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Abstract. Fast inactivation of the Garelease-activated kemia cells, capacitative G4 entry is manifested
Ca* current (crac) Was studied using whole cell patch- through a highly selective Gacurrent called cgac (re-
clamp recordings in rat basophilic leukemia (RBL-1) viewed in Parekh & Penner, 1997). Hallmarkslgiac
cells. Application of hyperpolarizing voltage steps from include its’ voltage-independence, high selectivity for
the holding potential of 0 mV revealed thiizac de-  C&* over monovalent cations and very low single-
clined in amplitude over tens of milliseconds during channel conductance (<1 pS).

steps more negative than —40 mV. This fast inactivation  |n order to fine-tune C& entry, cells are endowed
was predominantly Cd-dependent because first, it with mechanisms that regulate the activity of CRAC
could be more effectively suppressed when BAPTA waschannels. In rat basophilic leukemia (RBL) cells, which
included in the recording pipette instead of EGTA andgre a model system for studying store-operatet’ @a
Second, replacing external %:aN”:h Sr2+ resulted in less flux main'y because |argQ:RAC can be measured, sev-
inactivation. Recovery from inactivation was faster in era| processes exist that limit the duration of the current.
the presence of BAPTA than EGTA. The extent of fastThese include changes in electrical driving force through
inactivation was independent of the whole cBlkac  fluctuations in membrane potential (Parekh, Fleig & Pen-
amplitude, compatible with the notion that the inactiva- o 1997), feedback inactivation by protein kinase C
tion arose from a local feedback inhibition by permeating(parekh & Penner, 1995), store refilling (Parekh,
Ca* ions only on the channel it permeated. *Ceelease preparation) and an intracellular CGad-dependent but

1;:romRIstores did not ?ff'ect fast inactilvation, nord.did store-independent mechanism (Parekh, 1998). These
CeRlI receptor stimulation. Current clamp recordings ,ih\vays all operate over a time-scale of tens of seconds
showed that the majority of RBL cells had a membran o minutes

potential close to —90 mV following stimulation of In mast cells and jurkat T-cells, a rapid inactivation

FCeRI receptors. Hence fast inactivation is likely to im- . .
. mechanism has been reported that operates on a time
pact on the extent of G&influx through CRAC channels scale of tens of milliseconds (Hoth & Penner, 1993:

under phyS|oI(_)g|caI conditions and appears t_o be_ an IMmz veifach & Lewis, 1995). This has been characterized
portant negative feedback process that limitsCa-

Ccreases in detail in T-cells, and arises through a negative feed-
' back mechanism triggered by permeatingGans. The
Ca* ions that permeate each channel induce rapid inac-
Introduction tivation only in t_hat. particulqr channel, and this is ac-
complished by binding to a site estimated to be within 4

It has now been established that the majof Cantry Erenw?sf t?gglg)tracellular mouth of the pore (Zweifach &

pathway in nonexcitable cells is activated by the empty- S
ing of the intracellular C& store, a process that has been 'F‘ RBL C(.EHS’ lcrac has b_e(_an found to decline in
amplitude during a hyperpolarizing voltage pulse (Hoth,

dubbed capacitative calcium entry (Putney, 1986). In . . e A
mast cells, jurkat T-lymphocytes and rat basophilic Ieu_1995). However, adetalled analysis of rapid inactivation
has not been carried out for any other cell-type that ex-
presseslgrac Other than jurkat T-cells. This may be
S particularly relevant because it has been suggested tha
Correspondence toA.B. Parekh there may be specialized channel subtypes within a
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CRAC superfamily (Hoth, 1995). Hence extrapolation using an 8-pole Bessel filter at 2.5 kHz and digitized at 1Gc.
of basic features dfCRAC from one cell-type to another !cracWas measured using both voltage ramps (=100 to +100 mV in 50
may not be valid msec) and voltage steps (described in text) applied every 2 sec using

