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Introduction

After acute CNS injury, microglia respond by retracting their 
long processes, and changing morphology and volume as they 
migrate to the site of damage and become phagocytic. We 
identified a Cl- current in rat microglia that is activated by cell 
swelling.1 The regulatory volume decrease (RVD) that follows 
cell swelling requires Cl- and K+ efflux and accompanying water 
loss. By constructing an extensive pharmacological fingerprint 
of the Cl- current (which we call I

Clswell
) we showed that in rat 

microglia it contributes to both homeostatic volume regula-
tion and RVD,2 and to phagocytosis2 and microglial prolif-
eration.1 Multiple functional roles are anticipated because the 
Cl- channel regulates the membrane potential of microglia.3 
Several Cl- channels have been described in mammalian cells, 
and while some have been cloned, the molecular identity of 

Microglia have a swelling-activated Cl- current (which we call IClswell), and while some of its biophysical properties and 
functional roles have been elucidated, its molecular identity is unknown. To relate this current to cell functions and 
determine whether it is regulated by mechanisms other than cell swelling, it is important to establish both biophysical 
and pharmacological fingerprints. Here, we used rat microglia and a cell line derived from them (MLS-9) to study 
biophysical, regulatory and pharmacological properties of IClswell. The whole-cell current was activated in response to 
a hypo-osmotic bath solution, but not by voltage, and was time-independent during long voltage steps. The halide 
selectivity sequence was I->Br->Cl- (Eisenman sequence I) and importantly, the excitatory amino acid, glutamate was 
permeant. Current activation required internal ATP, and was not affected by the guanine nucleotides, GTPγS or GDPβS, or 
physiological levels of internal Mg2+. The same current was activated by a low intracellular ionic strength solution without 
an osmotic gradient. IClswell was reversibly inhibited by known Cl- channel blockers (NPPB, flufenamic acid, glibenclamide, 
DCPIB), and by the glutamate release inhibitor, riluzole. Cell swelling evoked glutamate release from primary microglia 
and MLS-9 cells, and this was inhibited by the blockers (above), and by IAA-94, but not by tamoxifen or the Na+/K+/Cl- 
symport inhibitor, bumetanide. Together, these results confirm the similarity of IClswell in the two cell types, and point to a 
role for this channel in inflammation-mediated glutamate release in the CNS.
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swelling-activated Cl- currents is unknown (reviewed in refs. 4 
and 5). There is biophysical and pharmacological evidence that 
I

Clswell
 in immune cells differs from the more common volume-

regulated anion channel (‘VRAC’).2 Therefore, it is important 
to distinguish I

Clswell
 from other Cl- currents when assessing its 

roles in microglia, and studying its regulation by factors other 
than cell swelling. Identifying the gene underlying the I

Clswell
 

in microglia has been severely hampered by the difficulty of 
transfecting primary microglia.2 We previously derived a cell 
line (called MLS-9) from rat microglia, and found that it can 
readily be transfected.6 If this cell line expresses the same I

Clswell
, 

it will be useful for future studies aimed at identifying the chan-
nel gene, and identifying its regulatory interactions with other 
molecules. Therefore, we first addressed whether MLS-9 cells 
express an I

Clswell
 with the same properties as the current in pri-

mary microglia.
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aspartate).1,2 If these anion channels release 
excitatory amino acids, microglia are ideally 
positioned to affect other CNS cells, because 
they form an essentially continuous network 
in the healthy CNS, with long processes abut-
ting neurons and glial cells. Furthermore, after 
injury, microglia migrate to the site of injury, 
as shown in our recent studies of K+ channels 
in rat models of optic nerve transection, isch-
emic stroke and intracerebral hemorrhage.8-10 
In addition, glutamate is involved in signaling 
between neurons, astrocytes and microglia; 
thus, potential outcomes of activating I

Clswell
 

include trans-activating NMDA receptors to 
evoke excitotoxic neuronal injury;11 activat-
ing microglia through their metabotropic 
glutamate receptors, leading to production of 
other neurotoxic mediators;12,13 and mediating 
glia-to-neuron signaling under inflammatory 
conditions.14

Here, we first show that the biophysical and 
pharmacological properties of I

Clswell
 in MLS-9 

cells are as previously determined for primary 
rat microglia. We then assessed current regu-
lation by intracellular nucleotides and ionic 
strength, and constructed a pharmacological 
profile that we used to determine the contri-
bution of this channel to glutamate release. 
Together, our results suggest that I

Clswell
 is a 

potential target for reducing glutamatergic 
signaling between microglia and other CNS 
cells and for inhibiting neurotoxicity after 
acute CNS injuries.

