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ABSTRACT Rapid inactivation of Ca 2+ release-activated Ca 2+ (CRAG) channels 
was studied in Jurkat  leukemic T lymphocytes using whole-ceU patch clamp 
recording and [Ca2+]i measurement  techniques. In the presence of  22 mM extracel- 
lular Ca 2§ the Ca z+ current declined with a biexponential  time course (time 
constants of  8-30  ms and 50-150 ms) during hyperpolarizing pulses to potentials 
more negative than - 4 0  inV. Several lines of  evidence suggest that the fast 
inactivation process is Ca 2+ but not voltage dependent .  First, the speed and extent  
of  inactivation are enhanced by conditions that increase the rate of Ca 2+ entry 
through open channels. Second, inactivation is substantially reduced when Ba 2+ is 
present  as the charge carrier. Third,  inactivation is slowed by intracellular dialysis 
with BAPTA (12 raM), a rapid  Ca 2+ buffer, but not by raising the cytoplasmic 
concentration of EGTA, a slower chelator, from 1.2 to 12 raM. Recovery from fast 
inactivation is complete within 200 ms after repolarization to - 1 2  mV. Rapid 
inactivation is unaffected by changes in the number  of  open CRAC channels or 
g l o b a l  [Ca2+]i . These results demonstrate  that rapid inactivation of  l c ~ c  results 
from the action of  Ca z+ in close proximity to the intracellular mouths of  individual 
channels, and that Ca 2+ entry through one CRAC channel does not affect neighbor- 
ing channels. A simple model  for Ca z+ diffusion in the presence of a mobile buffer 
predicts multiple Ca z+ inactivation sites situated 3-4  nm from the intracellular 
mouth of  the pore,  consistent with a location on the CRAC channel itself. 

I N T R O D U C T I O N  

In many  cells, the genera t ion  o f  inositol  1 ,4 ,5- t r isphosphate  (IP3) by the e n g a g e m e n t  
o f  cell surface recep tors  elicits both  the re lease  o f  Ca 2+ from intracel lular  stores and  
the influx o f  Ca 2+ across the  p lasma  m e m b r a n e  (Berr idge,  1993). In  the case o f  T 
lymphocytes ,  this response  is in i t ia ted by the b ind ing  of  an t igen  to the T cell 
receptor ,  and  results in a susta ined rise in [Ca2+]i that  serves as an essential  signal for 
T cell act ivation (Crabtree ,  1989). Unlike in t racel lular  Ca 2§ release,  which is 
cont ro l led  by a direct  agonis t  act ion o f  IP3 on its r ecep to r  in the  endop lasmic  
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reticulum (ER) membrane, the activation of Ca z+ influx in most cases appears to 
result indirectly from the IP~-dependent depletion of intracellular Ca 2+ stores. This 
influx pathway, known as capacitative Ca 2+ entry, is quite widespread (Putney, 1990). 
Strong evidence for capacitative Ca z+ entry in many cells, including T cells, comes 
from measurements with Ca2+-sensitive dyes showing that depletion of Ca 2+ stores by 
inhibitors of ER Ca2+-ATPases can elicit Ca 2§ influx without significant changes in 
[IP3] (Gouy, Cefai, Christensen, Debre, and Bismuth, 1990; Putney, 1990; Mason, 
Garcia-Rodriguez, and Grinstein, 1991; Sarkadi, Tordai, Homolya, Scharff, and 
G~irdos, 1991; Putney and Bird, 1993). 

More recently, electrophysiological studies with whole-cell recording techniques 
have revealed depletion-activated Ca 2§ currents in a variety of cells (for reviews, see 
Fasolato, Innocenti, and Pozzan, 1994; Lewis and Cahalan, 1995). The most 
extensively characterized of these currents is known as ICRAC (Ca 2+ release-activated 
Ca 2+ current) and has been described in mast cells (Hoth and Penner, 1992, 1993) 
and in T cells (Lewis and Cahalan, 1989; McDonald, Premack, and Gardner, 1993; 
Zweifach and Lewis, 1993; Premack, McDonald, and Gardner, 1994). Consistent with 
a role in mediating capacitative Ca 2+ entry, IcRAC is activated by several procedures 
that deplete intracellular Ca 2+ stores, including intracellular dialysis with buffered 
solutions containing < 100 nM Ca 2+, intracellular application of IP3, extracellular 
application of ionomycin, and treatment with thapsigargin or other ER Ca2+-ATPase 
inhibitors. ICRAC has been demonstrated to underlie T cell receptor-stimulated Ca 2+ 
influx in T cells (Zweifach and Lewis, 1993; Premack et al., 1994). CRAC channels are 
highly selective for Ca 2+ over monovalent cations, conduct Ca 2+ better than Ba 2+ or 
Sr 2+, and do not exhibit voltage-dependent gating (Lewis and Cahalan, 1989; Hoth 
and Penner, 1992, 1993; McDonald et al., 1993; Zweifach and Lewis, 1993; Premack 
et al., 1994). In addition, they have an extremely small unitary conductance, 
estimated from noise analysis to be ~ 10 fS under physiological conditions (Zweifach 
and Lewis, 1993). Together, these properties readily distinguish I c ~ c  from other 
depletion-activated Ca 2+ currents (Vaca and Kunze, 1993; Ltickhoff and Clapham, 
1994) and from receptor-operated, second-messenger-operated, or voltage-gated 
Ca 2+ currents (Tsien and Tsien, 1990). 

Ca2+-dependent inactivation is a well documented mechanism that provides 
feedback control over the amplitude and kinetic behavior of some types of voltage- 
gated Ca 2+ channels (Eckert and Chad, 1984). Interestingly, evidence from several 
studies indicates that intracellular Ca 2+ also feeds back to inhibit I c ~ c  on two very 
different time scales. A slow inactivation process, occurring over tens of seconds, is 
suggested by the observations that elevation of extracellular [Ca 2+] only transiently 
increases the magnitude of I c ~ c  (Lewis and Cahalan, 1989; Zweifach and Lewis, 
1993), and that photolytic release of intracellular caged calcium diminishes the 
current (McDonald et al., 1993). This slow inactivation process results in part from 
refilling of intracellular Ca 2+ stores (Zweifach and Lewis, 1994). A second, more rapid 
inactivation process inhibits I c ~ c  on a millisecond time scale during hyperpolarizing 
voltage pulses (Hoth and Penner, 1992, 1993). This fast inactivation was suggested to 
be Ca 2+ dependent, as replacement of EGTA in the recording pipette with the faster 
chelator BAPTA (1,2-bis(2-aminophenoxy) ethane N,N,N'N'-tetraacetic acid) re- 
duced its extent. Rapid negative feedback by intracellular Ca 2+ may provide an 



ZWEIFACH AND LEWIS Cae+-Inactivation Of IcgAc 211 

impor tant  safeguard that limits the ampli tude o f  Ca ~+ signals particularly dur ing 
membrane  hyperpolarization,  while slow feedback is likely to participate in the 
generat ion o f  dynamic behavior. In T cells, slow negative feedback by Ca 2§ is thought  
to play a major  role in generat ing fluctuations o f  capacitative Ca 2+ entry that underlie 
antigen-receptor-st imulated [Ca2+]i oscillations (Lewis and Cahalan, 1989; Donna-  
dieu, Bismuth, and Trau tmann ,  1992; Dolmetsch and Lewis, 1994). 