Continuing our examination of feedback processe PULSE software (HEKA Electronics) on a 9500 PowerMac, as de-
InuINg our ex I I p Sscribed in Parekh, 1998. Peak currents were measured 2 msec after the

that operate orlcgac, We have now investigated the giar of the pulse to minimize potential contributions from uncompen-
properties of fast inactivation in RBL cells. We find that sated capacitative current (time constant <0.5 msec). Steady-state cur-
this inactivation mechanism shares some striking simi+ents were measures a 5 mseaverage at the end of the pulse. Cells
larities to that already characterized in jurkat T-cells, butwere held at 0 mV between pulses. All currents were leak subtracted
there are some notable differences. By directly measurby averagmg_the fl_rst two to four ramps or steps after brealflng_ln and
ing the resting membrane potential, we find that the ma_ther_m subtracting this from all subgequent traces. ‘Lolcal application was
.S . . achieved by means of a second pipette, placed withiarB®f the cell.
Jority of the C(?”S _are suff|C|entIy hyperpolgnzed to sup- Several parameters (capacitance, series resistance, holding current
port fast inactivation. We have also examined the effectsyere displayed simulataneously on a second monitor at a slower rate (2
of redox potential oricgac, Since inactivation of certain  Hz) using the X-Chart display (HEKA Electronics). Data are presented
types of K" channel is affected by cysteine oxidation. as mean sewm, and statistical evaluation was carried out using Students
We find that neither the activation mechanism nor theunpairedt-test.

fast inactivation process are affected by redox potential.

Finally we present the first report of the effects of dif- |

ferent divalent cations on the activation mechanism of €SUltS

lcrac: The rate of activation of the current depends on
the charge carrying species. | crac INACTIVATES WITHIN MILLISECONDS DURING
HYPERPOLARIZING VOLTAGE STEPS

Materials and Methods Application of hyperpolarizing pulses in mast cells and

Rat basophilic leukemia cells (RBL-1) cells, which were kindly pro- Ju.rlfat T"ymphocé’tes have de.mon.Stra.ted tI'ESHAc ex-
vided by Michael Pilot from the Max Planck Institute for Biophysical hibits a rapid, C%L.-dependent |rjact|vat|on (Hoth & PFj'n'
Chemistry in Goettingen, Germany, were cultured essentially as pren€r, 1993; Zweifach & Lewis, 1995). To examine
viously described (Parekh, Fleig & Penner, 1997). Briefly, cells werewhetherl g ¢ inactivated during a sustained hyperpo-
maintained in medium containing DMEM, 10% heat-inactivated fetal larizing step in RBL cells, we applied voltage pulses
bovine serum and 3% streptomycin-penicillin (all from Life Technolo- from 0 to =100 mV. Figure A shows a recording that
gies), and kept in a 5% Cgchumidified atmosphere at 37°C. Cells was taken with 10 m EGTA in the pipette after the
were trypsinized and then plated on glass coverslips around 24 hr
before use. Patch-clamp experiments were conducted in the tight—seXY_hOIe cell CRAC_ current had reached a stable value.
whole-cell configuration at room temperature (18-25°C) as previouslyr119h EGTA passively depletes the stores. The leak cur-
described (Hamill et al., 1981; Parekh, 1998). Patch pipettes werd€nt, obtained beforg.z - had developed, has been sub-
pulled from borosilicate glass (Hilgenberg), sylgard coated and fire-tracted. On stepping to =100 mV, there was an instan-
polished. Pipettes had d.c. resistances of 2:/64when filled with taneous increase in the current which then declined to
standard internal solution that contained (im)ncesium glutamate reach a steady-state amplitude that was around 50% of
145, NaCl 8, MgCJ 1, HEPES 10, pH 7.2 with CSOH. Depending on w0 haal  The speed of inactivation could, in most cases,

the experiment (described in the text), the*Cahelators EGTA or be fitted with f d sl ial
BAPTA were added to this solution, as was 1g$6.03 nm). In some e fitted with fast and slow exponential components at

experiments, RBL cells were sensitized to antigen (DNP-BSA) by in-—100 mV (s in the range of 10 and 120 msec, respec-
cubation in IgE (500 ng/ml) for >3 hr. Antigen and IgE were kindly tively).

supplied by Professor Israel Pecht (Weizman Institute, Rehovot, Israel). ~ To examine the voltage-dependence of this inacti-
A correction of +10 mV was applied for the subsequent liquid junction ygtjon, we applied voltage steps up to —120 mV from the
potential that arose from this glutamate-based internal solution. EXtrahoIding potential of 0 mV. Pooled data from 5 cells are
cellular solution contained (in m): NaCl 145, KCI 2.8, CaGl 10, summarized in Fig. B. As the hyperpolarizing step in-

MgCl, 2, CsCl 10, glucose 10, HEPES 10, pH 7.2 (NaOH). In divalent . . : .
substitution experiments, 10MrCa2* was replaced by 10mBa?* or ~ Creased in size, the extent of inactivation (steady-state

SP*. External CsCl was present to block the activity of the inwardly current divided by the initial peak value) became greater.
rectifying potassium channel (McCloskey & Cahalan, 1990). In someAt potentials positive to —40 mV however, inactivation
current clamp experiments, CsCl was not present in the external solupecame weak, at best.

tion (pH was adjusted with NaOH), and potassium glutamate was used

instead of caesium glutamate in the internal solution (pH with KOH).

