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abstract

 

Using whole-cell recording in 

 

Drosophila

 

 S2 cells, we characterized a Ca

 

2

 

�

 

-selective current that is acti-
vated by depletion of intracellular Ca

 

2

 

�

 

 stores. Passive store depletion with a Ca

 

2

 

�

 

-free pipette solution containing
12 mM BAPTA activated an inwardly rectifying Ca

 

2

 

�

 

 current with a reversal potential 

 

�

 

60 mV. Inward currents de-
veloped with a delay and reached a maximum of 20–50 pA at 

 

�

 

110 mV. This current doubled in amplitude upon
increasing external Ca

 

2

 

�

 

 from 2 to 20 mM and was not affected by substitution of choline for Na

 

�

 

. A pipette solu-

 

tion containing 

 

�

 

300 nM free Ca

 

2

 

�

 

 and 10 mM EGTA prevented spontaneous activation, but Ca

 

2

 

�

 

 current acti-
vated promptly upon application of ionomycin or thapsigargin, or during dialysis with IP

 

3

 

. Isotonic substitution of
20 mM Ca

 

2

 

�

 

 by test divalent cations revealed a selectivity sequence of Ba

 

2

 

�

 

 

 

�

 

 Sr

 

2

 

�

 

 

 

�

 

 Ca

 

2

 

�

 

 

 

��

 

 Mg

 

2

 

�

 

. Ba

 

2

 

�

 

 and Sr

 

2

 

�

 

currents inactivated within seconds of exposure to zero-Ca

 

2

 

�

 

 solution at a holding potential of 10 mV. Inactivation
of Ba

 

2

 

�

 

 and Sr

 

2

 

�

 

 currents showed recovery during strong hyperpolarizing pulses. Noise analysis provided an esti-
mate of unitary conductance values in 20 mM Ca

 

2

 

�

 

 and Ba

 

2

 

�

 

 of 36 and 420 fS, respectively. Upon removal of all ex-
ternal divalent ions, a transient monovalent current exhibited strong selectivity for Na

 

�

 

 over Cs

 

�

 

. The Ca

 

2

 

�

 

 cur-
rent was completely and reversibly blocked by Gd

 

3

 

�

 

, with an IC

 

50

 

 value of 

 

�

 

50 nM, and was also blocked by 20 

 

�

 

M
SKF 96365 and by 20 

 

�

 

M 2-APB. At concentrations between 5 and 14 

 

�

 

M, application of 2-APB increased the mag-
nitude of Ca

 

2

 

�

 

 currents. We conclude that S2 cells express store-operated Ca

 

2

 

�

 

 channels with many of the same
biophysical characteristics as CRAC channels in mammalian cells.

 

key words:

 

Drosophila

 

 • S2 cell • calcium channel • store-operated Ca

 

2

 

�

 

 influx • CRAC channel 

 

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

 

Store-operated Ca

 

2

 

�

 

 (SOC) channels are characterized
functionally by their activation in the surface mem-
brane upon depletion of Ca

 

2

 

�

 

 from the endoplasmic
reticulum. SOC channels can be activated physiologi-
cally after IP

 

3

 

-induced release of Ca

 

2

 

�

 

. Several biophysi-
cally distinct store-operated Ca

 

2

 

�

 

 channels that mediate
capacitative calcium entry have been investigated by
patch clamp experiments in a variety of cell types over
the past 10–15 yr. SOC channels exhibit varying de-
grees of selectivity for Ca

 

2

 

�

 

, ranging from Ca

 

2

 

�

 

-perme-
able channels that carry significant Na

 

�

 

 current to
channels that exhibit a high degree of selectivity for
Ca

 

2

 

�

 

 ions. In T lymphocytes and mast cells, a highly
selective type of SOC channel, termed the Ca

 

2

 

�

 

 re-
lease–activated Ca

 

2

 

�

 

 (CRAC) channel, opens when
IP

 

3

 

-sensitive Ca

 

2

 

�

 

 stores are emptied. CRAC channels
exhibit an inwardly rectifying I-V characteristic and a
transient monovalent current upon withdrawal of ex-
ternal divalent cations. The physiological significance
of these channels is highlighted by their requirement
for normal T cell activation via the phosphatase cal-
cineurin and their absence in severely immunocom-

promised patients (Feske et al., 2001; Lewis, 2001). Al-
though CRAC channels have been characterized
biophysically in patch-clamp experiments, their mech-
anism of activation and molecular identity remain un-
certain.

The original transient receptor potential (TRP) gene
was isolated from a 

 

Drosophila

 

 mutant that lacks a com-
ponent of Ca

 

2

 

�

 

 current in photoreceptor cells (Minke
et al., 1975; Montell and Rubin, 1989; Hardie and
Minke, 1992). This current, originally thought to be
store operated, is now thought to be activated by meta-
bolic products downstream from the breakdown of
phosphatidylinositol bisphosphate by phospholipase C
(Hardie and Minke, 1995; Minke and Cook, 2002;
Minke and Agam, 2003). Several members of the mam-
malian TRP gene family have been proposed as molec-
ular candidates for the CRAC channel and for other
SOC channels (Montell et al., 2002; Montell, 2003;
Prakriya and Lewis, 2003). The 

 

Drosophila

 

 S2 cell line is
widely used as an expression system, but ion channels
that are endogenous to these cells have not been inves-
tigated in detail. Yagodin et al. (1998) reported the
presence of a Gd

 

3

 

�

 

-sensitive calcium influx evoked
by thapsigargin in the variant S2-DM1 

 

Drosophila

 

 cell
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Abbreviations used in this paper:

 

 CRAC, Ca

 

2

 

�

 

 release–activated Ca

 

2

 

�

 

;
SOC, store-operated Ca

 

2

 

�

 

; TRP, transient receptor potential.
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line stably expressing muscarinic receptors. Here, we
present the first characterization of a native store-oper-
ated current in 

 

Drosophila

 

 S2 cells and compare its
properties of activation, inactivation, ion selectivity, and
block by pharmacological agents to functional features
of mammalian CRAC channels. 

 

Drosophila

 

 S2 cells pro-
vide a suitable platform for continued molecular and
functional characterization of CRAC channels.

 

M A T E R I A L S  A N D  M E T H O D S

 

Cell Culture

 

Drosophila

 

 S2 cells (Invitrogen) were cultured in Schneider’s 

 

Dro-
sophila

 

 medium containing 10% FCS and 1% glutamine (pH 6.6)
at room temperature in a CO

 

2

 

-free incubator. The cells were
passed once a week at density of 10

 

6

 

/ml.

