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IntroductIon

Calcium release-activated calcium (CRAC) 
channels play an important role in intracellular 
Ca2+ homeostasis. Like other store-operated 
calcium channels, currents through the CRAC 
channel (ICRAC) are activated by depletion of 
calcium in the endoplasmic reticulum (ER) 
and serve the purpose of slowly replenishing 
the ER with Ca2+ (Hoth and Penner, 1992; 
Zweifach and Lewis, 1993). The CRAC channel 
is endogenously expressed in a variety of non-
excitable cells, including rat basophilic leukemia 
cells (RBL) and Jurkat T cells. Both RBL and 
Jurkat cells have been used as model systems to 
study the properties and regulation of the CRAC 
channel. Current densities in these cells are 
generally between 2–3 pA/pF, yielding a whole 
cell current in the tens of pA range. These small 
currents are difficult to measure and can be easily 
obscured by recording noise. Because of this, 
patch clamp recording of ICRAC requires a patch 
clamp system with high-performance, low-noise 
microelectrode amplifiers. 

In the PatchXpress® 7000A Automated Patch 
Clamp System, there are eight dual-channel high-
performance micro-electrode amplifiers capable 
of providing low-noise measurement of small 
currents such as ICRAC. To test the capability 
of the system, we assayed the CRAC channel 
in our application laboratory using a standard 
PatchXpress 7000A system. After optimizing the 
recording conditions, we successfully recorded 
currents from CRAC channels in RBL-1 cells. 
The currents were activated by either IP3, 10 mM 
BAPTA, or the application of thapsigargin. The 
recorded currents showed the characteristics 
of classical CRAC currents and were blocked 
by a number of commonly used antagonists, 
including SKF 96365, 2-APB and cadmium. 
This application note demonstrates that the 
PatchXpress 7000A Automated Patch Clamp 
System is capable of assaying CRAC channels. 
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MaterIals

> Cells: Rat basophilic leukemia-1 (RBL-1) 
cells (ATCC, Cat. #CRL-1378)

> Cell culture: Cells grown in T-75 flasks 
(Corning Cat. #430641); Dulbecco’s 
Modified Eagle Medium/F12 (Gibco Cat. 
#11330-032) was used, with 15% Fetal 
Bovine Serum (Hyclone Cat. #SH30070.02), 
1% NEAA (Gibco Cat.# 11140-050), and 
1% Penicillin-Streptomycin (Gibco Cat. 
#15140-122) added to the medium.

> Preparation of cells: RBL-1 cells were 
grown and prepared for recording on the 
PatchXpress 7000A system using standard 
protocols. 

> SealChip16: Aviva Biosciences, distributed by 
Molecular Devices.

Recording Solutions (all concentrations in mM): 
> Standard external buffer (Huang and Putney, 

Jr. 1998): 140 NaCl, 4.7 KCl, 1.13 MgCl2, 
10 CaCl2, 10 HEPES, 10 Glucose, 10 CsCl 
and (pH 7.2 with NaOH)

> Standard internal buffer: 130 Cs-glutamate, 
6 MgCl2, 10 Cs4-BAPTA (Invitrogen Cat. 
#B1212 ), 10 HEPES, 2 Mg ATP, (pH 7.2 
with CsOH) 

> In some experiments, the following 
divalent-free external buffer was used: 140 
Cs-methanesulfonate (Sigma-Aldrich, Cat. 
#64280), 10 HEDTA (Sigma-Aldrich, Cat. 
#H7154), 1 EDTA, 10 HEPES, (pH 7.2 
with NaOH)

Chemicals
> Inositol 1,4,5 trisphosphate (IP3) (Invitrogen 

Cat. #I3716)

> Thapsigargin (EMD Biosciences Cat. #586005)

> SKF96365 (EMD Biosciences Cat. #567310)

> 2-aminoethyldiphenyl borate (2-APB, Sigma-
Aldrich Cat. #D9794  and as a gift from Dr. 
Richard Lewis, Stanford University)

Note: Since the effect of the 2-APB samples from 
the two sources was indistinguishable in the 
experiments, the sources of the reagent were not 
indicated in the results.
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Methods

Voltage protocol
Cells were held at 0 mV. Every 3 seconds, a 200 ms 
ramp from -100 mV to +100 mV was applied. In 
some experiments, a 50 ms step pulse of -100 mV 
was added before the ramp to allow the rapidly 
inactivating phase of the currents to settle.

Data analysis was performed with DataXpress® 2 
data analysis and management software. To 
eliminate background currents, all currents were 
subtracted either with the averaged raw current 
traces of the first 2–4 sweeps or the averaged raw 
current traces of 3–5 sweeps after full block by 2 
mM Cd2+ or 100 µM SKF96365. The currents 
at -80 mV were measured over time to discern 
whether or not inward currents developed and 
could be blocked.

results

RBL-1 cells readily form seals on the 
PatchXpress 7000A system. With membrane 
resistances above 1 GW, typical seal resistances 
of several GW are achieved after breaking into 
the whole-cell configuration. In a typical series 
of nine experiments performed over two days, 
103 cells (80% of the wells) formed a gigaseal 
of 2.3 ±0.2 GW (all values are mean ± SEM). 
Of these cells, 97 (76% of the wells) broke into 
the whole-cell configuration. At a membrane 
capacitance of 9.2±0.3 pF, the membrane 
resistance was 2.5±0.2 GW, and the access 
resistance was 8.1±0.7 MW. 

