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Abstract. Using whole-cell current-clamp measurementspathway; reviewed in 33]. A great deal of information
we have found that thapsigargin-mediated activation ofegarding the control and modulation of this pathway is
store-regulated CA entry in rat basophilic leukemia known from fluorimetric measurements of [€} [re-
cells is accompanied by complex changes in membrangiewed in 33] and patch-clamp studies of the transmem-
potential. These changes consisted of: (i) an initial slowbrane C&" current correlate of store-regulated’C#ux
small depolarization, (ii) a transitional change in poten-(calcium release activated calcium currehizac [10,
tial to a depolarized value and (jii) transitional changes11]. As would be expected for an electrogenic*Ca
between a hyperpolarized and a depolarized potentiapathway, changes of [€4; brought about by activation
These complex changes in potential can be explained byf store-regulated G4 entry are modulated by mem-
the interaction between the endogenous inwardly rectibrane potential [17, 25, 29, 35]. This results not only
fying K* conductance and the generation of a small in-from the influence of driving force but also from the
ward current. To investigate the possible influence ofinwardly rectifying nature of the pathway [2, 14]. As a
these changes of potential on fl, single cell mea- result, depolarization, following activation of store-
surements of fura2 fluorescence were undertaken alonegulated C& entry, causes a marked decline in“Ca
or in combination with current-clamp measurements.influx and [C&"]; [17, 25, 29, 35].
Thapsigargin-mediated activation of the store-regulated To date, little physiological importance has been as-
Ca* entry pathway was accompanied by a marked incribed to the effect of depolarization on store-regulated
crease of [C&7;. During this increase, transient, abrupt Ca* entry since large depolarizations are not normally
declines in [C4"]; were detected in approximately 60% observed in nonexcitable cells due to the concomitant
of the cells investigated. These changes of’[G;aare  activation of C&™-activated K channels and the pres-
consistent with the observed changes of membrane pance of other hyperpolarizing conductances. Only when
tential recorded under current-clamp. the C&*-activated K conductance is inhibited are store-
regulated C&-dependent depolarizations observed [19,
Key words: C&* oscillations — Membrane potential — 20, 39]._ A clear excep'_[ion to_this occurs in rat basophilic
Patch clamp — Current clamp leukemia cells, where isotopic a_nd fluorimetric measure-
ments of membrane potential in cell suspensions have
documented large depolarizations following activation of
Introduction store-regulated C4 entry under physiological condi-
tions [3, 12, 16, 29]. Rat basophilic leukemia cells rep-
resent a class of nonexcitable cells whose membrane
potential is set primarily by an inwardly rectifyingK
current [16, 26, 30]. Other cells falling into this category
include rat and rabbit osteoclasts [37, 13] and human and
murine macrophages of diverse origin [for revisae4].
I The conductance-voltage relationship of the inwardly
Correspondence tdv.J. Mason rectifying K channel is such that in many of these cell

Depletion of intracellular C& stores is a ubiquitous
stimulus for the activation of an electrogenic?Cnflux
pathway in nonexcitable cells [store-regulated Gantry
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types small Changes of inward membrane current camith NaOH. When required, extra €awas added directly to this
result in Iarge transitional shifts in membrane potentia|solution. High K solution had the following composition innm 143

g _ KCI, 1 CaCl, 1 MgCl, 10 Glucose, 20 Hepes, pH 7.4 with KOH.
[1’ 37]' To date the ablllw of store regulatedQCazntry &*-free solutions were made by deleting®Cand adding 0.5 m

to induce such membrane potentlal Changes and the eE_GTA. Thapsigargin and gramicidin were added directly to the exter-

fect Qf these changes on [€% has not been examined at 4 solution from concentrated stocks in DMSO. The internal solution
the single cell level. employed in voltage- and current-clamp experiments had the following

The present experiments were undertaken (i) to incomposition in nw; 140 KMeSQ, 0.5 EGTA, 3 MgC}, 0.1 NaGTP,
vestigate the single cell membrane potential changes int N&ATP, 10 HEPES, pH 7.4 with KOH. When required, 5
duced by activation of store-regulatedZCantry in rat fura2-penta-K-salt was added directly to the pipette solution and
basophilic leukemia cells and (ii) to investigate the rela-EGTA omitted to reduce the exogenous'Cauffering power. Internal
. . . nd external solutions were stored at —20°C.
tionship between membrane potential changes and
[C&a?"]; following activation of store-regulated €aen-
try. MEASUREMENTS OFMEMBRANE POTENTIAL IN

CELL SUSPENSIONS

Materials and Methods Membrane potential was measured fluorimetrically in cell suspensions
usingbis-oxonol as previously reported by our laboratory [21, 22, 23,
39]. Cells at a concentratiorf & x 10° cells/ml were equilibrated with

150 v bis-oxonol and fluorescence monitored (Ex 540, 5 nm slit
width, Em 580 nm, 10 m slit width) in a temperature controlled,
continually stirred cuvette-based, monochromator-based fluorescence
spectrophotometer (Photon Technology International, Monmouth, NJ).
External calibration was made by adding gramicidin to cells suspended
In media containing varying ratios of Nand NMG" and constructing

a calibration curve as previously reported [21, 22, 23, 39].

