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ClC-3 is a Cl�/H� antiporter required for cytokine-induced
intraendosomal reactive oxygen species (ROS) generation by
Nox1. ClC-3 current is distinct from the swelling-activated
chloride current (IClswell), but overexpression of ClC-3 can acti-
vate currents that resemble IClswell. Because H2O2 activates
IClswell directly, we hypothesized that ClC-3-dependent, endo-
somal ROS production activates IClswell. Whole-cell perforated
patch clamp methods were used to record Cl� currents in cul-
tured aortic vascular smooth muscle cells from wild type (WT)
and ClC-3 null mice. Under isotonic conditions, tumor necrosis
factor-� (TNF-�) (10 ng/ml) activated outwardly rectifying Cl�

currents with time-dependent inactivation inWTbut not ClC-3
null cells. Inhibition by tamoxifen (10 �M) and by hypertonicity
(340mosM) identified them as IClswell. IClswell was also activated
by H2O2 (500 �M), and the effect of TNF-� was completely
inhibited by polyethylene glycol-catalase. ClC-3 expression
induced IClswell in ClC-3 null cells in the absence of swelling or
TNF-�, and this effect was also blocked by catalase. IClswell acti-
vation by hypotonicity (240 mosM) was only partially inhibited
by catalase, and the size of these currents did not differ between
WT and ClC-3 null cells. Disruption of endosome trafficking
with either mutant Rab5 (S34N) or Rab11 (S25N) inhibited
TNF-�-mediated activation of IClswell. Thrombin also activates
ROS production by Nox1 but not in endosomes. Thrombin
causedH2O2-dependent activation of IClswell, but this effect was
not ClC-3- or Rab5-dependent. Thus, activation of IClswell by
TNF-� requiresClC-3-dependent endosomalH2O2production.
This demonstrates a functional link between two distinct anion
currents, ClC-3 and IClswell.

ClC-3 is a member of the CLC family of Cl� channels and
Cl�/H� antiporters. When expressed in HEK293 cells, it
behaves as an antiporter at neutral pH (1). However, at high
extracellular proton concentrations, transport becomes uncou-
pled, and ClC-3 behaves as an anion-selective pore (2). This

mode of ClC-3 activity may account for the native acid-acti-
vated current in HEK293 cells (3). The basic biophysical prop-
erties of ClC-3 currents are similar under both coupled and
uncoupled conditions. They display very sharp outward rectifi-
cation and time-dependent activation. Mutation of the extra-
cellular fast gate (E224A) alters both of these characteristics,
and inhibition of wild type ClC-3 current by alkanethiolation
withmethanethiosulfonate can be prevented by deletion of cys-
teine residues in the first extracellular loop of the protein.
These properties clearly associate the currents induced by
ClC-3 expression with ClC-3 protein (1, 2).
However, heterologous expression of ClC-3 has also been

repeatedly associated with a less sharply outwardly rectifying
anion current that displays time-dependent inactivation
instead of activation. Currents induced inNIH3T3 cells by plas-
mid-mediated ClC-3 overexpression appeared indistinguish-
able from the swelling-activated anion current (IClswell),2 and it
was suggested that ClC-3 was an IClswell (4). This idea was sup-
ported by a demonstration that anti-ClC-3 antibodies placed
within the patch pipette block IClswell activation under hypo-
tonic conditions (5, 6) and by the fact that N-terminal deletion
mutants of ClC-3 yielded constitutively active, IClswell-like cur-
rents (7). Unfortunately, other investigators have either been
unable to express ClC-3 currents (8–10) or have observed cur-
rents that were insensitive to changes in cell volume (10–14).
Importantly, ClC-3 null cells have consistently exhibited nor-
mal appearing whole-cell (15–17) and single channel (18)
IClswell currents. The regulation of IClswell was, however, clearly
altered in ClC-3 null cells (6). Other investigators have identi-
fied a calcium-calmodulin kinase II (CamKII)-dependent Cl�
current in cells expressing ClC-3 (11). These currents, which
look like IClswell, were not responsive to changes in cell volume
and were absent in smooth muscle cells (19) and hippocampal
neurons fromClC-3 nullmice (20).We hypothesized that these
apparently disparate data might be reconciled if ClC-3 is
required for regulation of IClswell.
Multiple lines of evidence have established a relationship

between ClC-3, NADPH oxidase activity, and signaling via
reactive oxygen species (ROS). Nox1 and ClC-3 co-localize
to early endosomes in vascular smooth muscle (VSM) cells,
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and both are required for tumor necrosis factor (TNF-�) and
interleukin (IL-1�)-dependent ROS generation and for the
subsequent activation of the transcription factor nuclear fac-
tor �B (NF-�B) (21). Intracellular but not extracellular Nox2
activity in neutrophils also requires ClC-3. The intracellular
oxidative burst (22), ROS-dependent endotoxin signaling
(23), and shape change during chemotaxis (24) are all
impaired in ClC-3-deficient neutrophils. We have proposed
that ClC-3 provides charge neutralization of electron flow
through NADPH oxidase, into intracellular vesicles (1, 25),
but this relationship remains to be directly demonstrated
experimentally.
H2O2 activates IClswell under isotonic conditions and pro-

