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Ca2+ signaling plays a central role in microglial activation, 
and several studies have demonstrated a store-operated Ca2+ 
entry (SOCE) pathway to supply this ion. Due to the rapid 
pace of discovery of novel Ca2+ permeable channels, and limited 
electrophysiological analyses of Ca2+ currents in microglia, 
characterization of the SOCE channels remains incomplete. At 
present, the prime candidates are ‘transient receptor potential’ 
(TRP) channels and the recently cloned Orai1, which produces 
a Ca2+-release-activated Ca2+ (CRAC) current. We used cultured 
rat microglia and real-time RT-PCR to compare expression levels 
of Orai1, Orai2, Orai3, TRPM2, TRPM7, TRPC1, TRPC2, 
TRPC3, TRPC4, TRPC5, TRPC6 and TRPC7 channel genes. 
Next, we used Fura-2 imaging to identify a store-operated Ca2+ 
entry pathway that was reduced by depolarization and blocked by 
Gd3+, SKF-96365, diethylstilbestrol (DES), and a high concen-
tration of 2-aminoethoxydiphenyl borate (50 μM 2-APB). The 
Fura-2 signal was increased by hyperpolarization, and by a low 
concentration of 2-APB (5 μM), and exhibited Ca2+-dependent 
potentiation. These properties are entirely consistent with 
Orai1/CRAC, rather than any known TRP channel and this 
conclusion was supported by patch-clamp electrophysiological 
analysis. We identified a store-operated Ca2+ current with the 
same properties, including high selectivity for Ca2+ over monova-
lent cations, pronounced inward rectification and a very positive 
reversal potential, Ca2+-dependent current potentiation, and 

block by SKF-96365, DES and 50 μM 2-APB. Determining the 
contribution of Orai1/CRAC in different cell types is crucial to 
future mechanistic and therapeutic studies; this comprehensive 
multi-strategy analysis demonstrates that Orai1/CRAC channels 
are responsible for SOCE in primary microglia.

Introduction

In response to central nervous system (CNS) damage or disease, 
microglia undergo complex responses, often collectively called 
‘activation’. This can result in upregulation of functions that 
involve Ca2+ signaling: proliferation, migration, phagocytosis, and 
production of nitric oxide, interleukins, cytokines and chemokines 
(reviewed in refs. 1–7). More than 20 receptor/ligand interactions 
have been reported to elevate Ca2+

i in microglia, and Ca2+ entry 
can be mediated by ionotropic purinergic receptors, reversed Na+/
Ca2+ exchange,8 and store-operated Ca2+ entry (SOCE) (reviewed 
in refs. 9–11). SOCE serves as a central pathway for Ca2+ signaling 
in non-excitable cells12 and, in microglia, numerous receptor-
mediated responses evoke Ca2+ release from intracellular stores, 
followed by SOCE. The resulting Ca2+ rise that lasts for minutes to 
hours can immediately affect activity of Ca2+-dependent proteins, 
such as calmodulin and Ca2+-activated K+ channels,13 and help 
replenish intracellular Ca2+ stores, but it can also have long-term 
effects on gene expression and cell cycle regulation (reviewed in 
refs. 10 and 12).

There is little electrophysiological information about the iden-
tity of the underlying Ca2+-permeable channel(s) in microglia, 
despite numerous studies using Ca2+-sensitive dyes to investi-
gate receptor-mediated signals. The literature on other cell types 
suggests that SOCE can be conferred by multiple channel types, 
collectively called store-operated channels (SOCs), but whose 
molecular identities are contentious (see Discussion). A subtype 
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of SOC with specific electrophysiological properties was first 
characterized in mast cells and immune cell lines and called the 
Ca2+-release activated Ca2+ (CRAC) channel14 (reviewed in ref. 
15). The molecular identity of CRAC also remained elusive for 
many years, until the cloning of Orai1/CRACM16,17 and evidence 
it contributes to the pore-forming unit.18,19 Importantly, with 
recent molecular, biophysical and pharmacological fingerprinting, 
the CRAC current has been better defined, and a clearer distinction 
made from other SOC currents. Three patch clamp studies have 
addressed store-operated and CRAC currents in microglia20-22 and 
each has provided valuable information. The earlier studies were 
done before several fundamental properties of Orai1/CRAC had 
been elucidated and, as addressed in the Discussion, it is crucial 
to consolidate and extend these studies using the latest criteria 
for distinguishing Orai/CRAC from other co-existing current in 
microglia. Hence, we have combined Ca2+ imaging, patch-clamp 
recordings and pharmacological approaches to study SOCE and 
the underlying currents in primary cultures of rat microglia.

Results

Expression of putative Ca2+-permeable channels in rat 
microglia. Quantitative real-time RT-PCR (qRT-PCR) was used 
to compare mRNA expression levels of Ca2+-permeable channels 
in cultured microglia (Fig. 1A); including the main candidate 
genes for store operated Ca2+ channels (Fig. 1B). Transcripts for 
several ‘transient receptor potential’ (TRP) genes were detected. 
Quantitative comparisons of mRNA expression showed that 
TRPM7 > TRPC6 > TRPM2 > TRPC1 > TRPC3 ≥ TRPC4 
> TRPC7 > TRPC5 > TRPC2, where ‘>’ denotes a significant 
difference (p < 0.05) from the preceding gene, and ‘≥’ indicates 
a non-significant difference (one way ANOVA, followed by 
Tukey’s test for multiple comparisons). Note that mRNA expres-
sion for TRPM7 and for the microglial marker, complement 
receptor 3 (CR3), was high and comparable to the housekeeping 
gene, HPRT-1. Relatively high mRNA levels were seen for the 
recently cloned Orai genes (Orai3 ≥ Orai1 > Orai2), which 

were more abundant than TRPC genes, except for TRPC6. Orai 
expression levels were similar to the most commonly studied ion 
channel in microglia, voltage gated delayed rectifier potassium 
channel, KV1.3, which contributes to microglial proliferation 
and activation.23,34

