0+0.4 pA/pF at —80 mV, for Pys and ionomycin-
currents obtained with the background in3tare re- activated currents respectivily
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A -_ soumBHQ containing 50 uM tBHQ (Fig. 3A), or with the divalent-

0Ca free solution after full development of the current in-

— VT a 1uMLa duced by InB; (1 pM) in the high-C& medium
(Fig. 3B). In this latter panel, the #asensitive current,
which was maximally activated in the highZ&anedi-

s um, was transiently reduced by the initial decrease in
H [Ca*],, when switching to a divalent-free solution, and
o . .
Ay was then followed by Napermeation, as soon as diva-

lent-free conditions were attained. The bottom panels of
Fig. 3 show thd/V relationships in high-CGa (C) and
Ca*-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 3*taconcentrations,
has a positive reversal potential and is inwardly rectify-
ing (Fig. 3D). On average, currents in ‘Naversed at
30+£7 mV (=5, mean+SEM). When the peak current in
C pA D pA Na* is compared to the maximal current in2€aa ratio

o _~~ of 7.9+2.1 is estimated for currents recorded at 0 mV
80 40 | o0 s 40 |40 80 holding potential. Similar results have been obtained in
mvV mv studies of HEK-293 cells (data not shown). On average,
in these cells, the Nacurrent reversed at 16x3 mV and
the Na&/Ca* ratio for currents measured at 0 mV was
b-a 6.1+1.6 (=4).

204 cd 80

Fig. 3A-D Na* current following store depletion in CPAE cellsDiscussion

CPAE cells were voltage-clamped as described in Fignitidle
anel9. During current recordings cells were constantly perfus T . : :

\F;ia a?nultichagnnel pipette, aIIov%/Jing rapid exchange of bgth soﬁﬂ]e main finding of th!s study is the detectlorj of an

tions.A The internal solution contained 12 mM BAPTA, in the ablcraclike conductance in the vascular endothelium cell

sence of InB;. The cell was initially perfused with a divalent-fredine CPAE and in the embryonic kidney cell line HEK-

solution containing 50 UM tBHQ. The bath solution was then 893 using conditions similar to those previously em-

ternately switched from the standard high#Eeontaining solu- ; ; _
tion (20 mM CaC)) to the divalent-free solution (indicated & “ ployed in studies of mast and lymphoma cells [10-12,

Ca’). Currents were blocked by 1 pM ¥aadded to either the 18, 28-30]. The smaller current density, respectively 15
standard, or the divalent-free bath solutiBrThe internal solution and 30% of that in Jurkat cells, is consistent with modest
contained 12 mM BAPTA, in the presence of 1 uMRpsOther (if compared to these latter cells) anflux and Ca&*
conditions as irpanelA. C I/V relationship in high-Get medium,  «y1atequs”; recorded upon full depletion of Eatores
obtained by subtracting ramps recorded before current actl_vatbn O . ;
(a), from ramps recorded at the peakQzurrent ), as shown in PY SERCA inhibitors [6, 8]. It remains to be established
panel B. D I/V relationship with the preparation bathed in divawhether a lower current density reflects a reduced num-
lent-free medium, obtained by subtracting ramps recorded in ther of channels, or a cell-specific channel modulation.
same medium Cof‘ta'“'”lg E*a(ﬁ) from ramps at the peak "}‘aur'. However, a likely underestimation of the current density,
{:Féﬁ%;?jgﬁfn IpanelB. The trace Is representative of S siMizy 4inly due to the background subtraction i*Land/or

to the slow activating procedures, cannot be excluded.

On the other hand, a larger surface to volume ratio, char-
The phenomenon has been thoroughly investigated dayeristic of ECs, may be also responsible for the re-
Lepple-Wienhues and Cahalan [12]. duced channel density. It is worth mentioning that clones

In media containing millimolar amounts of Kty of Jurkat cells, with normal store content but a reduced

lcrac IS practically impermeant to monovalent cationsate of refilling, have been shown to express 10-30% of
In the virtual absence of divalent cations, large linetire current expressed in the parental cell line [5]. The
currents are instantaneously recorded when the mediange surface to volume ratio of ECs is also believed to
is exchanged from a high-&&o a divalent-free medium be responsible for the slightly different shape of lifve
containing ethylenebis(oxonitrilo)tetraacetate (EGTAurve shown in Fig. 1 (middle panel), which is mainly
[11, 12]. However, in the absence of Mavhen the ex- due to suboptimal compensation of the capacitative tran-
ternal C&* concentration is reduced to micromolar lewsients.
els, Icrac transiently decreases and then increases toThe inward rectification, the highly positive reversal
reach a much larger peak, which is followed by a slgwtential, and the high sensitivity to3goint to a high-
deactivation [12]. CPAE cells were challenged eithsr selective Cé& current, similar tdrac. Moreover, at
from the beginning of the cell recording with an isotoni®, mV holding potential, currents carried by 2Ba
divalent-free solution (contaminant, micromolar2€a (10 mM) were undetectable (not shown), consistent with
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the highest permeability df-gzac being for C&* ions, Unfortunately, as yet, no specific drug is available to
and the fact that Bais a poor substitute for @a On block |-gac. On the other hand, it has been clearly dem-
the other hand, a procedure which allows the larger Nanstrated that differentKand Ct channel inhibitors are
current typical ofl .gac [12] to be revealed helps to unalso effective blockers dfgac and capacitative Gaen-
mask the low level of expression of this type of curretiy [7, 9]. Therefore, the specific contribution of this in-
in CPAE and HEK cells, and therefore is a powerful toblix pathway must be carefully considered to fully un-
with which to detect this current type in cell systen#erstand the physiological and pathological aspects of
from which it was originally excluded. the vascular tissue.