CeLL CULTURE

Rat basophilic leukemia cells of the RBL-1 clone were kindly provided
by Dr. S. Ikeda, Guthrie Institute (Sayer, PA) while RBL-2H3 cells
were the kind gift of Dr. H. Metzger, NIH, (Bethesda, MD). Both cell
lines were propagated in HEPES buffered RPMI 1640 medium (Sigma
St. Louis, MO) containing 25 m sodium bicarbonate, 100 U/ml peni-
cillin, 100 pg/ml streptomycin, 50.g/ml gentamicin and 10% FBS
(Bio-Whitaker) in a humidified 95/5% air/CQOatmosphere at 37°C as

previously reported by our laboratory [36]. Cultures were propagatedSNGLE CeLL FURA2 F.UORESCENCEMEASUREMENTS
by passaging nonadherent cells taken from dense cultures or by re-

_moval of adherent cells with trypsm-Versene. No apparent dn‘ferencesCeHS were loaded with fura2 by incubation with the AM derivative of
in the parameters measured existed between adherent and non-adheant

cells. Qualitatively similar results were obtained in both RBL-2H3 and ura2 (4um for 25 min. @ .3.7 ©) or by dlalys!s of the C?" vyn_h_a 50/'
RBL-1 cell lines. fura2-penta K salt containing pipette solution following initiation of

conventional tight-seal whole-cell patch-clamp recordings. Measure-

ments of fura2 fluorescence were made on an inverted microscope
REAGENTS using a commercially available dual excitation, monochromator based

excitation source (Photon Technology International). 340 and 380 nm
Fura2-penta-K-salt and fura2-Am (acetoxymethyl ester) were pur- (x5 nm) e_xcitaFion \_Naveleng'ths. were dirgcted onto the sample via a
chased from TeFlabs (Austin, TX) whilsis-(1,3-diethylthiobarbituric 430 nm dichroic mirror. Emission was filtered for a 510 nm wave-
acid) trimethine oxonol lis-oxonol) was purchased from Molecular 'ength using a 40 nm wide bandpass filter. The fluorescence of a single
Probes (Eugene, OR). Thapsigargin was purchased from Calbiocheng€ll was isolated from surrounding cells using an adjustable diaphragm.

Novabiochem (San Diego, CA). N-2-HydroxyethylpiperazinezN For measurements pf fura2 fluorescence in intact cells, background
ethanesulfonic acid (HEPES) was purchased from Calbiochemfluorescence of the instrument and chamber at 340 and 380 nm was
Novachem (San Diego, CA) or Sigma (St. Louis, MO). Potassium Subtracted by measuring_ﬂuorescence of an area of the chamber‘devoid
methylsulfate was purchased from ICN Biochemicals (Aurora, OH).Of cells and corresponding to the detection area of the experiment.
[Ethyleneglycolbis-(3-aminoethyl)-N,N,N,N’-tetraacetic acid] For measurements of ‘fura2 f!uorescence under_ yvhole-cell voltage- or
(EGTA), Na,GTP and MgATP were purchased from Sigma (St. Louis, current-cla_m_p,_the variable d|aphra_gm was p03|t|o_n<?d around the cell
MO). Ethyl alcohol and dimethy! sulfoxide (DMSO) were purchased SO S to minimize the amount_of V|s_|b_le_ fL_JraZ-contalnmg patch plp_ette.
from Aldrich (Milwaukee, WI). CaCJ, MgCl,, NaCl, KCI, HCI, Th_e fluorescence recorded prior t0|n|t|at_|on of the whole cgll configu-
NaOH, KOH,p-glucose and sucrose were purchased from Fisher (Fair_ratlon was used for bapkground subtre}ctlon. In most experiments, data
lawn, NJ) or Sigma (St. Louis, MO). N-methpkglucamine was pur- &€ presented as qua_lltatlve changes in _the background subtrac_ted 340/
chased from Aldrich (St. Louis, MO). Gramicidin-D was purchased 380 fluorescence rgtlo. In some expe_rlments the 340/380 rgtlo was
from Sigma (St. Louis, MO) and was made up as a concentrated stocROnverted to an estimate of [€% assuming & of 225 nv and using

in ethyl alcohol. The pentapotassium salt of fura2 was made up inexternally derived values foRyi, Ryax@nd the ratio of the 380 nm
distilled water while fura2-AM, thapsigargin ahit-oxonol were made ~ Wavelength in the absence and presence of extracelluldr @aler

up as concentrated stocks in DMSO. All reagents were stored apimilar experimental conditions. Fura2 fluorescence was converted to
~20°C. [C&a2*] using the standard algorithm as previously reported [6].