 

Measurement of Intracellular Free Calcium Concentration

 

Drosophila

 

 S2 cells, plated in 384-well plates at 15–20 

 

�

 

 10

 

5

 

 cells/
well, were loaded with 2 

 

�

 

M fluo-4/AM (Molecular Probes) in
Schneider’s S2 culture medium containing 2.5 mM probenecid
for 1 h at 22

 

�

 

C. Cells were then washed and bathed in a Ca

 

2

 

�

 

-free
buffer containing in mM: 120 NaCl, 5 KCl, 4 MgCl

 

2

 

, 32.2 sucrose,
10 HEPES, 0.1 EGTA, 2.5 probenecid, pH 7.2 adjusted by NaOH.
Fluorescence was monitored with a FLIPR

 

384

 

 (Molecular Devices)
at room temperature. Initial fluorescence levels were recorded
for 30 s, followed by addition of vehicle (0.01% DMSO) or 1 

 

�

 

M
thapsigargin (LC Labs). 5 min later CaCl

 

2

 

 (final concentration
1.8 mM) was added to each well and the response monitored for
an additional 3 min.

 

Whole-cell Recording

 

Patch-clamp experiments were performed at room temperature
in the standard whole-cell recording configuration (Hamill et al.,
1981). Pipettes were pulled from soft glass capillaries (Disposable
soda lime glass microhematocrit tubes; Kimble), coated with Syl-
gard (Dow Corning Corp.), and fire polished to a resistance of
2–3.5 M

 

�

 

 when filled with internal solutions. Membrane cur-

rents were recorded using an EPC-9 patch-clamp amplifier (HEKA).
Data were sampled at a rate of 5 kHz and digitally filtered at
0.5–2 kHz for analysis and display. Fast and slow capacitative tran-
sients were cancelled by the compensation circuitry of the EPC-9.
The membrane capacitance of S2 cells selected for recording was
10.2 

 

	

 

 0.5 pF (mean 

 

	

 

 SEM, 

 

n

 

 

 




 

 100 cells). Membrane poten-
tials were corrected for a liquid junction potential of 

 

�

 

10 mV be-
tween the pipette and bath solutions. The series resistance (3–10
M

 

�

 

) was not compensated. The membrane potential was held at
10 mV, and 220-ms voltage ramps from 

 

�

 

110 to 

 

�

 

110 mV alter-
nating with 220-ms pulses to 

 

�

 

110 mV were delivered every 2 s.
Up to eight I-V curves were averaged for display. Leak currents
before channel activation were averaged (up to five sweeps) and
subtracted from subsequent current records. Unless otherwise
stated, leak-subtracted I-V curves are displayed. Longer duration
pulses (660 ms) to 

 

�

 

110 mV were applied in experiments to
measure conductance fluctuations. Input resistances determined
before store depletion were 

 

�

 

10 G

 

�

 

. External solutions were
changed by fast application using a gravity-driven perfusion sys-
tem with output tip diameter of 

 

�

 

50 

 

�

 

m placed within 

 

�

 

50 

 

�

 

m
from the cell. Six barrels were inserted near the output tip, and
solution exchange controlled manually by valves. A complete lo-
cal solution exchange was achieved within 2 s. Data were ana-
lyzed using Pulse (Heka Electronic), Origin (OriginLab Corp.),
and Sigma Plot (RockWare, Inc.).

 

Solutions for Electrophysiology

 

Table I summarizes the external and internal solutions used for
whole-cell recording. Solutions are referred to by number in the
text; for example, many experiments on S2 cells were performed
with external solution 1 and pipette solution 9. For measurement
of relative permeabilities, Ca

 

2

 

�

 

 was substituted by Mg

 

2

 

�

 

, Sr

 

2

 

�

 

, or
Ba

 

2

 

�

 

. In some experiments, Na

 

�

 

 in the external solution was re-
placed by choline or Cs

 

�

 

. Divalent-free external solutions con-
tained 10 mM HEDTA and zero divalent to reduce free Mg

 

2

 

�

 

 and
Ca

 

2

 

� to �1 �M. Cs4-BAPTA (Molecular Probes) or EGTA were
added to buffer Ca2�. For pharmacological evaluation, Gd3�, SKF
96365, or 2-aminoethyldiphenyl borate (2-APB) were added to
external solutions from appropriate water or DMSO stock solu-
tions at a minimal dilution of 0.4%. IP3, ionomycin (Calbio-
chem), and thapsigargin (Calbiochem) were used in experi-

T A B L E  I

Solutions for Whole-cell Recording

External [Monovalent] [Divalent] [HEDTA] [Cl–] [Sucrose]

1 150 Na� 2 Ca2� – 154 20

2 150 choline 2 Ca2� – 154 25

3 114 Na� 20 Ca2� – 154 38

4 114 Na� 20 Mg2� – 154 38

5 114 Na� 20 Sr2� – 154 38

6 114 Na� 20 Ba2� – 154 38

7 150 Na� – 10 150 –

8 151 Cs� – 10 151 –

Internal [Cs� aspartate] [Ca2�] [Chelator] Free [Ca2�] [Cl–] [Mg2� gluconate]

9 139 – 12 BAPTA – 2 8

10 148 – 12 BAPTA – 2 –

11 149 5.5 10 EGTA 310 nM 2 8

Unless noted, concentrations are in mM. Internal solutions contained 15 HEPES, titrated to pH 7.2 with CsOH. External solutions contained 10 HEPES,
10 glucose, and titrated to pH 6.6 with the appropriate hydroxide. The choline solution (2) was titrated with NaOH. Osmolalities were adjusted to within
1% of 325 mOsm/kg. Solution 9 was used for passive store depletion. Solution 11 was used to maintain Ca2� within Ca2 stores. Free [Ca2�]i was calculated
using Maxchelator (http://www.stanford.edu/~cpatton/maxc.html, C. Patton, Stanford University).
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ments to evaluate the dependence on internal Ca2� stores. Un-
less noted, chemicals were obtained from Sigma-Aldrich.

R E S U L T S

Capacitative Ca2� Entry in S2 Cells

S2 cells have been reported to exhibit store-operated
Ca2� entry in response to carbachol stimulation
when G-protein–coupled muscarinic receptors were ex-
pressed heterologously, or in response to treatment by
ionomycin or thapsigargin to deplete intracellular Ca2�

stores (Yagodin et al., 1999; Cordova et al., 2003). Con-
sistent with these studies, store-operated Ca2� entry in
S2 cells was detected using the fluorescent Ca2� indica-
tor fluo-4 in a multiwell fluorescence plate reader (Fig.
1). Thapsigargin (1 �M) added to a Ca2�-free external
solution first evoked a Ca2�-release transient that was
followed by a large and sustained Ca2� signal upon re-
addition of extracellular Ca2�. In the DMSO control
run without thapsigargin, the Ca2�-release transient
was not observed, and Ca2� readdition elicited a re-
sponse smaller than that evoked by thapsigargin.
Thapsigargin-stimulated Ca2� entry in S2 cells can be
inhibited by 100 �M Gd3� (Yagodin et al., 1998). In
our experiments, complete blockade of thapsigargin-
dependent Ca2� entry was achieved by addition of 1 �M
Gd3� (unpublished data). Together, the results above
confirm the existence of a store-operated Ca2� entry
pathway in S2 cells and indicate that this pathway has
sensitivity to Gd3� similar to that exhibited by CRAC
channels in mammalian cells (Ross and Cahalan,
1995). In further experiments described below, we
characterized a Ca2� current that likely underlies the
store-operated Ca2� entry response.