Results

Cell swelling activates a chloride current 
(I

Cl swell
) in microglia. Throughout this study, 

whole-cell recordings were used with solutions 
and voltage protocols designed to isolate anion 
currents from the several cation currents in 
microglia (e.g., K

v
1.3, K

ir
2.1, TRPM7, SK3, 

SK4). For electrophysiological recordings 
(except when analyzing anion selectivity), the 
bulky cation, NMDG+, replaced Na+ and K+ 

in the bath (Solution 4; see Methods for all solutions) and pipette 
(Solution 1) to minimize cation currents, and K

v
1.3 was inacti-

vated using a holding potential of 0 mV.
When voltage ramps were applied to microglia bathed in 

iso-osmotic solution (containing 144 mM Cl-), the whole-cell 
current was negligible (Fig. 1A and C). After hypo-osmotic 
Solution 5 (~60% of normal osmolarity) was perfused into the 
bath, the cell swelled within minutes (Fig. 1A and inset) and a 
large outwardly rectified current developed. The current reversed 
(E

rev
) at about -8 mV (after junction potential correction; not 

altered on figures), which was equal to the calculated Nernst 

Microglia rapidly become activated in the injured CNS, and 
among their many functional properties, some have the poten-
tial to exacerbate damage; e.g., by releasing reactive nitrogen and 
oxygen species, pro-inflammatory molecules and proteases that 
can be neurotoxic. We found that some ion channels in microg-
lia contribute to their neurotoxic capacity, and identified roles 
of three K+ channel types (K

v
1.3, K

Ca
2.3, K

Ca
3.1) in production 

of nitric oxide, superoxide and peroxynitrite.7-9 After acute CNS 
injury (e.g., stroke, trauma), the excitatory amino acid, glutamate, 
causes neuronal injury; thus, a crucial finding was that I

Clswell
 chan-

nels in microglia are significantly permeable to glutamate (and 

Figure 1. Cell swelling activates a large Cl- current. A representative whole-cell recording of 
currents in an MLS-9 cell in response to voltage ramps from -100 to +80 mV, from a holding 
potential of -10 mV. (A) The first five sweeps show a very small current in iso-osmotic NMDG+ 
bath solution (Solution 4; 177 mOsm/kgH2O; see Methods). When the bath was perfused with 
the hypo-osmotic Solution 5, the cell swelled (inset) and an outward-rectifying current acti-
vated, increased with time (vertical arrow) and reached a quasi-stationary plateau. (B) When 
re-exposed to iso-osmotic bath (Solution 4), the cell shrank (inset) and the current declined 
to its pre-swelling level. (C) The instantaneous slope conductance was calculated at the 
experimentally measured reversal potential (Erev) by fitting each current trace with a mono-
exponential function and taking the derivative at Erev. The instantaneous slope conductance 
was then normalized to the cell size (capacitance in pF), and plotted as a function of time 
after establishing the whole-cell recording. Current activation and deactivation are shown 
during two cycles of swelling and shrinking (same cell as in A and B).
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anion, [A-
o
]

after
 is the concentration of the test anion after the 

solution change, and z is the valence. For each anion, several cells 
were tested and the permeability ratios were calculated and aver-
aged. Importantly, for these experiments, a 3 M KCl agar bridge 
was used to prevent junction potential changes when the anion spe-
cies was changed in the bath. With the 120 mM NaCl bath solu-
tion, the expected Nernst potential for Cl- was -20 mV. The average 
reversal potentials, and calculated relative anion permeabilities 
(Table 1) indicate a permeability sequence of I- > Br- ≥ Cl- >glu-
tamate, where > denotes a significant difference (p < 0.05) and 
≥ indicates a trend that did not reach statistical significance. The 
sequence among the halides corresponds with Eisenman sequence 
I, and is similar to swelling activated anion currents in many other 
cell types (see Discussion). The relative permeability for F- could 
not be determined because NaF substitution activated a large 
unidentified current (not shown).

Spontaneous activation of the Cl- current by low intracel-
lular ionic strength. With a low-ionic strength pipette solution 
and essentially iso-osmotic bath the Cl- current spontaneously 
activated and reached a peak by ~5 min (Fig. 3A). The cells 

potential for Cl- with 54 mM Cl- in the pipette and 
74 mM Cl- in the bath. Ion substitution experi-
ments (see below) confirmed the anion selectivity 
of the swelling-activated current. When the origi-
nal iso-osmotic bath was restored (Fig. 1B), the 
cell shrank back to its original size and the cur-
rent decreased over several minutes to a very low 
level. By plotting the instantaneous slope conduc-
tance calculated at E

rev
 (Fig. 1C), the time course 

of current activation and its swelling sensitivity is 
clearly illustrated during repeated cycles of swell-
ing and shrinking. A less hypo-osmotic solution 
(75–80% of normal) more slowly activated a more 
variable current (not shown). For the remainder of 
the study, the current was activated using the 60% hypo-osmotic 
bath solution (Solution 5).

The swelling-activated Cl- current in primary rat microglia 
and the MLS-9 cell line showed neither time-dependent acti-
vation nor inactivation during 2-sec long voltage clamp steps 
(Fig. 2A and C). Current-versus-voltage (I–V) relations were 
constructed from step currents and superimposed on ramp cur-
rents from the same cells (Fig. 2B and D). As above, E

rev
 (about 

-8 mV after junction potential correction) was very close to the 
calculated Cl- Nernst potential, and there was significant out-
ward rectification despite the similarity in internal and external 
Cl- concentrations. Our subsequent use of the ramp protocol to 
monitor the conductance was supported by the similarity of I–V 
relations generated by ramp and step protocols.

The relative permeability of the channels to different anions 
(Table 1) was determined by first activating the current with a 
hypo-osmotic bath containing 120 mM NaCl, and then exchang-
ing the bath with a hypo-osmotic solution containing 120 mM 
of the Na+ salt of the test anion (I-, Br-, glutamate). The reversal 
potential was measured with each bath solution, and the change 
(ΔE

rev
) calculated; from which the permeability ratio (P

X
/P

Cl
) 

was calculated using the modified Goldman-Hodgkin and Katz 
(GHK) voltage equation (Eqn. 1).

