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Abstract. We have obtained evidence that the?Ga Introduction

selective current activated by €astore depletion (Ca

release-activated Eacurrent;l . in Jurkat T lympho-  Plasma membrane €achannels coupled to the deple-
cytes is augmented in a time-dependent manner 5y Cation of Ca&* from microsomal stores have been pursued
itself. Whole cell patch clamp experiments employedenthusiastically by investigators in recent years. None
high cytosolic C&*-buffering conditions to passively de- Of these channels have been cloned with the possible
plete C&* stores. Rapidly switching to nominally €a  exception of an insect homologrp, from Drosophila
free extracellular buffer instantaneously reduded, (Hardie & Minke, 1993; Vaca et al., 1994). Thus no
measured a+100 mV to leak current level. Unexpect- definitive information is available about the degree of
edly, readmission of 2 mCa" instantaneously restored Structural homology among depletion-activated*Ca
only 38 + 5% (meanz sem; n = 9) of the full I.,. channels. Nonetheless, the biophysical properties anc
amplitude. The remainder reappeared in a monotoni®iochemical regulation of these channels appear to be
time-dependent manner over 10 to 20 sec. Ragid increasingly diverse, suggesting that they may comprise
slow intracellular C&" chelators did not alter this pro- an extensive family of molecular entities. Some of the
cess, and inorganit,,,. blockers did not regenerate it, most detailed biophysical analyses of depletion-activated
arguing against an intracellular site of action. The effectC&" channel characteristics have emerged from whole
was specific to C&: introduction of the permeant ions, cell patch clamp studies in mast cells (Hoth & Penner,
Ba2* or Sr2+, failed to invoke time-dependef@rac reap- 1992, 1993; Hoth, 1995) and cultured Jurkat T Iympho—
pearance. Moreover, equimolar substitution of Br ~ cytes (Lewis & Cahalan, 1989; McDonald, Premack &
c&* initially produced B&" current of similar magni- Gardner, 1993; Zweifach & Lewis, 1993, 1995; Pre-
tude to the full C&" current, but the BH current decayed mack, McDonald & Gardner, 1994; Hoth, 1995). These
monotonically to <50% of its initial amplitude in <20 hallmark properties include: strong €aselectivity,
sec. Conversely, return to €aproduced a time- greater C&" than B&" permeation, time and voltage-
dependent increase I, to its larger C&" permeation  independent gating, inward rectification at negative po-
level. Thus C& appears to selectively promote a revers-tentials, and C&-dependent rapid inactivation. In mast
ible transition ofl,,. that results in larger current flux, cells the depletion-activated current was originally re-

and at least partially explains the selectivity of this cur-ferred to as C& release-activated €acurrent (g0
rent for C&* over other divalent ions. Hoth & Penner, 1992), and this naming convention was

subsequently adopted in T cells (Zweifach & Lewis,
1995). Single channel currents correspondingl 4g.
Key words: C&" current — Depletion-activated €a  have not been recorded successfully in these cells. How-
current — Voltage-independent €acurrent — C&"  ever, estimates from noise analysis in Jurkat cells sugges
selectivity — B&" permeation — Jurkat cell exceedingly low unitary conductance in the fS range
(Zweifach & Lewis, 1993). This contrasts to €a
selective single channels that have been recorded in sev
eral cell types with apparent €astore-dependent link-
ing, but unitary conductances in the pS rangécithoff
- & Chapham, 1994; Vaca & Kunze, 1994).
Correspondence tcaE.P. Christian The primary defining criterion of depletion-
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activated C&" currents is the coupling of activation to tion contained nominal free €a(no added C¥ chelator), and the total
the C&* status of intracellular stores. Yet, regulation of divalent ion concentration was made equimolar to th&"@antaining
open probability of these channels appears complexS.OIUt'on by M¢* addition. Experlmgnts v_vere conducted at 22—-24°C.
Although considerable attention has been directed to-. The standard whole cgll conflgurgtlon of the patch F:Iamp tech-
. . . > nique was used for recordings (Hamill et al., 1981). Pipettes were

ward eIu0|d_at|ng the coupling pajthway between. Ca fabricated from thin wall (1.5 mm OD, 1.12 mm ID) borosilicate glass
store depletion and C&current activation, mechanisms (Worth Precision Instruments, Sarasota, FL) on a Brown-Flaming P-87
unrelated to store depletion have also been shown teuller (Sutter Instruments, San Rafael, CA), Sylgarded (Dow Corning,
modulate depletion-activated currents. Rapid<( 150 Midland, MI), and polished to a DC resistance of 248 when filled
msec) Cé*-dependent inactivation df,..in mast cells with the pipette solution. Membrane currents were amplified with ei-
(HOth & Penner, 1993) and Jurkat T cells (Zweifach & ther an Axopatch 1B or 200A ampllflgr (Axon Instruments, Foster_C_lt_y,