Properties of store-operated Ca2+ entry (SOCE) in rat micro-
glia. Having detected mRNA expression for several candidates 
for Ca2+ release activated Ca2+ (CRAC/Orai) channels and other 
SOCs; we next examined store-operated Ca2+ entry. In microglia 
loaded with Fura-2AM in the standard bath solution containing 
1 mM Ca2+, intracellular Ca2+ (Ca2+

i) was low (23 ± 2 nM; n = 
99 cells), and there was little change upon removal of extracel-
lular Ca2+ (nominally Ca2+-free, 0 Ca) (Fig. 2A). Depleting the 
stores with thapsigargin (1 μM) evoked a small Ca2+ transient that 
varied in size and kinetics (Figures show average responses from 
several cells). Then, when external Ca2+ (Ca2+

o) was restored to 
1 mM, Ca2+ rebound increased Ca2+

i within seconds, reaching 
170 ± 9 nM after one minute. A similar response was seen in 
all cells examined; i.e., >500 cells from 12 separate cell cultures, 
clearly demonstrating SOCE. In control recordings without drugs 
or solution changes (not shown), the Ca2+

i signal spontaneously 
declined to a plateau in the continued presence of external Ca2+; 
decreasing to 50% from the peak value in 54 ± 26 sec (n = 58 cells 
from three separate cultures).

As a first step toward determining which of the expressed 
channels is involved in the SOCE (Orai/CRAC or another SOC), 
we examined its pharmacological properties (Fig. 2), using the 
well known SOCE inhibitors, SKF-96365 and Gd3+,12,15 as 
well as diethylstilbestrol (DES)35 and 2-aminoethoxydiphenyl 
borate (2-APB).12,36 When thapsigargin was added in a Ca2+-free 
bath solution and SOCE was evoked by restoring external Ca2+ 
(Fig. 2A), 10 μM DES nearly abolished the Ca2+

i rise. Similarly, 
when SOCE was triggered by restoring Ca2+

o after pre-incubation 
with thapsigargin in a Ca2+-free bath solution (Fig. 2B); it was 
decreased by SKF-96365 and Gd3+. An important pharmacological 
discrimination was then based on 2-APB, which blocks some TRP 

Figure 1. Expression of TRP and Orai channels in rat microglia. (A) The microglia cultures were essentially pure (99–100%), as judged by labeling with 
FITC-conjugated tomato lectin. Scale bar, 50 μm. (B) Relative mRNA expression was monitored by quantitative real-time RT-PCR (qRT-PCR), standardized 
to the housekeeping gene, HPRT-1 (see Materials and Methods). Values shown are mean ± SEM from 4 mRNA preparations made from separate batches 
of microglia isolated from different rat litters.
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Fura-2 during perforated-patch record-
ings with amphotericin (Fig. 3B). This 
method allows whole-cell recording by 
forming channels that are permeable to 
small monovalent ions but imperme-
able to divalent cations,37 such that 
Ca2+

i responses are not compromised. 
Intracellular Ca2+ stores were first 
depleted using thapsigargin in a Ca2+-free 
solution, and then SOCE was evoked by 
perfusing in 1 mM Ca2+ (as in Fig. 2). 
The Ca2+

i response was compared in each 
microscope field between several intact 
microglia and a single patch-clamped 
cell whose membrane potential was held 
at -50 mV to reflect the normal resting 
potential, which we previously measured 
with voltage-sensitive dyes.24 SOCE was 
decreased by depolarizing Vm to -10 mV 
and increased by hyperpolarizing to -90 
mV (Fig. 3B). Similar results were seen 
in eight different fields of microglial cells, 
consistent with depolarization reducing 
the driving force for Ca2+ entry. Cells 
whose Vm was not controlled by patch 
clamping (dashed curve) showed the 
typical monotonic Ca2+

i rise that occurs 
when external Ca2+ is restored to store-
depleted cells.

Ca2+-dependent potentiation of 
SOCE as evidence for CRAC channels. 
A biophysical property that helps distin-

guish Orai/CRAC from TRP channels is that the CRAC current 
displays Ca2+-dependent potentiation; i.e., an increase in inward 
current as Ca2+ enters.12,14,38 Ca2+-dependent potentiation is 
more pronounced with hyper-polarization (less Ca2+ enters at 
depolarized potentials)12,15 and it is not supported by Ba2+ or 
Sr2+.39 Such ion substitutions are useful because several TRPC 
channels (TRPC1, C4, C5, C6) are permeable to Ba2+,40-43 
but do not display Ca2+-dependent potentiation. Ba2+ and Sr2+ 
influx can be detected by Fura-2 imaging,44 thus, we compared 
Fura-2 signals when Ca2+

o was replaced with either of these 
divalent cations. In microglia that were exposed to a Ca2+-free 
bath solution (without thapsigargin), there was no Ca2+ rebound 
when 1 mM Ca2+ was restored, nor was there a response to a 
brief exposure to 1 mM Sr2+ (Fig. 4A). When thapsigargin was 
added, Ca2+ release evoked only a transient Fura-2 signal that 
returned to baseline as the stores were depleted (see Materials 
and Methods for Fura-2 Kd’s and calculations). Re-exposure to 1 
mM Sr2+ did not elicit a Fura-2 signal; however, thapsigargin had 
activated the SOCE, as seen by the large Fura-2 signal evoked by 
restoring Ca2+

o. This signal immediately decreased when Ca2+ 
was again replaced by Sr2+. This result is consistent with Sr2+ 
neither evoking nor sustaining a previously activated SOCE. An 
alternative explanation, that the Sr2+ permeability is too low, is 

channels, but exerts a dual effect on CRAC—increasing it at low 
concentrations (1–5 μM) and blocking it at higher concentrations 
(e.g., 40–50 μM).36 After evoking SOCE as in panel B, perfusing 
in 5 μM 2-APB (Fig. 2C) evoked a substantial increase in Ca2+

i 
(as expected for CRAC), and this was reversed upon drug washout. 
The higher 2-APB concentration (50 μM; Fig. 2D) evoked a small 
increase just as the drug began to enter the bath, and then the Ca2+

i 
rise was essentially abolished. Block by these four compounds and 
the dual effect of 2-APB provides evidence that CRAC channels 
mediate this SOCE in microglia.