High resolution current recordings were acquired by a computer-baseasT INACTIVATION 1S DEPENDENT ONINTRACELLULAR
patch-clamp amplifier system (EPC 9, HEKA Electronics, Germany). Ca2*: EFrecTs oFBAPTA

Capacitative currents were canceled before each voltage ramp or step

using the automatic compensation of the EPC 9. Series resistance wals . . R .
between 4 and 14(). Because of the small size of the currents (usu- o examine whether fast inactivation in RBL cells was

ally <50 pA at -80 mV), series resistance compensation was not apdependent on intracellular €a we replaced EGTA in
plied. Voltage errors were therefore <1 mV. Currents were filteredthe recording pipette with the faster €achelator
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BAPTA. BAPTA reduced the extent of fast inactivation A
on stepping to —100 mV when compared with EGTA O"N—I B
(Fig. 1A). In fact, BAPTA was substantially more effec-
tive than EGTA at reducing the extent of inactivation at
all those voltages (<—40 mV) where fast inactivation was
apparent (Fig. B, each point reflects data from 5 cells).

-100 mV

Further support of the notion that fast inactivation is P e
Cé&*-dependent is provided from experiments in which 4“ PAPE
Ca&* was replaced by &f, and is described later. ) 29 msee S

CRAC (HANNELS INACTIVATE INDEPENDENTLY OF

EacH OTHER B
100 —
To see whether G4 influx through one CRAC channel ~
could induce fast inactivation in another CRAC channel, % 80 EGTA
we examined how the extent of fast inactivation changed g ;
as the number of conducting CRAC channels increased z 97
(monitored through the increased whole cell CRAC cur- é’ ¢ -
rent). The extent of inactivation stayed reasonably con- 5 e ° -
stant as the whole cell Gacurrent increased (8 cells, E 20 * L]
data not showhp Hence, fast inactivation would appear is BAPTA ® ™
to arise from the local buildup of G4in the vicinity of 0- °

each specific channel, and not from overlapping micro- 120 100 -80 0o 20 0

domains of elevated Ga from several independent
channels. This is in good agreement with results fromC
T-cells (Zweifach & Lewis, 1995). 05

60 -4
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C&" RELEASE FROM INSP;-SeNSITIVE STORES DOES NoT
TRIGGER FAST INACTIVATION

Because the InsPsensitive C&" stores that activate
lcrac are thought to be close to the plasma membrane in
RBL cells (Parekh & Penner, 1995), we entertained the
possibility that C&" released from these stores might 1'0 2'0 ! ' Bk
enhance the fast inactivation process. To address this
issue, we dialyzed cells with 3@m InsP; and 10 nw
EGTA, and applied voltage steps to -80 mV from theFig. 1. Fast Ca-dependent inactivationlgkac. (A) Icrac inactivates
holding potential of 0 mV. C# release evoked by IngP  more during a voltage step in the presence of 1@ EGTA than
concentrations >{M occurs within seconds of obtaining BAPTA. B p[o_ts the voltage dependence of the 'extgnt of inactivation.
the whole-cell configuration (Parekh, FIeig & Penner, BﬁPTA_ significantly reduced the extent of inactivation at all voltgges

. ere it occurred compared with EGTA. handB, |cgac Was acti-
1997), and WQUId OCC_UI’ before appreC|a_bIe amount$ Olated passivelyC plots the extent of inactivations.whole celll cgac
EGTA have diffused into the cell. A typical record is amplitude for a cell in whicliceac Was evoked by dialysis with IngP
shown in Fig. €. The extent of fast inactivation was
relatively constant throughout the recording. If°Cee-
lease had contributed to fast inactivation, one would have netics oF Recovery FROMFAST INACTIVATION
predicted a high extent of inactivation initially and this
would subsequently decline as the’Ceeleased by InsP  To assess how quickly CRAC channels recovered from
was buffered by the high levels of EGTA diffusing from fast inactivation, we employed a paired-pulse protocol
the recording pipette. This was clearly not the casewhich is illustrated at the top of Fig.A2 Cells were
Similar results were obtained in 11 other cells. Figureinitially clamped at 0 mV and then stepped to =100 mV
1C also shows that the extent of inactivation was con-for 250 msec (first pulse). The potential was then re-
stant despite a fivefold increase in whole cell CRAC turned to O mV for a variable period of time (initially for
current amplitude. 10 msec which then increased by a factor of two) before