. imilar to that shown in voltage-gated CA). Voltage; clamp protocols were implemented and data acqu.lsmon
Lev‘ils’ 1995)’ simi . ge-g performed with pClamp 6.0 software (Axon Instruments). The pipette
C&" channels (Chad & Eckert, 1984), provides one eX-c,rent was nulled prior to forming a seal. Command potentials were
ample of this: recent evidence indicates that this fashot corrected for th€-10 mV junction potential calculated (Barry &
inactivation may result from a direct interaction ofZa Lynch, 1991) between the standard pipette and bath solutions. This
near the inner aspect of thg,.channel pore (Zweifach does not impact significantly any of the conclusions reached in the
& Lewis, 1995)_ Whether this property generalizes to study. The resistance of patch seals was >1ID @Vhole cell capac-

S - _ itive transients were nulled with the capacitance compensation circuitry
?et?rigndeedpletlon activated €acurrents remains to be de in the amplifier following attainment of the whole cell mode. In most

. . experiments, 70 to 85% of the series resistance (#2) was com-

In the present study, we have identified a secontyensated by the amplifier.
Ca*-dependent regulatory effect dg.,.in Jurkat cells Voltage clamp protocols used a holding potential of 0 mV to
whereby introduction of extracellular €aitself directly ~ minimize basal C¥ influx. This condition allowed stable recordings
augmentghe whole cell current. This effect is not mim- of I acfor usually >10 min. | ,.was measured during voltage steps to

icked by other permeant divalent ions such a€Bmd -100 mV of varying duration, or 2_00-ms¢_ac ramps betwegﬂo a_lnd
2+ -+ ; . _+40 mV. Leak current (measured in nominally®Géree solution, i.e.,

SrP*. Thus C&' seems to be unique as a charge carrier, 2 -

2 mm Mg~ substitution) was always manually subtracted from total

that _promOte$ a trans't'or.] df,,c Channels to aCh'?Ve Ca* current to analyze quantitatively the €aelectivel,,. ampli-
maximal C&" influx for a given level of store depletion. tude. Data were rejected if either leak current measured fi-Gee
These findings may provide new insights into mecha-solution orl,,. measured in 2 m C&* varied by >20% during an
nisms underlying the high aselectivity ofl,,. Im- experiment. Leak subtraction circuitry in the amplifier was not used to
portantly, our findings also impart a further characteristicacquire data and basgline ct_Jrrents were not digitally subtracted from
to the biophysical signature of the T céll,. for com- ~ Cument races shown in the figures.

arison to other depletion-activated C&urrents Extracellular solutions were exchanged with a linear array of
pari pleu v u : gravity fed glass-lined tubes (1Q0m ID; Hewlett Packard, Wilming-

ton, DE) connected to solenoid valves (BME Systems, Baltimore, MD).

In some experiments, solenoid activation and deactivation were time
locked to voltage clamp protocols by computer control. The tube con-
taining the desired solution was localized <1 cell diameter from a cell

prior to activating the solenoid. This system enabled reequilibration of
extracellular solutions in <200 msec, based on the time course for
removal of C&*-selective flux througH,,,. channels ¢eeResults).

Materials and Methods

CeLL CULTURE

Studies were performed on human leukemic E6-1 Jurkat cells. Cel
cultures were maintained at log phase growth between 0.1 and105
cells/ml in medium containing RPMI 1640 (Mediatech, Herndon, VA) DATA ANALYSIS

and 10% Fetal Bovine Serum Defined (HyClone, Logan, UT). Cell . ) .
cultures were incubated at 37°C in an atmosphere containing 5% CO Membrane currents were low-pass filtered with an 8-pole Bessel filter,

For recording, cells in a 150l aliquot of media were allowed to adhere @nd digitized as computer files with p-Clamp software and a TL-1
to a polyo-lysine-coated plastic culture dish for 3-5 min. interface (Scientific Solutions, Solon, OH). A full unfiltered record of