In this paper,  we describe the characteristics of  rapid ICRAC inactivation with the 
aim of  elucidating its mechanism. The  results show that fast inactivation is driven by 
the flux o f  Ca 2+ through  individual channels, and that the channel  density and 
current  ampli tude are small enough  that inactivation o f  each channel  proceeds 
independent ly  of  its neighbors.  Furthermore,  the different effects of  intracellular 
EGTA and BAPTA on fast inactivation support  a model  by which Ca 2+ binds to 
nearby inactivation sites probably located on the CRAC channel  itself. Portions of  this 
work have been published in abstract form (Zweifach and Lewis, 1994). 

M E T H O D S  

Cells and Materials 

Jurkat E6-1 human leukemic T cells were maintained in complete medium containing RPMI 
1640 and 10% heat-inactivated fetal bovine serum, 2 mM glutamine, and 25 mM HEPES, in a 
6% COs humidified atmosphere at 37~ Log-phase cells (0.2-1.2 • 106/ml) were allowed to 
settle onto but not firmly adhere to glass coverslips shortly before each experiment. Thapsigar- 
gin (LC Pharmaceuticals, Woburn, MA) was prepared as a 1 mM stock solution in DMSO. 
Cs4BAPTA was purchased from Molecular Probes, Inc. (Eugene, OR). 

Whole-CeU Recording 

Patch clamp experiments were conducted in the standard whole-cell recording configuration 
(Hamill, Marty, Neher, Sakmann, and Sigworth, 1981). Extracellular Ringer's solution con- 
tained (in millimolar): 155 NaC1, 4.5 KC1, 1 MgC12, 10 D-glucose, and 5 Na-HEPES (pH 7.4), 
with CaCI2 or BaCI2 added to give the desired final concentration. 3 mM MgCie was used in 
Ca2+-free Ringer's. Internal solutions contained (in millimolar): 140 Cs aspartate, 10 Cs-HEPES 
(pH 7.2) and either 0.66 CAC12/11.68 EGTA/3.01 MgC12 (high EGTA solution), 0.066 
CAC12/1.2 EGTA/2.01 MgCI2 (low EGTA solution), or 0.90 CAC12/12.0 BAPTA/3.16 MgCI~ 
(BAPTA solution). The free [Ca ~+] of all internal solutions, measured with indo-l, was 5 nM; 
the calculated free [Mg 2§ was 2 mM. Recording electrodes were pulled from 100-p.l pipettes 
(VWR, West Chester, PA), coated with Sylgard | near their tips, and fire polished to a resistance 
of 2-8 Mfl when filled with Cs aspartate pipette solution. The patch clamp output (Axopatch 
200, Axon Instruments, Inc., Foster City, CA) was filtered at 1.5 kHz with an 8-pole Bessel filter 
(Frequency Devices, Inc., Haverhill, MA) and digitized at a rate of 5 kHz. Stimulation and 
recording were performed with an Apple Macintosh computer driving an ITC-16 interface 
(Instrutech Corp., Elmont, NY) and using PulseControl software extensions (Jack Herrington 
and Richard Bookman, University of Miami, FL) to Igor Pro (WaveMetrics, Inc., Lake Oswego, 
OR). Command potentials were corrected for the -12  mV junction potential that exists 
between the aspartate-based pipette solutions and Ringer's solution. We did not compensate 
for the series resistance, which ranged from 5-25 Mfl and for the current amplitudes in this 
study ( < 100 pA) would be expected to cause voltage errors of < 3 inV. External solutions were 
changed by positioning the cell ~ 1 mm inside one barrel of a perfusion-tube array through 
which the desired solution flowed ( < 0.1 ml/min). Experiments were conducted at 22-25~ 
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Immediately after gigaseal formation, each cell was exposed to Ca2+-free Ringer's solution 
and suction was applied to establish the whole-cell configuration. Leak currents were then 
obtained under  CaZ+-free conditions by applying hyperpolarizing steps of the same amplitude 
and duration as subsequent test hyperpolarizations (see below). In experiments where a family 
of voltage steps of varying amplitude were applied, single leak traces were collected at each 
potential. In experiments where steps to a single potential were given, five leak traces were 
collected and averaged. After 3 min, [Ca2+]o was elevated to 2-22 mM and 200-ms hyperpolar- 
izing pulses were delivered from a holding potential of  - 1 2  mV every 2 s (unless noted 
otherwise) in order to measure ICRAC. This ICRAC activation protocol, consisting of incubation in 
Ca2+-free Ringer's and intracellular dialysis with [Ca2+]i < 10 nM for 3 min, was sufficient for 
maximal activation; additional pretreatment with 1 I~M thapsigargin did not further increase 
the average initial size of lCRAC. With the exception of  Fig. 1, all sweeps were corrected for the 
leak conductance (20-100 pS) recorded in the absence of Cao 2+. Peak currents were measured 
from a 1-ms average beginning 3 ms after the start of the pulse to minimize contributions from 
uncompensated capacitative current (time constant < 1 ms). Steady state currents were 
measured as a 5-10-ms average at the end of the pulse. The time course of current decay was 
fitted by a biexponential function using Igor Pro. 