There are numerous implications of these findings.
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which Icgac Was originally described [10, 28]cgrac-

like currents have also been detected with a similar pro-

cedure in hepatocytes, fibroblasts, thyrocytes, HL-&@ferences

cells, pancreatic acinar cells axgknopusoocytes [6, : o - -

25]. Second, the use of HEK-293 cells, as a “negativel"' 3Bf£f'1d?f1 MJ (1995) Capacitative calcium entry. Biochem
control, was surprisingly misleading, since in this celR. Birmbaumer L, Zhu X, Jiang M, Boulay G, Peyton M, Vannier
ype, a curtent with properties SiTlar lov 18 a8 e eleeta baes i sl of Sl o
measurable under the conditions employ_ed_ln the Studyacita’[ive calcium entry: roles for Trp pr%teins. Proc Natl Acag
of Jurkat and CPAE cells. Indeed, this finding extends g¢j Usa 93:15195-202

the minor observation, frequently reported in transfec3. Clapham DE (1996) TRP is cracked but is CRAC TRP? Neu-
tion studies, that the current induced by overexpressionron 16:1069-1072

Davis MJ, Sharma NR (1997) Calcium-release-activated calci-
of trp/trpl genes never resembles the small endogenoﬁsum il in endothelium. J Vase Res 34:186-195

current activated by store depletion [2, 19]. The press Fanger CM, Hoth M, Crabtree GR, Lewis RS (1995) Charac-
ence of acgac-like current in HEK cells must be taken  terization of T cell mutants with defects in capacitative calci-

into consideration, since assembly of exogenous pro-um entry: genetic evidence for the physiological roles of

teins with endogenous CRAC components may not be E;zspc‘)cl:aftl)qagmler:ﬁbge%%”3%0123215;25'?_(?2;4) Receptor-activated
excluded a prior, and may be able to modify the overa Ca* influx: how many mechanisms for how many channels?

current propertles. Moreovgr, some components of theTrends Pharmacol Sci 15:77-83

Trp/Trpl family are Cé&-activated channels [27] that 7. Franzius D, Hoth M, Penner R (1994) Non-specific effects of
can be triggered following previous activation of an en- calcium entry antagonists in mast cells. Pfligers Arch

; T 428:433-438
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cordingly, in perforated, voltage-clamped ECs, a curref. Hoth M, Penner R (1992) Depletion of intracellular calcium
density of about —0.01 pA/pF at —80 mV has been calcu- stores activates a calcium current in mast cells. Nature 355:
lated from reconstructetV relationships, which show  353-356

. - g i, 1. Hoth M, Penner R (1993) Calcium release-activated calcium
typical inward rectification and a positive reversal pél— current in rat mast cells. J Physiol (Lond) 465:359—386
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74

18.

19.

20.

21.
22.

23.

24.

Parekh AB, Penner R (1995) Depletion-activated calcium c@b. Yao Y, Tsien R (1997) Calcium current activated by depletion
rent is inhibited by protein kinase in RBL-2H3 cells. Proc Natl of calcium stores ixXenopusoocytes. J Gen Physiol 109:703—
Acad Sci USA 92:7907-7911 715

Philipp S, Cavalie A, Freivhel M, Wissenbach U, Zimmer 6. Zitt C, Zobel A, Obukhov AG, Harteneck C, Kalkbrenner F,
Trost C, Marquart A, Murakami M, Flockerzi V (1996) A  Luckhoff, A, Schultz G (1996) Cloning and functional expres-
mammalian capacitative calcium entry channel homologous to sion of a human G&permeable cation channel activated by
Drosophila TRP and TRPL. EMBO J 15:6166—6171 calcium store depletion. Neuron 16:1189-119

Pozzan T, Rizzuto R, Volpe P, Meldolesi J (1994) Moleculd?. zitt C, Obukhov AG, Stribing C, Zobel A, Kalkbrenner F,
and cellular physiology of intracellular calcium stores. Physiol Lickhoff A, Schultz G (1997) Expression of TRPC3 in Chi-
Rev 74:595-636 nese hamster ovary cells results in calcium-activated cation
Putney JW Jr (1990) Capacitative calcium entry revisited. Cell currents not related to store depletion. J Cell Biol 138:1333-
Calcium 11:611-624 1342

Vaca L, Kunze DL (1994) Depletion of intracellular2€a 28. Zweifach A, Lewis RS (1993) Mitogen-regulated?Caurrent
stores activates a €aselective channel in vascular endotheli- of T lymphocytes is activated by depletion of intracellular
um. Am J Physiol 267:C920-C925 Ca2* stores. Proc Natl Acad Sci USA 90:6295-6299

Vaca L, Kunze DL (1995) IngRictivated C& channels in the 29. Zweifach A, Lewis RS (1995) Slow calcium-dependent inacti-
plasma membrane of cultured vascular endothelial cells. Am J vation of depletion-activated calcium current. Store-dependent
Physiol 269:C733-C738 and -independent mechanisms. J Biol Chem 270:14445-14451
Xu XZ, Li HS, Guggino WB, Montell C (1997) CoassemblB0. Zweifach A, Lewis RS (1996) Calcium-dependent potentiation
of TRP and TRPL produces a distinct store-operated conduc- of store-operated calcium channels in T-lymphocytes. J Gen
tance. Cell 89:1155-1164 Physiol 107:597-610