0.1

Extent of Inactivation
<

-30
Current (pA)
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A ErFrFecTs oFGRoOUP || DIVALENT CATIONS ON
FAST INACTIVATION

In the first set of experiments, we simply replacedCa
from the extracellular solution with either Baor SF*
prior to recording. This protocol enabled us to examine
the effects of different divalent cations on the rate of
activation ofl .gac @s well as on its final extent, in ad-
dition to actions on fast inactivation. To see whether
| crac could activate in the presence of Band Sf*, we
150 first measured the current by applying voltage ramps
0.0 02 04 06 08 10 after dialysing cells with InsPand 10 nm EGTA. Fig-
Time (seconds) ure 3A depicts the current-voltage relationship fggac
in the presence of 10mCa&*, B&®* and Sf* from three
different cells from the same cell preparation. Irrespec-
BAPTA tive of the charge carrier, a voltage-independent inwardly
rectifying current was observed with a reversal potential
i >+40 mV. However, the amplitude of the current was
~— EGTA smallest with B4" at all negative voltages.cgac Was
slightly smaller in S¥* than C&". In Fig. 3B, the time-
course ofl cgac (Measured at —=80 mV) is plotted against
time of whole cell recording (6 cells for each divalent
cation). Steady-stati.zac in the presence of Ba was
| . . | T ] 1 4-fold smaller than in the presence of4-0.78 + 15
o A e sy pA/pF and -3.15 + 0.50 pA/pF respectively,< 0.01),
whereas, with S, it was only 1.4 times smaller (-2.30
Fig. 2. Kinetics of recovery from fast inactivation. The rate of recovery + 0.15 pA/pF,P < 0.05). Strikingly, the time-constant
from fast inactivation was determined using a two-pulse protocol (de-for activation ofl cgac (Tactivation Measured for each cell
picted at the top_of the upper par_lel),as describedinthel@chas using an exponential fit and then pooled together) was
evoked by passive depletion using EGTAshows the time course of significantly slower in the presence of %rthan Ca&*

recovery from fast inactivation. The currents were recorded bfge- .
had reached its peak amplitude, and the background currents have be«(zﬁo's + 3.7 seovs. 15.6 + 2.1 sec, respectively? <

subtractedB plots the ratio of test current to conditioning currest  0-01). With B&", TactivaionWas 24.5 + 4.8 sec. Because
time between pulses. Recovery was faster in BAPTA than EGTA.Of the small size of the currents however, only 3 cells
Recovery in BAPTA and EGTA could be fit best with bi-exponential could be fitted well.
functions. Using passive store depletion to activiggac, we
then examined the effects of replacing®Cwith SF* on
fast inactivation (because of the small currents, we did

stepping back to -100 mV once more (second pulse)not study B&"). Fast inactivation was less prominent
In these experiments, we trigger&gkac Using passive when Sf* was the charge carrier. Figure€3hows a
store depletion. Becauserac activates slowly when recording in the presence of Zrwhen the membrane
stores are depleted passively, we were able to obtain thgotential was stepped from 0 to =100 mV. The current
entire set of background currents using the paired-pulseactivated by around 20% only. In FigD3 we have
protocol and then subtract these from the currents obplotted the extent of fast inactivation at different voltages
tained oncdgac had fully developed. Fig.2shows a in the presence of 8t and C&*. Fast inactivation was
typical leak-subtracted record, and Fig® &ummarizes significantly less at all voltages when rwas the
the pooled data from 5 cells. Recovery from fast inac-charge carrier. Hence Sris not able to fully mimic the
tivation could be best fitted with a double-exponential intracellular actions of G4 in inducing fast inactivation,
function yielding time-constantg.ecover,Of 34 and 233  reinforcing the notion that fast inactivation is predomi-
msec (Fig. 2). Hence, recovery from fast inactivationnantly a C&*- and not voltage-dependent phenomenon.
appears to be a biphasic process. In the second set of experiments, we replaced exter-