vides the signaling mechanism by which epidermal growth fac-
tor (EGF) stimulates IClswell in HeLa cells (26–28). Activation
of IClswell in ventricular myocytes exposed to hypotonicity (27)
or stretch (29) also requires H2O2 production that is triggered
via a sequential pathway that involves angiotensin II and EGF
receptor activation (28–30). Hypoosmotic stress has also been
linked to Nox activation and subsequent ROS production in
cultured brain astrocytes (31). Finally, the protein kinase inhib-
itor staurosporine has been shown to activate IClswell via Nox
activation in HeLa cells (32).
We tested the hypothesis that TNF-�-dependent generation

of H2O2 activates IClswell in VSM cells. Because TNF-�-in-
duced H2O2 production is ClC-3-dependent, the Cl�/H� anti-
porter would be expected to be required for the process. The
results of these studies provide evidence that endosomal ClC-
3-dependent ROS production is required for cytokine-medi-
ated activation of IClswell.

EXPERIMENTAL PROCEDURES

Cell Culture and Modification of ClC-3 Expression—Murine
aortic VSM cells were prepared from ClC-3 wild type and null
mice using establishedmethods (19, 21). VSM cells were grown
in high glucose Dulbecco’s modified Eagle’s medium (Invitro-
gen) supplemented with 10% fetal bovine serum, 44 mM

NaHCO3, 25 mM HEPES (pH 7.4), 1% minimum Eagle’s
medium vitamins and 1% non-essential amino acids (Invitro-
gen). Cells were allowed to reach nomore than 70% confluence
and were passaged fewer than 10 times. A dual expression ade-
novirus expressing ClC-3 (Ad-ClC-3) behind the cytomegalov-
irus promoter and enhanced GFP behind the RSV promoter
was prepared and titrated by the University of Iowa Vector
Core as reported previously (1). Adenovirus expressing domi-
nant negative Rab5 (S34N) was a generous gift from Dr. Brian
Ceresa (University of Oklahoma). Control adenovirus ex-
pressed only enhanced GFP. Adenoviruses were infected in
serum-free Dulbecco’s modified Eagle’s medium for 16 h prior
to being returned to their standard serum concentration. They
were allowed to express for 24–48 h prior to experimentation.
Expression of S34N Rab11 was demonstrated byWestern blot-
ting performed as previously (23). A 10% gel was loaded with
100 �g/lane of protein, and nitrocellulose blots were probed
with rabbit polyclonal anti-Rab5 (Abcam ab18211). Due to the
relatively low efficiency of plasmid uptake by cultured VSM
cells, plasmid expressing Myc-tagged dominant negative
Rab11b (S25N Rab11-Myc) was co-transfected with an inde-

pendent plasmid expressing enhanced GFP (1 �g of each plas-
mid/well in 6-well plates containing �106 cells/well) using
Lipofectamine 2000 (5 �l/ml) in 2% serum. Plasmids were
allowed to express for 48–96 h, and only cells expressing GFP
were studied.
Electrophysiology—Chloride ion currents were measured at

room temperature (22 °C) using perforated patch recording
(33) performed with an Axopatch 200B patch clamp amplifier
driven by pClamp 9 software (Molecular Devices Corp., Sunny-
vale, CA). Pipette resistances were 3–5 megaohms. Pipette and
whole-cell capacitance and series resistance compensations
were done prior to recording. Currents were elicited from a
holding potential of �40 mV to test potentials from �100 mV
to �100 mV in 20-mV increments. Test pulses were 1 s in
duration, delivered at 3-s intervals. Currents were sampled at 5
kHz and filtered at 1 kHz.
Standard bath solution contained 120 mM NaCl, 2.5 mM

MgCl2, 2.5 mM CaCl2, 10 mM HEPES, 5.5 mM glucose, pH 7.35,
with NaOH. Osmolality was determined using a � OSMETTE
osmometer and was titrated to 300 mosM using 1 M mannitol.
Hypotonic solution (240 mosM) was identical except for the
exclusion ofmannitol, and hypertonic (340mosM) solution was
prepared using additional mannitol. Low Cl� bath solution
contained 32 mM NaCl, 2.5 mM CaCl2, 2.5 mM MgCl2, 10 mM