currents recorded in the experiment was also pulse encoded to VCR
tape. Data epochs from these tapes were filtered and redigitized offline
WHoOLE-CELL RECORDING for some experiments. p-Clamp software was used to measure curren
amplitudes, and Origin software (Microcal, Northampton, MA) was
All constituents for solutions were purchased from Sigma (St. Louis,used to iteratively fit various functions to the data and to construct
MO) except for CsOH (Aldrich, Milwaukee, WI), and BAPTA figures. Averaged data are expressed as meanm. For statistical
(1,2-Bis(2-aminophenoxy)etham&N,N,N'-tetraacetic acid) (Molecu- testsp < 0.05 was taken to denote a significant effect.
lar Probes, Eugene, OR). Standard extracellular recording solution was
(in mm): NaCl, 160; KCI, 4.5; CaGl 2; MgCl,, 1; p-glucose, 5; Results
HEPES [-2-hydroxyethylpiperazin®¥ -2-ethanesulfonic acid), 5; pH
to 7.4 with NaOH; Standard pipette solution was (im)ncesium
aspartate, 140; MgGl 2; EGTA (ethyleneglycobis-(8-aminoethyl  IDENTIFICATION OF I 5c IN JURKAT CELLS
etherN,N,N,N'-tetraacetic acid), 10; HEPES, 10; pH, 7.2 with CsOH.
The pipette solution was hyposmoti€B05 mOsm), relative to the Following attainment of the whole cell configuration
extracellular solution 820 mOsm). “C&'-free” extracellular solu-  with control extracellular and intracellular solutions, the
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Fig. 1. Time-dependent increase kf,. following Ca* readmission.
Data shown in this and all subsequent figures were obtained after
asymptoticl,,. development. Inward current is down in all figures. Fig. 2. Invariability of the |, current-voltage relationshipaj, and
Upper traces in panel and B are continuous whole cell current fast inactivation propertiesB] during C&*-dependent increases. Data
records (filtered at 30 Hz, digitized at 100 Hz) obtained from one cell are from two different cells.A) Upper trace is a continuous whole cell
during reintroduction {Ca*; A) and removal {Ca*; B) of 2 mm current record (filtered at 30 Hz, digitized at 100 Hz) obtained during
extracellular C3" (arrows denote times of solution exchanges). Volt- readmission of 2 m Ca2* (arrow). Voltage clamp protocol delivered
age clamp protocol delivered-4.00 mV, 200 msec step at 0.5 Hz from  -100 to +40 mV, 200-msec ramps at 0.5 Hz ifnoa 0 mV holding
a0 mV holding potential. The unbroken lineAis a monoexponential  potential. Lower panel is two superimposed current traces (filtered at 1
function fit to the peak currents recorded during the steps followingkHz, digitized at 5 kHz) obtained during the ramps denoted by points
Ca™* reintroduction £ =5.1 sec). Lower traces inandB are expanded  a andb in the upper trace. Currents are plotted against ramp voltage,
sweeps of superimposed currents duriP0 mV, 200-msec steps and are not baseline leak corrected. The current obtained veds
taken from the intervals in upper traces denoted by broken lines (datgcaled up and superimposed on the currerit. §B) Upper panel is a
filtered at 1 kHz, digitized at 5 kHz). This format reveals the gradual continuous current record (filtered at 30 Hz, digitized at 100 Hz) ob-
increase in current during successive voltage steps following replacetained during readmission of 10MnCe* (arrow). The voltage clamp
ment of C&" (A), compared to the discrete change from a high to low protocol delivered-100 mV, 200-msec steps at 0.5 Hzri 0 mV
amplitude following C&" removal 8). holding potential. Lower panel is expanded current traces (filtered at 1
kHz, digitized at 5 kHz) taken during steps at poiatand b in the
upper trace. The current obtainedeavas scaled up and superimposed
total current monitored by repeated (0.2 to 1 HZ00 on that obtained &b. Unbroken lines are biexponential fits to the fast
mV, 200-msec steps fma 0 mVv hoIding potential in-  inactivation in the two tracesr(values: tracea: 8.5 msec, 57 msec;
creased gradually over 2-5 min to an asymptotic leve|aceb: 9-6 msec, 66 msec).
The time course of this increase was presumed to be
coupled to passive store depletion by the strongl§*Ca at-100 mV and 2 mi external C&"; n = 18), time- and
buffered pipette solution (i.e., 10MEGTA, 0 mv C&*;  voltage-independent activation, inward rectification at
calculated free C4 concentration: <10 wm) as it dia- hyperpolarized potentials, and a reversal potential posi-
lyzed the cytosolic compartment. The current recordedive to 0 mV. In addition, C& permeation substantially
during voltage steps or ramps under these conditionexceeded that of B4 (Figs. 4 and 5), and Ni and C&*
(Figs. 1 and 2) exhibited the signature properties docuproduced a rapid current block (Fig. 7). Finally, current
mented previously fol,.in Jurkat cells (McDonald et decayed with bi-exponential kinetics during-200 mV,
al.,, 1993; Zweifach & Lewis, 1993; Premack et al., 200-msec step (Fig.B), reflecting the fast inactivation
1994), including low current density (1.310.07 pA/pF  process which has been described for the mast cell (Hoth
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& Penner, 1993), and T cell,,,. (Zweifach & Lewis, —|0 o I—-
1995). Thusl,,. recorded under our conditions exhib- -100

ited an aggregate of characteristics corresponding closely,, l
to those documented previously for. . in T-cells and L
mast cells.

Cé&*-MEDIATED SLow INCREASE IN | ;o MAGNITUDE

We evaluated the G4 dependency of .. by removal

and subsequent replacement ofGeontaining extra- :
cellular solution. Unexpectedly, the reappearance of:
steady-state G4 current upon C& readmission oc-
curred in a time-dependent manner over 10 to 20 sec
(Fig. 1A). Current would be predicted to reappear in-:]
stantaneously, based on the known time- and voltage- l
independence df, .activation. Evidence that this slow
time-dependent reappearancel gf . did not merely re-
flect the kinetics of solution exchange was derived from
the observation that current rapidly decayed to a mini-
mum level upon removal of G&containing solutions
(Fig. 1B). The rapid kinetics of extracellular solution
exchange were demonstrated most convincingly in sub-
sequent experiments where Cavas removed and cur-
rent monitored during prolonged voltage steps-fi®0 Fig. 3. Kinetics of the C&"-dependent.,,.increase in a cell. Upper
mV (Fig. 3). Note that total current in the cell in Fig. 3 pgqgl is two superimposeq whole gell current traces (filtered at 100 Hz,
(lower panel) decayed to final leak current level within digitized at 500 Hz) obtained during 27-sec voltage steps from O to

