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Abstract. We have characterized a €acurrent acti- the capacitative G4 entry current when recorded using
vated by depletion of intracellular €astores (capacita- pipette solutions devoid of Ksince this current would be
tive C&* entry current) as a first step to investigate theinward over the voltage range used to investigate the
mechanisms underlying communication between the incapacitative C& entry current. This study compares an
tracellular C&" stores and the plasma membrane’'Ca inward rectifying K current and the capacitative €a
permeability. Whole cell currents in response to voltageentry current in RBL cells and highlights some similari-
ramps from —125 to +60 mV from a holding potential of ties and differences between the two currents. The re-
—-40 mV were recorded in rat basophilic leukemia cellssults demonstrate that caution should be exercised in
(RBL-1 cells) in solutions designed to optimize detectioninterpreting recordings made using extracellular solu-
of a C&" current. An inwardly rectifying current could tions containing even modest amounts dfihen study-

be activated upon dialysis of the cell interior with pipette ing the capacitative G4 entry current in RBL cells.
solutions devoid of C& and containing 20 m BAPTA,

a procedure expected to passively deplete intracellular .

Ca* stores. The current was maximally activated within Introduction

2 min, was sensitive to extracellular €aconcentration

and was abolished by removal of extracellulafCarhe ~ An increase in the plasma membrane*Cpermeability
current was markedly reduced in the presence 8t i following release of intracellular C&stores (C&") is a
La®*. The pathway activated by this protocol was per-ubiquitous phenomena in nonexcitable cells; a process
meant to B&", displaying complex permeability charac- originally termed “capacitative” C&" entry; for review
teristics at negative potentials. A small inward ¥n see[29]. Presently, the mechanism(s) underlying the
current consistent with a finite permeability of the path- communication between the intracellular®Catore and
way to Mrf* was detected. In contrastNidisplayed no  the plasma membrane is not clearly understood. Numer-
detectable current carrying ability. Extracellular "Na 0us mechanisms can been proposed to explain the cou-
permeated the pathway in the absence of extracellulapling between the C&-stores and the plasma membrane
Ca*. Under conditions designed to reduce passiveC& " influx pathway including; C&" induced C4" entry
depletion of intracellular G4 stores, a C& current in-  [23, 24, 37], production or release of cytochrome P450
distinguishable from that described above was activatednetabolites [1, 2], increases in cyclic GMP [25], physical
by addition of ionomycin. This observation is consistentinteractions both directly via inositol receptors [12] and
with the activation of the G4 influx pathway occurring  indirectly via cytoskeletal components [29], phosphory-
as a result of events associated with depletion of intralation reactions [13, 14, 32, 33, 35, 36], and the genera-
cellular C&* stores. Importantly, application of extra- tion of a novel second messenger [29, 30]. Further in-
cellular N#* in the presence of ionomycin irreversibly vestigations have implicated cellular high energy phos-
inhibited the current. The presence of an inwardly rec-phate compounds in the activation and/or modulation of

tifying K * current in RBL cells could confound studies of this store regulated Cainflux pathway [3, 5, 7, 17].
Direct whole-cell patch clamp measurements of a

Ca* current stimulated by release of €drom intracel-
- lular stores has been reported in a variety of cell types [8,
Correspondence tavl.J. Mason 10, 15, 27, 34, 37, 43]. Whole-cell patch clamp mea-
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surements provide both a direct measure of the net trangropagated in HEPES-buffered RPMI 1640 (Sigma) containing 25 m

membrane current and direct access to the cytosolic eﬁ;pdigm bicarbonate, ;OO U/ml penicillin and 10@/ml streptomycin

vironment for investigations of the role of membrane (W/hitaker, Walkersville, MD) and 10% fetal calf serum (FCS;

. . . . hitaker) in an incubator containing a humidified atmosphere of 5%/

|mpermeant a_gents in the activation and/or modulation Og\é% CQ/air maintained at 37°C. Cells grew as adherent monolayers

the capacitative C& entry current. Such a procedure pyt continued growth resulted in large numbers of cells detaching and

has been employed to investigate the role of GTP hydroexisting in suspension. Cells in suspension were used in all experi-

lysis in the activation mechanism in the rat basophilicments and were used for passaging, thus avoiding potential problems

leukemia cell line RBL-2H3 [5] Since a full character- associated with the relatively harsh treatment required to isolate adher-

ization of the current under the ionic conditions em-ent cells.

ployed was not presented and the biophysical properties

of C&* currents activated by release of intracellulafCa SOLUTIONS

stores have been reported to differ according to the cell

type and/or recording conditions [10, 15, 36, 41, 43], we hol Il R di

have undertaken experiments to isolate and characteriz\é/ ole-cell kecordings

the d|_valent cation current stimulated by release ot'Ca Unless indicated, experiments were performed ifi-hae media. Na

from intracellular stores in RBL-1 cells. was replaced with N-methyl-glucamine (NMG). External Ca-free
Under carefully defined ionic conditions designed to solution had the following composition (inw): 140 NMGGluconate,

optimize detection of the current, a number of interestinglé NMGCI, 1 MgCl, 10 Glucose, 20 Sucrose, 20 HEPES, pH 7.35

findings were noted, including complex permeability with NMG base. C&'-containing solutions were made by omitting

characteristics of the pathway to :Baapparent perme- NMGCI aqd adding'Ca(;Ito maintain a constaqt extracellular CI

ability to Mn2+, reversible activation of the current when concentration. Addition of 8 m total C&* resulted in a free [C4] of

ind dbyi . di ible inhibiti f th 1.5 mv as determined with a G&selective electrode (Orion 93-20,
Induce y lonomycin and irreversible inhibition of the Boston, MA). BaC} and MnC}, containing solutions were made by

ionomycin induced current by Ri. Furthermore, we equimolar replacement of CaClLaCl, was added directly to the so-
have found that the presence of an inwardly rectifyirig K lution without replacement. For experiments employing*Nihe ex-
current previously reported in rat basophilic leukemiatracellular solution had the following composition (inn 128 NMG-
cells [22, 40] makes isolation of the store-regulated'Ca Gluconate, 16 NMGCI, 1 MgGl 8 CaGluconatg 10 Glucose, 20
current difficult when experiments are performed in theSucrose, 20 HEPES, pH 7.35 with NMG base *'Niontaining solution
presence of extracellular’k Moreover, interpretation of “2S Made by omiting NMGCI and adding 8mNiCl, to maintain a

. . A constant extracellular Clconcentration. When required, Navas
results obtained in the presence of extracellularake added as the Clsalt and replaced CagClo maintain a constant extra-

further compounded by a dramatic similarity between theceliular Cr concentration. K was added directly to the external so-
inhibitory influence of some divalent cations on the ca-lution as the Cl salt with no compensation for added Cl
pacitative CA&" entry current and the inwardly rectifying The standard internal pipette solutions had the following compo-
K* current. sition (in mm): 85 CsGluconate, 5 NMGCI, 20 (BAPTA, 2 MgCl,,
30 sucrose, 0.1 N&TP, 10 HEPES, pH 7.4 with CsOH or NMG base.
To inhibit the passive depletion of intracellularCatores, 5 m
Materials and Methods NMGCI was removed and 4 m CaCl, and 5 nm MgATP added.
This internal was titrated to pH 7.4 with NMG base.

REAGENTS Cell-Attached Recordings

lonomycin and the cesium salt of 1k#s-(2-aminophenoxy)ethane-

N,N,N’,N’,-tetraacetic acid (BAPTA) were purchased from Calbio- . . c
had the following composition (in mM): 140 NaCl, 5.4 KClI, 2 CaCl

chem-Novabiochem (San Diego, CA). (N-2-Hydroxyethylpiperazine- .
N'-2-ethanesulfonic acid (HEPES) was purchased from Calbiochem?-8 MJCk. 15 glucose, 10 HEPES, pH 7.4 with NaOH.
Internal pipette solution used for cell-attached singfeckannel

Novachem (San Diego, CA) or Sigma (St. Louis, MO). Potassium . A - )
recordings had the following composition (inmn 20 KCI, 120 Po-

methylsulfate was purchased from ICN Biochemicals (Aurora, OH). :
[Ethyleneglycolbis-(B-aminoethyl)-N,N,N,N'-tetraacetic acid] tassium Methylsulfate, 0.44 EGTA, 3 Mg£BO sucrose, 0.1 N&TP,
4 Na,ATP, 10 HEPES, pH 7.4 with KOH.