HEPES, and 240 mM glucose. Liquid junction potentials were
minimized using 3 M KCl agar bridges and were calculated
using pClamp version 9.0 to be 5.0 and 2.4 mV for the 130 and
42 mM Cl� buffer, respectively. Pipette solution contained 125
mM CsCl, 2.5 mM MgCl2, 10 mM HEPES, pH 7.2, with CsOH,
and osmolality was adjusted to 290 mosM with 1 M mannitol.
Amphotericin was dissolved in DMSO at a concentration of 60
mg/ml, and then 20 �l of this solution was mixed with 5 ml of
pipette solution by vortexing. Currents were normalized to cell
membrane capacitance and expressed as current density (pA/
pF). Identification of GFP-positive cells was done immediately
prior to cell selection using a fluorescence-equipped inverted
microscope (Zeiss Axiovert 25). Due to significant variability in
the size of the currents activated by cytokines or swelling,
appropriate controls were repeated in conjunction with each
intervention tested. All chemicals were obtained from Sigma.
Data Analysis and Statistics—Peak IClswell currents were

measured 20 ms after initiation of the depolarizing pulse, and
late currents were quantified 5 ms before the end of the pulse.
Peak currents were used to calculate current-voltage relation-
ships for IClswell. Reversal potentials were obtained from each
individual I/V relationship by fitting a straight line (y�mx� b)
between consecutive data points negative to and positive to
zero current density and extrapolating to the x-intercept.
Reversal potential estimates were corrected for liquid junction
potentials. Results are expressed as means � S.E. Two-way
analysis of variance or unpaired Student’s t tests with a Bonfer-
roni correction were used to evaluate differences. A p value of
�0.05 was considered to be statistically significant.

RESULTS

Cytokine Activation of IClswell Is ClC-3- andH2O2-dependent—
In wild type VSM cells, TNF-� (10 ng/ml) activated an out-
wardly rectifying current under isotonic conditions. It dis-
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played time-dependent inactivation at positive test potentials
and reversed at �0.91 � 0.35 mV, consistent with the theoret-
ical value under these conditions of 0 mV (Fig. 1, A and B).
Reduction of extracellular Cl� to 42 mM caused a �26.0 � 2.4
mV shift in the reversal potential (n � 5). This is very close to
the�28.7 mV shift predicted by the Nernst equation for a Cl�-
selective current, thus demonstrating that Cl� is the main per-
meating ion. The effect of TNF-� required several minutes to
begin, reached steady state at 394� 22 s (n� 7), andwas slowly
(�10 min) reversed by washout of the TNF-�. This response
could not be consistently elicited using conventional, dialyzed
whole-cell recordingmethods; hence, all experimentswere per-
formed using perforated patches. A current similar to that
induced by TNF-� was also elicited by IL-1� (10 ng/ml, n � 4;
data not shown), which also causes endosomal ROS production
(21). No response to TNF-� was observed in ClC-3 null cells.
TNF-�-induced currents were inhibited by tamoxifen (10 �M;
Fig. 1C) and by hypertonic conditions (340mosM; Fig. 1D), pro-
viding direct evidence that the current activated is indeed
IClswell.

As observed in other cell types (26, 27), direct exposure to
500 �MH2O2 reversibly activated a current that was consistent

with IClswell (Fig. 2A). The magnitude of this current was not
different betweenwild type andClC-3 null VSM cells. Scaveng-
ing of H2O2 by incubation (10 min) in PEG-catalase (1000
units/ml, which converts 2H2O2 to 2H2O � 2O2), prior to
exposure to TNF-� completely inhibited current activation
(Fig. 2B).
Currents similar to IClswell were also observed in ClC-3 null

cells expressing Ad-ClC-3 even in the absence of TNF-�. They
were observed immediately after gaining access by amphoteri-
cin under isotonic conditions (Fig. 3). The addition of TNF-�
caused a small but significant increase in themagnitude of these
currents, and they were absent in cells incubated in PEG-cata-
lase. These observations are consistent with the effect of ClC-3
overexpression previously observed in NIH3T3 fibroblasts (4)
but in contrast to what is observed in HEK293 cells, where
ClC-3 current is observed in the plasma membrane at pH 7.35
(1). This difference may be related to the relative amounts of
ClC-3 and IClswell protein that are inserted into the plasma
membrane in these two cell types at any one time. Activation of
IClswell by ClC-3 overexpression alone is consistent with previ-
ous work, demonstrating that in these same murine VSM cells,
Ad-ClC-3 expression alone enhances H2O2-dependent NF-�B

FIGURE 1. TNF-� activates IClswell in WT but not ClC-3 null VSM cells. A, typical currents from WT and ClC-3 null cells �10 min after exposure to 10 �M TNF-�.
B, I/V plot of the summary data (holding potential �40 mV, test potentials �100 to �100 mV in 20-mV steps; see inset). The response to TNF-� in WT cells is
inhibited by either 10 �M tamoxifen (C) or hypertonic (340 mosM) conditions (D). *, significant difference across the full voltage range (p � 0.05). Error bars, S.E.
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activation, even in the absence of other stimuli (21). Together,
these observations suggest that ClC-3 overexpression enhances
endogenous H2O2 production, which activates IClswell in a
manner similar to exogenous H2O2.
IClswell Activation by Hypotonicity or Thrombin Is H2O2- but