Ca2� Current Induced by Dialysis with a Strong Ca2� Buffer

A Ca2�-selective current developed during prolonged
dialysis of S2 cells with a Ca2�-free pipette solution (9)
containing 12 mM BAPTA, a pipette solution similar in
composition to one that evokes passive depletion of
Ca2� stores and activation of CRAC channels in lym-
phocytes and mast cells. In Fig. 2 A, I-V curves during
voltage ramps illustrate leak-subtracted currents after
channel activation in 2 mM Ca2�-containing external
solution, and upon solution exchange to 20 mM Ca2�.
Current development, shown for a typical cell in Fig. 2
B, was characterized by an initial delay (td) that varied
from 20 to 217 s, followed by an increase with a half-
time of development (t1/2) that varied from 17 to 163 s,
leading to a steady level. Average parameters of activa-
tion are summarized in Table II. The peak current am-
plitude, evaluated at �110 mV with 2 mM external
Ca2�, of 35.6 	 3.8 pA corresponds to an average cur-
rent density of 3.3 	 0.3 pA/pF (n 
 64 cells). Upon
increasing external [Ca2�] to 20 mM, the current am-

plitude doubled at �110 mV (factor of 2.01 	 0.04,
n 
 36). After reaching a peak, current amplitudes usu-
ally declined slowly. This process of “run-down” ap-
peared to be faster in elevated extracellular Ca2�. In 2
mM Ca2�, 80% of current remained after 100 	 11 s
(n 
 15), whereas in 20 mM Ca2� the corresponding time
was 53 	 8 s (n 
 28, P � 0.001). The current-voltage
relationships (Fig. 2 A) in 2 and 20 mM external Ca2�

exhibited inward rectification, similar to ICRAC in mam-
malian cells. Although varying external [Ca2�] clearly
altered the inward current magnitude, removal of Na�

had no effect on either the current amplitude or the
I-V shape (Fig. 2, C and D). The positive reversal poten-
tial of �60 mV indicates a PCa/PCs ratio of �2,000.
From these experiments we conclude that a highly se-
lective Ca2� current, similar in I-V characteristics to
mammalian CRAC current, develops under conditions
that induce passive depletion of Ca2�-stores. Other cur-
rents, such as outwardly rectifying Mg2�-inhibited cat-
ion (MIC, also know as MagNuM) current ubiquitously
present in mammalian cells (Hermosura et al., 2002;
Kozak et al., 2002; Prakriya and Lewis, 2002) did not

Figure 1. Thapsigargin-dependent Ca2� entry in S2 cells. Fluo-4
fluorescence changes were monitored using a FLIPR384. After 20 s
of recording, the 384-well pipette-tip head was lowered into the so-
lution creating an offset artifact in the recording. This offset arti-
fact is unrelated to a cellular response and is dependent on the
fluid volume in each well at the start of the experiment and the ex-
tent of tip penetration into the solution. 10 s after lowering the pi-
pette-tip head, either thapsigargin (TG, 1 �M final, circles) or
DMSO (triangles) was injected (arrow). CaCl2 was then added to
achieve a final concentration of 1.8 mM. Traces were zeroed at
time 0, and each data point represents the mean (	SEM) of 192
replicates.
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develop, even if internal Mg2� was omitted (26 cells us-
ing solution 10, unpublished data).

Activation by Store Depletion

The distinguishing characteristic of a store-operated
current is its activation in response to intracellular Ca2�

store depletion (Prakriya and Lewis, 2003). Accord-
ingly, we investigated current development during pro-
cedures that prevent or actively cause store depletion.
We anticipated that an EGTA-buffered pipette solution
containing elevated free [Ca2�] might promote Ca2�

retention in the stores, and consistent with expectation
no current developed in 9 of 11 cells tested during 10
min of dialysis using solution 11 with 310 nM free
[Ca2�]i (Fig. 3 A); in the other two cells a tiny whole-
cell current �2 pA was detected. When solutions with
lower free [Ca2�]i were evaluated, spontaneous activa-
tion of Ca2� current occasionally occurred (unpub-
lished data). These results set the stage for evaluating
three agents known to induce active Ca2�-store deple-
tion: IP3, thapsigargin, and ionomycin.

IP3 opens IP3-sensitive channels in the endoplasmic
reticulum, leading to calcium influx as the Ca2� store is
depleted. When added to the pipette (10 �M in 13 cells
and 5 �M in 9 cells, in solution 11), IP3 induced a Ca2�

current in approximately half of the cells (combined
data). Activation kinetics were highly variable. In 3 of
10 cells, current activated after a brief delay (�10 s)
and then progressed rapidly with t1/2 values �15 s,
whereas in 7 cells current developed more slowly with
activation delays averaging 120 s and t1/2 values of 110 s.
The inwardly rectifying I-V shapes were identical to that
described above (unpublished data). In this condition,
we would expect the store reuptake mechanism to be
active and to permit refilling under conditions of in-
creased Ca2� influx. As shown in Fig. 3 B, the IP3-
induced Ca2� current initially increased upon solution
exchange to 20 mM external Ca2�, but the current sub-
sequently declined, suggesting that internal stores were
refilling causing channels to close (deactivate). Return-
ing to 2 mM Ca2� initially reduced the current (by di-
rect removal of the permeant ion), but later the cur-
rent increased as channels reactivated. This process

Figure 2. Development of inwardly
rectifying Ca2� current during dialysis
with BAPTA. Pipette solution 9 (passive
store depletion). (A) I-V relations dur-
ing voltage ramps from �110 to �110
mV in external solutions containing 2
or 20 mM Ca2�. (B) Time course of
Ca2� currents measured at �110 mV at
varying times after break-in to achieve
whole-cell recording. Open and solid
bars above represent exposure to 2 (�)
or 20 (�) mM Ca2� (solutions 1 and 3).
Arrows a and b indicate the time corre-
sponding to I-V curves in A. (C) Leak-
subtracted I-V relations of Ca2� current
in Na� or choline (Ch) external solu-
tions (1 and 2). Leak traces were re-
corded in the presence of Na� or cho-
line before current development. (D)
Time course of Ca2� current after
break-in. Solid and open bars represent
alternating exposure to Na� (�) and
choline (Ch; �). Arrows a and b indi-
cate the time corresponding to I-V
curves in C.
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could be repeated a few times before currents eventu-
ally declined. In summary, IP3-induced depletion of the
Ca2� store activated a Ca2� current that responded to
elevated external Ca2� in a manner consistent with
store refilling.

Thapsigargin, a selective inhibitor of the SERCA
pump, applied in the bath solution at 1 �M, also in-
duced the Ca2� current (in 4 out of 4 trials), with an av-
erage latency of �100 s. Conventionally, activation of
CRAC current by thapsigargin can be understood in

T A B L E  I I

Activation of Ca2� Current

Current density at �110 mV
in 2 mM Ca2� Activation delay, td Activation half-time, t1/2

Number of cells in which 
current was detected

pA/pF s s

Passive store depletion 3.3 	 0.3 75 	 6 50 	 3 63 of 68

Ca2�-buffered control 0.14 	 0.04 �600 �600 2 of 11

5 �M IP3 2.1 	 0.8 60 	 28 60 	 27 5 of 9

10 �M IP3 2.0 	 0.5 107 	 36 97 	 40 5 of 13

1 �M thapsigargin 1.9 	 0.6 105 	 41 99 	 23 4 of 4

10 �M ionomycin 1.8 	 0.4 20 	 2 21 	 1 4 of 4

Current density values are tabulated for cells that had detectable CRAC current. The limit of detection was �0.5 pA.