(EGTA), Na,GTP and MgATP were purchased from Sigma (St. Louis,
MO), BaCL, MnCl,, NiCl,, CsOH, gluconic acid, N-methyi-
glucamine and ethyl alcohol were purchased from Aldrich (Milwaukee,
WI). CaCl, MgCl,, NaCl, KCI, HCI, NaOH, KOH,b-glucose and
sucrose were purchased from Fisher (Fairlawn, NJ) or Sigma (St.

Louis, MO). lonomycin was made up as a concentrated stock in ethy(CellS were prepared immediately before the experiment by removing
alcohol. All internal and external solutions were stored at —20°c. 10 ml of culture medium from a flask passaged 24-36 hours prior.
The medium containing cells in suspension was centrifuged at 0 x

for 3 min and the cells were resuspended in" Maedium at 37°C
CeLL CULTURE containing (in mM): 140 NaCl, 3 KCI, 1 Cagl1 MgCl,, 10 glucose,

20 HEPES, pH 7.4 with NaOH. Cells were then stored at room tem-
RBL-1 cells were graciously provided by Dr. Stephen Ikeda of the perature (24-26°C). For patch clamp recordings a small aliquot of
Department of Pharmacology, Medical College of Georgia. Cells werecells was added directly to a sylgard coated 35 mm plastic culture dish

External solution used for cell-attached singlé ¢hannel recordings

CELL PREPARATION
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which formed the foundation of the recording chamber. All experi-

o
1

ments were performed at room temperature. 2 5-10
2
Q. 3
ELECTROPHYSIOLOGICAL RECORDINGS E -8 63 +60
o -10
Whole-cell current recordings were made in the tight seal configuration 5 -121
using an Axopatch 200A or 1D patch-clamp amplifier. Amplifier con- o 14
trol and data acquisition was controlled by Macintosh based custom 16 -
software (S3, provided by Dr. Steve lkeda, Department of Pharmacol- T T T T T
ogy, Medical College of Georgia). A holding potential of ~40 mV was 0 20 40 60 80
set following formation of a tight seal and 255 ms ramps from —125 to Time After Break-In (s)

+60 mV were delivered every 3 sec immediately following break-in.
Current records were filtered at 1 kHz and recorded on disk for analysig=ig. 1. Time course of the generation of inward whole-cell current
by commercially available waveform analysis software (Igor, Wave- following initiation of whole-cell recording in RBL-1 cells with a pi-
metrics). Data are presented as ral\p curves or are plotted as the pette solution containing a high concentration of BAPTA. Inset. Record
whole-cell current measured from individual ramps at =120 wsv 1 shows the whole-cell current recorded 3 sec after initiation of whole-
time. Current values corresponding to —120 mV are the average ofell recording in the presence of 8wvntotal extracellular C& (free
three data points recorded over 2 mse¥. curves are not corrected for [Ca2*] = 1.5 mm) during a 255 msec voltage ramp from —125 to +60
a minor junction potential present under the conditions employed (apmV from a holding potential of -~40 mV. Record 2 shows whole-cell
proximately 4 mV). To reduce possible complications caused bycurrents recorded in response to the same ramp protocol 84 sec aft
changes in “leak” current during the course of the experiment, raw initiation of whole-cell recording. Records are not leak subtracted. The
whole-cell currents are presented unless otherwise noted. graph shows the time course of the generation of the whole-cell cur.

Single channel currents from cell attached recordings were fil-rents monitored at —120 mV as measured from individual voltage
tered at 1 kHz, and recorded at 2 kHz in response to voltage ramps ofamps. Open circles labeled 1 and 2 are the current values at -120 m
900 msec duration over the membrane potential range —80 to +80 frongorresponding to the ramipV relationships presented in the insert.
resting with a 3-sec stimulus interval.

To minimize K" leakage into the chamber, the chamber was

connected to ground via an agar bridge made with Hank’s balanced sat . . L .
solution containing 5.4 m K. ber in an external solution containing in ¥ 140

Extracellular solution changes were usually made by positioningNMGGluconate, 8 CaG) 1 MgCl,, 10 Glucose, 20 Su-
the cell in close proximity to a gravity fed superfusion device. This Crose, 20 HEPES, pH 7.35 with NMG base. Under these
device consisted of six individual inflow lines connected to a single conditions free extracellular aconcentration was 1.5
common superfusion line which allowed a rapid change from one somm as determined with a G&sensitive electrode. Im-
lution to anothe_r without _the neeq to reposition the cell. When_ themediately foIIowing break-in, whole-cell currents in re-
curren_t was activated by ionomycin, solut|.0n e)_(change was gchleve_ ponse to voltage ramps of 255 msec duration from —-12!
by switching between large bore superfusion pipettes placed immedi- . .
ately adjacent to the cell. Although this method prevented any possibléO +60 mV from a holding potential O,f —40 mV. were .
activation of the current by trace amounts of ionomycin, it resulted inf€Corded every 3 sec. A representative experiment i
a slower solution exchange due to reduced solution flow from theShown in Fig. 1. Three seconds after initiation of whole-
pipette tip. cell recording, little current was detected over the entire

voltage range as demonstrated in the inset to Fig. 1 (rec

ord 1). This was followed by a marked time-dependent
Results increase of the inward holding current associated with

the generation of a curvilinear inward current and a
To investigate the characteristics of the?Caurrent ac- marked shift of the reversal potential to more positive
tivated following release of CGa from intracellular  potentials. Trace 2 shows the current recorded 73 sec
stores, we have used RBL-1 cells and experimental soends after break-in. To demonstrate the kinetics of the
lutions designed to facilitate detection of smalfCeur-  generation of the current, the whole-cell current recordec
rents and an internal solution designed to passively deat —120 mV as measured from individual ramps recordec
plete intracellular C& stores §eeMaterials and Meth- every 3 sec is plotted as a function of time. A steady-
ods). Passive depletion was accomplished by using astate maximum current was recorded after approximatel’
internal pipette solution containing innm 85 CsGluco- 60 sec. The generation of this inward current and the
nate, 5 NMGCI, 20 CBAPTA, 2 MgCl,, 30 sucrose, accompanying marked shift of reversal potential to more
0.1 NgGTP, 10 HEPES, pH 7.4 with CsOH or NMG positive potentials are consistent with the activation of a
base. Such a solution would be expected to deplete inE&* current.
tracellular C&" stores in a time dependent fashion due to To directly test this hypothesis, the sensitivity of this
endogenous release of €drom intracellular stores and current to changes of extracellular Taconcentration
the dialysis of the cytosol with an internal solution con- was monitored. Rapid changes of external solution were
taining a high concentration of €achelator. made with a perfusion device capable of perfusing up tc

RBL-1 cells were added to the experimental cham-six solutions. Following activation of this curvilinear in-
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Fig. 2. Ca&* dependence of the whole-cell inward current recorded -20 -

following dialysis of the cell interior with a high concentration of
BAPTA. Panel A) Following generation of the inward current as
shown in Fig. 1, changes of extracellular fClafrom 8 mm to O were

made and whole-cell rarpV relationships recorded in response to the

ramp protocol illustrated. Record 1 and 2 show representafitee- ! e .
lationships in the absence and presence of8otal extracellular c& ~ Record 1 shows theV relationship in the presence of 8ntotal ca”.

respectively. Records are not leak subtracted. P@dlitne course of Record 2 shows theV relationship in response to the ramp protocol