Indo-I [Ca2+]i Measurements 

For experiments combining patch clamp recording with [Ca2+]i measurements, cells were 
preloaded with 1 p~M indo-1/AM (Molecular Probes, Inc.) in complete medium for 30 min at 
37~ washed twice with medium, and stored in the dark at 22-25~ until use. In addition, 
pipette solutions were supplemented with 100 p,M indo-I pentapotassium salt (Molecular 
Probes, Inc.). Cells were illuminated using a 75-W xenon arc lamp, a 360 -+ 5 nm interference 
filter (Omega Optical, Brattleboro, VT) and a 380-nm dichroic mirror (Chroma Technology 
Corp., Brattleboro, VT) mounted on a Nikon Diaphot inverted microscope equipped with a 
Nikon Fluor 40• objective (NA 1.3). A T-I'L<ontrolled shutter (Uniblitz, Rochester, NY) was 
used to control the duration of  illumination. The emission signal was collected from an area 
slightly larger than the cell that included a small portion of the pipette. Emitted light was split 
with a 440-nm dichroic mirror and passed through 405 - 15 nm and 485 -+ 12.5 nm 
interference filters (Chroma Technology Corp.) to two photomultiplier tubes (HC124-02, 
Hamamatsu Corp., Bridgewater, NJ). The  PMT outputs were low-pass filtered at 1.5 kHz and 
averaged over 90 ms for each data point. The  fluorescence intensity due to the indo-1 in the 
pipette was measured by subtracting the fluorescence of the loaded cell alone from the 
fluorescence intensity of  the cell plus the pipette after establishing the cell-attached configura- 
tion. Pipette fluorescence and the average autofluorescence of unloaded cells was subtracted 
from subsequent fluorescence values before calculation of the 405/485 ratio R. [Ca2+]i was 
estimated from the relation [Ca/+]i = K* (R-Rmin)/(Rmax-R), where K*, Rmi,, and Rmax are values 
determined from in vivo calibrations similar to those described previously for fura-2 (Lewis and 
Cahalan, 1989). Briefly, Rmin and Rmax were measured ~ 5 min after establishing the whole-cell 
configuration with Cs aspartate pipette solutions containing 100 IxM indo-1 and either 10 mM 
EGTA (for Rmi,) or 10 mM CaCI~ (for Rmax). For Rmin measurements, cells were bathed in 
Ca2+-free Ringer's to avoid increases in [Ca2+]i resulting from activation of Ic~c.  K* was 
determined from the R values of cells loaded with a solution containing 100 ~M indo-1, 10 mM 
total EGTA, and 137 nM free Ca z+ as determined from in vitro indo-I measurements 
(assuming a Kd of 250 nM for indo-l).  The  in vivo calibration values were (mean -+ SD, n = 3): 
Rmin = 0.36 - 0.02, Rma x = 4.67 • 0.35, and K* = 1.2 • 10 -6 ~ 0.12 • 10 -6. These values 
differed significantly from those measured using the same solutions in vitro (Rmi n = 0.084, 
Rma x = 1.79, and K* = 1.09 x 10 -6, presumably due to effects of the cytosolic microenviron- 
ment on the properties of indo-1. 
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Two Kinetically Distinct Components of Ic~c  Inactivation 

Previous work has shown that  ICRAC can be induced  by int racel lular  dialysis with 
low-Ca 2+ solutions,  p resumably  due  to dep le t i on  o f  cel lular  Ca ~+ stores (Lewis and  
Cahalan ,  1989; Ho th  and  Penner ,  1992; Zweifach and  Lewis, 1993; Premack  et al., 
1994). In  the  study descr ibed  here,  we maximal ly  act ivated CRAC channels  by 
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FIGURE 1. Fast inactivation of ICRAC- (A) After depletion of intracellular Ca 9+ stores in 
Ca~+-free Ringer's (open bar), exposure to 22 mM Cao 2+ (solid bar) reveals an inward Ca 2+ current 
(IcRAc) that is largely sustained over the course of ~ 120 s, The plot shows peak currents 
measured during hyperpolarizing voltage steps applied every 2 s as shown in B (see Methods). 
Times indicated by i-iii and a--c mark the collection times for data shown in B and C, 
respectively. (B) Responses to 200-ms voltage pulses from - 1 2  to -132 mV collected at the 
times indicated by i-ill in A. During each pulse, the current is initially large but decays 
substantially due to fast inactivation. (Dashed lines) 0-current level. These data were not leak 
corrected. (C) Currents elicited by voltage ramps from - 125 to +25 mV are shown at times a--c 
during the experiment shown in A. The current-voltage relations show that the currents seen in 
A and B are due solely to ICRAC. Internal solution: Cs aspartate + 12 mM EGTA. 

in ternal  dialysis o f J u r k a t  T cells for 3 min with EGTA- or  BAPTA-buffered low-Ca 2+ 
solutions ([Ca2+]free = 5 riM) in the presence  o f  ext racel lu lar  Ca2+-free Ringer ' s  (see 
Methods) .  Peak inward cur ren t  was mon i to red  dur ing  hyperpo la r i z ing  pulses f rom 
- 1 2  to - 1 3 2  mV del ivered  every 2 s; the peak  cur ren t  ampl i tudes  der ived  f rom 
individual  pulses  (Fig. 1 B) are  p lo t t ed  on  a slow t ime scale in Fig. 1 A. In the  absence 
of  Ca 2+, hyperpo la r i za t ion  evoked only leak cur ren t  (trace i). Subsequent  exposu re  to 
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22 mM Ca 2+ produced an inward Ca 2+ current that was identified as ICRAC on the 
basis of its inwardly rectifying current-voltage relation (Fig. 1 C), Ca 2+ selectivity, lack 
of voltage-dependent gating, sensitivity to Ni ~+ block, and lack of visible noise. As 
indicated in Fig. 1 C, contamination by voltage- or Ca2+-dependent K + currents 
(Grissmer, Lewis, and Cahalan, 1992) or volume-activated Cl- currents (Lewis, Ross, 
and Cahalan, 1993) was effectively prevented in these experiments by including Cs + 
but not ATP in the pipette and ensuring that the internal solution was hypotonic with 
respect to external solutions. 

The inward current decays rapidly during hyperpolarizing voltage steps due to a 
process that we refer to as rapid inactivation (Fig. 1 B). In cells dialyzed with a 
moderate amount of  EGTA (1.2 mM), [Ca2+]i gradually rises and causes a ~ 1000- 
fold slower decay of the current (Zweifach and Lewis, 1994). This slow inhibition of 
ICRAC occurs independently of fast inactivation (see Fig. 7 below) and will be described 
in detail elsewhere (Zweifach and Lewis, manuscript in preparation). 