SOLUTIONS WHOLE-CELL RECORDINGS

Basic Nd& containing solution had the following composition irmm  Current recordings were made in the tight seal configuration using an
140 NaCl, 3 KCI, 1 CaGl 1 MgCl,, 10 Glucose, 20 Hepes, pH 7.4 Axopatch 200A or 1C patch-clamp amplifier controlled by Macintosh
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based custom software (S3, provided by Dr. S. Ikeda, Guthrie Institute, 10—
Sayre, PA) as previously reported by our laboratory [36]. Cells were

held at a potential of —40 or 0 mV following establishment of whole

cell recording conditions and 255 msec ramps from -125 to +60 mV 5 -
were delivered every 3 sec immediately following initiation of the <
whole cell configuration. Current records were filtered at 1 kHz, &
sampled at 2 kHz and recorded on disk for analysis by commercially ., 0
available waveform analysis software (Igor, Wavemetrics, Lake Os- §
wego, OR). To minimize K leakage into the chamber, a Hank’s/agar
bridge containing 5.4 m K* was used to ground the chamber. The
data are not corrected for a minor junction potential present under the -5
conditions employed.

Curre

Recordings of membrane potential were made using the current- .
clamp mode of the patch-clamp amplifiers following compensation for .4 g 1 T T T
residual leakage current. Experiments were performed on cells with -100 -50 0 50

membrane potential more hyperpolarized than -70 mV. Potential was
filtered at 1 kHz and recorded to disk for analysis or recorded directly

to a chart recorder. Sampling paradigms are described in the figure . . . L.
legends. Fig. 1. Low conductance voltage region of the inwardly rectifyin§ K

current. RBL-1 cells were whole-cell patch-clamped using a high K
internal solution designed to mimic physiological conditions and an
SoLuTIoN CHANGES external solution containing 3mK* and 5 nu C&?* (SeeMaterials
and Methods). Inset. MedrV relationship for a voltage ramp of 250

For measurements of fura2 fluorescence in intact cells, solution wagnsec duration from -125 to +60 mV from a holding potential of 0 mV
superfused at a flow rate of 0.9-1.0 ml/min with the aid of a peristaltic (" = 8 cells). Thel-V relationship contained within the dashed box is
pump. This superfusion system had a substantial dead space that agresented in the main panel of the figure. Main Panel. Low conduc-
counts for a delay of approximately 40 sec between the change ofance region of the inwardly rectifying*kcurrent from —90 to +60 mV.
solution and the arrival of the new solution into the chamber. Solution
changes as noted in the figures have been corrected for this delay.

Extracellular solution changes under voltage clamp were made bypresence of a constant divalent ion concentration resulted
placing the cell immediately adjacent to a gravity fed superfusion de-in 3 concentration dependent shift of the reversal poten-
vice. This device consisted of six individual inflow lines connected to tial with a slope of 53 mV per decade change of extra-

a single common superfusion line with minimal dead space. Changin + . . . )
from one solution to another resulted in the rapid exchange of extra%:eIIUIar [K'], consistent with the membrane potential be

. . e,
cellular solution without the need to reposition the cell. ing highly dependent on 'nwarcﬂy rectifying }Cha_nnas
Under current clamp, extracellular solution changes were madddata not showh Consistent with the characteristics of

using the superfusion device described above or by gravity driven batithe inwardly rectifying K current, this inward current

Potential (mV)

exchange. was inhibited by extracellular B4, (1 wM - 1 mm; data
All experiments were performed at 22-25°C unless otherwisep gy showh The main panel in Fig. 1 shows the mean
noted. I-V relationship between -90 and +60 mV. Th¥ re-

Data are presented as the mean + SEM. . . . .
lationship shows a single zero current potential at ap-

proximately —80 mV. Thus, the membrane potential
Results would be expected to sit at =80 mV. However, applica-

tion of an inward current of slightly greater than 2.5 pA
The characteristics of the whole-cell current-voltage ( would resultin a 2.5 pA offset of thieV relationship and
V) relationship in RBL cells were investigated under the generation of a new single zero current potential at
physiological conditions of high intracellular'and low  approximately —15 mV. This arises as a result of (i) the
extracellular K. Cells were superfused with basic Na small peak outward current contribution of the/
solution containing 5 m C&* and conventional whole- between —80 and —-40 mV (approximately 2.5 pA) and
cell patch-clamp recordings were initiated immediately (ii) the decline of the outward current between -60 and
following establishment of the whole-cell configuration. =40 mV.
Ramps of 250 msec duration from —125 to +60 mV from Experiments were undertaken to determine the char-
a holding potential of -40 mV were initiated every three acteristics of this postulated membrane potential shift in
seconds and the membrane currents recorded. With @sponse to slow, graded inward current injection. Such
pipette solution containing 1458mK™ and an external a situation may be considered to mimic a slowly gener-
solution containing 3 m K*, the dominant conductance ating inward current that is constant across all potentials.
present was the inwardly rectifying*kcurrent as previ- Establishment of the whole-cell configuration was made
ously reported in RBL cells [18, 26, 30, 34, 40]. The under voltage-clamp using internal and external solu-
inset of Fig. 1 shows an average non leak-subtraciééd tions identical to those use in Fig. 1. Upon switching
relationship for this K current immediately after break- from voltage-clamp to current-clamp mode and compen-
in (n = 8 cells). Changes in extracellular TKin the  sating for any residual leakage current from the ampli-
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Thapsigargin
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B Time (s) 0 50 100 150 200 250
s od---ees Fig. 3. Transitional changes of membrane potential recorded under
£ -40- 1 current-clamp following addition of thapsigargin. A single RBL-1 cell
£.g0~—— was placed under whole-cell current-clamp using internal solutions