P
A
-

/Cl
- = {[Cl-

0
]

before
 exp(ΔE

rev
ZF/RT) - [Cl-

0
]

after
}/[A-

0
]

after
	

		
	 (Eqn. 1)

where [Cl-
o
]

before
 is the initial 74 mM Cl- concentration, [Cl-

o
]

after
 is 

the 4 mM Cl- concentration remaining after changing the external 

Figure 2. Lack of time or voltage-dependent gating 
of the volume-sensitive current. (A and C) Representa-
tive whole-cell currents from MLS-9 (A) and primary 
microglia (C) cells at the time of maximal current 
activation after applying a hypo-osmotic bath solution. 
The membrane potential was changed from -80 to +80 
mV in 20 mV increments, from a holding potential of 
-10 mV. The pipette (Solution 1; 54 mM Cl-) and hypo-
osmotic bath (Solution 5; 74 mM Cl-) were made with 
NMDGCl (see Methods). (B and D) The current-versus-
voltage (I–V) relationships in response to voltage steps 
(circles) are superimposed on the I–V relationship 
obtained with the ramp protocol.

Table 1. Anion selectivity of IClswell in MLS-9 cells

Anion Erev (mV) ± SE PX/PCl ± SE Number of cells

I- -26.2 ± 0.4 1.15 ± 0.03* 5

Br- -23.5 ± 0.4 1.03 ± 0.04 5

Cl- -22.9 ± 0.6 1 5

glutamate 16.6 ± 1.3 0.12 ± 0.01†† 7

I- permeability is higher than Br- (*p < 0.05). Glu- permeability is lower 
than any of the halides (††p < 0.01).
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Activation of the Cl- current requires intracellular ATP. The 
role of adenine nucleotides in regulating the anion channels was 
investigated by excluding ATP from the normal pipette solution 
(Solution 1). After establishing each whole-cell recording, we 
waited 5–10 min to allow endogenous ATP to diffuse out of the 
cell, and then perfused in a hypo-osmotic bath (Solution 5). The 
peak G

Cl
 in response to cell swelling (Fig. 4A) was 0.06 ± 0.01 

nS/pF without intracellular ATP versus 1.47 ± 0.06 nS/pF with 2 
mM ATP (n = 3 cells each). Because omitting ATP increases free 
intracellular Mg2+ from 0.08 to 0.6 mM, we next tested the effect 
of reducing Mg2+ in the absence of ATP (Fig. 4B). The swelling-
induced conductance was not significantly different when Mg2+ 
was reduced without ATP; peak G

Cl
 was 0.26 ± 0.08 nS/pF (Mg2+ 

0.08 mM) compared with 0.10 ± 0.02 nS/pF (Mg2+ 0.6 mM).
To determine whether guanine nucleotides can substitute 

for ATP, GTPγS was added to the ATP-free patch pipette solu-
tion (Fig. 4C). GTPγS did not support activation of the swell-
ing-induced Cl- conductance: peak G

Cl
 was 0.25 ± 0.04 nS/

pF (200 μM GTPγS) versus 0.09 ± 0.03 nS/pF without ATP. 
Not surprisingly then, the presence of GDPβS with ATP in the 
pipette (Fig. 4D) did not alter the peak swelling-induced G

Cl
, 

which was 0.77 ± 0.16 nS/pF (n = 6) compared with 0.83 ± 0.12 
nS/pF (n = 7) without GDPβS. Finally, we asked whether intra-
cellular GTPγS affects the spontaneous current activation seen 
with a low ionic-strength pipette solution containing ATP. As 
expected from results in Figure 3A, the current spontaneously 
activated (Fig. 4E), and reached a peak conductance of 0.66 ± 
0.07 nS/pF (n = 5). Surprisingly, GTPγS increased the conduc-
tance to 1.05 ± 0.10 nS/pF (n = 8; p < 0.05).

Pharmacological profile of the volume-sensitive Cl- channel. 
After inducing the swelling-activated current with hypo-osmotic 
Solution 5 and waiting for the conductance to reach a quasi-
stable plateau, we perfused in the same hypo-osmotic solution 
containing an inhibitor. Figure 5 shows representative Cl- cur-
rents in response to voltage ramps before and after adding NPPB, 
glibenclamide, riluzole or DCPIB; and conductance versus 
time graphs, which show blocker reversibility. Table 2 summa-
rizes the percent block with each drug, calculated by comparing 

did not obviously swell under these conditions, but to eliminate 
this possibility, a group of recordings was made with a hypo-
osmotic, low ionic strength pipette solution. Not only did the 
current develop spontaneously with both pipette solutions, but 
also the time course and maximal conductance were similar. 
With the hypo-osmotic pipette solution, G

Cl
 reached a peak 

conductance of 0.68 ± 0.06 nS/pF (n = 5) with a half-maxi-
mal activation time (t

1/2
) of 149 ± 11 sec. With the iso-osmotic 

pipette solution, peak G
Cl

 was 0.67 ± 0.07 nS/pF (n = 5) and t
1/2

 
was 160 ± 12 sec.