Further characterization was based on the effect of membrane 
potential on SOCE. We have previously shown that both K+ and 
Cl- channels contribute to the membrane potential (Vm) of rat 
microglia, and that 55 mM external K+ depolarizes the cells to 
about -15 mV.24 In Figure 3A, cells were loaded with Fura-2 in 
1 mM external Ca2+, and then thapsigargin was added to evoke 
Ca2+ release from stores, followed by SOCE. When external K+ 
was elevated, the sustained Ca2+

i plateau decreased, and then 
rebounded when normal external K+ was restored and, as in Figure 
2B, the SOCE was inhibited by Gd3+. [Note: this response is 
opposite to our recently described contribution of reversed Na+/
Ca2+ exchanger activity, seen in a small proportion of microglia8]. 
Next, the contribution of Vm was directly examined by imaging 

Figure 2. Properties of store-operated Ca2+ entry (SOCE) in rat microglia. The average intracellular 
Ca2+ was monitored in groups of microglia loaded with Fura-2AM in standard bath solution (A) or in 
a nominally Ca2+ free bath solution, which contained 1 μM thapsigargin for (B–D). For clarity, periods 
in Ca2+ free bath solution are shown by grey boxes, and perfusion with pharmacological agents is 
indicated by horizontal lines. (A) Inhibition of SOCE by 10 μM diethylstilbestrol (DES). SOCE was 
evoked by adding 1 μM thapsigargin in Ca2+ free bath solution and then restoring external Ca2+. (B) 
Inhibition of SOCE by 20 μM SKF-96365 or 100 μM Gd3+ added to separate cell batches during 
the period indicated by the grey line. (C) Increase in SOCE by 5 μM 2-aminoethoxydiphenyl borate 
(2-APB); same protocol as in (B). (D) Inhibition of SOCE by 50 μM 2-APB.
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solution, cytoplasmic Ca2+ was 20.2 
nM, as calculated from the initial 
Fura-2 ratio (0.29 ± 0.002; n = 53 
cells). Depletion of intracellular Ca2+ is 
expected to prevent the Ca2+-dependent 
potentiation of Orai/CRAC channels, 
if they are active. The first exposure 
to 1 mM Ba2+ (Fig. 4B) produced a 
small increase in the Fura-2 signal (in 
53/60 cells), corresponding with 44 
nM cytoplasmic Ba2+

i at 60 s (Fura-2 
ratio, 0.31 ± 0.004; see Materials and 
Methods for Fura-2 Kd’s and calcula-
tions). Then, restoring external Ca2+ 
evoked a substantial Fura-2 signal that 
increased over time to reach 133 nM 
Ca2+ at 60 s (Fura-2 ratio, 0.51 ± 
0.01; n = 38 cells). The Fura-2 signal 
decreased substantially when Ba2+ was 
substituted for Ca2+. Overall, these 
responses to Ba2+ are consistent with 
a lower Fura-2 response to Ba2+ (i.e., 
higher Kd, see Materials and Methods) 
and with reversal of CRAC potentia-
tion in the absence of Ca2+ influx. As 
a further control, we confirmed that 
Fura-2 responds to Ba2+ influx. That 
is, activation of the Ca2+- and Ba2+-
permeable ionotropic purinergic P2X 
receptors45 by 100 μM ATP produced 
a large Fura-2 signal with Ba2+ as the 
permeant ion, which corresponded with 
~890 nM final Ba2+

i. As expected, the 
Ba2+ signal remained elevated after its 
removal from the bath because the 
Ca2+ efflux pumps do not transport 
Ba2+. After correcting for differences 
in the Kd of Fura-2 for binding Ca2+ 
(236 nM) versus Ba2+ (780 nM),32 
the intracellular Ca2+ rise at 60 s was 
~4 times higher than the Ba2+ rise. 
This is a conservative estimate because 
the reduced ability of cells to extrude 
Ba2+ compared to Ca2+ will underes-
timate the steady-state flux ratio. Our 
result is consistent with the 3–4 fold 
Ca2+-dependent potentiation of CRAC 
current expected at -50 mV in 1 mM 

external Ca2+.46 In addition, the relatively small Fura-2 signals 
with Sr2+ or Ba2+ are similar to CRAC-mediated Sr2+ and Ba2+ 
signals described previously, rather than the larger signals produced 
by TRPC channels.44

Whole-cell recordings of the store-operated Ca2+ current in 
microglia. The pharmacological profile, divalent cation permea-
bility and Ca2+-dependent potentiation strongly support the notion 

unlikely because immediately after their activation, Orai/CRAC 
channels and other SOC channels support more Sr2+ and Ba2+ 
influx than Ca2+.12,15,39 These data provide further evidence that 
Orai/CRAC channels mediate the SOCE.

The effects of Ba2+ substitution for external Ca2+ provide 
further evidence that the SOCE is mediated by CRAC chan-
nels. In cells pre-incubated with thapsigargin in a Ca2+-free bath 

Figure 3. Voltage dependence of SOCE. (A) Cells were loaded with Fura-2 in standard bath solution 
and exposed to 1 μM thapsigargin, as indicated. During the plateau phase of the Ca2+

i rise, the bath 
was perfused with a depolarizing solution in which 50 mM Na+ was replaced with K+ (55 mM total K+), 
and then with standard solution. Finally, 100 μM Gd3+ was added to the bath. (B) Intracellular Ca2+ 
was monitored in a microscope field containing ten Fura-2 loaded microglia, while one cell was voltage-
clamped in the perforated-patch mode using amphotericin (see Materials and Methods). For clarity, 
Ca2+ responses to depolarizing voltages are shown by solid grey bars, and a hyperpolarizing change 
is shown by the dashed bar. Cells were loaded with Fura-2AM in Ca2+ free bath solution containing 1 
μM thapsigargin to deplete intracellular Ca2+ stores. From a holding potential of -50 mV, voltage-clamp 
steps were made to -10, -50 and -90 mV to monitor the Ca2+ signal in the voltage-clamped cell (solid 
trace). The average Ca2+ response is shown for the remaining cells in the field (dashed trace).