Not ClC-3-dependent—Similar to what others have repeatedly
observed in a variety of cell types (15–17), the size of the IClswell
elicited by hypotonic conditions was not altered in ClC-3 null
VSM cells (Fig. 4). In order to determine the degree to which
this response depends upon production of H2O2, bothWT and
ClC-3 null cells were exposed to hypotonic buffer in the pres-
ence of catalase. Scavenging of H2O2 reduced the magnitude of

IClswell significantly but did not completely block the response,
and cells of both genotypes were equally affected (Fig. 5). Thus,
hypotonic swelling appears to activate IClswell partly via H2O2-
dependent signaling; however, ROS production in response to
cell swelling is not ClC-3-dependent.
To further investigate the relationship between the currents

activated byTNF-� and hypotonicity, we assessed the impact of
providing both stimuli sequentially to the same cell. TNF-�
increased current density at �100 mV from 3.4 � 0.6 (control)
to 28.0 � 4.8 pA/pF. Hypotonic conditions in the continued
presence of 10 ng/ml TNF-� changed peak current to 38.7 �
6.6 pA/pF (38 � 17% increase, n � 5, p � 0.11). A return to
isotonic conditions in the presence of TNF-� reduced current
back to 29.2 � 6.1 pA/pF. This hypotonicity-induced incre-
ment in current on top of TNF-� persisted and was still revers-
ible even when a higher concentration of TNF-� (100 ng/ml)
was used (48� 15% increment,n� 5, p� 0.05). Themagnitude
of the effects of hypotonicity was reminiscent of the proportion
of the response to hypotonicity that was catalase-insensitive
(40.6 � 8.6%; Fig. 5A). To better determine if hypotonicity
could activate IClswell channels that could not be stimulated by
TNF-�, we reversed the order of exposure to the stimuli. Hypo-
tonicity alone activated 28.45 � 2.2 pA/pF of current, but 100
ng/ml of TNF-� failed to enhance this current at all (29.9� 2.27
pA/pF, n � 4, not significant). These results suggest that the
population of channels activated by these two stimuli is over-
lapping, but hypotonicity can activate a subset of channels that
are not accessible to TNF-� stimulation.
ROS production in response to TNF-� is endocytosis-,

Nox1-, and ClC-3-dependent (21, 34). We assessed the depen-
dence of IClswell activation by TNF-� on endosome internaliza-
tion by disrupting the formation and/or processing of early
endosomes using dominant negative S34N Rab5 (35). Success-

FIGURE 2. A, H2O2 (500 �M) activates IClswell directly in both WT and ClC-3 null cells. Typical current records (above) are paired with I/V plots of peak currents
(below). B, scavenging of H2O2 with catalase (1000 units/ml) inhibits IClswell activation by TNF-�. Error bars, S.E.

FIGURE 3. Ad-ClC-3 expression in ClC-3 null cells activates IClswell even in
the absence of cytokine stimulation. This current is further activated by
TNF-�, and both responses are inhibited by PEG-catalase. *, difference from
non-expressing ClC-3 null cells; #, significant difference from TNF-�. Error
bars, S.E.
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ful expression was documented by Western blotting (Fig. 6A).
The presence of the mutant protein blocked activation of
IClswell by TNF-�, but hypotonic conditions still activated the
current. This supports our previous suggestion that TNF-�-
inducedH2O2production occurs in early endosomes (21) and is
also consistent with the response to TNF-�, but not to hypoto-
nicity, being ClC-3- and endocytosis-dependent.
Dependence of IClswell activation on recycling of proteins back

to the plasma membrane was explored using dominant negative
S25NRab11b (36),whichdisrupts endosomeprocessing in a com-
partment that isdistal toRab5 (supplemental Fig. 1). Thismutant

also inhibited the response to
TNF-� (Fig. 6B), although it modi-
fies a compartment that is distal to
the site of H2O2 production.
Dependence of current activation
on membrane recycling raises the
possibility that IClswell is actually
turned on in the early endosome,
and functional channels are rein-
serted into the plasma membrane.
Like TNF-�, thrombin also elicits

ROS production by Nox1; however,
this effect does not require endocy-
tosis, suggesting that these ROS are
made at the cell surface (34). We
therefore hypothesized that throm-
bin could activate IClswell but that
this response would be independent
of either endocytosis or ClC-3.
Thrombin consistently activated
IClswell in both WT (Fig. 7A) and
ClC-3 null VSM cells (Fig. 7B). Just
aswithTNF-�, this effect was inhib-
ited by both tamoxifen and PEG-
catalase, again suggesting that these
are IClswell currents (Fig. 7B). How-
ever, consistent with this being an
endocytosis-independent process,
S34N Rab5 expression had no
effect upon the response to throm-
bin (Fig. 7C).
ClC-3 and IClswell Currents Are