2 . . —100 mV (protocol: uppermost trace). Extracellular solution exchanges
(200 msec of SWItChmg to Cafree solution, a time (arrow) were initiated 200 msec after step onset effecting eithem2 m

course typical of all cells studied with this protocol cz+ removal ¢Ce*) or replacement4Ca). Lower panel shows
(n = 7)- portions of sweeps from upper panel on an expanded time base sur-

One other plausible explanation for the slow reap-rounding the voltage step onset and solution exchanges, as denoted b
pearance of whole cell current observed upon readmiseroken linesl,. declined to an asymptotic level in <200 msec after
sion of C&" is that this time-dependence reflected acti-onset of C&" removal. However, as shown by the expandezi”
vation of a Composite current, includingac and other tra_ce in the lower panel, only e_t small fractiorilé4% at the inflection

4 . point) of I, Was restored within 200 msec. The remainder of current
ce -dependent currents. HOW_ever’ two observations EMFedeveIoped ovefll5 sec with monoexponential kinetics (unbroken
gue that the slowly redeveloping current was homogetine on +Ca* trace:r = 5.2 sec).
neous (Fig. 2). First, th®/ profile of current in response
to voltage ramps (Fig. &), and second, the rate and
extent of fast inactivation of current during voltage stepssolution exchange and measuring current continually
(Fig. 2B) both remained constant during reappearance ofluring a prolonged (25-30 sec) hyperpolarizing step to
the current following C& reintroduction. Thus when a -100 mV (Figs. 3 and 4). Immediately after the switch
smaller current response to a voltage ramp or step obto C&*-containing solution, a variable component (88
tained immediately following Cd readmission was 5%; range: 14 to 50% of final current amplitudes= 9)
scaled up, it superimposed closely on a larger currenof |, was restored instantaneously. The remainder re-
response obtained during a ramp or step taken later, afteppeared with monoexponential kineties 4.13+ 0.54
current had regained full amplitude (ramps= 4, Fig.  sec; range: 2.7 to 5.2 sat= 7). The boundary between
2A; steps:n = 6, Fig. B). With regard to fast inactiva- the apparent instantaneous current (i.e., <200 msec afte
tion, no significant difference existed between either thesolution exchange) and the time-dependent current was
inactivationts, or the percent of the total current under- defined by an inflection point, as exemplified in the
going fast inactivation during @100 mV, 200-ms-step traces shown on an expanded time base in the lower
for the smallvs.large currents recorded after €aead-  panels of Fig. 3 (smallest spontaneous component: 14%)
mission (1 = 6 experiments; pairetitests). and Fig. 4 (largest spontaneous component: 50%).

An experimental protocol was implemented to char- An effort was made to study the €aconcentration-
acterize more quantitatively the time courselgf.re-  dependence of slow,, .. reappearance. Solutions con-
appearance during areintroduction by instituting the taining 0, 0.5, 2, 10, 20 and 30mC&"* were introduced
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[— Ca* SPECIFICITY OF | ¢y ENHANCEMENT

We evaluated the Caspecificity of slowl,,.reappear-
ance by conducting exchange experiments with charge
carriers other than C& I, in Jurkat cells conducts
Ba®* and Sf* about half as well as G& (McDonald et

al.,, 1993; Zweifach & Lewis, 1993; Premack et al.,
1994). Switching from C#-free solution to 2 m Ba®*-
containing solution during a prolongeel00 mV step
resulted in the nearly instantaneous (<200 msec) appear
ance of steady-state Bamediatedl,,,. (Fig. 4). No
time-dependent phase was evident, contrasting to the
10 pA clear monoexponential increase in current that occurred
4 sec when switching from C&-free to C&*-containing buffer

in the same cell (Fig. 4). These data typify the results
observed in four experiments, where the steady-state
10 pA Ba®*-mediatedl .. magnitude achieved 46 5% of the

250 ms full Ca**-mediatedl,,. magnitude, in agreement with
the known relative permeabilities of these charge carri-
ers. Moreover, in two of these experiments, replacement
of 0 mv C&* with a 10 mu Ba?*-containing solution also
failed to produce any detectable time-dependent compo-
nent tol .. restoration, although the instantaneously de-
veloping current was of larger magnitude than the cur-
Fig. 4. Selectivity ofl,,. enhancement for G4 over B&* in a cell. rent in 2 ma B&®". Effects a”a'ogous to thos_e described
Voltage clamp protocol and format of figure are identical to Fig. 3, fOF Ba’* were also observed during 2nSr* introduc-
except that extracellular solution exchanges were frofi-Gae solu- tions (h = 3; data not showhn

tion to either 2 m C&* (+C&) or to 2 v Ba®" (+Ba”"). Addition of Of particular interest was the finding that the ampli-
Ba* produc_ed only an apparently instan_taneous phase (<ZQO mse¢ide of the instantaneously restored (i.e., withi200
+Ba?" trace in lower panel) of.,,. restoration. By contrast, €ain- msec of exchange) full B4 or SF*-mediatedlcranas

troduction produced an instantaneous component of restoration (lower. _ . . : PR
panel; +C&* trace), similar in magnitude to the full Bamediated Similar in magnitude to the initial instantaneously re