H H + 2+
the changes of whole-cell current recorded at ~120 mV as measureffustrated in the presence of 8wmtotal c& and 8 nu total Ni*".
from individual voltage ramps applied during rapid changes of total Record 3 and 4 show representative ranvprelationships in response

extracellular [C&"] as indicated. Concentrations correspond to total {© the ramp protocol illustrated in the presence and absence f Ca
ce&* added (nw) and do not reflect the free concentrations. Open respectively. Records are not leak subtracted. P&)dline course of

circles labeled 1 and 2 are the current values at ~120 mV correspondinfj!€ change of whole-cell current amplitude recorded at ~120 mV mea
to the rampl-V relationships presented in Pan)( sured from individual voltage ramps applied during changes of extra-
cellular solution as indicated. Open circles labeled 1-4 are the curren

) values at —120 mV corresponding to the raifAy relationships pre-
ward current in the presence of 8ntotal extracellular  sented in Paneld). All concentrations refer to total concentration of

C&" the cell was positioned in the outflow of the per- divalent ion added (m) and do not reflect the free concentration.
fusion device and solutions of different external*Ca

concentration perfused while recording ramp currents

every 3 sec as detailed for Fig. 1. Figur& €hows rep- inward whole-cell current. A Ca-sensitive difference
resentative steady state ramp current/voltdgé) (rela-  current of 3.3 + 0.6 pArf = 4 cells) was measured upon
tionships in the presence (record 2) and absence (recorémoval of 2 nw total extracellular C&#. However, the

1) of 8 mv total extracellular C& (1.5 mv free [C&*]as  use of gluconate containing solutions with a high*Ca
determined by a Ca-sensitive electrode). Addition of binding capacity precluded an effective determination of
extracellular C&" was accompanied by a marked in- a dose-response relationship for the?Caurrent. The
crease of the holding current at —-40 mV due to the gengraded increase in inward current was also accompanie
eration of the curvilinear inward current and a markedby a graded change in the magnitude of the shift of
shift of the reversal potential to more positive valuesreversal potential to more positive potentials.
consistent with the presence of a “‘Caconductance. The sensitivity of the current to inhibition by extra-
PanelB shows the whole-cell current recorded at —120cellular NF* was investigated in experiments such as that
mV as measured from individual ramps during rapidpresented in Fig. 3. Following generation of the inward
changes of extracellular [¢§. In the presence of 8m  current, ramg-V relationships were recorded in the ab-
C&" the steady-state current recorded at —120 mV wasence and presence of 8ntotal extracellular C& to
-12.9 + 0.8 pA ( = 25). Removal of external G&  confirm the sensitivity of the current to changes of ex-
(nominally C&*-free gluconate solution) resulted in a tracellular C&*. The sensitivity of the inward Ga cur-
reduction of the current to —4.7 + 0.4 pA. Thus, therent to blockade by Ni" was investigated by rapidly
Ca*-sensitive difference current upon removal of extra-changing the extracellular solution from one containing 8
cellular C&* was 8.2 + 0.7 pA1f =25 cells) at 120 mm C&"* (PanelA, record 1) to one containing 8 nn
mV. Consistent with the G4 dependence of the current, Ca&" and 8 mu Ni?* (PanelA, record 2). The inhibitory
graded changes of extracellular®aoncentration were effect of extracellular Ni* on the ramp current was evi-
accompanied by graded changes of the magnitude of thdent across all negative voltages and was accompanie

Fig. 3. Block of the inward C&' current by extracellular Nf. Panel
(A) Following generation of the inward current by dialysis of the cell
interior with a high concentration of BAPTA, changes of extracellular
[Ca?*] were made to confirm the G& dependence of the current.
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by a marked shift in the reversal potential to more nega-A gca2+ 0Ca2+  0Ca2+/8 Ni2* 8 Ca2+/8 Ni2*

tive potentials. Subsequent removal of extracellul&i’ Ni - & — -
resulted in a time-dependent recovery of the inward cur- 4 2 3 4
rent (Panel;A, record 3). Record 4 shows the current in

the absence of extracellular €afollowing recovery s,

from the NF* induced block. Fig. B shows the time s

8 Ca2+ 0 Ca2+ 8 Ca2+  0Ca2+

course of the changes of whole-cell current recorded atg
-120 mV, measured from individual ramps, during the 07 { 8 Ni2* ]
solution changes detailed in Pankl In seven cells in 2

this series, removal of 8 mextracellular C&" resulted &;
in a difference current of 7.4 + 0.8 pA measured at =120 &
mV. Addition of 8 mv Ni?* in the presence of 8 m g 61
Cé " resulted in a marked reduction of the inward current 3 g 4
recorded at =120 mV. In the seven cells the difference 441
current in the presence of Niwas 6.3 + 0.9 pA. When
(;ompared to the difference of current recorded at —12QFig. 4. Effect of extracellular Ni* on whole-cell current in the absence
mV in the presence and absence of extracellulat*Ca ©f eXtraCS”UC:?fI C&. Ff’iﬂe' A)”F_Ollowing %ﬁ”eﬁ‘_“‘r’]” of theti”‘t’_vafd f
2+ - : hg current, lalysis O e cell Interior with a ni concentration o
Ni® ! rever.SIbly mhlplfed the Whom_c?” (.:u_rrent .by 85%. BAPTA, c)élangéls of extracellular [€§ were ma(gi]e to confirm the

The failure of NF* to completely inhibit the inward _ C&"* dependence of the current. Record 1 and 2 show representativ
Ca*-dependent current measured at ~120 mV may arlseamp |-V relationships in response to the ramp protocol illustrated in
from incomplete block by Ni*. Alternatively, the path-  the presence and absence of adde® @spectively. Record 3 shows
way may display some finite degree of permeability to a representativeV relationship following the subsequent addition of 8
Ni?*. To distinguish between these possibilities we havel™ tt,Ota'h’_\“z; t”° the e:(r:racellljular metdi“m-l_ R‘:_Cord f4 S?OWSH“‘I““‘

. . relationsnip roliowin e subsequent application or extracelluiar so-
monitored the .effeCt of extracellular Nion whole-cell lution contsining 8 m?total ca* a?1d 8 rrMFt)gtaI Ni?*, Records are not
ramp currents in the absence of extracellulaf'Cahe  |eax suptracted. PaneB) Time course of the change of whole-cell
sensitivity of the inward current to alterations of extra- current amplitude recorded at -120 mV measured from individual volt-
cellular [C§+] was first confirmed. Figure A shows age ramps applied during changes of extracellular solution as indicatec
individual rampl-V relationships in the presence (record Open circles labeled 1-4 are the current values at -120 mV corre
1) or absence (record 2) of 8 nmextracellular sponding t_o the ramp-V relationships _presenged in Ean@l).(AIl
C&*. Removal of extracellular Garesulted in a reduc- concentrations refer to total concentrgtlon of divalent ion added) (m
B X _ . and do not reflect the free concentration.
tion of the inward current amplitude and a shift of the
reversal potential to more negative values consistent with
the presence of a &4 current. Extracellular solution
was then changed to one devoid of added*Gad con- hibitory effect of low concentrations of Baon the cur-
taining 8 ma Ni2* (record 3). No detectable increase of rent. L&* induced a dramatic reduction of the amplitude
inward current was observed consistent with the inabilityof the inward current across all negative voltages. This
of Ni?* to permeate the pathway. Superfusion with areduction of inward current was accompanied by a
solution containing 8 m Ca* in the sustained presence Marked shift of the reversal potential to more negative
of Ni?* resulted in a slow development of a small inward Potentials (esults not shown The I-V relationship in
current observable at negative potentials (Panetcord the presence of 34 was similar to that observed in the
4) consistent with incomp|ete block of the @a‘jepen_ absence of extracellular é'-a In four eXperimentS in this
dent influx current as reported in Fig. 3. Figur® 4 series, removal of extracellular €aresulted in a differ-
shows the time course of the changes of whole-cell curénce current of 7.9 + 0.6 pA at ~120 mV, whereas the
rent amplitude recorded at —120 mV, measured frorrdifference current in the presence and absence 8f La
individual ramps, during the solution changes detailed invas 7.2 = 0.8 pA. Thus, when compared to the differ-
PanelA. These data clearly demonstrate that addition ofence current recorded in the presence and absence
8 mv Ni2* to the extracellular solution was without a extracellular C&" in this cell sample, L& inhibited by
discernable effect on the whole-cell current recorded aP1.0% the whole-cell current recorded at —=120 mV.
~120 mV, consistent with the proposal that the pathway ~ The permeability of the pathway to Bawas inves-
is not permeable to Nf. Therefore, the residual current tigated by recording-V ramp relationships in the absence
detected in the presence of 8mextracellular C&" and  and presence of extracellular Ba Figure 3 shows the
8 mm Ni%* is most likely a result of incomplete block by effect of removal of extracellular Gaon the rampl-V
Ni?* of the C&*-dependent current rather than a result ofrelationships (record 1 presence of“Garecord 2 ab-

a small Nf* conductance. sence of C&). After confirming the dependence of the

Experiments were performed to investigate the in-ramp current on extracellular €3 changing from a so-
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tion of intracellular C&" stores stimulates Mt entry as
monitored by the rate of Mii quench of intracellularly
trapped calcium-sensitive fluorescent indicators. Experi-
_|spa ments were undertaken to determine if a ¥iurrent