identical to that used in Fig. 2 and superfused with basit $¢dution
oTir:g(mg()) 0 Tir:g (mss(; containing 3 nw K* and 5 nm C&*. Where indicated the cell was
superfused with solution containing 50Q thapsigargin. Potential was

Fig. 2. Effect of injection of inward current on membrane potential sampled every 0.5 sec as an average of 20 points digitized at 2 kHz.

under current-clamp. PanAl Increasing depolarizing current was in-

jected into an RBL-1 cell superfused with Naolution containing 3 b tential followi brief h larizi
mm K* and 5 nu Ca* while recording membrane potential under rane potential following a brief hyperpolarizing current

whole-cell current-clamp. Potential was sampled at 5 kHz for 100 msed?UlS€ is pr0p0rti0r!a| to the Fe” input resistance. |t.i5
every 3 sec and potential averaged over the first 10 msec. Banel clear from the slowing of the time course of the potential

Superimposed upon the depolarizing injection current was a brief hychange upon depolarization (Paril trace 2) that the
perpolarizing current. cell input resistance was significantly increased, consis-
tent with a potential sensitive conductance decrease of
the inwardly rectifying K channel.
fier, resting membrane potentials in the range of -75to  On the basis of these data, it can be proposed that
-85 mV were routinely monitored. Increasing levels of activation of an inward current, such as the inwardly
inward injection current were then applied to the cell viarectifying store-regulated G&entry current, would be
the patch pipette. A representative experiment is showmexpected to produce similar effects. To define the effects
in Fig. 2. A graded increase of injection current wasof the activation of the store-regulated Caurrent on
accompanied by a small graded depolarization of apmembrane potential, current-clamp measurements of po-
proximately 7 mV. This was followed by a rapid tran- tential were performed during the activation of this path-
sitional change of membrane potential to a value greateway. Store-regulated Ghentry was activated by deple-
than +20 mV. In 4 cells, this rapid transitional change oftion of intracellular C&" stores by application of thapsi-
membrane potential was induced by 5.6 + 0.4 pA ofgargin, a selective inhibitor of endosomal’C#TPase
injection current. Thus, the slow generation of a smallactivity. Establishment of the whole-cell configuration
inward current results in a biphasic membrane potentialvas made under voltage-clamp using internal and exter-
change. The first phase is small and dependent upon theal solutions identical to those used in Figs. 1 and 2.
rate of development of the inward current. The secondAfter verification of a stablé-V relationship, the cell was
phase is rapid and manifests itself as a transitionaplaced in current-clamp mode, amplifier leakage currents
change of potential. This biphasic response is explainetvere compensated and the membrane potential recorded.
by the fall of the outward current component of the Figure 3 shows a representative membrane potential re-
whole-cell I-V relationship between -70 and -40 mV sponse to application of 500mnthapsigargin. In this
(seeFig. 1). Once the outward component of th ~ experiment, thapsigargin induced an initial depolariza-
relationship is overcome by adequate injection currentfion of approximately 6 mV. This was followed by a
the potential will be set by the new zero current potential;rapid, pronounced depolarization to approximately —35
which because of the fall of outward current betweenmV, which in turn was followed by rapid transitions
—-70 and —-40 mV, will result in a transitional jump of between the depolarized and hyperpolarized state. These
membrane potential to a depolarized value. The value oflata reveal that the change of potential has at least two
this new zero current potential will be determined by thecomponents; a slow depolarization lasting up to many
interaction between the inward injection current and theminutes followed by a rapid transitional change of po-
amount of endogenous outward current present in théential to depolarized values. In this experiment the cell
cell above -40 mV. underwent a sustained depolarization. In 10 experiments
Superimposed upon the sustained depolarizing inthe membrane potential before thapsigargin addition was
jection current in Fig. 2 were brief hyperpolarizing cur- =76 + 2 mV. Following thapsigargin addition the resting
rents to monitor membrane input resistance. Assumingpotential depolarized to €7+ 3 mV. This was accom-
cell capacitance does not change over the course of theanied by rapid transitions of potential to7#%* 3 mV.
experiment, the time constant of the recovery of mem-dn control experiments, no depolarizations were de-
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Fig. 4. Membrane potential changes measured
with bis-oxonol in RBL cell suspensions. Parrel
RBL-2H3 cells were equilibrated withis-oxonol

at 37°C in N4 solution containing 3 m K* and 2
mm C&* and fluorescence monitored and
calibrated as described in Materials and Methods.