Figure 3. Activation of Ca2� current
by store depletion. Pipette solution 11
(Ca2� buffered to 310 nM). (A) Control
currents with no activation of Ca2� cur-
rent (note current scale). (B) IP3-acti-
vated Ca2� currents (10 �M IP3 added
to pipette), during exposure to 2 (�)
or 20 (�) mM Ca2�. Note complex
changes in current during exposure to
varying external Ca2�. (C) Thapsigar-
gin (TG, 1 �M) applied externally at in-
dicated time (gray bars), during expo-
sure to 2 (�) or 20 (�) mM Ca2�. (D)
Ionomycin (10 �M) applied externally
at indicated times (gray bars), during
exposure to 2 (�) or 20 (�) mM Ca2�.
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terms of a balance of pumping and leak across the en-
doplasmic reticulum that is tipped in favor of depletion
by selective inhibition of the uptake pump. The current
induced by external addition of thapsigargin was in-
creased upon solution exchange to 20 mM Ca2�, but
the current did not decline as rapidly as with IP3 (com-
pare Fig. 3, B and C). The difference in kinetics be-
tween IP3 and thapsigargin makes sense, since thapsi-
gargin would inhibit the pump and prevent reuptake,
thereby prolonging channel activity.

The third agent tested, ionomycin, is a membrane-per-
meable Ca2� ionophore that rapidly activates CRAC
channels in mammalian cells by promoting Ca2� loss
from the internal store. Bath addition of ionomycin (10
�M) rapidly activated a Ca2� current with an average de-
lay of 20 s (Fig. 3 D), consistent with its ability to release
Ca2� from the store. Activation by ionomycin was consis-

tently more rapid than other methods of inducing CRAC
current. After CRAC current was activated, increasing ex-
ternal Ca2� to 20 mM (without ionomycin) caused an im-
mediate increase in current followed by a decline, pre-
sumably as stores refilled. A second application of iono-
mycin subsequently reactivated CRAC current.

Table II summarizes the data on channel activation
using a variety of conditions. We conclude that the
Ca2�-selective current in S2 cells can be activated by
four independent means that have as their common
property the ability to induce depletion of Ca2� from
intracellular stores.

Selectivity Among Divalent Ions

One hallmark of the CRAC channel in mammalian
cells is its selectivity among various divalent cations, in-

Figure 4. Selectivity among divalent cations. Pi-
pette solution 9. Bars indicate exposure to varying
divalent cations at indicated concentrations. Cur-
rents at �110 mV are shown during exposure to 2
(�) or 20 (�) mM Ca2�, or to a test divalent cat-
ion (gray square). Labeled I-V curves were ac-
quired at indicated times on corresponding de-
velopment time courses. (A) Ion selectivity;
Ca2� �� Mg2�. (B) I-V curves comparing 2 and
20 mM Ca2� with 20 mM Mg2�. (C) Ba2� current.
Note partial inactivation of current after chang-
ing to Ba2�. (D) Ba2� I-V relation; note “hook”
and steeper inward rectification with Ba2�. (E)
Sr2� current. Note partial inactivation of current
after changing to Sr2�. (F) Sr2� I-V relation. Note
steeper inward rectification with Sr2�.
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cluding the ability to carry Ba2� and Sr2�, but not Mg2�

(Parekh et al., 1997b; Prakriya and Lewis, 2003). To
compare the divalent selectivity of store-operated chan-
nels in S2 cells, we waited for a steady level of current
development, using passive store depletion (solution 9)
to activate the channels, before applying external test
divalent cations. As noted above and shown in Fig. 4 A,
changing from 2 to 20 mM Ca2� doubled the current
amplitude, and then current began to decline. Subse-
quently, application of 20 mM Mg2� greatly reduced,
but did not completely eliminate, the inward current.
I-V curves at three time points during this experiment
are shown in Fig. 4 B. By changing to other divalent
ions and measuring the initial current, we found the
permeability sequence: Ba2� � Sr2� � Ca2� ��Mg2�.

With Sr2� or Ba2�, the time courses and I-V shapes re-
vealed an additional complexity that likely represents a
slow gating process revealed by removal of external
Ca2�. Immediately after changing from 20 mM Ca2� to

20 mM Ba2� or Sr2�, the current initially increased but
then declined rapidly with a time constant of �5 s to a
new level (Fig. 4, C and E). We shall refer to this de-
cline in Ba2� (or Sr2�) current as a form of channel in-
activation. In a few experiments, we varied the mole
fraction of Ca2� and Ba2� in order to determine
whether inactivation was related to the absence of Ca2�

or the presence of Ba2�. We found that 5 Ca2�/15 Ba2�

behaved like 20 Ca2� alone (unpublished data), i.e.,
current inactivation upon solution exchange was not
observed, suggesting that inactivation was revealed
when external Ca2� was removed. Ramp I-V curves in
Ba2� or Sr2� revealed changes in shape (“hooks”, Fig. 4,
D and F). To explore this phenomenon further, we
used pulses instead of voltage ramps from the standard
holding potential of �10 mV. At potentials more nega-
tive than �60 mV, we observed a time-dependent in-
crease of Ba2� or Sr2� currents, as illustrated in Fig. 5 A.
At �110 mV, Ba2� and Sr2� currents increased with

Figure 5. Ca2�, Sr2�, and Ba2� currents during
pulses. Pipette solution 9. (A) Comparison of nor-
malized currents at �110 mV with 20 mM Ca2�,
Sr2�, or Ba2�. Note time-dependent increase in
current with Sr2� and Ba2�. (B) Currents in re-
sponse to voltage pulses ranging from �110 to
�110 in 10-mV increments from the holding po-
tential of 10 mV. Currents were recorded during
exposure to 20 mM Ca2� (left) or 20 mM Ba2�

(right). (C) Corresponding I-V curves (not leak
subtracted) at beginning (squares) and end (tri-
angles) of pulses. Note increased inward rectifica-
tion at end of pulse with Ba2�.
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time constants of �90 ms for Ba2� and �80 ms for
Sr2�, leading to current potentiation after 220 ms by
an average factor of 3.0 for Ba2� and 1.5 for Sr2�. To be
certain that the potentiated Ba2� current represents
activity of the same Ca2� channel, we checked two in-
hibitors described below and found that currents at
the beginning and the end of hyperpolarizing pulses
were affected equally by Gd3� and by 2-APB. We also
verified that Jurkat CRAC currents did not exhibit this
time- and voltage-dependent component of Ba2� cur-
rent, consistent with previous observations (Zweifach
and Lewis, 1995a). A complete set of S2 cell currents
during varying voltage steps for Ca2� and Ba2� is
shown in Fig. 5 B. Potentiation of the Ba2� current
leads to enhanced inward rectification measured at
the end of the pulse, compared with the beginning
(Fig. 5 C, right). Voltage-dependent potentiation of
current at negative potentials was not observed in
mixed Ca2�/Ba2� solutions; current did not increase
during the hyperpolarizing pulse to �110 mV in a so-
lution containing 5 mM Ca2� and 15 mM Ba2� (unpub-
lished data). It is possible that hyperpolarizing pulses
may reverse the inactivation of Ba2� current observed
upon solution exchange (see Fig. 4 C), since both ex-
hibit the same mole-fraction dependence and both are
capable of modulating the current magnitude to a sim-
ilar extent. Regardless of mechanism, it is clear that
Ba2� (or Sr2�) can carry significantly larger currents
than Ca2� in S2 cells.