When we used BAPTA instead of EGTA in the re- nal C&* with Ba®* or SP* by local application after
cording pipette, recovery from inactivation was acceler-l-gac had developed. To do this properly, one needs to
ated at shorter time intervals between pulses (). obtain the leak currents in the presence of each divalent
cells). Recovery from inactivation was best fit with a cation before the current starts to activate. This is essen-
double exponential, yielding time-constants of 9.0 andtial in order to record the true B4 and Sf* currents
250 msec. through CRAC channels. However, we noticed that the
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Fig. 3. Effects of different group Il divalent cations dpgac. (A) Current-voltage relationship of steady-sthigc in the presence of B3, SP*

and C&". Each trace represents a different cBlplots the development dfzac (Measured at —80 m\ys.time. Note that the current developed
significantly more slowly with St* as the charge carrier. In these experimehtg,c was activated by dialysis with IngRnd 10 nm EGTA. C
shows that the extent of fast inactivation was reduced on stepping to -100 mV fttasSthe charge carrieD compares the extent of fast
inactivation in the presence of 8rvs.Ca" at different negative voltages. Fast inactivation was significantly less at all voltages in the presence ¢
SrP* than C&".

leak currents changed, suggesting thatBand SF*  not affect the peak amplitude bz, measured in volt-
were affecting the resting cell conductance. We obtainedge ramps at -80 mV (-2.13 = 0.19 pA/pF compared
very variable effects with Bd. In some cells, there was with control of —2.15 + 0.29 pA/pF, 5 cells each), nor
a rapid fall inl cgac @mplitude whereas in others a small was there much change in the rite . developed. Fig-
increase initially occurred. In addition, different divalent ure 4A shows fast inactivation in the presence of GSG
cations change the surface potential to different degreesnd Fig. 8 plots the extent of inactivation over the volt-
which would alter the current-voltage relationship andage range —120 to —40 mV. Fast inactivation was largely
complicate interpretation (Hagiwara & Byerly, 1981). unaffected by GSH compared with controls. Under

We therefore abandoned this approach. physiological conditions, GSH is in a steady-state with
oxidized glutathione (GSSG) with a maximal ratio of

FAST INACTIVATION 1S UNAFFECTED BY 10:1. Dialysis with 5 ru GSH together with 0.5 m

CYSTEINE OXIDATION GSSG did not alter the extent of inactivation compared

with either GSH or control recordings (FigA4and B).
A-type K* currents exhibit a rapid N-type inactivation This mixture also did not affect the development nor the
that is due to oxidation of cysteine 13 on the amino ballpeak amplitude of-gac (-1.86 + 0.34 pA/pF, 4 cells;
peptide (Ruppersberg et al., 1991). This inactivation isdata not showhp Hence cysteine oxidation does not
accelerated by the reduced form of glutathione (GSH; theeem to play a role in the fast inactivationlgkac, nor
most abundant thiol in living cells) applied to the cyto- in the step that links store depletion to activation of the
plasmic side. To see whether a similar mechanism coul@urrent.
account for the fast inactivation dfgac, We examined
the effects of 5 m GSH on the decay of the current. |s FAST INACTIVATION REGULATED BY
ICRAC was activated paSSively by dialySiS with 10um RECEPTORSTIMULATION ?
EGTA. This method was particularly suitable for our
purposes because we were able to ensure that a signif-o see whether fast inactivation was regulated by cell-
cant amount of GSH had entered the cytoplasm prior tsurface receptor stimulation, we activatégiac by
the development of the current. Dialysis with GSH did stimulating FGRI receptors with the antigen dinitrophe-
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A 0omv CHANGES IN MEMBRANE POTENTIAL FOLLOWING
-100 mV RECEPTORSTIMULATION

For fast inactivation to be of physiological relevance, the
membrane potential following receptor stimulation
should become quite hyperpolarized because fast inacti-
Fd -1 pA/pF vation becomes significant only at these negative poten-
i ST tials. To examine this, we recorded the membrane po-
’ GSH:GSSG tential of resting RBL cells and then followed how it
changed after stimulation of ERI receptors in current
clamp mode. In an attempt to mimic physiological con-
ditions, we bathed cells in a solution containing 1.8 m
Cé&" (rather than 10 m) 1.2 mv Mg®* and we omitted
external C8. The pH of the external solution was in-
; creased to 7.4. The pipette solution contained (-
B stead of C¥), and C&" was weakly buffered with 100
GSH pwMm EGTA. Under these conditions, we observed two

distinct membrane potentials in RBL cells sensitized to
antigen. Immediately after break in, 6 of 16 cells had a
potential of —26 + 11 mV (mean %p) whereas 11 cells
were more hyperpolarized (98t 1 mV). The mem-
brane potential was very stable and did not change with
time by more than 5 mV. Regardless of the initial
value, application of antigen failed to alter the membrane
; potential further. Typical records of a cell with a mem-