With low ionic-strength pipette solution (Fig. 3B and solid 
curve), the current spontaneously activated and at the indicated 
t
1/2

 (160 sec), G
Cl

 reached 0.35 ± 0.03 nS/pF (Fig. 3C and closed 
circles; n = 5). With high ionic-strength pipette solution (Fig. 3B 
and dashed curve), the current did not spontaneously activate; 
G

Cl
 was only 0.06 ± 0.02 nS/pF at 160 sec (Fig. 3C and open 

circles; n = 12; p < 0.05). Nevertheless, a swelling-induced con-
ductance developed in hypo-osmotic bath Solution 5 (Fig. 3B 
and seen in 11/11 cells).

Figure 3. Spontaneous activation of the Cl- current by low intracellular 
ionic strength. The instantaneous slope conductance was calculated at 
Erev and normalized to the cell capacitance (as in Fig. 1C), and plotted as 
a function of time after establishing whole-cell recordings. (A) The Cl- 
current spontaneously activated (open circles; n = 5) when whole-cell 
recordings were established with a low ionic strength pipette solution 
(Solution 2; ionic strength, 76 mM; see Methods) that was nominally 
iso-osmotic with the bath (Solution 4; ~300 mOsm/kgH2O). Similar cur-
rent activation was seen (closed circles; n = 5) when the osmolarity of 
low ionic strength pipette solution was reduced to ~260 mOsm/kgH2O 
by omitting sucrose. (B) The Cl- conductance rapidly and spontaneously 
developed with low ionic strength pipette solution (solid curve; t1/2 = 
time required for half-maximal activation). Spontaneous activation was 
prevented when the ionic strength of the pipette solution was 146 mM 
(dashed curve; 80 KAsp/40 KCl) but the current was activated by cell 
swelling when the bath was perfused with hypo-osmotic Solution 5. (C) 
Expanded time scale to show rapid activation of the Cl- conductance 
with low ionic strength pipette solution (closed circles; n = 5), and lack 
of activation with high ionic strength pipette solution (open circles; *p 
< 0.05, n = 12).
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that of Cl- (Table 1). We previously reported similar glutamate 
permeability for the channel in primary microglia.1,2 Thus, we 
asked whether this channel might contribute to glutamate release 
from swollen MLS-9 and primary microglial cells. Extracellular 
glutamate accumulation was measured in the medium after 
swelling the cells in hypo-osmotic medium, with or without each 
of the blockers used in Table 2. For comparison, we also used 
bumetanide, a Na+/K+/Cl- co-transport inhibitor.

When the normal iso-osmotic bath (Solution 3) was changed 
to hypo-osmotic Solution 6, glutamate release increased by 280% 

the slope conductance before and after 
inhibition. Relatively high concentra-
tions were used to ensure fast responses 
that were readily distinguished from cur-
rent rundown; hence, dose-dependent 
responses were sometimes not seen with 
multiple drug concentrations. NPPB 
rapidly and reversibly inhibited the Cl- 
conductance (Fig.  5A) by 83–93% at 
concentrations from 125–500 μM. At 50 
μM (not shown) the response was vari-
able and much slower such that current 
rundown could not be ruled out. There 
was no apparent voltage dependence of 
block at any NPPB concentration tested. 
Flufenamic acid (traces not shown) revers-
ibly and voltage independently reduced 
the conductance, and dose-dependence 
was evident between 100 and 200 μM. 
At 50 μM, flufenamic acid produced variable results with slow 
inhibition (not shown). Inhibition by glibenclamide was revers-
ible (Fig. 5B) and dose-dependent between 80 and 500 μM. 
Riluzole rapidly and reversibly inhibited the current (Fig. 5C); 
and dose-dependence was seen at 100, 300 and 400 μM. DCPIB 
reduced the current by ~83% at 20 μM, and the block was rapid 
and reversible (Fig. 5D).

A functional role for the Cl- channel in glutamate release. We 
found that the swelling-activated anion channel in MLS-9 cells is 
permeable to glutamate with a relative permeability about 12% 

Figure 4. Activation of the Cl- current is af-
fected by intracellular nucleotides. Conduc-
tance values represent instantaneous slope 
conductance, normalized to the membrane 
capacitance (in pF). (A) Intracellular ATP 
was required for swelling activation of the 
Cl- current. At 5 min after beginning whole 
cell recordings, the cells were exposed to 
hypo-osmotic Solution 5, with (open circles) 
or without (closed circles) 2 mM ATP in the 
normal pipette Solution 1. The summary 
(inset) shows the specific conductance 
measured at 30 min. (B) Reducing intracel-
lular free Mg2+ in the absence of intracellular 
ATP did not support the swelling-induced 
Cl- current. *p < 0.05 indicates a lower con-
ductance than the swelling-induced current 
in ATP-containing cells. (C) GTPγS (200 μM) 
was a poor substitute for ATP in support-
ing the swelling-induced Cl- current; there 
was no statistical difference at any time 
examined (n = 4 each). (D) GDPβS did not 
affect the swelling-induced Cl- conductance 
GDPβS (200 μM) was added to normal pi-
pette Solution 1, which also contained 2 mM 
ATP. (E) GTPγS increased the spontaneously 
activated Cl- conductance (*p < 0.05). GTPγS 
(200 μM) was added to low ionic strength 
pipette Solution 2, which also contained 
2 mM ATP; the bath contained iso-osmotic 
Solution 4.
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(Table 2). Neither bumetanide nor a very 
low concentration of tamoxifen (1 μM) 
affected glutamate release. In primary 
rat microglia (Fig.  6B), hypo-osmotic 
Solution 5 induced a 210% increase in 
glutamate release, and this was inhibited 
by NPPB, IAA-94 and flufenamic acid, 
but not by the Na+/K+/Cl- symport inhib-
itor, bumetanide.