Figure 4. Ca2+-dependent potentiation of SOCE as evidence for CRAC channels. (A) Ca2+ imaging of 
microglia that were loaded with Fura-2AM in standard bath solution. The grey bars indicate periods 
when the standard bath solution was replaced with Ca2+-free solution (0 Ca). The dashed bars show 
periods when 1 mM Sr2+ (Sr) replaced the external Ca2+; Tg, addition of 1 μM thapsigargin. (B) Effects 
of external Ba2+ on the SOCE in microglia that had been loaded with Fura-2AM in Ca2+-free bath solu-
tion containing 1 μM thapsigargin. Grey bars, Ca2+ free solution (0 Ca); dashed bars show periods 
when 1 mM Ba2+ (Ba) replaced the external Ca2+. The arrow shows when 100 μM ATP was added to 
the bath.
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eliminating transmembrane osmotic gradients and 
by replacing almost all the internal Cl- with the 
poorly permeant anion, aspartate.

To activate store-operated Ca2+ currents, we used 
low Ca2+ pipette solutions with strong Ca2+ buffering 
(10 mM BAPTA; 20 nM free Ca2+) and then evoked 
depletion of the intracellular stores by bath applying 
1 μM thapsigargin. After 5–7 min the standard bath 
solution was replaced with a K+ free bath solution 
containing elevated Ca2+ (10 mM); the store-acti-
vated Ca2+ current was isolated by subtraction of 
the component blocked by 20 μM SKF-96365 
(Fig. 5A and B). The example in Figure 5A shows 
total current in pA, while the other examples are 
presented as current density (pA/pF). The blocker-
sensitive current component was inwardly rectifying 
and averaged 0.32 ± 0.03 pA/pF at -110 mV (n = 
3). As expected, owing to lack of Cs+ permeability 

through CRAC channels,12 there was no outward current. Inward 
rectification and an extremely positive reversal potential are hall-
marks of the highly Ca2+ selective currents mediated by CRAC and 
cloned Orai1 channels.12,51,52 In separate cells, the same subtrac-
tion protocol was used to examine two blockers shown above to 
inhibit the SOCE in microglia: 10 μM DES (Fig. 5C and D), 50 
μM 2-APB (Fig. 5E and F). Each compound blocked an inwardly 
rectifying current of the same appearance and amplitude as the 
SKF-96365-sensitive component; i.e., 0.36 ± 0.01 pA/pF for 
DES, and 0.35 ± 0.01 pA/pF for 2-APB (n = 3 each). In a further 
test of specificity (Fig. 5G), the whole-cell current in microglia in 
which the store-operated Ca2+ current had not been activated (no 
thapsigargin) was not affected by 2-APB. This background current 
had a nearly linear current-versus-voltage relationship that reversed 
at about -60 mV, and thus was not a Ca2+ or cation non-selective 

that the SOCE in microglia is mediated by Orai/CRAC channels. 
Thus, we used whole-cell patch-clamp recordings to isolate and 
characterize the store-operated Ca2+ currents. Key to the success 
of these experiments was finding ionic conditions that eliminated 
several potentially contaminating currents, as follows. All record-
ings were begun in standard bath solution, before any external 
ions were substituted. Then, Ca2+ currents were recorded using K+ 
free external (and internal) solutions to avoid the K+ currents we 
have observed in rat microglia under these culturing conditions; 
i.e., KV1.3, inward-rectifier K+, Kir2.1, rat ether-a-go-go related 
gene (rErg) and Ca2+-activated K+, KCa3.1.13,23,24,34,47-49 A high 
intracellular Mg2+ concentration (8 mM) was used to inhibit the 
TRPM7 current, which spontaneously activates within minutes 
after establishing whole cell recordings in rat microglia.50 Inward 
anion currents e.g., swelling activated26,47 were minimized by 

Figure 5. Isolation and pharmacology of the store-operated 
Ca2+ current in microglia. To activate store-operated Ca2+ 
currents, the pipette solution contained 10 mM BAPTA 
(20 nM free Ca2+

i), and microglia were exposed to 1 
μM thapsigargin for 5–7 min in normal bath solution 
(A–F). Then, the bath was replaced with a K+ free solution 
containing 10 mM Ca2+ and the whole-cell current-versus-
voltage relation was monitored by applying voltage ramps 
(-110 to +25 mV) every 1 s from a holding potential of 0 
mV. (A and B) A representative current-versus-voltage rela-
tion before (control) and after adding 20 μM SKF-96365 
(A). (B) shows isolation of the SKF-96365-sensitive current 
calculated as a point-by-point subtraction of the current in 
SKF-96365 from the control current. (C and D) Isolation of 
the diethylstilbestrol (DES)-sensitive current from a different 
cell using the same subtraction protocol as in (B and C), 
but before and after adding 10 μM DES. (E and F) Isolation 
of the 2-aminoethoxydiphenyl borate (2-APB)-sensitive 
current from a different cell, using the same subtraction 
protocol, but before and after adding 50 μM 2-APB. (G) 
Representative traces showing that the whole cell current in 
microglia without store depletion (no thapsigargin added) 
was not affected by 50 μM 2-APB.
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current. Variable levels of the background current produced a vari-
able reversal potential of the total current in panels A, C and E.

The Ca2+ selectivity of the store-operated current was confirmed 
in cells in which the intracellular stores had been depleted using 
thapsigargin and strong intracellular Ca2+ buffering (Fig. 6). When 
Na+, K+ and Ca2+ in the bath were replaced with the bulky cation, 
NMDG+, the small remaining current reversed at a very negative 
membrane potential (about -100 mV; Fig. 6A). Then, with 20 
mM Ca2+ in the bath solution, the inward current increased and 
the reversal potential became less negative (about -75 mV). The 
difference current obtained from point-by-point subtraction was 
an inwardly rectifying current (Fig. 6B), with an average amplitude 
at -110 mV of 0.69 ± 0.06 pA/pF (n = 3).