A B Where indicated, 100w thapsigargin was added
- to the cuvette. Pand@. The effect of 100 m
:—_t -20 - 1m 2 ‘r 1635 Py thapsigargin orbis-oxonol fluorescence of RBL-1
-4 o \\ cells at 25°C. Cells were equilibrated with
|u_" -40 : bis-oxonol in N& solution containing 3 m K*
2 - 2 and 2 v C&* and fluorescence monitored. The
w < break in the trace represents approximately 23 min
Zz -60 - 6 and corresponds to the addition of agents beyond
E o the scope of these experiments. The fluorescence
m -80 - lg recorded after the break is that recorded in the
E -100 - * presence of 100w gramicidin and represents
= ) ) ) ) fluorescence at a membrane potential of

(mV) Thapsigargin Thapsigargin approximately 0 mV.

tected in the absence of thapsigargin, consistent witfiCa®"],. To investigate this hypothesis experiments were
events associated with depletion of intracellular"Ca undertaken to monitor [G4]; at the single cell level in
stores being critical for the initiation of these depolariza-intact cells following activation of store-regulated Ca
tions. entry. Intact, fura2 loaded RBL cells were allowed to
Marked depolarizations in response to thapsigargiradhere to a glass coverslip after which the cells were
application were also detected fluorimetrically whits-  superfused with thapsigargin containing solution and
oxonol is suspensions of intact cells. The result of afura2 fluorescence monitored from a single isolated cell.
representative experiment at 37°C is shown in F§. 4 Figure 5 shows a representative response to addition of
In this experiment addition of 100mthapsigargin to thapsigargin. In panell, addition of 500 m thapsigar-
cells suspended in 1 mCa&* containing Na medium  gin was accompanied by an increase of {Gafrom
induced a depolarization of approximately 55 mV. A approximately 140 m to a peak of approximately 625
large depolarization was also detected at room temperam after which [C&"]; slowly declined. Superimposed
ture, suggesting that the events underlying the depolampon this slow fall of [C&"]; were rapid transient de-
ization are not metabolically labile. A representative re-clines of [C&"];. For clarity these transient €are-
sult in RBL-1 cells at room temperature is presented insponses have been expanded in pah2! These re-
PanelB. sponses were of various magnitudes, with the largest in
Membrane potential measurements in cell suspenthis experiment being approximately 12m.nSubse-
sions are not representative of changes occurring at thguent removal of extracellular €awas accompanied by
single cell level, since these measurements representaarapid fall of [C&"]; to pre-thapsigargin levels (panel
signal average from millions of cells which mask the Al), consistent with the thapsigargin-induced rise of
complex kinetic changes of membrane potential accomfCa®*]; being a result of sustained €ainflux from the
panying activation of store-regulated Cantry, includ-  extracellular media.
ing complex membrane potential oscillations. However, The transient changes of [€% detected following
this noninvasive, average measurement of membrane pohapsigargin addition were frequently of longer duration
tential does confirm the existence of large membranes evident in the experiments presented in Fig. 5, panel
depolarizations following depletion of intracellular €a B. In this single cell experiment the data are presented as
stores and thus, supports the conclusion that the depamncalibrated fura2 fluorescence ratios. For comparison
larizations detected under current-clamp do not arisgurposes, the transient declines of fJapresented in
from artifactual influences of the use of patch-clamppanelsAl and A2 correspond to a fura2 ratio change of
methods. approximately 0.5. Approximately 60% (17 of 29 cells)
Membrane potential changes such as those presented the cells studied displayed transitional changes of
in Fig. 3 would be expected to modulate fCin a  [Ca?"],. In some cases the transients were not reversible,
manner consistent with both the effects of potential onmanifesting themselves as steplike declines of’[Ga
driving force and the inwardly rectifying nature of the (data not showhn
store-regulated G4 influx pathway. A transient depo- The transient C4 responses following thapsigargin
larization of sufficient duration to allow G4 extrusion  addition may have as their underlying mechanism the
mechanisms to dominate during the depolarizing intervatransient depolarizing responses previously detected un-
would be expected to result in a transient decline ofder current clamp (Fig. 3). It was important to directly
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[Ca2+]o 1 0 1 Fig. 6. Effect of K*-induced membrane depolarization on fGafol-
] ) , ) ) lowing thapsigargin addition. A single fura2 loaded RBL-1 cell was
Fig. 5. Reversible, spontaneous changes of‘[fidollowing thapsi-  gyperfused with Naor K* solution in the presence or absence of

gargin addition. PaneAl. A single fura2 loaded RBL-1 cell was su- gxtracellular C&" as indicated and fura2 fluorescence monitored.