Discussion

The first goal of this study was to create 
a biophysical fingerprint of I

Clswell
 in 

MLS-9 cells, and compare it with the rat 
microglia from which they were derived, 
and which we previously characterized.1,2 
For all properties assessed, currents in the 
two cells were indistinguishable, includ-
ing time- and voltage independent gating, 
mild outward rectification in symmetri-
cal Cl- solutions, and a broad anion per-
meability, with I- > Br- > Cl- >> glutamate. 
The same I

Clswell
 was activated by a hypo-

osmotic bath, or by reducing the internal 
ionic strength, a treatment that activates 
I

Clswell
 in some cells without swelling 

(reviewed in ref. 15). A stretch-induced 
Cl- current in microglia16 has similar 
outward rectification, voltage-indepen-
dent activation and lack of inactiva-
tion. Although ‘volume-regulated anion 
channels’ (VRAC) are present in many 

cell types (recently reviewed in refs. 4, 5 and 17), differences in 
biophysical and pharmacological properties between classical 
VRAC and I

Clswell
 indicate more than one molecular entity.2 The 

microglial current is most similar to I
Clswell

 in lymphocytes.18,19 
Properties that distinguish the immune cell current from other 
cell types include lack of inactivation at strongly depolarized 
potentials, even in the presence of divalent cations; lack of block 
by external SITS, DIDS or ATP; and a very low single-channel 
conductance (1–3 pS).1,2,19 Other similarities between I

Clswell
 in 

Figure 5. Pharmacological profile of the 
volume-sensitive Cl- channel. Representative 
experiments illustrate reversible inhibi-
tion of the Cl- current by 125 μM NPPB (A), 
500 μM glibenclamide (B), 300 μM riluzole, 
(C) and 20 μM DCPIB (D). For each com-
pound, the upper part shows currents in 
response to voltage ramps before swelling 
(traces marked ‘1’), during the plateau phase 
at the peak of swelling-induced activation 
(marked ‘2’), and after adding the inhibitor 
(marked ‘3’). Each lower graph shows instan-
taneous slope conductance, calculated at 
Erev (as in Fig. 1C) versus time after establish-
ing whole-cell recordings.

(to 2.80 ± 0.22 a.u.; p < 0.01; Fig. 6A), and this was inhibited 
by NPPB and flufenamic acid at concentrations that block the 
swelling-induced Cl- current in MLS-9 cells (Table 2), and in 
primary microglia.1,2 Specifically, at 20 μM, DCPIB displayed 
similar inhibition to NPPB; both reduced glutamate release to the 
baseline level. Glutamate release was inhibited by the Cl- chan-
nel blocker, IAA-94, at a concentration that reduces the swell-
ing-induced current in primary microglia,1,2 and by riluzole at a 
concentration that reduced the Cl- conductance in MLS-9 cells 



134	 Channels	 Volume 5 Issue 2

lymphocytes and microglia are the selectivity sequence, activation 
by low internal ionic strength, and the pharmacological profile 
(see below). I

Clswell
 differs from VRAC (also called ‘volume-sensi-

tive organic anion channel’, VSOAC) in other cells, which have 
a larger single-channel conductance (20–70 pS), are blocked 
by external SITS, DIDS and ATP, and exhibit voltage-sensitive 
inactivation, with a variable time course that might depend on 
extracellular Mg2+ (reviewed in refs. 4, 5 and 17). Properties of 
the currents that show similarities across cell types are lack of 
voltage- and time-dependent activation, broad permeability to 
anions (following Isenman sequence I), and mild outward recti-
fication in symmetrical Cl- solutions.

Our observation of spontaneous activation of I
Clswell

 in MLS-9 
cells with a low ionic strength pipette solution is consistent with 
our earlier studies of human T lymphocytes,19 and primary rat 
microglia.2 Activation apparently did not require swelling in the 
present study; the osmolarity of the low ionic-strength pipette 
solution was reduced to avoid swelling. Moreover, Cl- was 
higher in the low ionic strength solution, so it appears that ionic 
strength, and not Cl- concentration, is the key modulating fac-
tor. Several studies have indicated the importance of cytoplas-
mic ionic strength in activation of swelling-sensitive Cl- currents 
(reviewed in ref. 15). One postulate is that ionic strength affects 
the properties of the (unidentified) volume sensor,20 so that a 
smaller increase in cell volume is sufficient to activate I

Clswell
.21,22

In MLS-9 cells, intracellular ATP was required for activation 
of the Cl- current by a hypo-osmotic bath solution. Although 
ATP binds and sequesters Mg2+, it did not act by reducing free 
internal Mg2+. Adenine nucleotides were required; GTPγS could 
not substitute for ATP, and GDPβS had no effect. Thus, in con-
trast to the ‘VSOR’ current, which can be activated under iso-
tonic conditions by intracellular dialysis with GTPγS (reviewed 
in ref. 15), I

Clswell
 does not appear to require G protein activation. 

Where examined, a requirement for intracellular ATP (or an 
ATP analogue) is a common feature of swelling-activated Cl- cur-
rents. For VRAC, the ATP requirement is not through a phos-
phorylation event because ATP allows channel activation under 
Mg2+ free conditions.23 In MLS-9 cells, spontaneous activation 
of the Cl- current by low internal ionic strength occurred when 
GTPγS was present in the pipette solution, but we cannot rule 
out residual ATP inside the cell.