80 60 40 brane potential of -33 mV, and one at -88 mV, are
Voltage mV shown in Fig. & andD, respectively. Antigen was ap-
plied as indicated, and exerted virtually no effect. Hence

Fig. 4. Fast inactivation is not altered by cysteine oxidatidrshows : - .
current traces obtained on stepping to —100 mV with a pipette solutionIn the majority of cells, the membrane potential follow

containing 5 v GSH (upper panel) or 5 mGSH: 0.5 u GSSG "D receptor stimulation is sufficiently negative for fast
. - . B . . . 2

(lower panel).B shows that neither 5 m GSSH nor a mixture con- !naC“Vat'OH to exert a significant on the extent of“Ca

taining 0.5 nw GSSG: 5 nw GSH alter the relationship between in- influx through CRAC channels.

activation and voltage compared with control recordinggac was

activated in all three cases by passive depletion with 10EGTA.

0.6

0.4 4
Control

Extent of Inactivation

T
-120 -100

Discussion

nyl-bovine serum albumin (DNP-BSA) in sensitized In this report, we have characterized rapid?®Ga
RBL cells. FGRI receptors have endogenous tyrosinedependent inactivation dfgac in RBL cells. We find
kinase activity through which they phosphorylate phos-that it shares several similarities to that described in jur-
pholipase Cyl to generate Insfand diacylglycerol; the kat T-cells (Zweifach & Lewis, 1995). These include the
latter subsequently stimulates several different proteirfact that fast inactivation accounts for a modest decline
kinase C isozymes expressed simultaneously in RBLn the amplitude of .xac Unless the membrane potential
cells (Ozawa et al., 1993). Stimulation of E®l recep- is hyperpolarized below -60 mV, that the extent of
tors with antigen generatészac (Zhang & McCloskey,  steady-state inactivation reached is similar in RBL and
1995; Parekh & Penner, 1995; FigAb We applied an- T-cells over the range —120 to -80 mV, that it is pre-
tigen around 50 sec after the onset of whole cell recorddominantly C4*-dependent and is largely independent
ing. The cell was dialyzed with a pipette solution in of the macroscopic current. It is more effectively sup-
which C&* was buffered at 280w (6.5 mv Ca-EGTA:  pressed by the fast chelator BAPTA than by EGTA, sug-
3.5 mu EGTA) in order to prevent spontaneous activa-gesting that the intracellular €abinding site(s) are in
tion of the current. Oncé-rac had reached a stable close proximity to the channel pore.

amplitude, we applied voltage steps and measured the Two striking differences between the RBL cells and
overall extent of inactivation. FigureBsshows that fast the jurkat T-cells are the kinetics of recovery from inac-
inactivation was unaffected by stimulation of £l re-  tivation and the C&-dependence of this process. In T-
ceptors when compared with control cells over the volt-cells, recovery from inactivation in the presence of
age range of =120 to —40 mV. Hence, the extent of fasEGTA is a biphasic process with time-constants of 9
inactivation is not regulated by receptor stimulation.  msec and 75 msec (Zweifach & Lewis, 1995). In RBL
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Fig. 5. Effect of receptor stimulation on fast inactivation and membrane poteAtisthows the development b following application of 1
wg/ml antigen. The current was measured from the voltage ramps (=100 to +100 mV in 50 msec) at =80 mV. In B, current records from a col
cell and one after exposure to antigen are shown. The potential was stepped to —100 mV from a holding potential of 0 mV. The lowds panel
summarizes the pooled data from 5 cells e&hndD depict current clamp recordings from a cell with a resting potential of —33 @)\and -90

mV (D). Application of antigen did not change the membrane potential for either cell. The break in the recordings after around 50 sec (w
membrane potential became 0 mV) reflects our switch from current to voltage clamp, so that we could apply a few voltage ramps in order to a
the state of the cell. Because fast inactivation is not affected by the cytoplasmic EGTA concentration nor global levels of cytopfasthie Ca
buffered C&" used in these experiments will not alter the kinetics of the inactivation process (Zweifach & Lewis, 1995; Parekh, 1998).