perfused with Na solution containing 3 m K* and 1 nm Ce"and  \here indicated the cell was superfused with 580thapsigargin.
fura2 fluorescence monitored. Where indicated the cell was superfused

with 500 rv thapsigargin. Paned2. An expansion of the G4 transi-
tions presented in panéil. Panel B. C&" transitions in a second Fura2 Ratio (340/380)
RBL-1 cell. Thapsigargin was added prior to the portion of the record 4 4 -
displayed as denoted by the arrow. Current

1.0 7 Clamp

. . o 064
determine the influence of depolarization on fGa To .
achieve this we have exploited the fact that the mem- 02 = B
brane potential of RBL cells is set almost exclusively by 0 7 _—_
the inwardly rectifying K conductance. Therefore, el- i = ,
evations of extracellular Kfrom 3 to 150 nw results in EFS =t =
depolarization to near 0 mV. The effect of #hduced  _1gg 4 ———
depolarization on [C#]; following activation of store- Vi (mV) Thapsigargin (500 nM)

regulated C&" entry in a single fura2 loaded RBL cell is
shown in Fig. 6. The cell was first superfused with?Ca Fig. 7. Simultaneous measurements of membrane potential and fura2
Containing solution supplemented with 5001 rlhapsi- fluorescence _during_thapsiggrgin appl_ic_ation. A s+ingle RBL—2H§ cell
gargin to activate store-regulated ‘Cantry as evident SuPerfused with basic Naolution containing 3 m K* and 1 nm Caf

. . was placed under current-clamp using conventional tight-seal whole-
by thQ rnse Of_ the 340/380 fura2 fluoresc_encg ratio. .Nocell patch-clamp techniques and an internal solution supplemented with
transient declines of [C4]; were detected in this experi- fura2. The internal solution was identical to that used in Fig. 2 with the
ment. Removal of extracellular €awas accompanied exception that 10@um EGTA was omitted and replaced with 50
by a rapid fall of [Cé*]i which was reversed by readdi- fura2. Where indicated the cell was superfused with solution containing
tion of extracellular C%f', consistent with a requirement 500 v tha_psigargin. Fluorescence was recorded to disk at 5 Hz while
for extracellular C&" to sustain the increase of [€3. e potential was recorded on a chart recorder.
Subsequent replacement of extracellular” Neith K*
was accompanied by a fall of [€Y, to a value ap- solution similar to that described previously but devoid
proaching that detected in the absence of extracellulaof EGTA and supplemented with 50v fura2-penta K
C&*. This was not a consequence of removing extracelsalt as described in Materials and Methods. After estab-
lular Na" since replacement of Nawith N-methylp-  lishing the whole-cell configuration, the cell was held at
glucamine did not induce a fall of intracellular €a 0 mV and allowed to load with fura2 by dialysis from the
(data not shown Given this marked sensitivity to de- patch pipette. The cell was then placed in current-clamp
polarization, it can be proposed that changes of memmode and the membrane potential recorded while super-
brane potential underlie the transitional changes ofusing with N& solution containing 1 m C&". The
[Ca®"); detected following activation of store-regulated switch to current clamp was accompanied by a modest
ca* entry (Fig. 5). increase in the fura2 ratio consistent with a small in-

To directly address this hypothesis whole-cell cur-crease of [C&]; due to the change of potential from 0 to

rent-clamp recordings were combined with simultaneous-83 mV. Subsequent addition of 500 thapsigargin in
measurements of fura2 fluorescence. Such an experthe sustained presence of MnCa&* was accompanied
ment is shown in Fig. 7. Conventional whole-cell volt- by a slow increase of [C4]; and the initiation of brief
age-clamp was initiated using a“kcontaining pipette transitions of membrane potential between —80 and -23
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mV. Analysis of the fura2 record reveals a marked de-rent may be sufficient to drive the membrane into the
cline of [C&"]; that corresponds to rapid oscillations be- area of low membrane conductance, resulting in the
tween —80 and -23 mV and an increase in the time spenharked transitional depolarization. This hypothesis is
in the depolarized state (sectis). Recovery of [C&]; supported by our data demonstrating that injection of a
to pre-decline levels coincided with an alteration of thesmall, graded, depolarizing current of less than 10 pA
pattern of membrane potential oscillations and an in-mimics, in part, the membrane potential response to
crease in the time spent in the hyperpolarized state. Ahapsigargin; i.e., an initial slow depolarization followed
second sustained depolarization to approximately —2%y a rapid transitional change of potential to a depolar-
mV was accompanied by a sustained decline of{E&  jzed value. A similar influence of injection current on
a value virtually identical to that recorded |mmed|ate|y membrane potentia| has been reported in osteoclasts, an-
before thapsigargin addition, consistent with a depolarpther cell type that relies upon an inwardly rectifying K
ization induced decline of [C¥];. channel for the maintenance of a hyperpolarized mem-
brane potential [37]. The potential for interaction be-
tween small inward currents and the inwardly rectifying
K™ current in the setting of membrane potential of RBL