Anion channel blockers are not perfectly selective; hence, we 
used several blockers from different chemical classes to construct 

Table 2. Cl- current reduction by pharmacological compounds

Compound name
Number of 

cells
Concentration 

(µM)
Inhibition (%)

NPPB 3 125 86.9 ± 2.2

Flufenamic acid 3 100 53.1 ± 7.7

3 200 78.4 ± 5.4

Glibenclamide 9 500 74.9 ± 3.9

DCPIB 4 20 82.8 ± 3.0

Riluzole 6 100 22.4 ± 1.9

10 300 74.8 ± 0.9

3 400 88.3 ± 2.5

Figure 6. A functional role for the Cl- channel in glutamate release. 
MLS-9 cells (A) or primary rat microglia (B) were exposed to hypo-os-
motic Solution 5 (205 mOsm/kgH2O) for 1 hr with or without a pharma-
cological compound at the indicated concentration. The concentration 
of extracellular glutamate was quantified with the Amplex® Red Kit, 
after background subtraction, and removing contaminating endog-
enous H2O2 (see Methods). Glutamate release was normalized to the 
control group and reported in arbitrary units (a.u.), with the number of 
individual experiments indicated on each bar. Comparisons of control 
versus drug treatments are indicated as *p < 0.05, **p < 0.01. Drug treat-
ments are compared with hypo-osmotic solution: #p < 0.05, ##p < 0.01.

a pharmacological toolbox for comparing the current in MLS-9 
cells, primary microglia and other cell types, and for assessing 
its functional role in glutamate release. I

Clswell
 in MLS-9 cells 

was reversibly blocked by NPPB and by flufenamic acid at con-
centrations (<200 μM) that block the current in primary rat 
microglia.1,2 In addition, I

Clswell
 was reversibly blocked by 20 μM 

DCPIB, which is considered a potent (IC
50

 ~ 4 μM) and selec-
tive blocker of I

Clswell
;24 and by 500 μM glibenclamide, which is 

an inhibitor of VRAC and of CFTR Cl- channels,25,26 but also 
inhibits ATP‑sensitive K+ channels.27 Of note, I

Clswell
 in microglia 

was reversibly blocked by riluzole, which is considered a neuro-
protective drug and is in clinical trials for amyotrophic lateral 
sclerosis (ALS) and spinal cord injury. These CNS disorders 
involve inflammation, and while riluzole reduces inflammation 
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types, this channel might be a more specific target for reducing 
inflammation.

Materials and Methods

Cell cultures. Primary microglia were isolated from brains of 1- 
to 2-day-old Sprague Dawley rats, as before.2,13,40 Whole brain 
tissue (without meninges) was mashed through a stainless steel 
sieve, suspended in minimal essential medium (MEM) and cen-
trifuged (10 min, 1,000 g). The cell pellet was re-suspended and 
seeded into flasks with MEM with 10% fetal bovine serum (FBS) 
and 100 μM gentamycin. Cell culture reagents were purchased 
from Invitrogen (Burlington, ON, Canada) unless otherwise 
indicated. After culturing for two days, 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. Detached 
microglia in the supernatant were centrifuged (10 min, 1,000 g), 
re-suspended and plated at 3.5 x 104 cells per 15 mm diameter 
cover slip for electrophysiology or in 12-well tissue culture plates 
(BD Falcon, Mississauga, ON Canada) at 105 cells/well for gluta-
mate measurements. The highly purified cultures were 99–100% 
microglia, as judged by labeling with isolectin B4, tomato lectin 
(Sigma, St. Louis, MO) and OX-42 antibody (Serotec, Raleigh, 
NC). Before experiments, microglia were cultured for another 
1–5 days in reduced serum (2% FBS) to establish a more resting 
state, indicated by low expression of several inflammatory mol-
ecules and membrane receptors.40

We derived the MLS-9 cell line by treating pure cultures of 
rat microglia with colony-stimulating factor-1, and have used it 
for electrophysiology studies of K+ channels,6,41 and pharmaco-
logical studies of retroviral drug transport.42-45 MLS-9 cells were 
thawed and cultured for several days in MEM with 10% FBS and 
100 μM gentamycin. For experiments, cells were harvested with 
phosphate buffered saline (PBS) containing 0.25% trypsin and 
1 mM EDTA, washed with MEM, centrifuged (10 min, 1,000 g) 
and re-suspended, and then plated in the culture medium at 4.5 
x 104 cells/cover slip for electrophysiology, or at 105 cells/well in 
12-well plates for glutamate measurements.

Patch-clamp recordings. Whole-cell recordings were made 
with an Axopatch 200A amplifier (Molecular Devices, Sunnyvale, 
CA), digitized with a DigiDATA 1322A board, filtered at 5 kHz 
and sampled at 10 kHz. Pipettes (4–7 MΩ resistance) were pulled 
from thin wall borosilicate glass (WPI, Sarasota, FL) on a Narishige 
puller (Narishige Scientific, Setagaya-Ku, Tokyo). Data were 
acquired and analyzed with pCLAMP software (ver 9; Molecular 
Devices). Junction potentials, which were reduced by using agar 
bridges made with bath solution, were calculated with the utility 
in pCLAMP, confirmed using a 3 M KCl electrode,46 and cor-
rected before data analysis. To display changes throughout the 
course of an experiment, most summarized results are shown as the 
instantaneous slope conductance at the reversal potential (G