1 s0ms was detectable following activation of the Eanflux

40 ._\/EE(L,0 pathway in RBL-1 cells. Whole-cell currents at -120
125 mV in the presence and absence of @ total extracel-

B 0 Ca2+t 0 Ca2+ 0 Ca2+ lular Mn®* were monitored after confirmation of the
8Ca2+ §Ba2+ 8 Mn2+ presence of the G current. A representative experi-
ment is shown in Fig. 5. Changing from a solution de-

void of C&”" to one containing 8 m Mn?* resulted in a
small but measurable increase of inward current mea
sured at —120 mV. Removal of Mhresulted in a re-
producible reduction of the inward current recorded at
-120 mV of 1.3 £ 0.4 pAf = 5).

It is important to note that the magnitude of the
currents measured in the presence of'Band Mrf™" in
experiments such as those presented in Fig. 5 are not dt
Fig. 5. Permeability of the influx pathway to Baand Mrf*. Follow-  to run down of the store-regulated conductance as add
ing generation of the inward current, by dialysis of the cell interior with tion of 8 mm C2* after B&* and Mre* exposure resulted
a high concentration of BAPTA, changes of extracellular{Caere . cé*d dent diff t ded at —12C
made to confirm the G4 dependence of the current. Record 1 and 2 ina . gpen en . Ifrerence current recorded a 3
show representative ramigV’ relationships in response to the ramp MV Of similar magnitude to that recorded at the begin-
protocol illustrated in the presence and absence 6f @sspectively.  ning of the experimentrésults not shown
Record 3 shows thé-V relationship 18 sec after changing from 0 The selectivity of the pathway for Gaover N&
Ca*-containing solution to one containing &ntotal B&*. Record 4 \yas investigated by comparing the inward current re-
shows thel-V relationship 63 sec after changing to 2B&ontaining corded at =120 mV in solutions devoid of added?Ca
solution. PanelB) Time course of the change of whole-cell current o P . .
amplitude recorded at —120 mV measured from individual ramps dur-Coma!n!ng 16 m N? with thos_e recorded in solutions
ing changes of extracellular solution from one devoid of addetf @ containing 8 rw C&* and devoid of N& The presence
one containing 8 m total C&*, Ba&* or Mn?* as indicated. Open  Of the rectifying inward current was confirmed by mea-
circles labeled 1-4 are the current values at =120 mV corresponding tguring the whole-cell current response to changes in ex
the rampl-V relationships presented in Pané)) (All concentrations  trgcellular C&* from 8 to 0 mm total C&*. Cells were
refer to total concentratio'n of divalent ion addedM)mand do not then superfused with solutions devoid of added extracel
reflect the free concentration. lular C&* and ramps from =120 to +60 mV administered
while altering the extracellular Naconcentration from O

lution devoid of added G4 to one containing 8 mtotal  t0 16 mv. In the absence of added extracellular’Ca
Ba?* resulted in a rapid marked increase of the amplitudedddition of 16 nw Na" resulted in a small increase of
of the inward current to values approximating that re-inward current of 0.5 + 0.2 pA at -120 mVi (= 5) (data
corded in the presence of 8wiC&". Record 3 displays not showi. The difference current in response to chang-
the rampl-V relationship recorded 18 sec after additioning from 8 mu total C&* (1.5 mu free) to 0 added C4
of Ba?*. Record 4 shows theV relationship recorded was 6.7 + 0.9 in the same cell population. These dat
63 sec after addition of BA Analysis of the results of support the hypothesis that the capacitativé ‘Gantry
seven experiments revealed that the time-dependent rg@athway in RBL-1 cells is highly selective for €aover
duction of the amplitude of the inward current was con-Na' in the nominal absence of extracellular*Cander
fined to potentials more negative than —40 mV. Pdhel the present experimental conditions.
shows the time course of the changes of whole-cell cur- A common characteristic of G&selective channels
rent recorded at —120 mV, measured from individualis their ability to conduct N&ain the absence of extra-
ramps. It is clear from this experiment that the currentcellular C&*. Experiments were undertaken to investi-
recorded at =120 mV during exposure to 8inotal  gate the permeability of the pathway to Nia the ab-
extracellular B&" rapidly declined; reaching a stable pla- sence of extracellular divalents. Extracellular solutions
teau value after approximately 1 min. Subsequent redevoid of added Cd and M¢* and supplemented with
moval of B&" resulted in a reduction of the inward cur- 1 mv EGTA were used. Under these conditions addition
rent recorded at -120 mV of 5.8 + 1.1 pA & 7). of 16 mv Na* was accompanied by a marked inward
In many cells types it has been concluded that thecurrent. Figure 6 shows the results of such an experi
capacitative entry pathway is permeant to #MnSuch  ment. Whole cell ramp currents in the absence of'Ca
conclusions are based upon the observation that deplend M¢* and in the absence of extracellular “Nis
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A Taken in concert, these data support the hypothesi

that release of G4 from intracellular C&" stores acti-
vates a highly selective inward divalent cation current.
Additionally, in the absence of extracellular €athe
40 “/\;40 pathway becomes permeant to'N@ue to the passive
125 nature of the depletion protocol employed in the patch
BRLS ¥ 2 h 3 clamp experiments we cannot unequivocally ascribe the
A I activation of this current to release of €&rom intra-
cellular stores. Therefore, to confirm the role of?Ga
store depletion in activation of this current we have mea-
sured whole-cell currents under conditions in which we
actively depleted intracellular astores. Specifically,
-50 2 we have supplemented the internal solution with ¥ m
_ . . _ Ca* and 5 nm MgATP as described in Materials and
F|g._6. Na permeabllltyln the absence of ex‘trace_llular dlvalen_ts. F_oI— Methods. Using this internal solution. whole-cell dialy-
lowing generation of the inward current by dialysis of the cell interior .~ | . o !
with a high concentration of BAPTA, changes of extracellularjga SIS did not result in activation of the current for up to 15
were made to confirm the adependence of the current. The cellwas Min, the longest time interval testege§ults not shown
then superfused with a solution devoid of added*Gand M¢*, and Depletion of intracellular C% stores was then induced
supplemented with 1 np_EGTA. Record 1 shows a ramgv relatior_l- by application of external solution containing jm
ship under these conditions. Record 2 shows the raifipelationship o5 mycin, applied by lowering a large bore superfusion
15 sec following superfusion with a solution containing'NRecord 3 . . .
shows a representativieV relationship 72 sec after returning to an pipette over _the cell. Ionomycm' has_ been preVIOUSIy
extracellular solution containing 8wrtotal C&* and 1 nm total Mgg* ~ Shown to activate the electrogenic Lanflux pathway
in the absence of EGTA. Record 4 shows a typictl relationship ~ activated by release of intracellular €atores in T- and
following the subsequent removal of extracellula?Ca the sustained B-lymphocytes, a direct result of the ability of ionomycin
presence of Mg to release intracellular stores [16, 20, 40]. A representa

shown in PanelA record 1. Substitution of 16 m E\.'e exp7eAr|mhent utilizing this p_rotocorlnls Sh"IW'f‘ n E!g' 7
NMGCI with NaCl produced a large inward current at |g];cure S C;WS. reprers]entr?_tnlle ra WI relat_|ons |pds?3
negative potentials with no detectable alteration in the?€fore (superfusion with vehicle control solution) an

outward current component. This increase in inwardSe¢ after ionomycin addition in the presence of & m
current was accompanied by a shift in the reversal pototal extracellular C&. Addition of vehicle control so-

tential to more positive potentials consistent with an in-/ution did not significantly influence the basal current.
ward N& current. Replacement of extracellular Na with Subsequent application of ionomycin (1év) consis-