, , , cells has been previously appreciated [27]. The activa-
It has previously been demonstrated'm experiments Us;q of an inward C&" current of sufficient magnitude to
ing RBL cell suspensions that depletion of mtracellularmduce the depolarizations observed following thapsigar-

ce stores,_ |_nduced by inhibition of e_ndosqmaIZC—a in addition has previously been reported in RBL cells
ATPase aciivity or by IgE receptor mediated increases 0Pollowing depletion of intracellular G4 stores under

inositol triphosphate, is accompanied by membrane de-_ . " . . . >
polarization [3, 12, 16, 29]. However, the complex ionic conditions specifically designed to isolate a*Ca

: o . current [7, 8, 31, 36, 41]. However, the magnitude of
changes of potential, the underlying interactions betwee is current under the present experimental conditions is
the membrane conductances responsible for these effects P P

and the role of these changes in modulatingz[f(]:,aat “r?g'e";: agd asl s_ucr;_ It 1S gott p?s(il_ble to deflnlt_lvelytast-
the single cell level, have not been investigated or fuIIyCrl € the depolarizalions detected In our experiments to

appreciated. The present results demonstrate that tﬁge activation of the store_-regulated Cantry cgrrent..
should be noted that activation of a nonselective cation

membrane potential change accompanying depletion of ; .
intracellular C&* stores mediated by thapsigargin are currentin RBL ce.lls py ATP has been reported to induce
complex and consist of three phases: (i) a slow, modedfansient depolarizations [32], a result that may reflect
depolarization of approximately 5 to 10 mV, (i) a rapid, the interaction betv_veen the_lnwardly rectifying’ ur-

instantaneous transitional change of potential to a depd®nt and the ATP-induced inward current. Our results
larized value, and (jii) nonperiodic oscillations between €Xtend this observation by demonstrating: (i) that activa-

the depolarized and hyperpolarized potentials. tion of a physiological pathway.can induce ._shifts be-
Membrane potential measurements in single RBLIWeen stable membrane potential values, (i) that the
cells have been reported previously. Antigenic stimula-membrane potential response comprises spontaneous
tion of IgE receptors has been reported to induce a slovgWitching between multiple potentials, and (iii) that these
membrane depolarization when measured under nystatighifts of potential can significantly modulate the steady-
perforated-patch conditions [5]. Additionally, approxi- State level of [C&T;. It is important to note that detec-
mately 25% of the cells displayed an initial transienttion of a transient fall of [C&]; is dependent upon the
depolarization. However, the kinetics of this single, depolarizing event being of sufficient duration to suffi-
transient depolarization were far slower than those deciently alter the time spent in the depolarized state. This
tected in the present experiments following thapsigargiris particularly evident in Fig. 7 where an obvious fall of
addition. In contrast to the slow changes of membrandCa"]; is detected only when a marked increase in the
potential discussed above, spontaneous, transitiondime spent in the depolarized state occurs (sectiar
changes of RBL membrane potential similar to thosesectionB). Brief depolarizations do not induce detect-
reported in the present experiments have been noted prable changes of [G4];, presumably because they do not
viously in a small population of nonstimulated RBL cells allow sufficient time for CA" extrusion mechanisms to
[1, 18]. However, the underlying conductance alter-lower C&* before the cell repolarizes and €anflux is
ations responsible for these changes and the importancimulated.
of these changes to €asignaling was not apparent. An alternative explanation for the rapid transitional
The slow initial depolarization and the rapid transi- depolarization detected after thapsigargin addition, can
tional change of potential to a depolarized value ob-be entirely ascribed to inhibition of the constitutively
served in the present experiments can be explained bgctive inwardly rectifying K conductance. It has been
the slow generation of the inwardly rectifying store- reported that the inwardly rectifying *Kcurrent of RBL
regulated C&" entry current. The generation of this cur- and other cells is inhibited by elevations of fCh [15,

Discussion
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30, 38]. Therefore, elevations of [€3 brought about The present results in RBL cells are consistent with
by activation of the store-regulated €anflux pathway transitional changes of [€4; being driven exclusively
may induce depolarization via inhibition of the endog- by transitional changes of membrane potential. Previous
enous K conductance. This mechanism is distinct from experiments in RBL cells have reported marked oscilla-
electrogenic C% influx driving the membrane into a low tions of [C&"]; following IgE activation [28]. Like C&"
conductance region as discussed above. In one case thé&cillations in many cell types, the underlying mecha-
membrane potential is moved into an area of low con-nisms driving the C& oscillations are unclear. How-
ductance by the influx of positive charge carried by Ca ever, while membrane potential was not measured, os-
In the second case, the depolarization is a result of théillations persisted in the presence of valinomycin, which
closure of the inwardly rectifying K channels due to IS expected to clamp the membrane potential at or near
elevations of [C&"],. Interestingly, the depolarization Ex. Thus, it would appear that membrane potential
induced by C&™-dependent inhibition of the inwardly Cchanges are not necessary for the oscillations of [Ca
rectifying K* current would be predicted to reverse duemduced_ by Ig+E. In_th|s_ context, it is interesting to note
to the depolarization-dependent decline of{Ga Thus, that while C&" oscillations of the type observed after
Ca*-dependent modulation of the endogenousdgr- IgE stimulation were not detected following elevations