Kinetics of Fast Inactivation 

The time course of fast inactivation was investigated under  conditions of heavy 
intracellular Ca 2+ buffering (12 mM EGT&), which maintained IcRAc at a constant 
size throughout the duration of the experiment.  IcRAc decayed with a biexponential 
time course during hyperpolarizing pulses more negative than - 4 0  mV in the 
presence of 22 mM Ca 2+ (Fig. 2, A and B). Overall, the speed of inactivation 
increased with hyperpolarization between - 8 2  and - 162 mV as shown in Fig. 2 B; 
this was due to an acceleration of the fast exponential component  (from .r = 30 to 8 
ms) and the slower component  (from ~ -- 150 to 50 ms), as well as to an increase in 
the relative contribution of the faster component  to the current's decay. The  overall 
effect of fast inactivation is to reduce the voltage dependence of IcRAc at negative 
potentials. While peak current rises monotonically with increasing hyperpolarization, 
the amplitude of the steady state current increases only slightly between - 5 0  and 
- 1 0 0  mV and actually declines with further hyperpolarization (Fig. 2 C). The extent 
of inactivation at each potential was calculated from the peak (Ip) and steady state 
(Is~) current values as 1 - Iss/lp. In the potential range studied, the extent of 
inactivation was a nearly linear function of voltage (Fig. 2 B) and peak current (Fig. 
2 D). Interestingly, the relation of inactivation to the steady state current is non- 
monotonic; inactivation increases with hyperpolarization below - 100 mV, even as the 
steady state current decreases (Fig. 2 D). 

Recovery from fast inactivation occurred at a rate similar to its development. The 
time course of recovery was measured using a two-pulse protocol in which steps from 
- 1 2  to - 1 3 2  mV were delivered with a variable interpulse interval at - 1 2  inV. As 
shown in Fig. 3 A, the peak current amplitude during the second pulse increased with 
time of recovery. The time course in six cells was biexponential with average time 
constants of 9 ms (30% of total amplitude) and 75 ms (70% of total amplitude) (Fig. 
3 B). The  time course of  recovery was not affected by substitution of BAWI'A for 
EGTA in the pipette (data not shown). However, recovery was accelerated somewhat 
at a more positive potential (+50 mV), and was largely suppressed at a more negative 
one ( - 5 0  mV, not shown). 
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FIGURE 2. Kinetics of fast inactivation. (A) Responses of one cell to a graded series of 
hyperpolarizing pulses to the voltages indicated from a holding potential of - 12  mV. 
Superimposed on the data are biexponential fits described by the function 1 = 1 o + Ale -t/*l + 
A2e -r (B) Average inactivation fitting parameters plotted against pulse potential. The 
apparent voltage dependence of A and "r for the fast (top graph) and slow (middle graph) 
components are shown; both components contribute to the overall extent of inactivation during 
each pulse (1 - l~,/Ip) plotted in the bottom graph. Mean values _+ SEM are shown (n = 7 
cells). Where error bars are not visible, they are smaller than the symbol. (C) Current-voltage 
relation for the peak and steady state currents for the cell shown in A. (D) Extent of inactivation 
plotted as a function of the peak and steady state current. Inactivation values were calculated as 
1 - Iss/Ip from the data in C. Inactivation is a monotonic function of peak but not steady state 
current. Internal solution: Cs aspartate + 12 mM EGTA. 

Fast Inactivation Is Calcium but Not Voltage Dependent 

The  apparen t  voltage dependence  o f  fast inactivation seen in Fig. 2 could in 
principle arise f rom strictly vol tage-dependent  or  Ca2+-dependent  processes, both o f  
which have been described for voltage-gated Ca 2+ channels in excitable cells (Eckert 
and Chad, 1984). We investigated the contribution o f  these two mechanisms in 
several ways: by varying the rate o f  Ca 2+ influx independent ly  o f  membrane  
potential,  by changing the current  carrier from Ca 2+ to Ba 2+, and by varying the 
intracellular buffering o f  Ca 2+ and therefore, the local [Ca2+]i near  the channels. 



216 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  �9 V O L U M E  1 0 5  �9 1 9 9 5  

At all potent ia ls  tested,  the ex ten t  of  inactivation increased as [Ca2+]o was raised 
f rom 2 mM to 6 or  22 mM (Fig. 4, A and B), pr imar i ly  due to an increase in the 
cont r ibu t ion  of  the faster c o m p o n e n t  to the inactivation process.  These  effects are 
unlikely to be due  to changes  in surface potent ia l ,  as ident ical  results were ob ta ined  
in expe r imen t s  in which Mg 2+ was used to hold constant  the  total divalent  ion 
concentra t ion.  T h e  results are  consis tent  with an effect of  Ca 2+ itself on fast 
inactivation, but  do  not  address  its physical  site o f  act ion no r  do  they rule out  
addi t iona l  contr ibut ions  from m e m b r a n e  potent ia l .  

T h e  role of  Ca 2+ influx th rough  single channels  was assessed by rep lo t t ing  the 
inactivation da ta  of  Fig. 4 B as a function o f  the es t imated  s ingle-channel  cur rent  
ampl i tude .  T h e  uni tary conductance  of  CRAC channels  is too small for single- 
channel  cur rents  to be de tec ted ,  but  the uni tary cur ren t  size at - 8 0  mV has been  
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F I G U R E  3. Recovery from fast 
inactivation. (A) After a 200-ms 
conditioning pulse to - 132 mV 
to induce inactivation, the cell 
was depolarized to - 1 2  mV for 
variable periods followed by a 
second pulse to - 132 mV. Five 
consecutive responses collected 
every 10 s are superimposed. 
(B) Peak current during the 
second pulse (lp2), normalized 
to the peak current during the 
first pulse ( l p l ) ,  is plotted against 
the recovery interval. Data 
points are the mean - SEM for 
six cells. The recovery time 
course was fitted by the function 
I p 2 / I p l  = I - -  A l e  - t / ' l  - A 2 e  -r/ '2 ,  

where ~1 --- 9 ms, A1 = 0.3, xz = 
75 ms, and Az = 0.7. Internal 
solution: Cs apartate + 12 mM 
EGTA. 