cells, recovery is significantly slower for both phases (34ried out by replacing C& with Ba?*, once lcgac
msec and 233 msec). A more unexpected difference iBas developed (Zweifach & Lewis, 1995; Hoth, 1995).
that recovery from inactivation appears to be broughtHowever, the effects of different divalent cations on the
about by distinct mechanisms in the two cell-types. Inactivation oflcgac have not been described. Such ex-
RBL cells, BAPTA accelerated recovery from inactiva- periments might provide valuable information on the ac-
tion (by decreasing the time constant of the faster comtivation properties of the current. Using this approach,
ponent) whereas in T-cells recovery was apparently notve have found that the activation bfg,c was signifi-
affected upon replacement of EGTA with BAPTA. Re- cantly slower when S was the charge carrier than with
covery in RBL cells therefore appears to exhibit oneCa*. One attractive explanation for this is that “Ca
Ca*-dependent component whereas in T cells it doesntry feeds back positively to accelerate further activa-
not. One possible explanation for this is that the rate ation of CRAC channels, either through an action on the
which C&" dissociates from the inactivation site is channels themselves or directed at the activating signal.
slower in RBL cells than T-cells, so that BAPTA would Alternatively, with SF* as the charge carrier, it is con-
compete with the site for G4 Interestingly, in T-cells ceivable that the affinity of CRAC channels for the ac-
recovery from inactivation was faster at positive poten-tivation signal is reduced, resulting in a slower rate of
tials, where less G4 would enter the cell due to the channel activation as well as a smaller steady-state am-
reduced electrical gradient, and slower at negative oneglitude.
which would favor C&" entry (Zweifach & Lewis, The group Il alkali earth cations also differed in their
1995). This would fit with a C&-dependent recovery. ability to carry current through CRAC channels at steady
Alternatively, recovery from inactivation in T-cells state. C&" was the best charge carrier, whereas'Ba
might be a purely voltage-dependent process. carried only around 25%. Stwas an effective charge
To probe the C& selectivity of the inactivation site, carrier, carrying almost 80% that of €a This conduc-
divalent cation substitution experiments have been cartivity profile is different from l.gac in T-cells, where
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Ba®" and Sf* were rather similar in that they carried inactivation was remarkably constant throughout our
around 40% of the current compared with?C§Zwei-  whole cell recordings (>10 minutes in some experi-
fach & Lewis, 1993). The permeability profile of CRAC ments) and could occur without any ATP in the pipette,
channels in RBL cells would therefore appear to be diswe do not think a phosphorylation reaction is fundamen-
tinct from that in T-cells, and would support the notion tal to the fast inactivation process.

that they may reflect distinct channel subtypes (Hoth,  C&* release from InsPsensitive stores was not able

1995). to affect the extent of fast inactivation that was induced

Fast inactivation of voltage-gated €ahannels has py C&* entry. C&* release starts almost immediately

been well-described (ASthOft & Stanfield 1981; Chad & after breaking into the cell and é"astays elevated for up
Eckert, 1986) and the inactivation site is rather selectivgo 30 sec. Becausé-pac activates after a delay of

in that B&* cannot substitute for C& Ba" permeabil-  around 3 sec, cytosolic awill still be high as the

ity through CRAC channels seems to be complex anctyyrent starts to develop (appreciable amounts of*Ca
confusing. Hoth (1995) observed an initial large in- pyffer would not have diffused into the cell from the
crease in current amplitude on replacing externat’Ca recording pipette at these short times). Since we find
with Ba™, once Icrac had reached a steady state. ihat fast inactivation is unaffected, the subplasmalemmal

However, this increase was not observed by Schofieltt2+ glevation in the vicinity of CRAC channels follow-

and Mason (1996). In our hands, we observed effects oy c2+ release is not of sufficient amplitude to alter

Ba’* on the background conductance. In addition, wejnactivation, and hence Earelease is of little conse-
guence to this process. This finding may have broad
implications for the activation mechanism fgac In
both avian nasal gland cells and mouse pancreatic acini,
a sizeable delay of several seconds betwe€t @dease
and subsequent €ainflux has been observed. Both
T@huttleworth (1994) and Toescu and Petersen (1995)
have argued that this delay is hard to reconcile with the