CRAC channels were activated by the 
application of intracellular IP3, passive depletion 
of calcium stores in the endoplasmic reticulum 
by 10 mM intracellular BAPTA, or by external 
application of 1 µM thapsigargin. All three 
methods were equally effective at activating the 
CRAC channel. The recorded currents were 
characterized by small current density, inward 
rectification and a number of pharmacological 
properties as described in the following sections. 

ICRAC Activated by IP3 and Blocked by SKF96365 (Figure 1)
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c: time course of the current at -80 mV. each dot represents the measurement from one ramp. the open circles 
indicate when the traces shown in a and B were recorded. the positive deflection at the beginning of the plot was 
observed in about 50% of the recordings. addition of 100 µM sKf96365 completely blocked the currents within 
several minutes. In most recordings, currents were fully activated by 8 µM IP3  in the intracellular solution within 1–3 
minutes, as shown. 

B: current density-voltage relation of the sweeps shown in a. the current density was computed using the 
membrane capacitance of 15.4 pf measured for this cell.

a: raw current traces in response to a voltage ramp protocol (insert). the initial 3 sweeps of the trial were averaged 
and subtracted from the other traces. only 3 traces are shown.
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Preincubation with Thapsigargin (Figure 3)

activation of Icrac by thapsigargin and block by 100 µM sKf96365. current was present at the 
onset of whole cell access. the circular inserts in the figure show the raw currents before and 
after addition of sKf96365. Inserts scaling: X from -100 to +100 mV; y from -3 to 0.5 pa/pf.

Block by Cadmium (Figure 2)
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Icrac activated by 30 µM IP3 and 10 mM intracellular BaPta. currents were blocked by the 
addition of 2 mM cd2+.

ICRAC activated by IP3 and blocked by SKF96365
Figure 1, Panel A shows the characteristic 
CRAC currents recorded from RBL-1 cells on 
a PatchXpress 7000A system. In the beginning 
of the recordings, inwardly rectifying currents 
developed in the presence of intracellular IP3 
at concentrations of 8 µM or 30 µM. In the 
experiment shown, the current was activated by 
using both IP3 and 10 mM intracellular BAPTA. 
The currents did not reverse their polarities 
significantly during the voltage ramp, which 
prevented accurate measurement of the reversal 
potential. But the current density-voltage relation 
(Figure 1, Panel B) suggests reversal potentials 
between +50 mV to +70 mV. The amplitude of 
the inward currents usually reached a plateau 
within 1–3 minutes after establishing the 
whole-cell configuration. The current density at 
-80 mV was typically between 2 and 3 pA/pF. 
In most recordings, we observed some rundown 
of the inward currents (Figure 1, Panel C). 
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Addition of 100 µM SKF96365 removed most of 
the inwardly rectifying current component. 

Activation by IP3 followed by block with 
cadmium
It had been reported that inwardly rectifying 
currents of the CRAC channel can be blocked 
by millimolar concentrations of cadmium (Lewis 
and Cahalan, 1989; Hoth and Penner, 1993). 
In the following series of experiments, instead of 
using SKF96365, we used 2 mM external Cd2+ 
to eliminate the inwardly rectifying currents. As 
in previous experiments, ICRAC was activated by 
30 µM IP3 and 10 mM intracellular BAPTA. In 
all cases, 2 mM Cd2+ completely blocked CRAC 
currents. (See Figure 2.)

Activation by thapsigargin
Instead of including IP3 in the intracellular 
solution, ICRAC can also be activated by externally 
applying thapsigargin. In the following set of 

experiments, RBL-1 cells were resuspended in 
external buffer containing 1 µM thapsigargin 
and incubated for several minutes immediately 
prior to use on a PatchXpress system. The 
recording of current started immediately upon 
breaking into the whole cell configuration. (See 
Figure 3.) Activated ICRAC was seen at the onset 
of whole cell access. The currents activated by 
thapsigargin had virtually the same I-V relation 
as the currents activated by IP3. These inward 
currents were also blocked by the addition of 
100 µM SKF96365. 

Activation by 10 mM BAPTA
In the course of the IP3 experiments, we found 
that ICRAC activated spontaneously in some 
cells. We presume that the chelating effect of 
10 µM intracelleular BAPTA was sufficient to 
passively deplete the calcium store in the ER. 
In the following experiments, only BAPTA was 
used to activate ICRAC. Figure 4 shows a typical 
activation time course of ICRAC under 10 mM 



BAPTA. The current was fully activated after 
2–3 minutes of whole-cell access and remained 
stable for up to 10 minutes. External application 
of 2 mM Cd2+ completely eliminated the inward 
component of the current.