es t imated  from noise analysis to be - 1 . 5  fA with 2 mM Ca 2+ (Zweifach and  Lewis, 
1993) or  - 3 . 5  fA with 22 mM Ca 2§ (A. Zweifach, unpub l i shed  observations).  T h e  
peak  cur ren t  (Ip) a t ta ined  at each vol tage is the  p roduc t  of  the n u m b e r  of  open  
channels ,  which was he ld  constant  t h roughou t  the  e x p e r i m e n t  by high int racel lular  
Ca 2+ buffering,  and  the s ingle-channel  cur rent  (/ca). Therefore ,  ica was calculated for 
each potent ia l  by scaling the uni tary current  es t imate  for 2 or  22 mM Ca 2+ by the 
ra t io  o f  Ip at  that  po ten t ia l  to Ip at - 8 0  mV measu red  in the same cell. As shown in 
Fig. 4 C, a plot  of  the ex ten t  of  inactivation against  es t imated  ica describes a single, 
sa tura t ing  re la t ionship,  suppor t ing  the not ion that  inactivation is dr iven by the Ca 2+ 
flux th rough  single channels .  Moreover,  because the  da ta  ob ta ined  in the presence  o f  
2 mM Ca2o + and  22 mM Cao 2+ follow the same re la t ionship ,  we conclude  that  lCRAC 
inactivation exhibits  little or  no direct  vol tage dependence .  
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Inact ivat ion o f  cur rents  car r ied  by Ba 2+ th rough  CRAC channels  was s tudied  to 
examine  fur ther  the  Ca 2+ and  vol tage sensitivity o f  this process.  As i l lustrated in Fig. 
5, Bao 2+ subst i tut ion for Cao 2+ r educed  both  the cur ren t  amp l i t ude  and  the ex ten t  of  
inact ivat ion measu red  dur ing  hyperpo la r i z ing  pulses. T h e  d imin i shed  inact ivat ion of  
ICRAC with Ba 2+ as the p e r m e a n t  ion fur ther  suppor t s  the  conclusion that  fast 
inact ivat ion is not  directly vol tage  d e p e n d e n t .  

T h e  site o f  inact ivat ion by Ca 2+ was s tudied  by measur ing  the effects o f  intracellu-  
lar Ca 2+ buffers having dif ferent  Ca 2+ b ind ing  rates (Fig. 6). Elevation o f  EGTP~ from 
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FIGURE 4. Dependence of inactiva- 
tion on extracellular [Ca2+]. (31) Cur- 
rent responses to hyperpolarizing 
voltage steps obtained with 6 and 22 
mM Ca 2+ from the same cell. Internal 
solution: Cs apartate + 12 mM 
EGTA. (B) The extent of fast inactiva- 
tion plotted against potential for 
200-ms hyperpolarizing steps. Data 
show mean values _+ SEM for 4-6 
cells in the presence of 22 mM (Q), 6 
mM (A), or 2 mM (O) 2+ Ca o . At all po- 
tentials, increasing [Ca~+]o enhances 
inactivation. Internal solutions: Cs 
apartate + 12 mM EGTA. (C) The 
extent of inactivation is a function of 
the single-channel current amplitude. 
Single-channel current ampli tudes 
were estimated from noise analysis 
and peak current amplitudes as de- 
scribed in the text, using the data 
summarized in B (O, 2 mM CaoZ+; 0 ,  
22 mM Cao~+). The data describe a 
single saturating relationship between 
single-channel current amplitude and 
the extent of inactivation regardless 
of [Ca2+]o, indicating that the inacti- 
vation mechanism is not voltage de- 
pendent. 

1.2 to 12 mM had  no  d iscernable  effect on  fast inact ivat ion at any po ten t ia l  (Fig. 6 B). 
However,  12 m M  B A F F ~ ,  a che la to r  with ~400 - fo ld  faster Ca2+-binding kinetics 
(Tsien, 1980; Adler ,  August ine,  Duffy, and  Charhon ,  1991), significantly slowed 
inact ivat ion and  r e d u c e d  its ex ten t  at all potent ia ls .  BAPT& also a l te red  the kinetics 
o f  inact ivat ion such that  the  cur ren t  decayed  with a s ing le -exponent ia l  t ime course at 
all but  the  most  hype rpo la r i zed  potent ia ls  ( - 1 6 2  mV). These  da ta  provide  s t rong 
evidence that  cytosolic Ca 2+ plays a role  in fast inactivation,  and  suggest  that  the 
essential  Ca 2+ b ind ing  site resides a short  d is tance from the mou th  of  the channel .  
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FIGURE 5. Ba 2+ current inactivates less than Ca n+ current. (A) Comparison of  inactivation in 
the presence of 10 mM Cao 2+ and 10 mM 2+ Ba o . Peak current amplitude (top graph) and the 
extent of  inactivation during hyperpolarizing steps from - 1 2  to - 1 3 2  mV (bottom graph) were 
measured every 2 s. 180 s after break in, the cell was exposed to 10 mM Ca~+-Ringer's. During 
the period indicated by the dashed lines, a series of steps to more hyperpolarized potentials was 
applied, causing a small reduction in current amplitude when pulses to - 1 3 2  mV were 
resumed. Exposure to 10 mM Ba 2+ immediately reduced the current amplitude and the extent 
of  inactivation. Symbols show the times at which the traces in B were collected. (B) Selected 
current responses to hyperpolarizing voltage steps obtained in 10 mM Cao 2+ (B) or 10 mM 
Bao 2+ (O). Pipette solution: Cs aspartate + 12 mM EGTA. 
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FIGURE 6. Effects of exogenous in- 
tracellular Ca 2+ buffers on fast inacti- 
vation. (A) Current responses to hy- 
perpolarizing steps obtained in 22 
mM Cao 2+ with 12 mM BAPTA~ or 12 
mM EGTAi. Data were selected from 
two cells displaying approximately 
equal peak current amplitudes. (B) 
Extent of inactivation plotted against 
step potential for several intracellular 
buffering conditions. Increasing [EG- 
TA]i from 1.2 mM (A) to 12 mM (O) 
does not affect the extent of fast inac- 
tivation at any potential, but 12 mM 
BAPTA (0)  diminishes it. Data are 
mean • SEM from four to six cells. 
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CRAC Channels Inactivate Independently of Each Other 