Further evidence for a CRAC current: Ca2+-dependent poten-
tiation and pharmacology. Results from experiments illustrated 
in Figures 5 and 6 show an inwardly rectifying Ca2+ current acti-
vated after depletion of intracellular Ca2+ stores, and blocked by 
three known SOC channel inhibitors. However, because Orai1/
CRAC and TRPC channels conduct Ca2+, further experiments 
were needed to determine which channel most likely conducts the 
current. A hallmark of the CRAC current is the Ca2+-dependent 
potentiation,12 that was shown above using Fura-2 imaging 
of the SOCE. In whole-cell recordings, potentiation is usually 
demonstrated as a time-dependent decrease in current in Ca2+ 
free solution, superimposed on a tonic increase in monovalent 
cation current.53 Hence, the stereotypical pattern upon removal 
of external divalent cations is a larger inward current with a rapid 
relaxation.14,54

Evidence for Ca2+-dependent potentiation of the store-operated 
current in microglia is presented in Figure 7. In panel A, the 
stores were depleted by thapsigargin in the standard bath solu-
tion containing 1 mM Ca2+. Then, the bath was exchanged for 
a divalent-free (DVF) and K+-free solution with EDTA and 
HEDTA to eliminate any residual divalent cations (see Table 2). 

After substituting DVF and K+-free bath solution 
there was a large inward current carried by Na+, 
which rapidly decayed as expected for CRAC. 
The inward current reached a plateau level, 
and then was nearly abolished after perfusing 
in the standard divalent-containing bath solu-
tion, as expected for channels with a very low 
conductance for Ca2+. Adding 50 μM 2-APB 
greatly reduced the monovalent (Na+) current in 
DVF solution, which then decayed to the same 
plateau level. The current-versus-voltage rela-
tions (Fig. 7B; recorded at the times indicated 
in panel A) and the 2-APB-sensitive component 
(difference current in Fig. 7C) show inward 
rectification, which was slightly less than with 
Ca2+ as the permeant ion, and no current reversal 
was seen. This is identical behavior to Orai1/
CRAC channels under similar ionic conditions, 
owing to their low permeability to Cs+.54 Lack of 
Cs+ efflux also distinguishes Orai1/CRAC from 
TRPC channels, which are permeable to a wide 

range of monovalent cations.55,56

We exploited the large monovalent inward current carried by 
Na+ (as in Fig. 7A–C) to examine the sensitivity of the store-
operated current to three SOC inhibitors. The amplitude of the 
2-APB-sensitive monovalent current at -110 mV was 4.4 ± 1.3 
pA/pF (n = 6; 50 μM 2-APB), which was 55.3 ± 2.4% of the 
total monovalent current. The DES-sensitive component was 4.9 
± 1.9 pA/pF (n = 5; 10 μM DES), which was 56.1 ± 5.2% of the 
current. The SKF-96365-sensitive component was 4.4 ± 1.5 pA/
pF (n = 10; 20 μM SKF-96365), 57.4 ± 5.6% of the current. The 
similarity in the amplitude and percent of current blocked by each 
of these SOC blockers provides evidence that the same channel 
underlies the SOCE seen with Fura-2 imaging and the store-
operated current in whole-cell recordings in microglia.

The final experiments concerned the monovalent current that 
remained in the presence of SOC blockers. It is important to 
note that neither rundown nor hysteresis following exposure to 
DVF solution57 reduced the current, and thus overestimated the 
block by 2-APB in Figure 7A. The amplitude of the remaining 
2-APB insensitive monovalent current was the same (3.6 ± 1.1 
pA/pF at -110 mV; n = 3) as in cells treated with 2-APB before 
the first exposure to DVF solution (i.e., 3.3 ± 1.4 pA/pF, n = 8; 
p = 0.7558). To verify that store depletion was necessary in order 
to elicit the 2-APB-sensitive current carried by Na+ (Fig. 7C), we 
examined separate cells lacking depletion; i.e., without thapsi-
gargin treatment and with an internal solution containing 100 nM 
free Ca2+ (see Materials and Methods). Under these conditions, 
the monovalent current in DVF solution (Fig. 7D) was quite vari-
able (i.e., 3.0 ± 2.1 pA/pF, n = 7) but it did not exhibit a decay 
(unlike panel A) and was not sensitive to 50 μM 2-APB (i.e., it 
was reduced by 0.5 ± 0.3 pA/pF, n = 3). Thus, the remaining 
current was not the store-operated current described in Figure 7A. 
We next addressed the possibility that an inward-rectifying K+ 
current could have produced the monovalent current in DVF bath 

Figure 6. Isolation of the store-operated Ca2+ current in Na+ free solutions. Microglia were 
incubated for 5–7 min with 1 μM thapsigargin, and then exposed to a NMDG+ bath solution 
without Ca2+. The whole-cell current-versus-voltage (I-V) relation was continuously monitored by 
applying voltage ramps (-110 to +25 mV) every 1 s from a holding potential of 0 mV. (A) A 
representative I-V relation in NMDG+ bath solution without Ca2+ (0 Ca2+) and after perfusing 
in a 20 mM Ca2+ bath solution. (B) Isolation of the Ca2+ current from the cell in (A), calculated 
by subtracting the current in 0 Ca2+ from that in 20 mM Ca2+.
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spermine and intracellular Mg2+, low sensitivity to SKF-96365 and 
2-APB, and no block by DES (reviewed in refs. 12 and 15). Thus, 
the 42 pS current previously attributed to CRAC in rat microglia22 
is likely mediated by TRPM7, which we characterized biophysically 
and pharmacologically in these cells.50 TRPC1, TRPC3, TRPC6 
and TRPC7 have been proposed as store-operated (reviewed in 
ref. 12) but they are less Ca2+ selective than Orai1/CRAC, with 
PCa/PNa ratios of 1.6 for TRPC3,66 ~5 for TRPC6,67 and <0.4 for 
TRPC1.68 Thus, one crucial test is to compare Ca2+-containing 
and divalent-free solutions.

solutions. The rationale was that, under these culturing condi-
tions, rat microglia have a prominent Kir, which is thought to be 
Kir2.1.24,47 Both this Kir current and cloned Kir2.1 channels are 
blocked by external divalent cations;24,47,58 thus, DVF solution 
might have reversed the channel block. Because Kir2.1 can be 
blocked by external Cs+,59 we repeated the experiment from Figure 
7A, but with 10 mM Cs+ added to the DVF solution. Exposure to 
DVF solution (Fig. 7E) evoked a large inward Na+ current, which 
rapidly decayed and was blocked by 10 μM DES; the remaining 
current was 0.5 ± 0.2 pA/pF (n = 3; Fig. 7F). We could not find 
reports of Na+ permeability of Kir2.1 under the K+- and divalent-
free conditions used here, but under normal conditions external 
Na+ blocks K+ influx at very negative potentials, causing a current 
relaxation. While our data support the possibility that Kir mediates 
the blocker-insensitive Na+ current, we cannot rule out an uniden-
tified Cs+-sensitive current. We could not systematically test the 
SOC blockers on the remaining current because 10 mM external 
Cs+ reduced the recording stability.