current. This was followed by a substantial time-dependent componen%tored portion ofl ¢, i ce” (e.g., Fig. 4). This sug-
of current increase that was fitted with a monoexponential functiongested that the apparent permeation selectivity,gffor
(unbroken line on+C&* trace in upper panet; = 2.7 sec). Ca&" over other divalent ions may be actually imparted
by the time- and Cd-dependent phase of current rede-
sequentially, while attempting to evaluate the extent andrelopment.
kinetics of slowl,,.reappearance at each concentration  Even more compelling evidence that a reversible
step jump with-100 mV, 200-msec steps presented atCa*-dependent transition gave rise to the slyy, in-
0.5 Hz ( = 3; data not showp A component of slow crease was derived from experiments where equimolar 2
| ;ac FEAPPEarance was evident at 0.5 @a* and also mm C&* and B&" solutions were directly interchanged
for subsequent step jumps through 1mn€a*.  (Fig. 5). When C& was replaced by Ba during pro-
Evaluation became impeded at the step jump from 10 tdonged—100 mV steps, current first showed a rapid tran-
20 mv C&" because of the superimposition of accentu-sient decrease over several hundred milliseconds (Fig. 5
ated slow (i.e., seconds time domain) inactivation, coudower panel), consistent with an anomalous mole fraction
pled with near saturation of conductance throligh, in  effect (see Discussion). Following this transient de-
agreement with properties which have been documentedrease, the magnitude of Bamediatedl,,. magnitude
previously for this current (Hoth & Penner, 1993; Mc- approached that of the full Eamediatedl,,,. prior to
Donald et al., 1993; Zweifach & Lewis, 1993, 1995; exchange (i.e., mean: ¥.2%; range: 84 to 97% of the
Premack et al., 1994). However, in two of the three ex-full Ca®* current amplituden = 5). The B&" current
periments, slow reappearance was qualitatively evidenthen decayed with monoexponential kinetics (mean
during the step from 10 to 20mC&*. Thus the thresh- 3.52+ 0.53 sec) to a final level amounting to 414%
old C&"* concentration for eliciting a slow component of of the initial C&*-mediatedl,,,. (Fig. 5, above).
| racreappearance was below 0.mpand the process did Conversely, when the extracellular solution was then
not appear to saturate at a Caoncentration below switched from B&" back to C&', I, magnitude was
which conductance throudh, .. saturates. initially comparable to the steady-state smallefBaur-

+Ca%*

+Ca
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Fig. 6. Effect of different intracellular exogenous €auffering spe-
cies on the kinetics of C&mediatedl.,,. enhancement.A) Time
course of . ..enhancement in a cell dialyzed with intracellular solution
containing 10 mn BAPTA. Whole cell currents (filtered at 200 Hz;
digitized at 500 Hz) were recorded during a voltage clamp protocol that
m BaZt - Ca?t delivered—100 mV, 200-msec (upper panel) or 10-msec (lower panel)
NV e | ra o steps at 0.5 Hz fom a 0 mV holding potential. Solution exchanges
et (arrows) replaced Cafree buffer with 2 nm Caf*-containing extra-
M cellular buffer. Unbroken lines represent monoexponential fitga(-
Ca?* = Ba?* ues: upper panel: 3.94 sec; lower panel: 3.97 sec) to peak currents
10 pA recorded during steps immediately followingaddition. 8) Sum-
250 msec mary data of effects of intracellular buffers containing either 10 m

EGTA (200-msec steps) or 10MmBAPTA (200-msec or 10-msec

Fig. 5. |, transitions during exchanges between extracellula* Ca step_s) on the kinetics of the é‘gdependentcraclncrgase. Data were
obtained from the three experimental treatmems in parentheses)

and B&" in a cell. Voltage clamp protocol and format of figure are ~ -
using the voltage protocols iA. Bars show meart sem 7 values

identical to Fig. 3, except that extracellular solution exchanges were>" "= ; " )
from 2 mv C&* to 2 mv Ba* or vice versa.Exchanges initially obtained under each experimental condition. The mean values did not

produced a rapid (<300 msec) transient current minimum (Iowerdiﬁer significantly between BAPTA- and _EGTA-Ioaded cells (ZOOT
panel), likely attributable to an anomalous mole fraction effeete( msec steps), or between cells loaded with BAPTA and tested with
text). Following this effect, B&-mediated current decayed monoex- 200-msec versus 10-msec steps (unpaireets).

ponentially (upper trace; solid line:= 4.4 sec) to a lower steady-state

Ba®* permeation Ievel,_while current in e*aincrease_d monotonically using very brief 10-msec steps (0_5 HZ) was also imple-
(t = 4.7 sec) to a maximal steady-state?Cpermeation level. mented. A time-dependent phaselggc restoration was
observed during G readdition under all conditions
C(Fig. 6). The kinetics« values) of C&"-dependent,,,.
reappearance did not differ significantly in the EGTA-

onds to its larger final G4 permeation level. Thus the
Ca#*-Ba* interchanae experiments: (i) directly demon- v_s.BAPTA_-Ioaded cells for the 200-msec steps, and_also
g P W y did not differ for the 10-msews. 200-ms steps in

strated forward and reverse slow transitiond of. be- . ) . .

tween states supporting higher and lower current qux;B'g‘ZETbA}?'alyzqdh ce_l:js I(F'g.'ﬁB)' Thus using cytosolic