In excitable cells, the unitary conductance and surface density of  Ca z+ channels is in 
some cases sufficiendy high that Ca 2+ enter ing th rough  one channel  can enhance the 
Ca2+-dependent  inactivation o f  neighboring channels (Imredy and Yue, 1992). 
Because increasing the number  of  open  channels reduces the average distance 
between sites o f  Ca 2+ influx, overlapping Ca 2+ domains are indicated by an enhanced  
inactivation occurr ing in parallel with increasing activation. We tested whether  Ca z+ 
domains near CRAC channels overlap by examining fast inactivation under  condi- 
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FIGURE 7. Fast inactivation is governed by local Ca 2+ feedback within nonoverlapping 
single-channel domains. (A) Whole-cell dialysis with low [EGTA] (1.2 mM) slowly activates ICRAC 
(top trace) in the presence of 22 mM Cao 2+, causing a rise in [Ca~+]i (lower trace) and a slow 
decline in ICRAC as channels close. Peak current during hyperpolarizing pulses to -132 mV are 
plotted every 2 s as in Fig. 1 A. (B) The extent of fast inactivation monitored during 200-ms 
steps from -12  to -132  mV is unaffected by increases in global [Ca2+]i up to 0.8 ~M. (C) The 
extent of inactivation is independent of changes in peak whole-cell Ca ~+ current. Thus, 
inactivation is not dependent on the number of open channels, implying that neighboring 
single-channel Ca 2+ domains do not overlap. All data are from the same experiment. Internal 
solution: Cs aspartate + 1.2 mM EGTA + 100 IzM indo-1. 

tions where the number  of  open  channels was allowed to change while the driving 
force for Ca 2§ entry was held constant. IURAC was activated in the presence of  22 mM 
C -z§ o by intracellular dialysis with 1.2 mM EGTA (free [Ca2+]i = 5 nM). As the current  
slowly developed, hyperpolarizing voltage steps to - 1 3 2  mV were applied every 2 s 
to moni tor  the rate and extent of  fast inactivation, and [Ca2+]i was measured using 
indo-1. As shown in Fig. 7 A, [Ca2§ rose in parallel with the development  o f  inward 
Ca 2+ current,  then fell as ICRAC declined due to a Ca2+-dependent  slow inhibition 
process (Zweifach and Lewis, 1994). However, dur ing this entire period the extent  o f  
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fast inactivation evoked by hyperpolarizing voltage pulses was constant. Thus, fast 
inactivation depends on neither the global [Ca2+]i (Fig. 7 B) nor the number of open 
CRAC channels (Fig. 7 C). Similar results were obtained when ICRAC amplitude was 
reduced by SKF 96365, a compound that inhibits capacitative Ca 2+ entry in a variety 
of cell types (Mason, Mayer, and Hymel, 1992). Over a period of 60 s, 100 IzM SKF 
96365 inhibited ICRAC by ~80% without affecting the rate or extent of fast 
inactivation. Together  with the results of the preceding section, these results indicate 
that fast inactivation is governed only by the electrochemical driving force for Ca 2+ 
entry, and that Ca 2+ entry through one channel does not affect its neighbor. Thus, 
we conclude that fast inactivation results from the action of incoming Ca 2+ in private 
microdomains near the mouth of each CRAC channel. 

D I S C U S S I O N  

Fast Inactivation Is Controlled by Local Calcium Feedback 

Our data support the idea that fast inactivation of ICRAC is a CaZ+-dependent rather 
than a voltage-dependent process. A purely voltage-dependent process would be 
inconsistent with the observed sensitivity of inactivation t o  [ C a 2 + ] o  (Fig. 4), the nature 
of the permeant ion (Fig. 5), and the species of intracellular buffer (Fig. 6). The 
relation of inactivation to the estimated single-channel current is independent of 
[Ca2+]o and voltage (Fig. 4 C), indicating that the apparent Cao z+ and voltage 
dependence of fast inactivation can be explained through effects on the driving force 
for Ca 2+ entry. Although the residual inactivation observed with Bao z+ (Fig. 5) might 
be attributed to slight voltage dependence, it could also be explained by some ability 
of Ba 2+ to substitute for Ca 2+ in causing inactivation. For example, Ba 2+ has been 
shown to be effective (although less effective than Ca '~+) in opening Ca2+-activated 
C1- currents in Xenopus oocytes (Neely, Olcese, Wei, Birnbaumer, and Stefani, 1994). 

Several lines of evidence indicate that fast inactivation results from local rather 
than global increases in [ C a 2 + ] i ,  implying that the relevant binding site is close to the 
channel. First, the extent of inactivation is unaffected by large changes in the number 
of open CRAC channels or global [Ca2+]i (Fig. 7), indicating a lack of overlap 
between single-channel C a  2+ domains. The notion of microdomains of Ca ~+ accumu- 
lation was originally developed to describe the CaZ+-dependent inactivation of 
voltage-gated Ca 2+ channels in Aplysia neurons (Chad and Eckert, 1984), and 
microdomain models have been applied to predict [Ca2+]i profiles near Ca 2+ 
channels at synapses (Simon and Llinas, 1985; Smith and Augustine, 1988; Roberts, 
1993) and in pancreatic [3-cells (Sherman, Keizer, and Rinzel, 1990). As for CRAC 
channels, inactivation of voltage-gated Ca 2+ channels in several preparations appears 
to depend on the single-channel amplitude but not on the number of open channels 
(Chad and Eckert, 1984; Sherman et al., 1990; Neely et al., 1994). In T cells, the fact 
t h a t  C a  2+ entering one channel does not affect inactivation of its neighbors may be 
explained by the relatively low single-channel current (~ 10- to 100-fold smaller than 
voltage-gated C a  2+ channels), the proximity of the binding site to the channel (see 
below), and the average spacing of the channels (~  100 nm, assuming a uniform 
distribution of ~ 104 channels/cell; Zweifach and Lewis, 1993). A second argument in 
favor of local feedback is the nonmonotonic relation between inactivation and Iss in 
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experiments in which the number  of open channels is constant (Fig. 2 D). If  fast 
inactivation were controlled by global [Ca2+]i, an equilibrium should exist at every 
potential between Iss and the extent of  inactivation, leading to a monotonic relation 
between the two. Instead, inactivation increases monotonically with Ip, which is 
consistent with the dependence of inactivation on single-channel Ca 2+ flux (Fig. 4 C). 
Finally, fast inactivation is sensitive to the species of intracellular Ca 2+ buffer. Fast 
inactivation is not affected by reducing EGTAi from 12 to 1.2 raM, but is diminished 
by 12 mM BAPTA~ (Fig. 6), consistent with the fact that BAPTA is a faster buffer than 
EGTA, as discussed below. The  ability of  BAFTAi to affect inactivation indicates that 
the Ca 2+ binding site is exposed to the cytoplasm rather than residing within the 
pore. 