Single-channel Current

To provide an estimate for the single-channel current
carried by Ca2� and Ba2�, we analyzed conductance
fluctuations during current development. Whole-cell
currents were recorded in response to long-duration
steps to �110 mV applied every 2 s, and variances and
mean currents were computed during the last segment
of each trace. Fig. 6 A illustrates the increase in mean
Ca2� current and noise during current development at
varying times. Assuming that single-channel conduc-
tance remains constant and that current development
corresponds to an increase in the open probability, a
parabolic relationship between variance and mean cur-
rent is predicted:

where  is the mean current, i the single-channel cur-
rent, Po the open probability, �2 the total variance, and
�0

2 the background variance before current develop-
ment. These assumptions are subject to the caveat that
channel activation may not arise from an increase in Po,
but from an increase in the number of conducting
channels. Using 1 kHz filtering, the background cur-
rent variance determined before development of the
current was 0.6 	 0.2 pA2 (n 
 5). During current de-
velopment, �2 grew in direct proportion to the mean
current  (Fig. 6 B), possibly implying that Po re-
mained low throughout the experiment. From the

σ2 σ0
2– Ii 1 Po–( ),=

I

I

Figure 6. Noise analysis of divalent
currents. Pipette solution 9. Currents at
varying times, indicated to the right of
each trace, in exemplary experiments
with 20 mM Ca2� (A) and 20 mM Ba2�

(C). Data were recorded at 5 kHz sam-
pling and post-filtered at 1 kHz. Cur-
rents are shown during the last 180 ms
of a 660 ms pulse to �110 mV. Ba2� cur-
rents were corrected for �3% residual
activation by subtraction of a linear
function. This procedure did not signif-
icantly affect the value of single-channel
current. (B, D) Variance analysis of
Ca2� and Ba2� currents. Background-
subtracted variances (�2 � �0

2) plotted
as a function of the mean current dur-
ing the development of Ca2� current
(B) or Ba2� current (D). Background
variance was between 0.5 and 0.6 pA2 in
five experiments. The labeled points
correspond to traces in A and C. Data
are fitted by a linear function (n 
 58,
correlation coefficient 0.81 for Ca2�;
and n 
 189, correlation coefficient
0.95 for Ba2�). The slopes indicate a sin-
gle channel current i of 9.7 	 0.4 fA for
Ca2� and 80.8 	 0.8 fA for Ba2�.
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slope of linear fits, we obtained an estimated single-
channel current i in 20 mM Ca2� that varied from 3.2
to 9.7 fA in five experiments, with an average of 6.9 	
1.0 fA. Mean currents and variances were substantially
larger with Ba2� than with Ca2�. After break-in to
achieve whole-cell recording, mean Ba2� currents in-
creased along with increasing current noise (Fig. 6 C).
During current development in 20 mM Ba2�, a linear
relationship between the current variance and mean
currents was again obtained. From the slope of the
background-subtracted �2/  relationship, the esti-
mated single-channel current in 20 mM Ba2� varied
from 76 to 82 fA and averaged 80 	 1 fA (n 
 5).
Changing the post-filtering from 1 to 2 kHz did not sig-
nificantly affect these estimates, indicating that most of
the channel noise power was below 1 kHz. Attempts to
fit the variance/mean plots for both Ca2� and Ba2�

failed if we supposed that Po was � 0.1. Assuming a re-
versal potential of 80 mV, these estimated unitary cur-
rents correspond to a single-channel conductance of
420 fS with 20 mM Ba2�, and 36 fS for 20 mM Ca2�.

I

Permeability to Na� in Divalent-free External Solution

A further characteristic of many Ca2� channels is the
ability to carry monovalent ions upon complete with-
drawal of divalent cations. For CRAC channels in mam-
malian cells, the monovalent current is transient, inac-
tivating over a time course of tens of seconds, and Na�,
Li�, K�, Rb� are readily permeant, although Cs� per-
meability is much lower (Lepple-Wienhues and Ca-
halan, 1996). In contrast, the Ca2�-permeable MIC
channel in mammalian cells is less selective, allowing
Cs� to permeate as well as Na� (Kozak et al., 2002;
Prakriya and Lewis, 2002). In S2 cells, rapid exchange
to divalent-free external solution (solution 7) exposed
a transient Na� current that retained an inwardly recti-
fying characteristic, as shown in Fig. 7, A and B. The re-
versal potential of 62 mV implies a small outward Cs�

current and a permeability ratio PCs/PNa of 0.08. The
Na� current was �2 times larger than the immediately
preceding Ca2� current and then declined with a time
constant of �6 s to a new steady level. Upon readdition

Figure 7. Store-operated current car-
ried by Na� in divalent-free solution. Pi-
pette solution 9. (A) Time course of
currents after development of Ca2� cur-
rent with 2 mM external Ca2� (�), and
during subsequent exposure to diva-
lent-free Na�-containing solution (�;
solution 7). (B) Corresponding Ca2�

and Na� I-V curves. (C) Cs� does not
carry measurable monovalent current.
After development of Ca2� current (�),
transient inward currents upon divalent
withdrawal were only seen with Na� (�;
solution 7) but not Cs� (gray square,
solution 8). (D) Corresponding I-V
curves.
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of 2 mM Ca2�, current initially dropped but then recov-
ered to the original steady level within 6 s. Cs� did not
carry significant inward current during exposure to di-
valent-free external solution (Fig. 7, C and D). These
features of monovalent current inactivation, potentia-
tion by Ca2�, and lack of Cs� current are qualitatively
similar to those observed in mammalian CRAC chan-
nels (Christian et al., 1996; Lepple-Wienhues and Ca-
halan, 1996; Zweifach and Lewis, 1996).

Pharmacology

CRAC channels in mammalian cells are blocked by
trivalent metal cations such as Gd3� and La3�, by SKF
96365, and can be increased or blocked by 2-APB de-
pending upon the concentration. We tested these
agents on the Ca2� current in S2 cells.