8 mm total C&* in medium containing 1 m Mg2* re- tently resulted in the rapid generation of an inward cur-
sulted in a reduction in both the inward and outwardent indistinguishable on the basis of it¥ relationship
current components of the ramp as evident in record 3ffom that activated by passive depletion of intracellular
The inward current Component was great|y reduced b)ﬁtores. The kinetics of the generation of this current
removal of extracellular C?a and was accompanied by a measured at —120 mV as taken from the individual volt-
shift in the reversal potential to more positive potentials,2ge ramps is plotted in FigBr7 In ten experiments iono-
consistent with an inward Gacurrent. Our attempts to mycin induced an inward current measured at —120 mVv
determine if the outward current was associated withof —=10.1 + 1.2 pA in the presence of 8vrextracellular
anomalous permeability due to removal of extracellularCa&™. Interestingly, removal of the ionomycin pipette re-
divalents were thwarted by its lack of stability. In many sulted in the slow loss of the inward current as shown in
experiments, the magnitude of the outward current meaFig. 7B. The reversibility of the current appears to be a
sured in the absence of extracellular'™Nmd extracellu- direct result of removal of the extracellular ionophore
lar divalents showed rapid and marked fluctuations, makand its rapid partitioning out of cellular membranes
ing interpretation of alterations in current amplitude in- given that (i) readdition of ionomycin was accompanied
duced by changing the extracellular ionic compositionby generation of the currens¢ePanelA records 3 and 4
difficult. Furthermore, brief exposure to solutions de- for representativé-V ramps) and (ii) generation of the
void of divalents was often associated with the generacurrent was not observed following exposure to a secon
tion of both large inward and outward currents. While superfusion pipette containing control solution. These
the origin of these currents is unknown, readdition ofdata are consistent with the requirement for continua
extracellular C&" greatly reduced the currents. Such aapplication of ionophore for sustained activation of the
finding may be indicative of membrane instability result- current under the present conditions. Single cell fluori-
ing in alterations in leak current or instability of the metric measurements of [€3; have confirmed that
pipette/membrane seal in the absence of divalents.  ionomycin easily partitions in and out of the membrane
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Fig. 7. lonomycin activation of inward current in the presence of ex-
tracellular C&*. Panel A) Pipette solutions supplemented with?Ca
and ATP were used to reduce spontaneous activation of thedDa
rent (seeMaterials and Methods). Record 1 shows a representhiive
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Fig. 8. C&" dependence of the ionomycin-induced inward current.
Panel f) Pipette solutions supplemented with®Cand ATP were used
to reduce spontaneous activation of thé Gaurrent 6eeMaterials and

relationship in response to the voltage protocol illustrated, in a cellpMethods). Record 1 shows a representativerelationship in response

superfused with solution containing 8ntotal C&* and supplemented
with ethanol as a vehicle control. Record 2 shows a representative

to the voltage protocol illustrated, in a cell superfused with solution
containing 8 nw total C&* prior to addition of ionomycin. Record 2

relationship approximately 75 sec after application of solution contain-shows the-V relationship after the addition of 14m ionomycin and

ing 14 pM ionomycin. Record 3 shows a representativerelationship

maximum generation of the inward current. Records 3 and 4-¥re

in control solution approximately 14.5 min after removal or extracel- relationships in the absence and presence ofvBtotal C&* respec-

lular ionomycin. Record 4 shows a representativerelationship ap-
proximately 2 min after readdition of ionomycin. Pan&) (Time

tively. Panel B) Time course of the change of whole-cell current
amplitude recorded at —120 mV measured from individual ramps in

course of the change of whole-cell current amplitude recorded at ~12Qesponse to the solutions changes indicated. Open circles labeled 1-

mV measured from individual ramps in response to addition ofuth4

are the current values at -120 mV corresponding to the r&vip

ionomycin as indicated. Break denotes a halt in data collection ofrelationships presented in Pané).(All concentrations refer to total
approximately 7 min. Open circles labeled 1-4 are the current values aoncentration of divalent ion added gthand do not reflect the free

-120 mV corresponding to the rampV relationships presented in
Panel A) All concentrations refer to total concentration of divalent ion
added (nw) and do not reflect the free concentration.

concentration.

sults of a representative experiment are presented in Fi
9. Panel A shows the whole cell ramp current immedi-

thus requiring sustained application of the ionophore forately prior to application of 14.m ionomycin (record 1)

the maintanence of sustained increases if [ &esults
not showi.

The C&" sensitivity of the ionomycin activated in-
ward current was tested by removing externaf Cal-
lowing activation of the current with 1dm ionomycin.

and after maximal activation of the current (record 4).
Consistent with the effect of Ki on the C&" current
activated by passive depletion, application of extracellu-
lar Ni?* in the sustained presence ofCand ionomycin
dramatically inhibited the inward current (record

A representative experiment is presented in Fig. 8. Panead). This inhibition was accompanied by a shift in the
A shows representative ranyy relationships before and reversal potential to more negative potentials. In markec
after ionomycin addition and in the presence and absenceontrast to the effects of Kli on the current activated by
of 8 mm extracellular C&". Record 1 shows the whole- passive depletion, inhibition of the ionomycin-induced
cell rampl-V relationship prior to the addition of iono- current was irreversible (record 4). The kinetics of the
mycin. Record 2 shows thieV relationship after maxi- generation of the current measured at —120 mV follow-
mal generation of the current in the presence of ionomying application of ionomycin and the irreversible inhibi-
cin. Removal of C&" resulted in a reduction of the tion of the current by Ni* application are shown in Panel
amplitude of the current and a shift of the reversal po-B. The difference current measured at —120 mV in the
tential to more negative values (record 3). Readdition ofpresence and absence ofNwas 7.1 + 2.8 pAif = 4
C&" dramatically increased the magnitude of the inwardcells).
current (record 4). The mean €asensitive difference Taken in concert, active depletion of intracellular
current in 5 cells was —10.0 + 1.1 pA. The time courseC&"* stores by application of ionomycin results in the
of the changes of whole-cell current recorded at —120activation of a rectifying C& sensitive inward current
mV is shown in PaneB. dramatically inhibited by 8 m extracellular N¥*. These
We have investigated the effect of extracellulaf'Ni characteristics are indistinguishable from the curren
addition on the current activated by ionomycin. The re-generated following whole-cell dialysis with high con-
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Fig. 9. Irreversible block by Ni* of the inward C&" current activated
by ionomycin. PanelA) Pipette solutions supplemented with®Cand  Fig. 10. Cell-attached patch recordings of single channel currents of
ATP were used to reduce spontaneous activation of tf& Garent  the inwardly rectifying K current in response to 900 msec voltage
(see Materials and Methods). Record 1 shows a representdtWe  ramp from -80 to +80 mV. Records have been corrected for linear
relationship in response to the voltage protocol illustrated, in a cellleakage estimated from a fit of the current during closed intervals. The
superfused with solution containing &ntotal C&", prior to addition  cell was bathed in normal extracellular solution containing S

of ionomycin. Record 2 shows theV relationship after the addition of  The pipette solution contained 140miK*. Records were recorded at 1
14 um ionomycin and generation of the inward current. Record 3 is aKHz. Inward currents are negative and the dotted line shows the zer
representative rampV relationship following superfusion with solu-  current level. The potentials are shown as applied membrane potential
tion containing 8 mu total Ni** in the presence of 8 mtotal C&"and  j.e., negative pipette potential.