Distinct—We have previously char-
acterizedClC-3 currents inHEK293
cells (1). They are activated, and
Cl�/H� antiport is uncoupled, by
low pH. Thus, ClC-3 behaves as an
acid-activated anion conductance
(2). One of the important historic
links between ClC-3 and IClswell has
been the ability of antibodies spe-
cific for ClC-3 to prevent activation
of IClswell (5, 37, 38). We therefore
tested the ability of an anti-ClC-3
antibody that was previously shown
to inhibit IClswell to inhibit 1) the
current induced in HEK293 cells by

Ad-ClC-3 expression and 2) native acid-induced currents in
HEK293 cells. Unlike the previously described experiments in
VSM cells, these experiments were performed in the whole-cell
dialyzed configuration so that the antibodies had ready access
to the cytoplasm. Both Ad-ClC-3 currents and native IClacid
were inhibited by 30 �g/ml anti-ClC-3 antibody in the pipette.
This inhibition appeared to be use-dependent. Anti-ClC-4 and
anti-ClC-5 antibodies had no effect on the acid-induced cur-
rent (supplemental Fig. 2).
In order to further discriminate the anion current that is

carried by ClC-3 from IClswell, we combined two stimuli, low

FIGURE 4. The magnitude of IClswell is unaltered in ClC-3 null VSM cells. Typical current records (above) are
paired with I/V plots of peak currents (below). Error bars, S.E.

FIGURE 5. IClswell activation in hypotonic conditions is partially inhibited by PEG-catalase in both WT and
ClC-3 null VSM cells. Typical current recordings are shown in A, and I/V summaries for WT (left) and ClC-3 null
(right) cells are shown in B. The magnitude of inhibition by catalase is not different between the two groups of
cells. *, difference from control or control plus catalase; #, significant difference from hypotonic. Error bars, S.E.
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pH (4.0) and hypotonicity, in wild type and ClC-3 null VSM
cells. Fig. 8, A and B, show typical current recordings from
single cells of each genotype sequentially exposed to pH 4.0
under isotonic conditions, hypotonic buffer at pH 7.35, and
hypotonic buffer at pH 4.0. As reported previously, WT cells
respond to pH 4.0, but ClC-3 null cells do not (2). These acid-
induced currents were easily discernible from the less rectifying
and inactivating IClswell elicited by hypotonicity. The combina-
tion of low pH and hypotonicity yielded currents of a magni-
tude and contour that were consistent with a combination of
these two currents. ClC-3 null cells had no acid-activated cur-
rent but again responded to hypotonic buffer with a typical
IClswell. The combined stimuli yielded a current that was indis-
tinguishable from the effect of hypotonic buffer alone (Fig. 8B).
Subtraction of the current obtained in the wild type cells under
hypotonic conditions at pH 7.35 from those observed at the
same osmolality at pH 4.0 yielded currents that were very sim-
ilar to the currents observed at pH 4.0 under isotonic condi-
tions (Fig. 8C). The average peak (Fig. 8D) and late (Fig. 8E)
current levels for a group of cells undergoing this protocol
revealed the consistency of these observations. ClC-3 null VSM
cells responded to low osmolarity but not to low pH, whereas
WT cells responded to both stimuli.

DISCUSSION

In VSM cells, TNF-� activates Cl� currents that are indistin-
guishable from those elicited by hypotonic conditions. The
response to TNF-� is absent in ClC-3 null cells and is blocked
in WT cells by scavenging of H2O2 or impairment of either

early endosome processing or endosome recycling to the
plasma membrane. Thrombin and cell swelling also cause
H2O2-dependent IClswell activation but via pathways that are
ClC-3-independent.
The fact that TNF-� activates IClswell is novel but perhaps

not so surprising. Cytokines are well known to cause ROS gen-
eration (21, 39), and activation of IClswell by hypotonic condi-
tions is H2O2-dependent (26–28). The most significant obser-
vation in this study is thatTNF-�ROS signaling requiresClC-3,
whereas responses to hypotonicity and thrombin do not. This
suggests that VSM cells have at least two ROS-generating
mechanisms that operate in parallel with respect to activation
of IClswell. It is therefore perhaps not surprising that the roles of
ClC-3 and IClswell have been difficult to discriminate. ClC-3
independence of the response to hypotonicity is in accordance
with the work of multiple other investigators who have also
seen no reduction in the magnitude of IClswell in various ClC-3
null cells (6, 16, 17). Thus, in VSM cells, swelling-induced ROS
production most likely occurs somewhere other than in early
endosomes, where Nox1 activity is ClC-3-dependent (21, 22).
Like TNF-�, thrombin also activates Nox1 (34) and causes
proinflammatory responses that are very similar to those linked
to TNF-� (40). However, the effects of thrombin are endocyto-
sis-independent (34), and accordingly, IClswell activation by
thrombin is not impaired in ClC-3 null cells (see Fig. 9 for a
schematic overview). Like thrombin, hypotonicity-induced
ROS production may utilize Nox1 in the plasma membrane.
Alternatively Nox4 has been shown to be activated by hypo-