(il) showed that the transition leading to larger current jsC& " buffers with widely different association rates or
varying the amount of C4 influx via the voltage pro-

selectively favored by Ca over B&*, and (iii) supported . I S

further that the permeation selectivity for Caver Bg*  1©0C0l did not affect quantitatively the kinetics of the

may be conferred by a functional transitionlgf,.chan- C"f -depende_nlcrac Increase. Thes_e findings pr(_)wded
¢ evidence against G acting at an intracellular site or

nels, rather than intrinsic pore selectivity. biochemical pathway to enhante... The rapid intra-
cellular buffering of C&" afforded by 10-ma BAPTA

SiTe oF C&* AcTion also supported strongly that changes in store depletion
status and consequent downstream effect$_ gpacti-

To evaluate whether Gamediated the slow increase in vation did not account for the Eadependent,,. in-

lracfrom an intracellular site, the effect was compared increase.

cells dialyzed with either 10 m EGTA or 10 nm A final set of experiments evaluated the site ofCa

BAPTA, using-100 mV, 200-msec steps presented ataction by examining the effects of reversibly blocking

0.5 Hz to measure current. To further limit the extent of . with the transition metals, Ki and Cd" in the

C&" influx in BAPTA-loaded cells, a second protocol presence of G4 (Zweifach & Lewis, 1993; Premack et

T (sec)

Exchange

rent, but then monotonically increased over several se
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A lrac 1O its full preblock amplitude (Ni, n = 4; Cd*,
—Ca* l + Ca?t n= 4). Thus_ blocking C# flux throughlcr?cwith these
- 4 divalents failed to revert,. to a C&"-independent

h h v ' smaller current level, consistent with a site ofCaction

external to the blocking site.
~
Ca?t + Cd2+l Ca?t Discussion

“ u ' ' Studies on the regulation of depletion-activated Qar-

rents have focused on biochemical mechanisms, partic-
ularly those implicated in coupling microsomal a
store depletion to current activatiorsde Felder,
|20 PA Singer-Lahat & Mathes, 1994, for review). The present

4 sec report, to our knowledge, is the first to characterize an
intrinsic property ofl,,. whereby C&" directly and se-
lectively enhancesurrent flux. The major significance

of these findings is that they impart an additional char-
acteristic to the biophysical “fingerprint” of ., that
can be subsequently used in comparisons to other deple
tion-activated channels.

Petersen and Berridge (1994) have reported supra-

10 pA linear increases in _depletion-acti_va’gedzta'nflux in
200 msec Xenopusoocytes during C4 readmission or membrane
hyperpolarization. A positive feedback action ofCan

Fig. 7. Lack of effect of inorganid,,,.blockers on the C4-dependent the |nf.lux pathway was postulated to explain these ob-
enhanced,,. level. Data were obtained from two different cells) (  S€rvations. Whether those reported effects and tfé-Ca
Whole cell currents (filtered at 30 Hz, digitized at 100 Hz) obtained dependent,,. increases shown here are due to similar
during a voltage clamp protocol that deliveredd00 mV, 200-msec mechanisms is unclear. Possibly, positive feedback by
steps at 0.5 Hz fim a 0 mVholding potential. In the upper panel, 2m  C&* on channel activity may be a more genera"zed
(':a2+ was reintroduged in place of é‘afrge splution, resulting iq a property of depletion-activated &4 currents. More-
time-dependent,,,.increase. Unbroken line is a monoexponential fit over, if Ca?*-mediated increases are exhibited byzt-:a

(v = 2.8 sec) to the current peaks during steps immediately aftér Ca . . .
reintroduction. In the lower panel, extracellular solution initially con- selective depletlon activated currents that have been re:

tained 2 nw C&2* and 1 nu Cc?* resulting inl,..block. An exchange ~ corded successfully at the single channel _|eVéb(tthf
was then made to Ctiree solution (arrow), and current reverted & Clapham, 1994; Vaca & Kunze, 1994), it would prove

rapidly to its full C&" permeation level with no time-dependent com- particularly useful for characterizing this process further:

ponent gyident.E{) Supgrimposed whole cell currents (filtered at 1 single-channel recordings could ascertain details about

E';Gir?'g'“zfd t"?‘t|5 kAHZ) I'”tTeSF’O”ie td00 mV, 1.5 Setc _Sl,teps '(t% m\ih the nature of the channel transition (e.g., open probability
g potential). A solution exchange (arrows) entailing either the, ¢ -4 ctance state change below as well as its

introduction or removal of 5 m Ni?* was instituted 250 msec after step . . . o} .
onset. All solutions contained 2nmC&2*. In the trace associated with role in determlnlng hlgh SeleCtMty of the channel.

upper arrow, extracellular buffer initially contained 5ni%*, block-

ing l,cto leak current level. Introduction of Rfi-free solution resulted

in the rapid reappearance of full,. with no time-dependent compo- PERMEATION SELECTIVITY OF | gac

nent evident. Unbroken line is a monoexponential fit to the data (

e S o e G 0 B3 exchanges produced acomplex sequence o

msec;" y drac " effects onl,,, which provided insights into permeation
and ionic selectivity mechanisms. First, the transient ap-
pearance of a current minimum immediately following

al., 1994). It was reasoned that a slow increask,in  exchange to B# (Fig. 5, lower panel) was compatible

reappearance should be regenerated by instituting a tramith an anomalous mole fraction effect, brought about by

sient block with these cations, if the block interfered with a decrease in Gaconcentration and concurrent increase