14 um ionomycin. Record 4 is a representativé relationship 190 sec

after superfusion with Ni-free solution. PaneB) Time course of the

change of whole-cell current amplitude recorded at —120 mV measurecﬂance seal Figure 10 shows representative ramp currel

from individual ramps in response to the solution changes indicated .
Open circles labeled 1-4 are the current values at -120 mV correz[raceS recorded under these conditions. Record 1 reves

sponding to the rampV relationships presented in ParfelAll con-
centrations refer to total concentration of divalent ion added énd
do not reflect the free concentration.

an inwardly rectifying current displaying little outward
current component. Single-channel closing events ar
evident in subsequent records. All records were leak

subtracted by estimating the leakage current by linea
regression from the closing events. The estimated singl

centrations of the Ca chelator BAPTA and are consis- channel conductance measured from steady-state sing
tent with the hypotheses that activation of the current ischannell-V curves or single openings from a ramp pro-
a direct result of passive depletion of Castores. tocol in a single experiment was 33 + 1.6 pS, a value no

The existence of an inwardly rectifying*kcurrent  that different from previously reported values in RBL-
has previously been reported in cultured RBL cells [22,2H3 cells [22, 40].
40]. It is unlikely that the existence of such a current Experiments were undertaken to confirm thegén-
could influence or contaminate the present results, givesitivity of this current and to define the current/voltage
that these experiments were performed in the absence aharacteristics under the experimental conditions em
extracellular K. However, experiments were under- ployed for the detection of the €acurrent activated by
taken to investigate the possibility that the inward®Ca release of intracellular Gastores. Figure 11 shows the
current arises as a result of a small permeability of theresults of a representative experiment. Afee pipette
inward rectifier to C&" in the absence of extracellular solution identical to that employed for the detection of
K™ the C&"* current was used. Where indicated, the externa

The presence of an inwardly rectifying"kcurrent  solution, which was identical to that employed for de-
was confirmed in cell attached patch experiments. Cellgection of the C&' current, was supplemented with 5im
were bathed in normal Nasolution containing 5.4 m K™ (seeMaterials and Methods). Representative whole-
K*and 2 nu C&* to maintain a normal transmembrane cell current records in response to 255 msec ramps fror
potential. A high K containing pipette solution was the indicated potentials are shown in the presence o
used geeMaterials and Methods) and 900 msec rampsabsence of 5 m extracellular K. PanelB shows the
delivered from —-80 to +80 mV from a holding potential whole-cell current recorded at —120 mV during changes
of 0 mV were initiated after formation of a high resis- in extracellular K concentration. It is clear from these
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Fig. 11. K* sensitivity of the inwardly rectifying K current. Panel)

Representativé-V/ relationship in response to the voltage protocol il- Fig- 12. B&®* sensitivity of the inwardly rectifying K current. Panel
lustrated in the presence and absence ofaxternal K as indicated.  (A) Representative:V relationships in response to the voltage protocol
External solution was that used to record the inward*Gaurrent  illustrated in the absence of added®Band in the presence ofigv and
supplemented with 5 mK*. Panel B) Time course of the change of 500 um external B&*. External solution was that used to record the
whole cell current amplitude recorded at 120 mV measured frominward C&" current supplemented with Surk* and B&" as indicated.
individual voltage ramps applied during changes of extracellular solu-Panel B) Concentration response relationship of the whole cell current

tion as indicated. Divalent ion concentrations refer to total concentrafecorded at —~120 mV measured from steady-steerelationships
tion (mm) and do not reflect the free concentration. following changes of extracellular B& concentration as indicated.

Divalent ion concentrations refer to total concentration added) @nd
do not reflect the free concentration. The solid line is a least squares fi

. . o of the data to a single site binding isotherm.
experiments that a Kdependent inwardly rectifying cur- 9 9

rent measuring approximately 600 pA at —120 mV domi-
nates the current record under these conditions. an extensive characterization of the current activated b
Experiments were undertaken to investigate the senrelease of intracellular Gastores in RBL-1 cells has yet
sitivity of this K* current to B&" and NF*. Figure 12  to be presented we undertook experiments to define th
shows the results of a representative experiment."A K hiophysical characteristics of this current under carefully
free pipette solution identical to that employed for the defined ionic conditions.
detection of the C& current was used. Normal external Consistent with the modulation of the plasma mem-
solution used for measurements of théCaurrent were  prane CA&* permeability by the C& content of intracel-
supplemented with 5 mK*. Representative whole-cell |ylar stores we have found that an inwardly rectifying
current records in response to 255 msec ramps from thgurrent spontaneously activates in a time dependent mar
indicated potentials are shown in the absence or presenggr following initiation of whole-cell current recordings
of increasing concentrations of extracellular’BaThe  when the pipette solution contains high concentrations o
graph shows a typical concentration response curve fothe C£* chelator BAPTA. Such conditions are expected

Ba’" induced inhibition of the inwardly rectifying K to scavenge cytosolic aand induce depletion of in-
current measured at —120 mV. The half maximal inhi-tracellular C&* stores.

bition induced by B&" was 6.9 + 1.7um (n = 3). The The C&" dependence of the current was confirmed
inwardly rectifying K’ current was also inhibited by ex- by manipulating the extracellular €aconcentration.
tracellular NF* and Mrf™ (results not shown The magnitude of the current increased in a dose