Gd3� reversibly blocked the Ca2� current at nanomo-
lar concentrations. Fig. 8 A shows the development of
Ca2� current in 2 mM Ca2�. Replacement of the exter-
nal solution by 20 mM Ca2� caused an immediate in-

crease in the current magnitude. Subsequently, addi-
tion of increasing concentrations of Gd3� produced a
graded inhibition of current. Block by Gd3� was readily
reversible. Fig. 8 B illustrates a dose–response curve
with an IC50 value of 46 	 3 nM (n 
 12). Lanthanum
(1 �M) also blocked this current completely (unpub-
lished data). In contrast, block by SKF 96365 (20 mM)
was slow to develop and did not reverse completely
(Fig. 8 C). During the initial application, SKF inhibited
the current progressively, and nearly complete inhibi-
tion was achieved within 250 s. Upon washout, the cur-
rent recovery was only 20%. A second SKF 96365 appli-
cation again blocked the current, and upon washout
the current recovered to the same extent. Since the
SKF 96365 effect was relatively slow and comparable
with run-down, we did not estimate an IC50 value. In
eight separate experiments, similar effects of SKF
96365 (5–20 mM) were observed. Effects of 2-APB
on Ca2� currents were more complex and exhibited
both potentiation and inhibition in a concentration-

Figure 8. Pharmacological sensitivity
to Gd3�, SKF 96365, and 2-APB. Pipette
solution 9. (A) Gd3� block. After expo-
sure to 2 Ca2� (�), Gd3� added to 20
mM Ca2�-containing external solution
(�) at progressively higher concentra-
tions (gray bars) caused reversible
block of Ca2� current. (B) Dose-
response curve for Gd3� fitted to:
I/I0 
 IC50/(IC50 � [Gd3�]), with IC50

value of 46 nM; combined data for 12
cells. (C) Effect of SKF 96365 (20 �M)
on Ca2� current. (D) Effect of 2-APB at
indicated concentrations on Ca2� cur-
rent.
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dependent manner, similar to that described previously
in mammalian CRAC channels (Prakriya and Lewis,
2001). As shown in Fig. 8 D, application of 2-APB at a
low concentration (5 mM) caused an increase in the
current amplitude that opposed the rundown of cur-
rent. Subsequently, increasing the 2-APB concentration
to 10 �M further increased the current transiently, but
then current began to fall. At higher concentrations
(20 �M), 2-APB blocked the current, and little recovery
was observed after drug washout. As with SKF 96365,
block at high concentration was difficult to distinguish
from accelerated rundown. In all cells tested, potentia-
tion was consistently observed at concentrations be-
tween 5 and 14 �M (n 
 12).

D I S C U S S I O N

The S2 cell line was originally derived from a primary
culture of late stage (20–24 h old) Drosophila melano-
gaster embryos and, based upon gene expression pat-
terns and phagocytic activity, is thought to represent a
haemocyte or macrophage-like cell (Schneider, 1972;
Ramet et al., 2002). Previous reports have demon-
strated the utility of S2 cells for studying Ca2� signaling

mechanisms (Hardie and Raghu, 1998; Yagodin et al.,
1998, 1999; Swatton et al., 2001; Towers and Sattelle,
2002; Cordova et al., 2003). In this investigation, we
confirmed the presence of a store-operated Ca2� entry
pathway in S2 cells, and then characterized the under-
lying store-operated Ca2� current. We will refer to the
ion channels that conduct this Ca2� current as Dro-
sophila CRAC channels because of the many similari-
ties to “ICRAC” in mammalian cells of hematopoietic or-
igin (Hoth and Penner, 1993; Parekh and Penner,
1997; Prakriya and Lewis, 2003). Table III summarizes
the properties of Drosophila and mammalian CRAC
currents, alongside those of a SOC current described
recently in C. elegans intestinal epithelial cells (Estevez
et al., 2003). Drosophila and mammalian CRAC chan-
nels exhibit striking similarities in activation, ion per-
meation, and pharmacological sensitivity, differing
primarily in inactivation properties that might be ex-
trinsic to the channel protein. Moreover, CRAC cur-
rent in S2 cells is not contaminated by other currents,
and is present at high density in a cell line that pro-
vides distinct advantages for molecular characteriza-
tion. Below we discuss these comparisons in greater
detail.

T A B L E  I I I

Comparison of CRAC Channels

Property Drosophila CRAC Mammalian CRAC C. elegans SOC

Activation:

By passive depletion yes yes yes

By IP3 yes yes yes

By thapsigargin yes yes –

By ionomycin yes yes yes

Inactivation:

By store refilling yes yes –

By local [Ca2�]i no yes, fast no

Run-down yes, ↑ by high Ca2� yes, ↑ by high Ca2� slow

In 0 Ca2�/20 Ba2� yes,  �5 s yes,  
 4 s no

Monovalent current yes,  �6 s yes,  �10 s yes,  �100 s

Divalent Selectivity:

PCa/PCs �2,000 �1,000 �1,000

Conductance sequence Ba2� � Sr2� � Ca2� �� Mg2� initially,
then Ca2� � Sr2� � Ba2� �� Mg2�

Ca2� � Ba2� � Sr2� �� Mg2� Ca2� � Ba2� � Sr2�

� (20 mM Ca2�) 36 fS 21 fS –

Monovalent Selectivity:

PCs/PNa 0.08 0.09–0.13 0.6

Conductance sequence Na� �� Cs� Na� �� Cs� Na� �� Cs�

Pharmacology:

Gd3� or La3� nM (Gd3�), reversible nM (Gd3�), reversible mM (La3�), reversible

SKF 96365 �M, partially reversible �M, partially reversible High �M, reversible

2-APB
Low �M, potentiation
High �M, inhibition

Low �M, potentiation
High �M, inhibition

Low �M, no effect
High �M, inhibition

See text for full discussion and references.  indicates time constant of exponential fit to indicated process. � is the single-channel conductance estimated
from measurement of variance and mean currents.
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Activation by Ca2�-store Depletion

CRAC current was activated in S2 cells by four indepen-
dent procedures that deplete intracellular Ca2� stores.
Dialysis with a pipette solution containing the Ca2� che-
lator BAPTA (12 mM, solution 9) induced passive store
depletion and activated Drosophila CRAC channels
within 100 s (Fig. 2), similar to the time course for acti-
vation of mammalian CRAC channels by passive store
depletion in Jurkat T cells (Lewis and Cahalan, 1989;
Zweifach and Lewis, 1993; Ehring et al., 2000), rat mast
cells (Hoth and Penner, 1993), RBL cells (Fasolato et
al., 1993; Kozak et al., 2002), and also similar to SOC
current in C. elegans intestinal epithelial cells (Estevez
et al., 2003). IP3 (5–10 �M) added to a control pipette
solution that contained 310 nM free [Ca2�] (solution
11) opened Drosophila CRAC channels in �50% of
tested cells with variable latencies. In mammalian cells
(Hoth and Penner, 1992, 1993; Parekh et al., 1997a;
Ehring et al., 2000; Bakowski and Parekh, 2002), as well
as in C. elegans epithelial cells (Estevez et al., 2003), IP3

added to highly buffered low Ca2� pipette solutions
consistently accelerated activation of CRAC or SOC
current. However, with free [Ca2�]i buffered to 90 nM,
IP3 activated CRAC current in an all-or-none fashion
(Parekh et al., 1997a), consistent with our observation
that IP3 induced full CRAC channel activity in �50% of
cells. IP3 alone is not always sufficient to activate CRAC
current; added to a weak Ca2� buffer it failed to activate
CRAC currents unless thapsigargin was also added (Fi-
erro and Parekh, 2000), a result that can be explained
by reuptake of Ca2� keeping stores filled adequately de-
spite the activation of IP3 receptors. Extracellular appli-
cation of thapsigargin or the Ca2� ionophore ionomy-
cin also activated Drosophila CRAC channels, under
conditions where the internal solution (control) was
designed to favor Ca2� retention in the stores (Fig. 3).
These drugs and other SERCA pump inhibitors had
similar effects in mammalian cells (Hoth and Penner,
1992; Zweifach and Lewis, 1993; Premack et al., 1994).