Predicting the Location of the Ca 2+ Binding Site(s)for Fast Inactivation 

The different efficiencies with which intraceUular EGTA and BAPTA reduce inactiva- 
tion can be used to estimate the location of the Ca 2+ binding site(s). A rough estimate 
can be made by considering the mean distance Ca 2+ diffuses from the entry site 
before binding to the buffer. The mean path length of free Ca 2+, k, can be expressed 
as (Neher, 1986; Roberts, 1993): 

k = (Dca/(konB)) 1/2 (1) 

where Dca is the Ca z+ diffusion coefficient ( ~ 3  • 10 -1~ m 2 s - l ) ,  kon is the forward 
rate constant of the buffer (kon = 6 • 10 s M -1 s -1 for BAPTA; kon = 1.5 • 106 M -1 
s - l  for EGTA at pH 7.2; Tsien, 1980; Adler et al., 1991), and B is the buffer 
concentration, k is 129 nm in the presence of 12 mM EGTAi and 6.5 nm in the 
presence of 12 mM BAPTAi. Because inactivation is diminished byBAPTAi but not by 
EGTAi, this places the inactivation binding site(s) closer to 6 nm than to 129 nm from 
the channel pore. 

Theoretical models of Ca 2§ diffusion in the presence of exogenous intracellular 
Ca z+ buffers predict that a steady state [Ca2+]i gradient will form rapidly near the 
mouth of each channel, within Ixs of  channel opening (Chad and Eckert, 1984; Simon 
and Llinas, 1985; Neher, 1986). For the case of a highly mobile, nonsaturable 
intracellular buffer, the following relation approximates the steady state distribution 
of Ca 2+ as a function of r, the distance from the mouth of the pore (Neher, 1986): 

/Ca 
[Ca~+](r) = [CaZ+]| + 4~rFrDc-------~a exp ( - r / k )  (2) 

where [Ca2+]| is the bulk cytosolic [Ca 2+] (5 nM), F is Faraday's constant, and Dca, ic~, 
and k are as defined above. This model makes several critical assumptions. First, it 
assumes an infinite supply of a highly mobile exogenous chelator, such that the 
buffer does not saturate even close to the pore. This condition is satisfied by the fact 
that/Ca is small ( _< 10 fA), and that the buffers are highly mobile (D for BAPTA and 
EGTA are close to Dca) and concentrated (1.2-12 mM). Within a 5-nm radius of the 
channel, the m e a n  [Ca2+]i is estimated to be ~ 8 I~M (see below), and the average 
concentration of free buffer exceeds this by > 100- to 1000-fold. Therefore, local 
saturation of the buffer is unlikely. Second, this model ignores the effects of 
endogenous buffers, both fixed and mobile. The absence of fixed buffer terms is 
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justified by the fact that nondiffusible buffers cannot influence [Ca2+]i in the steady 
state. The effects of  diffusible endogenous buffers in T cells is likely to be small, 
because the Ca 2+ binding capacity (K) of  endogenous buffers in T cells has been 
estimated to be 125 (Donnadieu et al., 1992), or > 500-fold lower than the binding 
capacity of 12 mM BAPTA (Neher, 1988). Third, the effect of  Ca 2+ extrusion by 
plasma-membrane ATPases is ignored, because they are unlikely to export  significant 
amounts of Ca ~+ over the molecular distance scale under  consideration here. Finally, 
the model is based on the condition that [Ca2+]i at  each distance from the channel is 
at steady state, i.e., O[Ca2+]/Ot = O. The steady state condition does not apply in the 
close vicinity of a single channel over short time periods. The average time it takes a 
Ca 2+ ion to escape from a 5-nm radius domain by diffusion (0.014 Ixs) is much 
smaller than the mean time between ion entry events (32 I~S, based on a maximal ica 
of - 1 0  fA); thus, the average number  of Ca 2+ ions within this domain is only 
0.014/32, or 4 x 10 -4. However, even though the number  of Ca 2+ ions in the 
domain is always << 1, the fact that each channel inactivates independently (Fig. 7) 
makes it valid to consider the summed or averaged concentration of a large ensemble 
of channel domains simultaneously. The whole-cell currents being measured here are 
probably generated by > 10,000 CRAC channels (Zweifach and Lewis, 1993), a 
sufficiently large number that the ensemble average [Ca2+]i in small domains can 
attain the steady state condition required by the model. 

The  model predicts that [Ca2+]i gradients will form in extremely localized micro- 
domains surrounding CRAC channels. Fig. 8 A illustrates the predicted profile of  
[Ca z+] for distances <20  nm from the channel mouth under several different 
conditions. The dashed curve shows the predicted gradient in the absence of 
exogenous chelator for/Ca = -3 .3  fA, a simulation of Ca 2+ influx at - 122 mV in the 
presence of 2 mM Ca 2+. The inclusion of 12 mM EGTAi under  these conditions has 
little effect on  [Ca2+]i near the channel, as is expected given the relatively slow 
capture rate for EGTA and the correspondingly large space constant ~. of 129 nm. 
Substitution of BAtrI'Ai for EGTAi steepens the gradient by shortening the Ca 2+ 
capture time and the associated space constant (k = 6 nm). The binding site(s) for 
Ca z+ can be roughly localized by inspecting the [Ca2+]i profiles in Fig. 8 A predicted 
for 12 mM EGTAi (/ca = - 3 . 3  fA) and 12 mM BAPTAi (/Ca = --5.5 fA), conditions 
that elicit ~ 45% inactivation. The binding site(s) must lie near the intersection of the 
two curves; i.e., ~ 4 nm from the mouth of the channel. 

Because BAPTAi substitution for EGTAi changes the shape of the [Ca 2+] profile 
near open channels (Fig. 8A), the predicted Ca 2+ dependence of inactivation with 
the two different buffers can be used to determine a unique location for the Ca 2+ 
binding site(s). The model was used to calculate [Ca2+]i a t  a distance of 10 or 3 nm 
from the channel mouth, using estimated values for iCa at voltages of - 1 6 2  to - 8 2  
mV in the presence of 22 mM or 2 mM Ca 2+ (see Fig. 4 C). These values of  [Ca2+]i 
were then plotted against the corresponding measured mean values of the extent of 
inactivation. If  the site (or sites) are assumed to lie 10 nm from the mouth of the pore 
(Fig. 8 B, left), the model predicts that inactivation is more sensitive to Ca~ + in the 
presence of  BAFTN than with EGTAi. However, if the binding sites are assumed to be 
only 3 nm from the mouth of  the pore (Fig. 8 B, right), then the same Ca 2+ 
dependence is predicted for the two buffering conditions. Because it is unlikely that 
the species of  Ca z+ buffer alters the intrinsic Ca 2+ sensitivity of inactivation, we 
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conclude that the Ca 2+ b ind ing  site or sites are likely to be 3 - 4  n m  from the mouth  of 