dependent fashion with increases of extracellulaf'Ca
_ ] The use of external solutions containing 14 rglu-
Discussion conate, an anion substitute with a marked affinity for
divalent cations, precluded a comprehensive investiga
Modulation of the C&" permeability of the plasma mem- tion of the quantitative dependence of the inward curren
brane by the CH level in intracellular compartments is upon external C& concentrations. However, the pre-
virtually a universal phenomena in nonexcitable cells.sent data shows a clear graded increase in current whe
The characteristics of this electrogenic pathway, on theexternal C4" is raised from 0 to 2 or 8 m total con-
other hand, are far less universal with marked differencesentration. The increase of current was accompanied b
reported in permeability to divalent ions and monovalenta C&* concentration dependent shift of the reversal po-
cations, and the ability to resolve single-channel eventstential of the raw whole-cell current recordings towards
With these differences in mind and the knowledge thatmore positive values, consistent with increased'Ca
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conductance. Alterations of extracellular @oncentra- can readily partition in or out of cellular membranes, an
tions had no effect on the magnitude or reversal potenassumption confirmed in single cell fluorimetric mea-
tial, precluding the possibility that the inward current surements of [CH]; [21]. With this finding in mind, the
induced by depleting intracellular stores is carried by Cl presence of ATP in the pipette solution provides the
(results not shown necessary energy source for endosomal"@d Pase ac-
The current activated in the present experiments distivity. As a direct result, removal of extracellular iono-
plays a high degree of selectivity for €aover N&, with mycin and subsequent wash out of ionomycin from the
no measurable increase of inward current when 3 m endosomal membranes would allow for the refilling of
Na" was added to an extracellular solution containing 2the intracellular C&' stores. If C&" loss from the endo-
mm total extracellular C&. Interestingly, a small in- somal stores is the trigger to activation of the inward
crease of inward current was recorded in the absence aurrent then repleting the stores should induce deactiva
added extracellular & Removal of extracellular diva- tion consistent with our findings. Reapplication of iono-
lents frequently induced large inward and outward cur-mycin in the present experiments was followed by the
rents. The magnitude and reversal potential of these cure-activation of the current, thus (i) ruling out events
rents was unresponsive to extracellular ionic substitutiorassociated with inactivation of the current while (ii) pro-
consistent more with an instability of the membrane orviding further support for the modulation of the plasma
the pipette/membrane seal rather than the activation of membrane C& permeability by the C& content of en-
physiologically relevant conductive pathway. However,dosomal C&" stores. These experiments warrant exer-
in a number of experiments removal of extracellular di-cising caution when activating this current by brief ap-
valents and addition of EGTA was not immediately ac-plication of ionophore, particularly when utilizing iono-
companied by these currents. Under these conditions mycin in investigations of the inactivation characteristics
Na* dependent inward current such as that presented iof the current.
Fig. 6 was detected. These data are consistent with the When used at high concentrations, extracellul&Ni
capacitative C& entry current in the cultured T- is known to be an effective, reversible blocker of the
lymphocyte cell line Jurkat and mast cells which haveC&™ influx pathway activated by depletion of intracel-
been reported to display marked Naermeability when lular C&* stores [16, 39, 43]. In contrast, when applied
Ca* was buffered to low levels [11, 27], a phenomenain the presence of ionomycin, the block induced by ex-
most likely reflecting anomalous permeability. tracellularly applied Ni* was found to be irreversible
Spontaneous activation of the inwardly rectifying within the time frame of these experiments. Under nor-
C&* current following initiation of whole-cell conditions mal conditions, plasma membranes are relatively imper
could be inhibited by addition of Gaand ATP to the meant to Nf*. However, in the presence of ionomycin,
pipette solution; preventing spontaneous depletion of inNi?* is transported across the plasma membrane as ev
tracellular C&" stores. Under these conditions a brief denced by the ability of ionomycin application in the
application of a high concentration of ionomycin induced presence of Ni to dramatically increase the rate of
an inward current indistinguishable from the inward cur- quench of intracellularly trapped fura@dta not shown
rent activated by passive depletion with regards tb-ifs It is unlikely that the reduction of the current in the
relationship, sensitivity to alterations of extracellular presence of Ni" is due to impairment of the ability of
C&" concentration and inhibitory sensitivity to extracel- ionomycin to deplete the G4 stores since the lack of
lular Ni?*. lonomycin has been shown previously to ac-reversibility of the inhibition induced by Rf in the pres-
tivate the capacitative G4 influx pathway in T- and ence of ionmycin was also detected in experiments usin
B-lymphocytes, a direct result of release of intracellularpipette solution devoid of G4 and ATP; an internal
Ca* stores [1, 16, 18, 39]. Taken in concert, these dataolution which by itself, passively depletes the®Ca
support the conclusion that release of intracellulaf*Ca stores and activates the currerggults not shown Re-
stores either passively by scavenging intracellulaf*Ca cent work from our laboratory has demonstrated tha
or actively by ionophoretic transport of €aacross the BAPTA can effectively scavenge Ni[21]. Therefore,
endosomal membrane induces the activation of &-Ca given that the whole cell configuration provides an ef-
selective inward current. fectively infinite BAPTA reservoir, the data is consistent
lonomycin has previously been used to activate thewith binding of N7* to a high affinity intracellular site.
capacitative C& entry current in mast cells [10], Jurkat The present experiments have confirmed comple»
cells [27] and an inward current reported to be the caBa®* permeability characteristics previously reported in
pacitative C&" entry current in RBL-2H3 cells [5]. Ac- RBL-2H3 cells [9]. Specifically, we have found that the
tivation of the current by ionomycin application in the current carried by B inactivates in a time-dependent
present experiments reversed upon removal of ionophoriashion. Interestingly, this inactivation occurs only at
(seeFig. 8). Although not previously reported, such an potentials more negative than —-60 mV. It is important to
effect is not surprising if it is assumed that ionomycin note that changing solutions from 0 €ao 8 mv C&*
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revealed no inactivation characteristics when monitoredattempt to further investigate the permeability of this
at —120 mV. Furthermore, changing the extracellular sopathway to MA* in RBL-1 cells following depletion of
lution from one containing 8 m C&* to 8 mm Ba®*  intracellular C&" stores by passive depletion. A small
showed no evidence of a transient increase of current bliut reproducible inward current was measured at —12(
rather showed a rapid reduction of current to a plateaumV in solution containing 8 m Mn?* and devoid of
value similar to that shown in Fig. Bgsults not shown  C&* following depletion of intracellular Cd stores.
As noted above, a manuscript detailing a similar complexThis increase of inward current at —120 mV was accom-
Ba?* conductance pattern in RBL-2H3, mast and Jurkatpanied by a small shift of the reversal potential towards
cells has been published since the completion of the premore positive potentials consistent with the pathway dis-
sent work [9]. The author details complex multiphasic playing a measurable permeability to Rn(data not
changes of whole-cell current following exchange of ex-showr). This increase of current was reversible, display-
tracellular C&* for Ba?*. A model was proposed ing a difference current upon removal of extracellular
whereby C4" influences the conductance of the pathwayMn?" of 1.3 + 0.4 pA at -120 mVi{ = 5). While these
by three distinct mechanisms including (i) an effect simi-results are consistent with the capacitative entry pathwa;
lar to the one-site G4 binding model proposed for volt-  displaying a small permeability to M#, alternative ex-
age-operated Gachannels (i) an action responsible for planations must be entertained. It can be proposed th:
C&" dependent inactivation and (i) a €arequirement  the apparent inward M current arises from the modu-
for the functional expression of a permeant pathway [9].lation of the leak current by the addition of extracellular
A C&* requirement for the functional expression of a Mn?*. This is an important point in the light of the ob-
permeant pathway has been used to explain the inactivaservation that in the absence of divalent ions igx-
tion effect observed in the presence ofBanasmuch as cluded from this discussion), an outward current at posi-
the washout of extracellular €afollowing Ba?* addi-  tive potentials is frequently observed in ramp records.
tion results in the accompanying loss of a functionalWhile the origin of this current is presently unclear, we
pathway and a detectable decline of the?Baurrent have found that extracellular addition of Rjj Mn?*,
recorded at negative potentials. In contrast, the inactivaBa?* or C&™" effectively reduces this outward current
tion of the B&" current recorded in the present experi- component of the ramp. If this is indicative of an out-
ments is observed after exposure to*Ciee gluconate ward current contribution to the whole-cell leak current
solutions (Fig. 5). Thus, to explain the present results byacross all ramp voltages (C$or example) then inhibi-
a similar mechanism, it must be assumed that'Ga  tion of this outward current component would appear as
tightly bound and requires extended time intervals foran apparentinward current. As a result of this discussiol
displacement from binding sites or that Balisplaces it could be proposed that the effect of Rfnaddition is
residual bound C4. Alternatively it can be proposed not a direct result of an inward M#icurrent but rather of
that B&* binding directly modulates the conductance of inhibition of an outward component of the leak current.
the pathway via negative feedback. Further experiment$o address this hypothesis we have contrasted the effec
are required to distinguish between these two mechaef Mn?* and N#* addition upon the whole-cell ramp
nisms. current monitored in the absence of extracellulaf'Ca
Rapid C&"-dependent inactivation of the current oc- As evident from Fig. 4 (records\&s.3), addition of 8 nw
curring over the millisecond time scale has been reported\i®* results in a small inhibition of the outward current
in Jurkat and mast cells in response to hyperpolarizinggomponent of the ramp with no detectable increase o
pulses [10, 11, 44]. Inactivation in B&containing so- inward current measured at —120 mV (PaBgl This is
lutions is distinguished from Gadependent inactivation in marked contrast to the effect of Mhaddition dis-
by its kinetics, with inactivation in B&-containing so- cussed above and supports the conclusion that the inwa
lutions occurring over tens of seconds. current detected is a result of inward Rrpermeation.
Mn?* permeability through the capacitative Can- It is also conceivable that Mt is permeating a pathway
flux pathway has been proposed on the basis of thelistinct from the capacitative aentry pathway; for
quench of intracellular fluorescent €aindicators and example a pathway contributing to the leak current.
has been used extensively by our laboratory during inSince the leak current that generates during dialysis o
vestigations of the capacitative entry pathway in rat thy-the cell interior is larger than the Mh current under
mic lymphocytes [18, 19, 20]. Using these techniquesinvestigation it is difficult to unequivocally ascribe the
and in agreement with a recent report in RBL-2H3 cellspresence of the Mii current to depletion of intracellular
[4], we have confirmed that depletion of intracellular C&* stores rather than to a component of the leak curren
Ca* stores by addition of the endosomal’C#A\TPase that generates in parallel with store depletion. However
inhibitor thapsigargin stimulates Mhinflux in RBL-1  given that depletion of intracellular Eastores by addi-
cells data not shownMason & Mahaut-Smith [19]). tion of endosomal Cd ATPase inhibitors stimulates
Electrophysiological experiments were undertaken in arMn?* entry [4, Mason & Mahaut-Smitgata not showh
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it is reasonable to propose that the Mourrent observed capacitative C& entry current is reduced in proportion
after passive depletion of the €astores in the present to the time of whole-cell dialysis prior to activation of
experiments underlies this observation. the current with ionomycin. However, these experi-
It has been shown that store regulated calcium chanments were performed in the presence of 2M8 extra-
nels display a finite permeability to M [5]. These cellular K™ and with pipette solutions devoid of
authors showed that M carried only 10% of the cur- K*. These conditions are similar to those employed in
rent carried by C& even at a 10-fold higher concentra- the experiments depicted in Figs. 11 and 12 where th
tion, suggesting a considerably lower permeability ofmajority of the inward current recorded during ramps
these channels to Mi compared to C&. Applying a  from =100 to +100 mV is carried by the inwardly recti-
similar treatment to our data, and using a freé'Qmn-  fying K* current. This is important in the light of the fact
centration of 1.5 m as determined with a G&sensitive  that analysis of the activation kinetics undertaken by the
electrode and a free Mficoncentration of 8 m, assum-  authors was based upon the magnitude of the ramp cu
ing negligible Mrf* binding to gluconate, we determined rents recorded at —40 mV, a potential that would most
that Mr?* carried approximately 16% of the current certainly be contaminated by a contribution from the
(measured at -120 mV) carried by ¥aat a 5-fold inwardly rectifying K current. Furthermore, the run-
higher concentration. Thus, the Kfrpermeability dem-  down phenomena attributed to washout of a small GTP:
onstrated in this report appears to be at least three timdsinding protein required for the activation of the capaci-
greater than that reported in rat peritoneal mast cells [5]tative entry current is reminiscent of that previously
While it is clear that the permeability of the pathway to reported for the inwardly rectifying Kcurrent in RBL-
Mn?* is low, this detectable permeability would be ex- 2H3 cells [22, 40]. Therefore, given the presence of the
pected to be adequate to account for the observations dafiwardly rectifying K" current in RBL cells and the simi-
Mn?* stimulated uptake following depletion of €a larity of the voltage dependence of the current, it is not
stores in experiments utilizing Easensitive fluores- prudent to ascribe the inactivation phenomena reporte
cence indicators. by Fasolato and coworkers [5] to the washout of a dif-
Due to the presence of an inwardly rectifying K fusible cytosolic factor required for the activation of the
current in RBL cells [22, 40] isolation and characteriza- capacitative C& entry current. A clear demonstration
tion of the capacitative Gaentry current was performed of the C&" dependence of the current recorded in their
in the absence of intracellular and extracelluldt RKhe  experiments would have obviated the concerns arising
possibility that the rectifying inward Gacurrent inves-  from the present discussion.
tigated in the present experiments was a result of a small  This concern is further augmented by recently pub-
C&* permeability through the inward rectifying *K  lished work from the same laboratory [26]. In these ex-
channel in the absence of ks highly unlikely given that  periments the authors have been unable to demonstra
Ba" is a potent blocker of the Kcurrent yet is a charge the time-dependent washout of the*Caurrent previ-
carrier through the pathway activated by release df"Ca ously published by their laboratory [5]. The authors
from intracellular stores (Fig. 5). However, the signifi- have brought to light two differences in an effort to rec-
cance of investigating the capacitative entry currents unencile these diametrically opposed results. First, EGTA
der the absence of's borne out by the similarity of the was used to buffer G4 while BAPTA was used in the
I-V relationship of these distinct currents under theoriginal report demonstrating a time dependent washou
whole-cell conditions employed in the present investiga-of a signaling molecule required for the activation of the
tions. While the magnitude of the current in the presenceCa* current. Second, the use of higher ATP concentra:
of 5 mm extracellular K and no K in the pipette solu- tions was postulated as another source of the discrey
tion distinguishes it from the capacitative entry current,ancy. While these differences may underly this discrep:
care should be exercised to ensure that extracellular s@ncy, in this most recent report, precautions were als
lutions are not contaminated by modest levels df K taken to minimize the contribution of the inwardly rec-
where the magnitude of the current cannot be used ttifying K* channel to the measured current. This was
distinguish these currents. Difficulty distinguishing be- accomplished by both including high*Kconcentrations
tween these currents is further exacerbated by the simin the pipette solution and supplementing the extracellu:
larity between the blocking effect of extracellular®Ni lar solution with 10 nw CsCl, a potent inhibitor of the
on both currentsdata not showh inwardly rectifying K" channel at this concentration. As
Activation of the capacitative Gacurrent in RBL-  a result of these manipulations, little inward Kurrent
2H3 cells has been reported to require a diffusible cytowould be detected over the voltage range investigatec
solic factor, possibly a small GTP-binding protein, that While it is not possible to unequivocally ascribe the lack
washes out in a time dependent manner when dialyzingf a time-dependent washout to experimental condition:
cells in the whole-cell configuration [5]. This conclusion that minimize the inwardly rectifying Kcurrent, such a
is based upon the observation that the magnitude of thproposal should be seriously considered.
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The characteristics of the current isolated in the pre-References