Clrev
), 

which was obtained as follows. The whole cell current was fit with 
a mono-exponential function (using the Clampfit utility), and 
exported to Origin software (ver 7.0; OriginLab, Northampton, 

in vivo, this has been interpreted to result from reduced neuron 
death. The ability of riluzole to inhibit neuronal voltage-gated 
Na+ channels and glutamate receptors is usually cited as the 
mechanism by which it reduces glutamate release in vivo, and 
from nerve terminals in vitro (reviewed in ref. 28). However, rilu-
zole has pleiotropic effects on ion channels; it also blocks VRAC 
in human glioma cells,29 and activates small-conductance Ca2+-
activated K+ channels in neurons.30 It is important to consider 
whether the neuroprotective and anti-inflammatory actions of 
riluzole in vivo also involve inhibition of microglial activation.

Based on pharmacological parallels between I
Clswell

 and cell 
functions, several roles for this channel have been proposed in 
microglia and other cells. Because of its activation by cell swelling, 
the most obvious role is in the regulatory volume decrease, and 
we demonstrated such a role for I

Clswell
 in primary rat microglia.2 

However, we also found that in rat microglia I
Clswell

 contributes to 
the membrane potential,3 their proliferation,1 and their ability to 
phagocytose bacteria.2 In murine microglia, membrane stretch 
slowly induced a Cl- current, and cell morphology was altered 
by several drugs, including SITS and DIDS.16,31 The underlying 
mechanism likely differs from I

Clswell
 in rat microglia, which is 

not blocked by SITS or DIDS at normal membrane potentials.1,2 
It is important to note that SITS and DIDS are potent inhibi-
tors of Cl-/HCO

3
- exchangers, which confounds their use in cell 

function studies. An anion channel (which the authors called 
VRAC) contributed to zymosan-induced glutamate release from 
microglia and was enhanced by respiratory burst activity,32 but 
the authors concluded that it was a different entity from the I

Clswell
 

we described here and previously.1,2 In other cell types (reviewed 
in ref. 17), pharmacological studies support roles for I

Clswell
 in pro-

liferation,19,33,34 migration,35,36 and apoptosis.37

The channels underlying I
Clswell

 in rat microglia and MLS-9 
cells have a substantial permeability to the excitatory amino 
acids, aspartate (p

aspartate
/p

Cl
, 0.22)2 and glutamate (p

glutamate
/p

Cl
, 

0.12 to 0.18;2 present study). We found that glutamate release 
from rat microglia and MLS-9 cells was evoked by cell swell-
ing, and was inhibited by several drugs that block I

Clswell
: NPPB, 

IAA-94, flufenamic acid, DCPIB and riluzole. Bumetanide, an 
inhibitor of the Na+/K+/Cl- symporter, did not reduce glutamate 
release, nor did tamoxifen (tested on MLS-9 cells only), which 
is an estrogen response modifier that also inhibits some volume-
regulated anion channels (reviewed in ref. 4 and 34). VRAC is 
one of several pathways involved in glutamate release from glial 
cells.11,17,38 Release of excitatory amino acids from microglia39 is 
consistent with a growing body of evidence linking inflamma-
tion to excitotoxic damage of neurons. We13 and others12 have 
shown that rat microglia can be activated through metabotropic 
glutamate receptors, and then become capable of killing neurons.

Because microglia are closely associated with neurons and 
synapses, and can efficiently synthesize and release glutamate, 
they are poised to contribute to neuron injury. Our results, 
together with the literature, suggest that I

Clswell
 can contribute to 

the increases in extracellular glutamate observed after acute CNS 
injuries (e.g., stroke, trauma), and their therapeutic potential 
should be considered. If, as our present and earlier data suggest, 
the gene underlying I

Clswell
 in immune cells differs from other cell 
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in ethanol. Bumetanide (10 mM), an inhibitor of the Na+/K+/
Cl- symporter, was dissolved in double-distilled water.

For each blocker, the percent inhibition was calculated as 

(1 - G
rem

/G
Clmax

) x 100

where G
Clmax

 is the maximum conductance without a channel 
blocker, and G

rem
 is the remaining conductance in the presence 

of the blocker. G
Clmax

 was determined by fitting the plot of G
Clrev

-
versus-time with a sigmoidal curve using the Boltzmann distri-
bution, chosen because it consistently yielded low chi-squared 
values. Blocker data are presented as percent inhibition of G

Clrev
, 

unless otherwise stated.
Measuring glutamate release. Glutamate release from microg-

lia was monitored with the two step Amplex® Red Glutamic Acid 
Assay Kit (Invitrogen, Burlington, ON), according to the man-
ufacturer’s instructions. Step 1: L-glutamic acid is oxidized by 
glutamate oxidase to produce α-ketoglutarate, NH

3
 and hydro-

gen peroxide (H
2
O

2
). H

2
O

2
 production is amplified by multiple 

cycles of the initial reaction in which L-Alanine and L-glutamate-
pyruvate transaminase regenerate L-glutamic acid by transami-
nation of α-ketoglutarate. Step 2: A highly fluorescent product, 
resorufin, is then generated in a 1:1 stoichiometry when H

2
O

2
 

reacts with 10-acetyl-3,7-dihydroxy phenoxazine (Amplex® Red 
reagent) in a reaction catalyzed by horseradish peroxidase. Thus, 
resorufin fluorescence changes are proportional to the initial 
L-glutamic acid concentration in the cell supernatant. Because 
resorufin absorption and fluorescence emission maxima are about 
571 nm and 585 nm, respectively, there is minimal contamina-
tion from cellular autofluorescence.