the pore. Assuming CRAC channel  d imensions  similar to those of other  Ca 2+ 

channels  (Smith and  Augustine,  1988), this location implies that the b ind ing  site or 
sites are par t  of the channel  itself. In  addit ion,  the Ca 2+ sensitivity of  inactivation is 
best described by the Hill equat ion with a coefficient of 2.04 (Fig. 8 B), implying that 
mult iple  Ca 2+ ions b ind  in order  to cause inactivation. The  existence of mult iple Ca z+ 
b ind ing  sites is consistent with the b iexponent ia l  t ime course of inactivation (Fig. 2 A) 
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FIGURE 8. Estimating the location 
and properties of the Ca 2+ binding 
site(s) for fast inactivation. (A) [Ca2+]i 
calculated as a function of distance 
from a point source of Ca 2+ influx 
(see text). [Ca2+]i profiles are illus- 
trated for three conditions:/ca = -3.3 
fA without exogenous Ca ~+ buffer (--) 
or with 12 mM EGTAi (Q)), and ic~ = 
-5 .5  fAwith 12 mM BAPTAi (A). The 
EGTA and BAPTA conditions pro- 
duce the same level of inactivation 
(~45%) measured experimentally. 
(B) The extent of inactivation plotted 
against the estimated local [Ca2+]i at 
distances of 10 and 3 nm from the 
channel mouth. Inactivation values 
were taken from Figs. 4 B and 6 B. 
For each of these points, single-chan- 
nel current amplitude was estimated 
from peak lc~c amplitude as in Fig. 
4 C, and these values were used to 
estimate [Ca2+]i at 10 nm and 3 nm 

from the channel mouth (see text). Experimental conditions were 12 mM BAPTAi, 22 mM 
Cao 2+ (A); 12 mM EGTA~, 22 mM Ca2o + (0); 12 mM EGTA~, 2 mM Cao 2+ (Q)). An equation of the 
form 1 - l,s/Ip = ([Ca~+]"/(K~ + [Ca2+] n) has been fitted to the EGTA data for r = 3 nm by a 
nonlinear least-squares criterion (right graph). The fitting parameters were: n = 1, Ka = 4.8 x 
10 -6 M (dashed line); n = 2.04, Kd = 3.6 x 10 -6 M (solid line). The model predicts the same Ca 2+ 
sensitivity of inactivation in the presence of either EGTAi or BAPTA~ only if the binding site is 
assumed to be located 3-4 nm from the mouth of the channel. 

and  recovery from inactivation (Fig. 3 B), a l though other  under ly ing  causes are also 
possible. 

Several uncertaint ies  may affect the accuracy of the model 's  predictions. First, the 
model  assumes Ca 2+ diffusion from a point  source into an infinite volume, which may 
not  accurately describe the condit ions that exist in extremely close proximity to a 
channel  protein.  For example,  diffusion barriers, perhaps  arising from the channel  
architecture itself, may create a restricted space near  the mouth  of the pore. 
Restricted diffusion would increase [Ca2+]i near  the channel  and  could conceivably 
violate assumptions about  nonsa tura t ion  of the buffers. Restricted diffusion caused by 
close apposi t ion of sarcoplasmic ret iculum and  plasma membranes  has been  sug- 
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gested to affect activation of Ca 2+ release channels in smooth muscle (Kargacin, 
1994). However, no analogous supporting evidence exists as yet for CRAC channels 
in T cells. Second, inaccurate estimates of ica will induce corresponding errors in 
[Ca2+]. Noise analysis commonly underestimates the true single-channel conductance 
(Fenwick, Marty, and Neher, 1982), and although ICRAC fluctuations appeared to be 
well resolved in a previous study (Zweifach and Lewis, 1993), a severalfold underesti- 
mate cannot be ruled out. An error of  this sort would affect only the inferred Ca 2+ 
sensitivity of  inactivation but not the estimated location of the Ca 2+ binding site nor 
the degree of cooperativity. Interestingly, in some experiments, global [Ca2+]i 
attained levels as high as 5 I~M without increasing the extent of inactivation, even 
though the model predicts that it should (Fig. 8 C). This discrepancy could be 
explained by a severalfold underestimate of the true single-channel current ampli- 
tude or by restricted diffusion near the pore. Lastly, an error in the value for Dca will 
affect the estimated location of the Ca 2+ binding sites. A reasonable upper  limit for 
Dca is the Ca 2+ diffusion coefficient in water, or 6 x 10 -1~ m2/s (Robinson and 
Stokes, 1965). This assumption for Dca would shift the binding site to ~ 8 nm from 
the channel mouth. Recent measurements in CaZ+-saturated Xenopus oocyte cyto- 
plasm indicate a somewhat lower Dca of 2.2 X 10 -1~ m 2 s -1 (Allbritton, Meyer, and 
Stryer, 1992) presumably due to the tortuosity of cytoplasm; this value is close to our 
assumed value. 

Possible Functions of  Rapid Icmc Inactivatwn 

Fast inactivation is likely to exert a significant effect on ICRAC under  physiological 
conditions by reducing the voltage sensitivity of Ca 2+ influx at potentials at or below 
the resting level ( - 5 0  to - 7 0  mV). For example, hyperpolarization from - 5 0  to - 8 0  
mV in the presence of 2 mM Ca 2+ would be expected to double the single-channel 
current amplitude based on peak current measurements like those in Fig. 2 C. 
However, ~ 20% of the current is inactivated at - 8 0  mV (Fig. 4 B), thus reducing the 
increase in whole-cell IcRAc from 100 to 60%. Hyperpolarizations of  this size have 
been observed due to the opening of Ca2+-activated K + channels in T cells with 
elevated [Ca9+]i (Grinstein and Smith, 1989). At physiological Cao 2+ levels, fast 
inactivation is insignificant at potentials above - 6 0  mV; hence, it is not likely to 
influence the apparent  voltage dependence of Ca 2+ entry in cells depolarized from 
rest. In view of its rapid kinetics, fast inactivation is unlikely to play a significant role 
in generating slow periodic changes in lcRAc amplitude that underlie [Ca2+]i 
oscillations in T cells (Dolmetsch and Lewis, 1994). Nevertheless, by reducing the 
voltage dependence of  Ca 2+ influx during hyperpolarization, fast inactivation may 
diminish the role of Ca2+-activated K + channels in the oscillation mechanism. The 
fact that a similar fast inactivation process was observed in mast cells (Hoth and 
Penner, 1993) suggests it is a general feature of CRAC channels. 
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