Ca&" reaching its effector site. Neither Nior Cdf* pro-  in Ba?* concentration at the mouth of the channel. Hoth

duced this effect (Fig. 7). Current was rapidly blocked to(1995) recently demonstrated anomalous mole fraction

a steady-state basal leak level by either & Ni** or 1~ behavior of the Jurkat cell,,. using a series of C&

mm Cd?*. However, removal of either blocker was ac- Ba®* mixtures. Interestingly, the effect was voltage-

companied by an apparently instantaneous recovery alependent, becoming prominent at potentials hyperpo-

B

Ca®* + Ni2* ‘ ca?
W

Ca2+T Ca2+ + Ni2+
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larized to (80 mV. A transient current minimum, of I ,.in T lymphocytes is precluded by an extremely
analogous to that which we observed, was also showiow single channel conductance (Zweifach & Lewis,
during C&"* to B&* exchanges at hyperpolarized poten- 1993).
tials. Hoth (1995) attributed this to anomalous mole Our observations about the constancy of fast inacti-
fraction behavior, since it followed the mole-fraction vation during slowl,,. redevelopment (Fig. B), cou-
curve generated with the discrete series of'@Be?*  pled with previous knowledge about this inactivation
mixtures. process do, however, suggest that a gating mechanisn
Importantly, the C&-Ba®* exchange experiments rather than unitary conductance change subserved the
also provided an insight to mechanisms underlying theCa#*-mediatedl,,. increase. The extent of fast inacti-
high C&" selectivity of I, C&" to B&" exchanges vation is known to become greater with increasing ex-
and those in the reverse order produced, respectivelyracellular C&"* concentration, a property that has
time-dependent decreases and increasésn(Fig. 5),  been attributed specifically to augmented®Caurrent
compatible with a reversible transition between &'€a strength through unitary,,,. channels (Zweifach &
dependent, and a €aindependent state. Hoth (1995) Lewis, 1995). Thus, if the slow reappearancelgi,
also recently noted a slow time-dependent decrease ireflected a C&-dependent change in unitary conduc-
lrac fOllowing Cef* to B&?* exchange with a time course tance, the extent of fast inactivation would also be ex-
that appears severalfold slower (i.e., 50 to >100 sec tected to increase. Conversely, a*Gdependent in-
reach steady-state) than that measured in our study ( crease in open probability would not produce greater
3.5 secseeResults). Possible differences in experimen-unitary channel current strength. Thus the constancy of
tal conditions that may account for this discrepancy (e.g.fast inactivation that was observed here (FiB) ould
solution exchange rates) are unclear. In any event, théavor an effect on the gating mechanism.
findings together support a notion that the high®Ca
selectivity previously described as a hallmark feature of
| racin Jurkat cells (McDonald et al., 1993; Zweifach & CHANNEL ACTIVATION BY THE PERMEANT lON:
Lewis, 1993; Premack et al., 1994) may be conferred byP'VERSE MECHANISMS?
a slow transition in its functional state promoted by the
presence of C4 at either an extracellular site or within The augmentation of,,,. by C&* can be categorized
the channel pore. with several other known examples as a general proces:
whereby a permeant ion interacts with a channel to aug-
. ment current flux. However, the mechanistic similarities
MecHANIsM OF Ca*-DEPENDENT | oy INCREASE among these processes is unclear. Perhaps the best re
ognized example in this generalized category of effects is
Our evidence argued against an intracellular mechanisrassociated with microsomal €ainduced C3a" release
for Ca* action, based on the findings that the strongvia the ryanodine receptor-channel complex. There cy-
intracellular buffering conditions, and particularly the tosolic C&" itself is capable of activating or enhancing
rapid C&" chelator, BAPTA (Tsien, 1980), did not pre- C&* flux (Lai & Meissner, 1989). Moreover, the €a
vent or alter the effect (Fig. 6). The failure of temporary dependent enhancement is due to a direct interaction o
lrac PlOCk by divalent cations in the presence ofCn  C&* that increases activation gating (Chen et al., 1993),
regenerate the Gamediated slowl,,,. reappearance and the molecular binding site through which®Cane-
(Fig. 7) also argued against an intracellular site of'Ca diates this effect has been identified (Chen, Zhang &
action. Thus, we believe it highly unlikely thatthe®®a  MacLennan, 1993). Cytosolic €aalso potentiates Ga
dependent augmentation Rf,.was secondary to mod- flux via the IP; receptor-channel complex (lino, 1990;
ulation of an intracellular Cd-sensitive biochemical Finch, Turner & Goldin, 1991), but this may differ fun-
pathway (e.g., phospholipase C), or to a mechanism sucttamentally from the ryanodine receptor mechanism: a
as C&*-induced C&' release from inositol triphosphate direct action for C& has not been well established, and
(IPy)-sensitive C&" stores, which has been reported tothe process appears to involve ‘Ganediated modula-
interact with depletion-activated €ainflux in Xenopus tion of IP; affinity or efficacy. One notable difference
oocytes (Yao & Parker, 1993). between C&'-dependent facilitation of either the
Our experiments did not distinguish whether theryanodine- or IB-gated channel activity and the €a
Cé&*-induced increase ih,,. was mediated extracellu- dependent enhancement Igf,. is the apparent site of
larly or from within the channel pore. In either case, theCa" action. Cytosolic C&, which exerts these effects
increase in,.could be explained most parsimoniously on the microsomal channels corresponds to cytosolic
by a C&"-dependent increase in either open probabilityCa* relative to thel.,.. channel. Our evidence argues
or in unitary channel conductance. These possibilitieshat C&*-mediated increases ih,,. are not mediated
would only be distinguished at the whole cell level by aintracellularly.
difficult noise analysis protocol. Single channel analysis  With regard to plasmalemmal ion channels, Pusch et
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al. (1995) recently showed that permeant anions act as a duction in Drosophila photoreceptors: implications for phospho-
gating charge that induce activation of CIC-0 type ClI inositide-mediated C& mobilization. TINS 16:371-376
channels. Varied permeant anion species promoted a@_oth, M. 1995. Calcium and barium permeation through calcium re-