Discussion

The broad importance of store-operated Ca2+ entry (SOCE) 
has generated considerable interest in identifying the underlying 
current. In microglia, SOCE occurs in response to activation of 
IP3-linked metabotropic receptors: purinergic P2Y,60-62 C3a and 
C5a complement,63 and platelet-activating factor.64 Intracellular 
Ca2+ can also increase in response to chemokines, lipopolysaccharide 
(LPS), β-amyloid peptide, tumor necrosis factor-α, interleukin-1β, 
interferon-γ, thrombin and lysophosphatidic acid.7,10,11,60,65 There 
are several candidates for the channel underlying SOCE, but insuf-
ficient pharmacological, biophysical and molecular information 
to distinguish among them. The cloning of TRP and Orai genes 
and evidence that Orai1 encodes the CRAC channel has provided 
useful new information that we have applied in this study. Thus, we 
quantified expression of several TRP and Orai genes in primary rat 
microglia, and then used patch-clamp and Fura-2 imaging methods 
to characterize the biophysical and pharmacological properties of a 
CRAC current that appears to account for the SOCE.

While numerous studies have addressed Ca2+ signaling in 
microglia (see Introduction), very few have attempted to iden-
tify the underlying currents. It can be difficult to separate the 
multiple Ca2+ currents that appear to be store dependent, and lack 
of consensus about which channel properties best discriminate 
among them has contributed to the confusion (reviewed in refs. 
12 and 15). This is true for microglia as well, where TRPM7 was 
previously mistaken for Orai1/CRAC.51,54 Distinguishing Orai1/
CRAC from some TRP channels requires extensive biophysical and 
pharmacological fingerprinting. Orai1/CRAC has an extremely 
small single-channel conductance (<0.2 pS), high selectivity for 
Ca2+ over monovalent cations (PCa/PNa > 1,000), pronounced 
inward rectification with a very positive reversal potential, Ca2+-
dependent current potentiation, and is blocked by SKF-96365, 
DES35 and relatively high concentrations of 2-APB, but increased 
by low 2-APB concentrations.12,36 TRPM7 has a much larger 
conductance (~40 pS with Na+ as the permeant ion), is not 
store-dependent, and is pharmacologically distinct, with block by 

Figure 7. Ca2+-dependent potentiation and pharmacology of the store-
operated current. As in Figure 5, microglia were incubated with 1 μM 
thapsigargin (A–C, E and F): 5–7 min, standard bath solution) to deplete 
intracellular Ca2+ stores, and then exposed to K+ free solution. Current-
versus-voltage (I-V) relations were continuously monitored by applying 
voltage ramps from -110 to +25 mV every 1 s from a holding potential 
of 0 mV. (A) Time course of the current amplitude monitored at -110 mV. 
The horizontal bars show periods when the bath contained divalent-free 
solution (DVF) rather than the normal Ca2+ and Mg2+ (1 mM each). 
Where indicated, 50 μM 2-aminoethoxydiphenyl borate (2-APB) was 
included in the bath solution. (B) I-V relations taken from the cell in (A) at 
the numbered times; i.e., #1, K+-free bath solution with 1 mM Ca2+; #2, 
DVF bath solution; #3, DVF with 50 μM 2-APB. (C) Isolation of the 2-APB-
sensitive monovalent current using point-by-point subtraction of the current 
in trace #3 (DVF with 2-APB) from the current in trace #2 (DVF solution 
alone). (D) The same protocol and bath solutions as in (A), but applied to 
a microglial cell without store depletion (see text for conditions). (E and F) 
Two different microglial cells exposed to the same protocol as in (A), but 
using a DVF bath solution with 10 mM Cs+ alone (D) or in the presence of 
10 μM diethylstilbestrol (DES; E).
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microglia, a non-rectifying ‘TRPM4-like’ cation current (called 
‘ICAN’) was activated by micromolar levels of intracellular Ca2+, 
but was not affected by LPS.21 There might be species-dependent 
differences. We have not observed a Ca2+-activated ICAN in rat 
microglia, despite testing a wide range of intracellular (pipette) 
Ca2+ concentrations (16 nM–40 μM, using both perforated- and 
conventional-patch clamp recordings), and assessing micro-
glia in various activation states; i.e., ex vivo or cultured with 
serum-free medium, astrocyte-conditioned medium, LPS or 
phorbol ester.50 Our present finding that TRPC1-TRPC7 are 
expressed in rat microglia raises the possibility of further Ca2+-
permeable channels that might be dependent or independent of 
store depletion. Further channel complexity should be consid-
ered because of reports that TRPC and Orai1/CRAC channels 
co-assemble.74,75 However, most recent studies conclude that 
Orai1 forms homomultimers that co-assemble with the stromal 
interaction molecule 1 (STIM-1) protein,76 and that TRPC1 and 
Orai1 produce separate currents.68

We have demonstrated the conditions necessary for isolating the 
CRAC current from the numerous other currents that exist in rat 
microglia, and for comparing it with Ca2+-sensitive dye measure-
ments of SOCE. This degree of characterization will be essential 
for clearly separating its contributions from identified TRP chan-
nels and for future studies of regulation of CRAC expression 
and activity. It is important to note that establishing roles for 
the CRAC current in microglia will require the development of 
a selective inhibitor. Microglia, like macrophages, are extremely 
resistant to siRNA-mediated knockdown, transfection and viral-
mediated infection (we have carried out an exhaustive search for 
a molecular approach using >20 reagents/viral constructs). Thus, 
the only means to parse out Orai1/CRAC function is a pharma-
cological approach. Because the best available inhibitors, including 
SKF-96365, 2-APB and diethylstilbestrol, block other channels in 
addition to CRAC, it is not yet possible to assess its roles in assays 
of microglia function in vitro or in vivo.