rent could account for the nonperiodic oscillations of ©f [Ca®"]; induced by exposure to ionomycin, transitional

membrane potential if appropriate time lags are incorpochanges of [C&]; similar to those reported in the present

rated into the scheme. Further experiments are requiretfvestigation were obvious in records presented by the
to address this hypothesis authors [28]. Interestingly, ionomycin, like thapsigargin,

Alternatively, nonperiodic oscillations of membrane has been shown to activate store-regulatet! @atry in

potential may have as their origin an oscillating inwardRBL_l_";‘]nd other c;ells [Ilto, (124, 36].t te the | . f
current. Inhibition of the store-regulated €antry cur- € present results demonstrate e importance o

rent during the depolarization phase of the responsénembrane potential in mod_ulatmg [€3;. While

. . Changes of membrane potential do not adequately ac-
could be adequate to bring about membrane repolariza: 2 P .
tion. The origin of such an inhibitory effect of depolar count for all types of oscillations in RBL cells,
o g y . P these experiments highlight the importance of membrane
ization on store-regulated &4 entry is specula-

. . T potential changes in the modulation of [€%.
E\;i' b’i'g?gg%gfsfaiggn[i;m 4'2]h'ﬁg'?glgfi;hfhgu;zgg Furthermore these data raise the question of the role of

. e b e r‘Beriodic or nonperiodic oscillations of membrane poten-
experiments is difficult to reconcile since depolarizationy;. i the generation and/or modulation of oscillatory

results in a marked fall of [C];, not the prerequisite 2+ ovents. The results provide new insights into the
sustained increase of [€3; required to induce inhibi- ool of CZ* signaling in cells undergoing large mem-
t!on. However, this discussion dpes not rule out OS,C'”a'brane potential changes in response to agonist stimula-
tions of §tore-regulated Ghentry induced by alternative tion and have important implications for &asignaling
mechanisms. in cells in which the constitutively active, inwardly rec-

An increase of the outward current component of thetjfying K* channel is the major hyperpolarizing conduc-
I-V relationships could also account for the repolariza-tgnce.

tion. In this regard it is interesting to note that activation
of a K* current distinct from the inwardly rectifying K
current has been proposed to accompany activation dreferences

store-regulated ca entry in RBL cells [8]. Further- 1. Barajas-Lopez, C., Huizinga, J.D. 1988. Immunoglobulin E medi-

more, an outwardly rectifying Kcurrent, not normally ated membrane conductance changes in rat basophilic leukemia
active in RBL cells, has been reported following G-  cells.Can. J. Physiol. Pharmaco66:328—331
protein activation [26, 34]. Activation of either of these 2. Donnadieu, E., Bismuth, G., Trautmann, A. 1992. Calcium fluxes
conductances following thapsigargin exposure could re-  in T-lymphocytesJ. Biol. Chem 2672586425872 _
polarize the membrane and, as such, oscillations of thesé" Fa/cone. D., Fewtrell, ©. 1995. €aATPase inhibitor, cyclopia-
L . zonic acid, releases €afrom intracellular stores in RBL-2H3

qondUCtanceS .COU|d account for .the nonperiodic QSC'"a' cells and activates a €ainflux pathway that is permeable to
tions of potential. Further experiments are required t0  sodium and manganesg. Cell. Physiol.164:205-213
isolate the conductances activated in RBL cells follow- 4. Galiin, E. 1991. lon channels in leukocyt@hysiol. Rev71:775—
ing depletion of [C4"]; stores by thapsigargin. 811

A single transitional decline of [@al has previ- 5. Gericke, M., Dar, O., Droogmans, G., Pecht, I., Nilius, B. 1995.
ously been reported in a small proportion of Jurkat cells Immunological stlmulatlon of single rat basophilic Ieukemle} RBL-
exposed to thapsigargin [9]. The underlying mechanism i??lc_eélg co-activates G&entry and K-channelsCell Calcium
responsible er this Change_ is apparently distinct from 6. Grynkiewicz, G., Poenie, M., Tsien, R.Y. 1985. A new generation
that reported in RBL cells since Jurkat cells do not ex-  of calcium indicators with greatly improved fluorescence proper-
press an inwardly rectifying Kchannel. ties. J. Biol. Chem260:3440-3450
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