FIGURE 6. A, Western blot demonstrates expression of S34N Rab5 in cells exposed to adenovirus encoding the protein. Disruption of early endosome sorting
with S34N Rab5 prevents activation of IClswell by TNF-� but not by hypotonic conditions. B, interfering with endosome recycling using S25N Rab11 also inhibits
activation of IClswell by TNF-�. Error bars, S.E.

TNF-� Activates IClswell

JULY 23, 2010 • VOLUME 285 • NUMBER 30 JOURNAL OF BIOLOGICAL CHEMISTRY 22869



tonic stress, and the ROS produced
in turn can activate IClswell in
NIH3T3 cells (41).
Links between ClC-3 Expression

and IClswell—ClC-3 overexpression
activates anion currents with bio-
physical properties very similar to
those of IClswell. Observations link-
ing ClC-3 to IClswell include 1)
enhanced current inClC-3-express-
ing cells (4, 11, 37, 42), 2) altered
current regulation in ClC-3 null
cells (6), 3) inhibition of current by
anti-ClC-3 antibodies (37, 38), and
4) increased magnitude of IClswell
induced by a constitutively active
mutant of ClC-3 (7). However, as
shown in Fig. 4, IClswell has repeat-
edly been found to be unaltered in
cells lacking ClC-3 (6, 16, 17). In
previous work, we have character-
ized ClC-3 currents that are very
different from IClswell. They have
time-dependent activation rather
than inactivation and are much
more sharply outwardly rectifying.

FIGURE 7. A, thrombin (1 unit/ml) activates IClswell in wild type VSM cells. B, a similar current is also activated in ClC-3 null cells, and this current is inhibited by
either tamoxifen or catalase. C, S34N Rab5 does not interfere with activation of IClswell by thrombin. Error bars, S.E.

FIGURE 8. Sequential exposure to low pH (4.0), hypotonicity, and finally low pH under hypotonic conditions in
WT (A) and ClC-3 null (B) VSM cells reveals that ClC-3 currents (acid-activated (2)) are clearly distinct from those
activated under hypotonic conditions. C, when the currents obtained from the WT cell in A under hypotonic
conditions at pH 7.35 are subtracted from those observed in the same cell under hypotonic conditions at pH
4.0, the remaining current is very similar to what was initially observed at pH 4.0 under isotonic conditions.
Summary data for the magnitude of both peak (D) and late (end of the pulse) currents (E) in WT and ClC-3 null
cells confirms that only WT currents are enhanced at low pH. Error bars, S.E.
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ClC-3 currents are similar to those produced by ClC-4 and
ClC-5 except that the time constants of activation are slower
(1, 2). These currents are inhibited by the same anti-ClC-3
antibody that was previously shown to inhibit IClswell
(supplemental Fig. 2). Reconciliation of the existence of unique
ClC-3 currents with the many observations linking ClC-3 to
IClswell is obviously challenging. We believe that much of the
association betweenClC-3 expression and IClswell can be attrib-
uted to effects of alteredClC-3 abundance or function on endo-
somal ROS signaling, which in turn controls the activity of a
distinct anion conductance, IClswell.
TNF-� and IL-1� both failed to activate IClswell in ClC-3 null

VSM cells (Fig. 1), yet H2O2 (Fig. 2), swelling (Fig. 4), and
thrombin (Fig. 7) all elicited normal responses. Overexpression
of ClC-3, in the absence of any other stimulus, activated IClswell
in ClC-3 null VSM cells (Fig. 3). Both the current induced by
cytokines and by ClC-3 overexpression were blocked by scav-
enging ofH2O2with catalase. Furthermore, as demonstrated by
the relatively small increments in current caused by TNF-� in
ClC-3-overexpressing cells and by hypotonic conditions in
TNF-� stimulated cells, these three currents were clearly not
additive. Taken together, our findings suggest that all three
stimuli increase ROS production and thereby activate the inde-
pendent anion conductance that produces IClswell.
In addition to TNF-�, IL-1�, and thrombin, multiple other