Microglia or MLS-9 cells growing in 12-well plates were 
washed with iso-osmotic bath solution, and 1 ml of a test solution 
was added. Iso-osmotic saline (Solution 3) was used for controls, 
and swelling experiments used hypo-osmotic saline (Solution 6), 
with or without a pharmacological compound. After 1 hr incu-
bation at 37°C, 50 μl of each supernatant was transferred to a 
well in a 96-well plate. The resultant fluorescence emission was 
read at 590 nm on a Wallac 1420 VICTOR3TM plate reader 
(PerkinElmer, Woodbridge, ON, Canada). Microglia can pro-
duce H

2
O

2
, which would confound the assay; therefore, to assess 

this, the Step 2 reaction was conducted alone; i.e., 10-acetyl-
3,7-dihydroxy phenoxazine was added to the cell supernatant. 
We found that this background H

2
O

2
 production, as well as 

the fluorescence from the medium, drugs and solvents, was very 
low; nevertheless, they were subtracted from the experimental 
measurements.

Statistics. Data from both electrophysiological and glutamate 
assays are expressed as mean ± SEM. Either Student’s t-tests (for 
single comparisons), or one-way ANOVA followed by Tukey’s 
test for multiple comparisons were conducted using Origin ver7.0 
software (OriginLab, Northampton, MA). p < 0.05 was taken as 
statistically significant.
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MA), where the derivative at the reversal potential was calculated, 
normalized to the cell membrane capacitance, and plotted as a 
function of time after obtaining the whole-cell configuration.

Recording solutions. Unless otherwise indicated, chemi-
cals were from Sigma-Aldrich (Oakville, ON, Canada). The 
standard pipette solution (“Solution 1”) contained (in mM): 
50 NMDG-Cl, 70 NMDG-aspartate, 1 CaCl

2
, 1 MgCl

2
, 

10 HEPES, 2 MgATP (pH 7.2; 280 mOsm/kgH
2
O), with inter-

nal Ca2+ buffered to ~20 nM using 10 EGTA. For experiments 
using a low-ionic strength pipette solution (“Solution 2”), the 
NMDG-aspartate was replaced with an iso-osmolar concentra-
tion of sucrose. For ionic strength calculations

I = ½∑C
i
z

i
2

where z
i
 and C

i
 represent the valence and concentration of each 

ion in the solution. Before recording, the cells on coverslips were 
rinsed in standard bath solution, and then mounted in a per-
fusion chamber (Model RC-25, Warner Instruments, Hamden, 
CT). [All bath solutions were pH 7.4.]. When required, bath 
solutions were rapidly exchanged using a gravity perfusion system 
flowing at 1.5–2 ml/min. Whole-cell recordings were established 
with iso-osmotic bath solutions (300–310 mOsm/kgH

2
O), as 

follows. The standard bath solution (“Solution 3”) contained 
(in mM) 125 NaCl, 5 KCl, 1 CaCl

2
, 1 MgCl

2
, 10 HEPES and 

5  D-glucose. Then, to minimize cation currents, Na+ and K+ 
were replaced with the bulky cation, NMDG+, such that the 
bath contained 140 NMDG-Cl, 1 CaCl

2
, 1 MgCl

2
, 10 HEPES 

and 5 D-glucose (“Solution 4”). To activate the Cl- current, two 
hypo-osmotic bath solutions were made by diluting Solution 4 
with a solution containing only 1 CaCl

2
, 1 MgCl

2
, 10 HEPES 

and 5 D-glucose (28 mOsm/kgH
2
O). The resulting “Solution 5” 

(177 mOsm/kgH
2
O) was used for electrophysiology, and 

“Solution 6” (205 mOsm/kgH
2
O) was used for studying swell-

ing-induced glutamate release. For anion selectivity studies only, 
the hypo-osmotic bath solutions contained 120 mM of the Na+ 
salt of the test anion (Cl-, I-, Br-, glutamate). Osmolarities were 
measured with a freezing point depression osmometer (Model 
3MO, Advanced Instruments, Norwood, MA).

Channel blockers and nucleotides. Unless otherwise indi-
cated, chemicals were from Sigma-Aldrich (Oakville, ON 
Canada). For experiments testing guanine nucleotides, imme-
diately before use 200 μM GTPγS or GDPβS was added to 
the pipette solution from a frozen 20 mM nucleotide stock solu-
tion. Block of the swelling-activated current was investigated 
by adding known or putative Cl- channel blockers of different 
chemical structures. Stock solutions (concentrations indicated) 
were stored at -20°C until used. The following compounds 
were dissolved in DMSO: the fenamates, NPPB (5-nitro-2-(3-
phenylpropylamino) benzoic acid) (250 mM) and flufenamic 
acid (300  mM); glibenclamide (500 mM), a well known 
CFTR blocker;25 tamoxifen (10 mM); DCPIB (20 mM, Tocris 
Bioscience, MO USA), said to be a selective blocker of the vol-
ume-sensitive anion channel in cardiovascular tissues;24 and 
riluzole (300 mM), best known as a glutamate release inhibi-
tor.47,48 Indanylalkanoic acid (IAA-94, 300 mM) was dissolved 
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