L. . . . lease-activated (CRAC) channePRfluegers Arch430:316-322
tivation gating of this Cl channel with a rank order of Hoth, M., Penner, R. 1992. Depletion of intracellular calcium stores

selectivity that corresponded precisely to their selectivity ,tivates a calcium current in mast celature 355:353—356

order for conductance. The correspondence in selectivisoth, M., Penner, R. 1993. Calcium release-activated calcium current
ities was taken to reflect that activation was mediated by in mast cells.J. Physiol.465:359-386

the anions binding at a deep pore site, and accessibility ttno, M. 1990. Biphasic C& dependence of inositol 1,4,5-trisphos-
this site was determined by the intrinsic conductance phatg-induc_ed C?ﬁreleaseip smooth muscle cells of the guinea pig
properties of the pore for each anion (Pusch et al., 1995). taenia caeci. J. Gen. Physid@5:1103-1122

+ , F.A., Meissner, G. 1989. The muscle ryanodine receptor and its
By contrast, we found thamly C&" and not other per- intrinsic C&* channel activityJ. Bioenerg. BiomembR1:227-246

meant ions (B‘231+ or S'2+) brought about measurable Lewis, R.S., Cahalan, M.D. 1989. Mitogen-induced oscillations of cy-
time-dependent increaseslig,. In conclusion, further tosolic C&* and transmembrane &zcurrent in human leukemic T
studies should address whether the'@ependent en- cells. Cell Regulation1:99-112

hancement of,..is subserved by a unique mechanism Lewis, R.S., Dolmetsch, R.E., Zweifach, A. 1996. Positive and nega-

relative to these other examples of ion channel facilita- tive regulation of depletion-activated calcium channels by calcium.
tion by permeant ions In: Organellar for Channels and Transporters. D.E. Clapham and

. .. . B.E. Ehrlich, editors. Rockefeller University Press, New Yark
Note added in proofAfter submission of this re- press y (

vised manuscript, we received anpressbook chapter | ckhoff, A., Clapham, D.E. 1994. Calcium channels activated by
from Lewis, Dolmetsch and Zweifach (1996) containing  depletion of internal calcium stores in A431 celBiophys. J.
some observations similar to those described here. 67:177-182
McDonald, T.V., Premack, B.A., Gardner, P. 1993. Flash photolysis of
caged inositol 1,4,5-trisphosphate activates plasma membrane cal-
cium current in human T cellsl. Biol. Chem268:3889-3896
Petersen, C.C.H., Berridge, M.J. 1994. The regulation of capacitative
calcium entry by calcium and protein kinase C4anopusocytes.
J. Biol. Chem269:32246—32253
Premack, B.A., McDonald, T.V., Gardner, P. 1994. Activation of'Ca
Chad, J.E., Eckert, R. 1984. Calcium domains associated with individ- cu_rrent in Jurkeit T cells fpllqwing the depletion of.%tastores by
ual channels can account for anomalous voltage relations of Ca- microsomal Cé. -ATPase inhibitors.J. |mmuno|.152.5226—5_,240
dependent responsegiophys. J45:993-999 Pusch, M., Ludewig, U., Rehfeldt, A., Jentsch, T.J. 1995. Gating of the

h h . d voltage-dependent chloride channel CIC-0 by the permeant anion.
Chen, S.R.W., Vaughan, D.M., Airey, J.A., Coronado, R., MacLennan, Nature 373527531

D.H. 1993. Functional .expression of cDNA'encoding thé'Ga- Tsien, R.Y. 1980. New calcium indicators and buffers with high se-
lease channel (ryanodine receptor) of rabbit skeletal muscle sarco- lectivity against magnesium and protons: design, synthesis and

plasmic reticulum in COS-1 ceII§|ochemlstrﬁ2:3743—3.753. properties of prototype structureBiochemistryl9:2396-2404
Chen, S.R.W., Zhang, L., MacLennan, D.H. 1993. Antibodies aS\/aca, ., Kunze, D.L. 1994. Depletion of intracellular Tastores
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