receptor-coupled stimuli, including angiotensin II, growth fac-

tors (28, 43), and lysophosphatidic
acid (41, 42), have been shown to
cause ROS production and also acti-
vate IClswell. Although not all have
been tested, the current activated by
lysophosphatidic acid has been
shown to be ClC-3 expression-de-
pendent (42). Many of these ago-
nists mobilize intracellular calcium,
which can activate CamKII. This
enzyme has been linked to regula-
tion of a chloride conductance that
shares many basic properties (recti-
fication, time-dependent inactiva-
tion, ion selectivity) with IClswell.
Activation of this current is depen-
dent upon ClC-3 expression (11)
and is absent in ClC-3 null cells (19).
Furthermore, a specific serine on
the N terminus of ClC-3 has been
identified as the site of CamKII reg-
ulation (19). It will be important to
determine if CamKII phosphory-
lation of ClC-3 is required for
endosomal H2O2 production and
thereby IClswell activation. CamKII
activation itself is regulated by ROS
in a complex manner (44), and both
ROS-dependent NF-�B stimulation
and CamKII activation are required
for induction of vascular cell adhe-
sion molecule expression by IL-1�

(45). Unfortunately, the molecular mechanism by which H2O2
actually activates IClswell has not received much attention. In
rat hepatoma cells, the mechanism has been proposed to be
indirect and involvephospholipaseC�1phosphorylation and cal-
cium mobilization (46).
It is important to note that we see a very different response to

ClC-3 overexpression in HEK293 cells, where adenoviral
expression of ClC-3 results in enough ClC-3 being present in
the plasma membrane to allow us to measure ClC-3 current at
pH 7.35 (1, 2) but does not activate IClswell. We can only spec-
ulate on the reason for this important difference, but it may be
related to the relative amount of ClC-3 and/or IClswell that
cycles thought the plasma membrane. This is not to say that
there is no ClC-3 in the plasma membrane of VSM cells. The
ability of low pH to activate endogenous ClC-3 current (Fig. 8
and Ref. 2) demonstrates that ClC-3 is present but is not detect-
able at physiologic pH and is clearly distinct from IClswell. The
fact that ClC-3 expression activates IClswell in VSM cells, but
not inHEK293 cells, highlightswhatmay be very significant cell
type-dependent variability in the interdependence ofClC-3 and
IClswell. This may complicate the reconciliation of all data
related to ClC-3 expression and IClswell.
Endosome Dependence of IClswell Activation—Rab guanosine

triphosphatases control budding and fission of vesicles and
localize to specific intracellular compartments. Rab5 regulates
the biogenesis and trafficking of early endosomes (35). Domi-

FIGURE 9. Schematic comparison of proposed pathways for activation of IClswell by TNF-� and thrombin.
An activated TNF-� receptor is endocytosed into a Rab5-positive early endosome. This compartment also
contains ClC-3 and Nox1 and is the site of TNF-�-mediated ROS production, as previously demonstrated (21).
These proteins, including whatever mediates IClswell, may become incorporated into the endosome by endo-
cytosis from the plasma membrane (as shown) but could also come from a different source, such as a post-
Golgi vesicle. ClC-3-dependent superoxide and subsequently hydrogen peroxide production within this com-
partment are required for activation of IClswell. This could occur by several mechanisms: 1) direct activation via
diffusion of H2O2 from the endosome to the plasma membrane, 2) direct activation within the early endosome,
or 3) indirect activation of IClswell via modification of an associated protein or signaling pathway which has the
ability to activate IClswell (not pictured). The ability of S25N Rab11 to interfere with current activation by TNF-�
favors the effect of H2O2 on IClswell taking place within endosomes. This mechanism is appealing because it
compartmentalizes the H2O2 required for current activation. Thrombin also signals via Nox1 but does not cause
endocytosis (34), suggesting that ROS are produced at the plasma membrane. Thrombin-mediated IClswell
activation is therefore sensitive to catalase but is not impaired in ClC-3 null cells; nor is it inhibited by S34N
Rab5. The dependence of activation of IClswell by TNF-�, thrombin, hypotonicity, and ClC-3 overexpression on
ClC-3, H2O2, and Rab5 are summarized in the inset table. Y, yes; N, no; P, partial.
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nant negative S34N Rab5 inhibits early endosomal fusion (47)
and impairs proper processing of both transferrin and epider-
mal growth factor receptors (35). Rab11 controls movement of
proteins through a recycling compartment that forms via pro-
cessing of early endosomes andmediatesmovement of endocy-
tosed proteins back to the plasma membrane (48, 49). S25N
Rab11 disrupts this process and impairs both processing of and
signaling via G-protein-coupled receptors, including the lyso-
phosphatidic acid receptor (48, 50). Both S34N Rab5 and S25N
Rab11 profoundly impaired the ability of TNF-� (Fig. 6), but
not thrombin (Fig. 7) or hypotonic buffer (Fig. 6A), to activate
IClswell. There are two potential interpretations of these data.
Either proper processing or positioning of H2O2-producing
endosomes is required for IClswell activation, or IClswell is acti-
vated within endosomes and recycled back to the plasmamem-
brane in an active state. ROS-producing endosomes are Rab5-
positive (21), and the Rab5 compartment is “upstream” of
Rab11. Therefore, the ability of the Rab11 mutant, which does
not impede function until after early endosome formation, to
disrupt TNF-� signaling supports the very interesting possibil-
ity that IClswell is an endosomal protein and can be activated
there.
Localization of intracellularH2O2 to endosomes is an appeal-