Block by 2-APB
The compound 2-APB has well-characterized 
effects on CRAC channel activity. In Jurkat 
cells, 2-APB was shown to exhibit a dual effect 
on ICRAC. At low concentrations (1–5 µM), 
2-APB potentiates ICRAC up to fivefold. At 
higher concentrations (> 20 µM), the drug 
initially enhances ICRAC, but then the inhibitory 
effect quickly dominates (Prakriya and Lewis, 
2001, 2002). The biphasic effect at high 
concentrations is seen because the inhibition 
develops more slowly than the enhancement. 
However, in RBL-1 cells, it has been reported 
that the potentiating effect of 2-APB is either 
much weaker or absent (Bakowski et. al, 2001). 

In our experiments on a PatchXpress 7000A 
system using RBL-1 cells, we tested both a low 
concentration (5 µM) and a high concentration 
(50 µM) of 2-APB. The potentiating effect 
at low concentrations was not detected (data 
not shown). At 50 µM, 2-APB blocked ICRAC 
rapidly and completely. Figure 5 shows the time 
course of the activation of ICRAC by 10 mM 
intracellular BAPTA and its rapid block by 
50 µM 2-APB. As has been reported by Prakriya 
and Lewis (2001), a short period of washout did 
not reverse the block. 

Response to divalent-free (DVF) buffer
Besides being permeable to Ca2+, CRAC 
channels can also conduct monovalent 
cations. Lepple-Wienhues and Cahalan 
(1996) reported that when rapidly switching 
from buffer containing Ca2+ to divalent-free 
(DVF) buffer, the CRAC current exhibits very 
characteristic kinetics. Removal of divalent 
cations allows sodium to permeate, thus 
creating a larger current. However, the increase 
in current amplitude is transient because of 

recordIng of Icrac currents In rBl-1 cells on the PatchXPress 7000a systeM

Icrac was activated by 
passive calcium depletion 
of the er with 10 mM 
intracellular BaPta. after 
Icrac was fully activated, 
50 µM 2-aPB was added. 
the current was rapidly 
eliminated by the compound 
addition.

characteristic divalent-free 
response of crac currents: 
a rapid enhancement of 
the current amplitude 
at the beginning of dVf 
buffer application (arrow) is 
followed by a rapid decay 
of the currents conducted 
by monovalent cations. 
current is diplayed relative 
to the currents measured 
after cdcl2 block.
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Induction of Icrac by 
passive depletion of er 
calcium with 10 mM 
intracellular BaPta. the 
current reached steady 
state 3 minutes after the 
whole-cell configuration 
had been established. 
current was very stable 
throughout the rest of 
the recording. a control 
addition with extracellular 
buffer had no effect on the 
current. the small inserts 
show the raw currents 
before and after current 
activation. Inserts scaling: 
X from -100 to +100 mV; y 
from -3 to 1.25 pa/pf.
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Block by 2-APB (Figure 5)
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a loss of channel activity in DVF conditions 
(Prakriya and Lewis, 2006). DVF conditions 
are considered difficult to use in patch clamp 
experiments because the complete absence of 
divalent cations causes the cell membranes to 
be fragile. Figure 6 shows the onset of the DVF 
peak, the rapid decay as well as the final block of 
remaining current by 2 mM Cd2+. 

dIscussIon

The data and results shown in this Application 
Note demonstrate that, when using the 
PatchXpress 7000A Automated Patch Clamp 
System, currents from the CRAC channel can 
be readily recorded with high success rates, 
consistency and reproducibility. The inwardly 
rectifying current voltage relationship, activation 
of the channel by intracellular calcium chelation, 
IP3 and thapsigargin, blocking of currents by 
SKF96365 (Chung, et al, 1994), Cd2+, and 
high concentrations of 2-APB (Prakriya and 
Lewis, 2001, 2002), as well as the transient 
increase followed by a rapid decay of the current 
amplitude under divalent-free conditions, 
(Clapham, 2002) convincingly demonstrate 
that we were measuring currents conducted 
by the CRAC channel in our RBL-1 cells. 
Currents at -80 mV were typically below 40 pA, 
and the recordings had an excellent signal-to-
noise ratio, which facilitated pharmacological 
characterization of the CRAC channel. In 
a typical series of experiments, 80% of the 
cells formed gigaseals with an average seal 
resistance of 2.3±0.2 GW, and 97% of these 
cells went whole cell. Seals were stable, even 
under divalent-free conditions (Figure 6) or 
through multiple compound additions and 
washout cycles. In many experiments, the ICRAC 
currents remained stable for extended periods of 
time after the addition of control compounds 

(Figure 4) or low, non-blocking doses of blockers 
(not shown). These experiments demonstrate the 
excellent seal stability achieved by the SealChip 
consumables. They also highlight the gentleness 
achieved by the fluidics on the PatchXpress 
7000A system, for both the pipetting robot used 
for compound addition, as well as the wash 
station used for continuous perfusion of the 
recording chamber. 
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