Materials and Methods

Microglial cultures. All procedures were approved by the 
University Health Network animal care committee, in accordance 
with guidelines established by the Canadian Council on Animal 
Care. Microglia were isolated from brains of 1–2 day-old Wistar 
rats that had been killed by cervical dislocation. Cell cultures were 
prepared, as we have previously described.8,13,23,24 After carefully 
removing the meninges, whole brain tissue was mashed through 
a stainless steel sieve (100 mesh; Tissue Grinder Kit #CD-1; 
Sigma; Oakville, Canada), and then centrifuged (10 min, 1,000 
g), re-suspended and seeded into flasks with MEM containing 
10% fetal bovine serum (FBS) and 100 μM gentamycin (all from 
Invitrogen, Burlington, Canada). Two days later, cellular debris, 
non-adherent cells, and supernatant were removed and fresh 
medium was added to the flask. The mixed cultures were allowed 
to grow for 7–10 days and then shaken for 3 h on an orbital 
shaker at 8–10 Hz in a standard tissue culture incubator. The 
supernatant containing detached microglial cells was centrifuged 
(10 min, 1,000 g) and the cell pellet was re-suspended. Cells were 

Norenberg et al.20 first showed that IP3 in the pipette evoked 
an inwardly rectifying (‘CRAC-like’) Ca2+ current in rat microglia, 
which showed no reversal up to +100 mV. Other properties of the 
current were not examined and it was not related to store-operated 
Ca2+ entry; hence, it was important for us to extend that study 
using the most recent information about Orai1/CRAC. First, 
we identified a SOCE pathway that was entirely consistent with 
CRAC; i.e., inhibited by depolarization, and pharmacologically 
by Gd3+, SKF-96365, DES and 50 μM 2-APB (a relatively high 
concentration). Conversely, it was increased by hyper-polarization, 
by 5 μM 2-APB (a relatively low concentration), and exhibited 
Ca2+-dependent potentiation, which was not supported by Sr2+ or 
Ba2+. Then, we isolated a store-operated Ca2+ current and showed 
that its biophysical and pharmacological properties are entirely 
consistent with the currently known properties of cloned Orai1/
CRAC channels; including activation by store depletion, high 
selectivity for Ca2+ over monovalent cations, pronounced inward 
rectification and a very positive reversal potential, Ca2+-dependent 
current potentiation, block by SKF-96365, DES or by 50 μM 
2-APB. By assessing the properties of the store-operated Ca2+ entry 
and the Ca2+ current in the same cell type, this study strongly 
supports the contention that Orai1/CRAC channels produce the 
SOCE in microglia.

Physiological implications. In principle, SOCE and underlying 
Orai1/CRAC channels in microglia could affect numerous Ca2+-
dependent molecules, including KCa channels,13 adenylyl cyclase, 
which raises cAMP,69 phospholipase Cδ,70 calmodulin and ionized 
calcium-binding adaptor molecule 1 (Iba-1). Studies are beginning 
to address whether the microglial activation state regulates SOCE 
and the expression/induction of the underlying currents. While 
it is anticipated that activity of Orai/CRAC channels will play a 
central role in microglial activation, there is very little informa-
tion directly linking SOCE and CRAC currents. The biophysical 
and pharmacological evidence that SOCE can occur through an 
Orai/CRAC channel in microglia will be useful for future studies 
of Ca2+ signaling, and in discriminating its roles from other 
channels. One contribution of the present study was to establish 
conditions necessary to isolate and identify the small Orai/CRAC 
current carried by Ca2+ (~0.5 pA/pF) and the larger monovalent 
current in the absence of external Ca2+. The earliest studies of the 
currents lacked the necessary information to separate and identify 
CRAC currents, and would benefit from further investigation. For 
instance, the ability of LPS to activate SOCE in microglia71 and 
evoke a chronic Ca2+

i rise
60 suggests a sustained current activation, 

but an IP3-activated ‘CRAC’ current was reportedly downregulated 
by LPS in murine microglia.21 Of note, in rat microglia, the current 
amplitude was an order of magnitude larger in LPS-activated cells20 
than in the unstimulated cells used in the present study.

In moving forward, it will be important to keep in mind that 
other non-selective cation currents have been seen in microglia. 
A non-rectifying current in rat microglia72 and human C13 
cells73 can be carried by Ca2+ (PCa/PNa = 0.71) and shares some 
properties with cloned TRPM2 channels. It was activated by 
intracellular ADP-ribose, and by extracellular hydrogen peroxide, 
but only after LPS treatment in the rat microglia. In murine 



www.landesbioscience.com Channels 137

ICRAC mediates SOCE in microglia

Images were acquired every 2–3 s, and the excitation shutter was 
closed between acquisitions to prevent photobleaching.

To measure intracellular Ca2+, microglia were loaded (~45 min, 
room temperature) with 3.5 μg/ml Fura-2AM (Invitrogen, 
Burlington, ON, Canada) made in the indicated bath solution. 
Images were acquired at 340 and 380 nm excitation wavelengths, 
and ratios obtained using a 505 nm dichroic mirror and a 510 
nm emission filter. In the representative figures, Fura-2 data are 
presented as the 340:380 nm ratio, and the summarized data in the 
text are presented as intracellular Ca2+ and Ba2+ levels, calibrated 
as previously described30 using the values we determined for Rmin 
(0.25 ± 0.002) and Rmax (2.3 ± 0.097). Since we used 1 mM 
external Ca2+, while 2 mM is often used in studies on microglia, 
we compared the effects of 1 versus 2 mM external Ca2+. Resting 
intracellular Ca2+ was 70 ± 5 nM (56 cells) with 1 mM Ca2+ in the 
bath, 79 ± 5 nM after switching to 2 mM, and 85 ± 8 nM after 
returning to 1 mM (p > 0.2 for all comparisons). Hence, intracel-
lular Ca2+ was well buffered against moderate changes in external 
Ca2+. For comparing Ca2+ and Ba2+ signals, the Kd values for 

counted and plated at 3.5 x 104 cells per 15 mm diameter glass 
cover slip for electrophysiology or imaging. Before experiments, 
the plated microglia were cultured for 1–5 days in MEM with 100 
μM gentamycin, and a reduced serum concentration (2% FBS) to 
maintain a more resting state. This procedure yielded highly puri-
fied cultures of microglia (99–100%; see Fig. 1A), as judged by 
labeling with FITC-conjugated isolectin B4 or tomato lectin (both 
from Sigma, St. Louis, MO) or by immunofluorescence using 
the OX-42 monoclonal antibody (Serotec, Raleigh, NC), which 
recognizes complement receptor 3. We previously used quantita-
tive real-time RT-PCR to demonstrate ~100% purity.13