ing way to minimize exposure of other intracellular proteins to
“oxidative stress.” The need to control this exposure is implied
by the presence of multiple cytoplasmic antioxidant systems
that scavenge H2O2 (catalase, glutathione peroxidase, etc.).
These safeguards are likely to impede diffusion-mediatedH2O2
signaling from early endosomes to IClswell channels localized in
the plasma membrane. It seems more likely that endosomal
ROS trigger another signaling cascade that activates IClswell at
the membrane. If recycling endosomes indeed return activated
IClswell to the plasmamembrane, it is also important to consider
the possibility that this current plays a physiological role in
endosomes. Endosomes are spherical and therefore ill suited to
handle osmotic stress created by changes in endosomal ion
content by both passive and active transport across the vesicle
membrane (reviewed in Ref. 25). Activated endosomal IClswell
could also provide a pathway for charge neutralization of pro-
ton current generated by the vacuolar ATPase (51). In such a
scenario, dependence uponClC-3 for ROSproduction and sub-
sequent activation of IClswell could explain why the ClC-3
Cl�/H� antiporter is required for normal endosome acidifica-
tion (52). ClC-3 itself seems relatively poorly suited for charge
neutralization of the vacuolar type hydrogen-ATPase, based
upon its rectification properties and the fact that it is a Cl�/H�

antiporter (25).
An anion conductance has also been shown to provide a

pathway for release of superoxide from signaling endosomes.
SOD1-mediated dismutation of superoxide at the cytoplasmic
surface of endosomes may then produce highly localized H2O2
that is required for redox activation of NF-�B (53). It has been
proposed that ClC-3 itself may be able to conduct superoxide
(54), but our data suggest that IClswell is another candidate for
this role.
Functional Significance—The ability of ClC-3 overexpres-

sion alone to activate IClswell suggests that in VSM cells, endo-
somal ClC-3 is active under “resting” conditions, and ClC-3

activity can be rate-limiting for ROS production and subse-
quent signaling. This possibility is consistent with prior obser-
vations that ClC-3 overexpression activates NF-�B (21) and
promotes resistance to apoptosis (55, 56).
BothClC-3 (55, 57–59) and IClswell (reviewed in Ref. 60) have

been linked to proliferation, apoptosis (61), and cell cycle pro-
gression in cultured cells. Increased expression of ClC-3 is also
seen in association with inflammation-induced cell prolifera-
tion in vivo (55). In addition, both ClC-3 expression (62, 63)
and IClswell-like currents (64, 65) have been associated with
enhanced proliferation and migration of cancer cells. It is well
recognized that both the genomic instability induced by “oxi-
dative stress” andROS-dependent signaling play critical roles in
cancer (reviewed in Ref. 66). The interdependence between
ClC-3, NADPH oxidase-dependent ROS signaling, and IClswell
may link these seemingly disparate modulators of cell growth.
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O., Haas, H. L., Schliess, F., and Häussinger, D. (2007) Glia 55, 758–771
32. Shimizu, T., Numata, T., andOkada, Y. (2004) Proc. Natl. Acad. Sci. U.S.A.

101, 6770–6773
33. Horn, R., and Marty, A. (1988) J. Gen. Physiol. 92, 145–159
34. Miller, F. J., Jr., Chu, X., Stanic, B., Tian, X., Sharma, R. V., Davisson, R. L.,

and Lamb, F. S. (2010) Antioxid. Redox. Signal. 12, 583–593
35. Dinneen, J. L., and Ceresa, B. P. (2004) Exp. Cell Res. 294, 509–522
36. Schlierf, B., Fey, G. H., Hauber, J., Hocke, G. M., and Rosorius, O. (2000)

Exp. Cell Res. 259, 257–265
37. Zhou, J. G., Ren, J. L., Qiu, Q. Y., He, H., and Guan, Y. Y. (2005) J. Biol.

Chem. 280, 7301–7308
38. Wang, G. X., Hatton,W. J.,Wang, G. L., Zhong, J., Yamboliev, I., Duan, D.,

and Hume, J. R. (2003) Am. J. Physiol. Heart Circ. Physiol 285,
H1453–H1463

39. Galkina, E., and Ley, K. (2009) Annu. Rev. Immunol. 27, 165–197
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