conformational-coupling model in which IngReceptors
Recently, a C& binding site has been described for on the stores are supposed to physically atFach {6 Ca
CRAC channels in T-cells, which needs to be occupieoChannels. in the plasma membrane, but are instead com.
by C&* in order to obtain the maximal channel conduc- patlble with a slow biochemical step S.UCh as the genera-
tance (Christian et al., 1996; Zweifach & Lewis, 1996). ilon of a retrograde messenger. Berridge (1995) has ar-
This site is thought to be located on either the extracel9ued however, that the delay betweerf Caelease and
lular part of the channel or within the pore. lon substi- €Nty reflects recovery from Cadependent fast inacti-

tution experiments may therefore affect the number of"""ti?n of CRAC channels, the inactivation arising from
available channels in addition to conductivity. It is not Ca" release. Our finding that Carelease does not af-

clear whether such an external®Ginding site is pres- fect fast inactivation would suggest that the delay be-
ent on CRAC channels in RBL cells. If one were to tween C&" release and subsequent influx does not reflect

exist, then it would appear that Zris better able to recovery from inactivation, but instead would indicate a
occupy the site than Ba In T-cells however, it has Slow activation mechanism reminiscent of a biochemical

been reported that 3 cannot support channel activity Process, at least in RBL cells.
(Christian et al., 1996). For fast inactivation to be of physiological rel-
One key question is whether €ainduces fast in- evance, two criteria need to be fulfilled. First, the mem-
activation by directly binding to a site on the channel brane potential must be more negative than around —60
itself (or an associated subunit) or whether it recruits armV and second, sufficient €amust enter in order to
intermediate signal. This latter mechanism is thought tanduce the inactivation process. In our current clamp re-
account for the Cd-dependent inactivation of voltage- cordings, we found that the majority of cells had a resting
operated, nifedipine-sensitive, €achannels in helix potential of around -90 mV. This would be sufficient
neurons (Chad & Eckert, 1986), where Zanflux for significant fast inactivation ofcgac. With physi-
stimulates C&'-dependent phosphatase calcineurin toological external C& concentration)cgac can be ob-
dephosphorylate the channel, thereby inducing inactivaserved in T-cells although the current is small (Zweifach
tion. Recovery from inactivation occurs through a pro- & Lewis, 1995). In agreement with this, we have mea-
tein kinase-mediated phosphorylation. Recent evidenceuredl gac in RBL cells in 1.8 nm C&* and fast inac-
has demonstrated that protein kinases colocalize withivation can be discernedi@ta not showh Hence fast
Ca* channels, linked by adaptor proteins of the AKAP inactivation is likely to impact on the extent of €a
family (Gao et al., 1997; Gray et al., 1997). Because fastnflux through CRAC channels under physiological con-

observed very variable effects when we locally applied it
to cells that had generatddgac. In T-cells, B&" in-
duced less inactivation than €a(Zweifach & Lewis,
1995). In RBL cells, we found that the internal binding
site was rather selective for €an that SF* was not able
to fully substitute for C&" in inducing inactivation.
These results are consistent with those described in
cells with B&" in that they point to a highly selective
Ca*-binding site for fast inactivation.
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ditions and appears to be an important negative feedbadicCloskey M.A., Cahalan, M.D. 1990. G protein regulation of potas-
process that limits G4 increases. sium channel activity in a mast cell lind. Gen. Physiol95:205—

The extent of fast inactivation was not modified by 227 . : .
stimulation of FGRI receptors. Because these rece torsozawa’ K., Saallasl, Z., Kazamietz, M.G., Blumberg, P.M., Mischak,
P : p J.F., Beaven, M.A. 1993. Calcium-dependent and calcium-

have endogenous tyrosine kinase activity, stimulate ihgependent isozymes of protein kinase C mediate exocytosis in
phospholipase €1 (resulting in protein kinase C activa- antigen-stimulated rat basophilic RBL-2H3 cells: reconstitution of
tion), and activate a variety of SH2 domain-containing secretory responses with calcium and purified isozymes in washed
proteins (like Grb2 leading to Ras activation), it would  permeabilized cells). Biol. Chem268:1749-1756

appear that fast inactivation is not subject to reguk:ltionParekh, A.B. 1998. Slow feedback inhibition of Calcium release-

. . . . _ activated Calcium current (CRAC) by Calcium entid. Biol.
from a variety of intracellular signaling pathways. In Chem.273:14925-14932

stead its Impact 'jc‘ determined SOIely by the prevalI'm-:]Pr:lrekh, A.B., Fleig, A., Penner, R. 1997. The store-operated calcium
membrane potential. currentl cpac: Nonlinear activation by Insfand dissociation from
calcium releaseCell 89:973-980
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