Quantitative real-time reverse transcriptase polymerase chain 
reaction (qRT-PCR). Gene transcript levels were monitored in 
primary microglia (≥99% pure) using qRT-PCR,25 as we recently 
described.8,13,26-28 Gene-specific primers (Table 1) were designed 
using the ‘Primer3Output’ program (http://frodo.wi.mit.edu/
cgi-bin/primer3/primer3_www.cgi). RNeasy mini kits (Qiagen, 
Mississauga, ON) were used to isolate RNA after degrading any 
contaminating DNA with DNaseI (0.1 U/ml, 15 min, 37°C; 
Amersham Biosciences, PQ). A two-step reaction was performed 
according to the manufacturer’s instructions (Invitrogen). In 
brief, total RNA (1 μg) was reverse transcribed in 20 μl volume 
using 200 U of SuperScriptII RNase H-reverse transcriptase, 
with 0.5 mM dNTPs (Invitrogen) and 0.5 μM oligo dT (Sigma). 
Amplification was performed on an ABI PRISM 7700 Sequence 
Detection System (PE Biosystems, Foster City, CA) at 95°C for 
10 min, followed by 40 cycles at 95°C for 15 s, 56°C for 15 s and 
72°C for 30 s. ‘No-template’ and ‘no-amplification’ controls were 
included for each gene, and melt curves showed a single peak, 
confirming specific amplification.25 The threshold cycle (CT) 
for each gene was determined and normalized against the house-
keeping gene, hypoxanthine guanine phosphoribosyl transferase 
(HPRT1). The amplification efficiency was 90–95% for all the 
primers used.

Chemicals. Unless otherwise indicated, all chemicals including 
channel blockers were purchased from Sigma-Aldrich (Oakville, 
ON, Canada).

Single-cell fluorescence imaging. Microglia on cover slips 
were mounted in a perfusion chamber (Model RC-25, Warner 
Instruments, Hamden, CT) and the tissue culture medium was 
replaced with a bath solution containing (in mM): 135 NaCl, 
5 KCl, 1 MgCl2, 1 CaCl2, 5 glucose and 10 HEPES, adjusted 
to pH 7.4 (with NaOH) and to ~300 mOsm with sucrose. For 
ion-substitution experiments, NaCl was partly or completely 
replaced with KCl, N-methyl-D-glucamine-chloride (NMDG-
Cl) or LiCl, as indicated. For the nominally Ca2+-free solutions, 
CaCl2 was omitted without adding EGTA, because we previously 
found that chelating all extracellular Ca2+ can evoke spontaneous 
Ca2+ depletion from immune cells.29 This depletion compro-
mises calibrating microglial Ca2+ levels from dye measurements. 
Images were acquired at room temperature using a Nikon Diaphot 
inverted microscope, Retiga-EX camera (Q-Imaging, Burnaby, 
BC, Canada), DG-4 arc lamp with excitation wavelength changer 
(Sutter Instruments, Novato, CA), and Northern Eclipse image 
acquisition software (Empix Imaging, Mississauga, ON, Canada). 

Table 1 � Sequences of primers used for quantitative 
RT-PCR analysis

Primer	 Accession #	 Sequence
HPRT1	 NM_012583.2	 F: CAGTACAGCCCCAAAATGGT 
(housekeeping)		  R: CAAGGGCATATCCAACAACA
TRPC1	 NM_053558	 F: GTGCTTGCGGCTTGAGAT 
		  R: TGCCATAGCTGGGGAAAC
TRPC2	 NM_022638	 F: ACGGCATCTTTACCATCGTC 
		  R: GAGCGAGCAAACTTCCACTC
TRPC3	 NM_021771	 F: AGAGACACGGGCACAAGG 
		  R: GTTGGCAGTTGGGGTGAG
TRPC4	 NM_053434	 F: CGGTCCAGGCTCAACATC 
		  R: CTGAAAGGCGGTGAGGAA
TRPC5	 NM_080898	 F: CAGAGGCAAAAGGTGAGGAG 
		  R: GTACAGGCAAAGGGATCAGG
TRPC6	 AB051214	 F: GCAGCAAGATGGGGAAGA 
		  R: GAGCAGCCCCAGGAAAAT
TRPC7	 XM_225159	 F: TCTCAGGCTTACGGCAACA 
		  R: ACGGAGCAATCCAATAGGC
TRPM2	 NM_001011559.1	 F: CCCCTACAAGCCCAAGTGT 
		  R: GGCGAAGAGCAGGTAGAGG
TRPM7	 XM_001056331	 F: AGGGCAGTGGTTTGCTGT 
		  R: CAGGGCCAAAAACCATGT
Orai1	 NM_001013982.1	 F: GACTGGATCGGCCAGAGTT 
		  R: GAGAGCAGAGCGGAGGTTC
Orai2	 XM_222288.4	 F: CCGTGAGCAACATCCACA 
		  R: CAGCCAGGAAAAGCAGGA
Orai3	 NM_001014024.1	 F: CCACCAGTCACCACACCA
		  R: CCAGCCCACCAAAACAAC
CR3	 NM_012711	 F: TGCTGAGACTGGAGGCAAC 
		  R: CTCCCCAGCATCCTTGTTT
KV1.3	 M30312	 F: GCTCTCCCGCCATTCTAAG 
		  R: TCGTCTGCCTCAGCAAAGT
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