sent experiments are dramatically distinct from mem-
brane currents activated by release of intracellulaf*Ca
stores in other tissues [8, 15, 36, 41]. In cultured human
endothelial cells and mouse pancredticells release of
intracellular C&" stores by addition of the endosomal
Ca*-ATPase inhibitor thapsigargin induced the activa-
tion of a nonselective cation current [8, 41]. In contrast,

2

single-channel events associated with activation of a3

highly selective C& channel have been reported follow-
ing release of intracellular 4 stores in cultured epi-
dermal cells and bovine aortic endothelial cells [15, 36].
Interestingly, the channel in cultured epidermal cells was
far more permeant to Ba than C&", a characteristic
shared with many types of voltage-activatec?Cehan-
nels. In contrast, the G4 current isolated in RBL-1
cells bears a strong similarity to €zacurrents previously
reported in mast cells, Jurkat cells and megakaryocytes
[10, 11, 27, 34, 43, 44]. The Ghcurrent activated by

release of intracellular G&stores in these cells displays 7.

an apparently higher selectivity for Ezover B&* and a
low single-channel conductance evident by the lack of
detectable single-channel eventsmjublished observa-
tions). Furthermore, the pathway displays no significant
permeability to N&in the presence of extracellular €a

a result consistent with the findings reported for mast g

cells, Jurkat cells and megakaryocytes [10, 11, 27, 34,
43, 44].

The current activated in the present experimentsto-

bears similarity to the current activated by antigenic
stimulation of RBL-2H3 cells [42]. Both conductances
display inward rectification, are inhibited by extracellu-
lar La**, are only marginally permeant to Nan the

nominal absence of Gaand appear to be activated by
depletion of intracellular stores. In contrast to the pre-

sent results, the current activated by antigen was moré3.

permeant to B& at negative potentials, a result of a
marked rectification of the current at negative potentials.
Interestingly, BAPTA loading reversed the permeability ;4
sequence of the current activated by antigen, resulting in
Cé&" being more permeant than Ba Without I-V rela-

tionships for the current in the presence of cytosolicis.

BAPTA further detailed comparisons of the currents are
not possible.

It is clear from this discussion that release of intra-
cellular C&" stores can induce dramatic alterations in the
permeability characteristics of the plasma membrane.

Whether the differences between biophysical charactert7.

istics arise from distinct families of membrane-spanning

proteins or as a result of tissue specific modulation of al8-

single family of proteins is presently unclear.
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