Deactivation and Inactivation

Once activated, CRAC channels are subject to modula-
tion by refilling of intracellular Ca2� stores and by addi-
tional consequences of elevated [Ca2�]i. Under condi-
tions that permit active Ca2�-store reuptake, deactiva-
tion of CRAC channels mediated by store refilling can
explain the complex kinetics of CRAC currents in re-
sponse to elevation of extracellular Ca2� in experi-
ments with IP3 and ionomycin (Fig. 3), similar to previ-
ous studies in Jurkat cells (Zweifach and Lewis, 1995b).
In contrast to deactivation, fast inactivation of mamma-
lian CRAC current has been described as a local feed-
back mechanism that is sensed within a few nm of the
channel and acts to close the channel rapidly in re-

sponse to Ca2� influx (Zweifach and Lewis, 1995a).
This process appears to be absent in Drosophila CRAC
channels, since currents are maintained during hyper-
polarizing pulses (Fig. 5). Mammalian CRAC channels
also appear to have a slow Ca2�-dependent inactivation
process that may contribute to run-down during main-
tained dialysis (Zweifach and Lewis, 1995b). Run-down
of Drosophila CRAC channels was also enhanced by ele-
vated external Ca2�.

In both Drosophila and mammalian cells, complete re-
moval of all divalent ions results in a monovalent cur-
rent through CRAC channels that inactivates with simi-
lar kinetics (inactivation time constant of �6 s for Dro-
sophila CRAC channels, see Fig. 7, vs. �10 s for
mammalian CRAC channels; Lepple-Wienhues and Ca-
halan, 1996) much more quickly than C. elegans mono-
valent SOC current that inactivates at a rate of �13%/
min (Estevez et al., 2003). Inactivation of Ba2� current
appears to require both removal of Ca2� and a depolar-
ized potential; we used a holding potential of 10 mV
during routine measurement of current development.
Both inactivation and hyperpolarization-induced po-
tentiation (Fig. 5 A) depended on removal of external
Ca2�, were not seen in mixed Ca2�/Ba2� external solu-
tions, and progressed to a greater extent in Ba2� than
in Sr2�. Upon withdrawal of external Ca2�, Ba2� cur-
rent inactivation (Fig. 4 C) proceeded with a similar
time course to Na� current inactivation induced by
complete withdrawal of divalent ions (Fig. 7 A), and re-
covery of Ca2� current upon readdition of external
Ca2� was fast (�10 s) in both cases. Monovalent Na�

current inactivation has been described previously as a
removal of the potentiating effect of extracellular Ca2�

(Christian et al., 1996; Lepple-Wienhues and Cahalan,
1996; Zweifach and Lewis, 1996). Further experiments
will be needed to determine the possible relationship
between inactivation of Ba2� current and inactivation
of monovalent current during divalent withdrawal. In
summary, the Drosophila CRAC channel, like the mam-
malian CRAC channel, exhibits deactivation upon store
refilling, Ca2�-dependent rundown, inactivation of mono-
valent current upon removal of external divalents, and
Ca2�-dependent potentiation, but lacks fast inactivation
mediated locally by Ca2� influx.

Ion Selectivity

CRAC channels, both mammalian and in Drosophila, ex-
hibit a very high degree of selectivity for Ca2� over
monovalent cations in physiological salt solutions.
Based upon a reversal potential of �60 mV, the perme-
ability ratio PCa/PCs is �2,000 (Fig. 2). Furthermore, in
the presence of external Ca2� ions, choline substitution
provided no evidence for a component of inward Na�

current, implying that Na� permeability in the pres-
ence of external Ca2� is negligible. The divalent con-
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ductance sequence for Drosophila CRAC channels de-
pends on the measurement conditions. Immediately
after solution exchange, Ba2� was clearly the most per-
meant among the four divalent cations tested, in a con-
ductance sequence Ba2� � Sr2� � Ca2� �� Mg2�.
However, Ba2� and Sr2� currents inactivated rapidly,
leading to a steady-state conductance sequence of
Ca2� � Sr2� � Ba2� �� Mg2�. In mammalian cells,
CRAC currents are usually larger with Ca2� than Ba2�

or Sr2� (Hoth and Penner, 1993; Zweifach and Lewis,
1993; Fierro and Parekh, 2000), although the sequence
may depend upon the cell type (Hoth, 1995) or the
measurement conditions since Ba2� does not support
Ca2�-dependent potentiation (Christian et al., 1996).

Like voltage-activated Ca2� channels (Almers and
McCleskey, 1984; Hess and Tsien, 1984), CRAC chan-
nels are permeable to monovalent ions when divalent
ions are removed (Hoth and Penner, 1993; Lepple-
Wienhues and Cahalan, 1996). It is well established
that mammalian CRAC channels conduct Na� much
better than Cs� in the absence of divalent ions (Lepple-
Wienhues and Cahalan, 1996; Bakowski and Parekh,
2002; Kozak et al., 2002; Prakriya and Lewis, 2002), and
the same is true for Drosophila CRAC channels (Fig. 7).
From the measured reversal potential, Drosophila CRAC
channels exhibited a Cs�/Na� permeability ratio of
�0.08, similar to values of 0.09 and 0.13 observed previ-
ously for mammalian CRAC channels (Bakowski and
Parekh, 2002; Prakriya and Lewis, 2002). The corre-
sponding PCs/PNa ratio for C. elegans SOC was �0.6 (Es-
tevez et al., 2003). Inward Cs� current through Drosoph-
ila CRAC channels was not detected, similar to the lack
of inward Cs� current through mammalian CRAC
channels (Lepple-Wienhues and Cahalan, 1996).

Single-channel Conductance and Estimated Number of 
Channels Per Cell

Another distinctive feature of the mammalian CRAC
channel is its single-channel conductance, too small to
be measured directly and estimated to be �20 fS
by measurement of variance and mean currents dur-
ing current development (Zweifach and Lewis, 1993;
Prakriya and Lewis, 2002). Noise analysis can signifi-
cantly underestimate the single-channel conductance if
the data are filtered excessively, or if the underlying as-
sumption is incorrect that changes in mean current are
caused by a change in Po of a fixed total number of
channels (Jackson and Strange, 1995), as for example
in a homogeneous population of channels that have
high open probability and activate by increasing the
number of conducting channels. However, this latter
possibility was tested and rejected in mammalian CRAC
channels by evaluating monovalent current and vari-
ance in the presence and absence of 1 �M divalent to
produce fast channel block (Prakriya and Lewis, 2002);

rather than increasing noise, fast channel block de-
creased the variance to mean ratio, consistent with low
Po. With appropriate caveats in mind, we can proceed
to a comparison of single-channel conductance values
estimated by noise analysis and to a calculation of the
number of channels in Drosophila S2 cells. The average
unitary current of 6.9 fA corresponds to a single-chan-
nel conductance of 36 fS, compared with 21 fS for
CRAC channels in Jurkat T cells under similar mea-
surement conditions at �110 mV in 20 mM Ca2�, in
both cases assuming a reversal potential of 80 mV
(Prakriya and Lewis, 2002). At the time of maximal cur-
rent development, the number of conducting CRAC
channels in S2 cells is �10,000 per cell, obtained by di-
viding the peak macroscopic Ca2� current (67 	 10 pA,
n 
 10 cells) by the unitary Ca2� current (6.9 fA). Con-
sidering that the open probability may be very low
(�0.1), based upon the linear relationship of variance
to mean current, the total number of channels N, cal-
culated from N 
 / (i Po), is conservatively �100,000
per cell. Normalized for the cell surface area deter-
mined by measurement of whole-cell capacitance, this
corresponds to a surface density of �71 channels/�M2.
For experiments with Ba2�, the larger single-channel
conductance value of 420 fS in 20 mM Ba2� yields a cal-
culated value of �23,000 channels per cell, a number
that is likely to be underestimated since inactivation
was not completely removed by the hyperpolarizing
pulse during sustained exposure to Ba2�. Even without
correcting for a low Po value, it appears that the CRAC
channel is present at remarkably high levels in S2 cells.
The current density averaged 3.3 pA/pF in 2 mM Ca2�

(Table II) and was doubled in 20 mM Ca2�. In mamma-
lian cells, estimates of CRAC current density measured
in 10–20 mM external Ca2� range from 0.5 to 2 pA/pF
(Hoth and Penner, 1993; Zweifach and Lewis, 1993;
Parekh et al., 1997b; Ehring et al., 2000; Prakriya and
Lewis, 2002). Thus, the CRAC current density is 3- to
12-fold higher in S2 cells than in mammalian T cells,
mast cells, or related cell lines.

Pharmacology

We tested three types of agents that have been shown to
affect CRAC channels in mammalian cells. Lanthanum
and gadolinium are known as effective CRAC channel
antagonists in mammalian cells (Hoth and Penner,
1993; Ross and Cahalan, 1995). Gd3� potently sup-
pressed Drosophila CRAC current with an IC50 value of
�50 nM, similar to that observed in mouse thymocytes
(Ross and Cahalan, 1995). La3� (1 �M) also blocked
the Ca2� current completely, more potently than that
reported for C. elegans ISOC with an IC50 value of 9 �M
(Estevez et al., 2003). SKF 96365 was originally re-
ported to be an inhibitor of receptor-mediated Ca2� en-
try (Merritt et al., 1990) and later shown to suppress

I



180 Drosophila CRAC Channel

CRAC current (Chung et al., 1994). In S2 cells, the first
application of SKF 96365 (20 �M) blocked the Ca2�

current almost completely, and this effect was partially
reversible. The concentration at which SKF suppresses
Drosophila CRAC currents is similar to that used to
block ICRAC in mast cells (Franzius et al., 1994), Jurkat T
cells (Prakriya and Lewis, 2002), and RBL cells (Kozak
et al., 2002). In contrast, SKF 96365 at even 100 �M did
not abolish the C. elegans SOC current (Estevez et al.,
2003). 2-APB was described initially as a blocker of the
IP3 receptor (Maruyama et al., 1997), and was later
used to implicate a direct role of the IP3 receptor in
CRAC channel function (Ma et al., 2000). However,
subsequent evidence showed that thapsigargin-evoked
Ca2� influx and CRAC channel currents could be
blocked by 2-APB even in cells that lacked IP3 receptors
(Ma et al., 2001; Prakriya and Lewis, 2001). The dual ef-
fect of this drug on CRAC current in mammalian cells
was thoroughly investigated in Jurkat T cells and RBL
cells (Prakriya and Lewis, 2001). It is particularly strik-
ing that in S2 cells, just as in mammalian cells, 2-ABP
potentiated CRAC currents at low concentrations
(5–14 �M) and inhibited them at higher concentra-
tions. In C. elegans epithelial cells, 100 �M 2-APB revers-
ibly blocked ISOC by �90%, whereas 5 �M concentra-
tion did not have any significant effect (Estevez et al.,
2003). We conclude that Drosophila CRAC channels in
S2 cells exhibit pharmacological properties that are
similar to those in mammalian CRAC channels.

Advantages for Future Studies

Many aspects of the CRAC channel remain mysterious,
including the mechanism of activation and the gene
(or genes) that encode the channel. In mammalian
cells, TRP homologues remain as promising candidates
to mediate SOC channel activity in various cell types.
Leading recent contenders include TRPC1 (Mori et al.,
2002), TRPC3 (Philipp et al., 2003), TRPC4 (Philipp et
al., 2000), and TRPV6 (CaT1) (Voets et al., 2001; Yue et
al., 2001; Cui et al., 2002; Schindl et al., 2002), but
these identifications remain controversial and the issue
has not yet been settled (Voets et al., 2001; Prakriya and
Lewis, 2003). Other investigators have provided evi-
dence implicating molecules not related to TRP in the
regulation of functional SOC channels (Li et al., 2003;
Ma et al., 2003). Here, we have presented evidence that
the CRAC channel in S2 cells represents the Drosophila
homologue of the mammalian CRAC channel, based
on biophysical and pharmacological similarities. With
the absence of contaminating currents from other
channel types, S2 cells offer additional experimental
advantages to investigate the molecular components
and activation mechanisms of CRAC channels. The
CRAC channel numbers per cell and surface density
are higher in Drosophila S2 cells than previously re-

ported in mammalian cells. Moreover, the Drosophila S2
cell culture system is ideally suited for gene silencing by
RNA interference as a powerful tool to examine func-
tion, in that long, 500 base-pair (bp) double-stranded
RNA probes are taken up easily from the medium by S2
cells (Worby et al., 2001). The use of 500 bp RNA
probes increases the likelihood of producing an effi-
cient small, interfering RNA (siRNA) and thereby re-
duces optimization steps in designing RNA probes for
RNAi. These considerations enhance the feasibility of
conducting a high-throughput RNAi-based screen in
S2. Since the Drosophila genome is much smaller and
better examined than the human genome, S2 cells pro-
vide the ideal model system to test the role of candidate
genes in CRAC channel function by systematically
suppressing functional expression by RNAi. Based on
these properties, and the adaptability for FLIPR-based,
higher-throughput, assays of Ca2� signaling, S2 cells
provide a useful system for molecular and functional
characterization of CRAC channels and for identifying
the mechanisms controlling activation of these chan-
nels.
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