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Bradykinin-Induced Chemotaxis of Human Gliomas
Requires the Activation of KCa3.1 and ClC-3
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Previous reports demonstrate that cell migration in the nervous system is associated with stereotypic changes in intracellular calcium
concentration ([Ca 2�]i ), yet the target of these changes are essentially unknown. We examined chemotactic migration/invasion of
human gliomas to study how [Ca 2�]i regulates cellular movement and to identify downstream targets. Gliomas are primary brain cancers
that spread exclusively within the brain, frequently migrating along blood vessels to which they are chemotactically attracted by brady-
kinin. Using simultaneous fura-2 Ca 2� imaging and amphotericin B perforated patch-clamp electrophysiology, we find that bradykinin
raises [Ca 2�]i and induces a biphasic voltage response. This voltage response is mediated by the coordinated activation of Ca 2�-
dependent, TRAM-34-sensitive KCa3.1 channels, and Ca 2�-dependent, 4,4�-diisothiocyanato-stilbene-2,2�-disulfonic acid (DIDS)-
sensitive and gluconate-sensitive Cl � channels. A significant portion of these Cl � currents can be attributed to Ca 2�/calmodulin-
dependent protein kinase II (CaMKII) activation of ClC-3, a voltage-gated Cl � channel/transporter, because pharmacological inhibition
of CaMKII or shRNA-mediated knockdown of ClC-3 inhibited Ca 2�-activated Cl � currents. Western blots show that KCa3.1 and ClC-3 are
expressed in tissue samples obtained from patients diagnosed with grade IV gliomas. Both KCa3.1 and ClC-3 colocalize to the invading
processes of glioma cells. Importantly, inhibition of either channel abrogates bradykinin-induced chemotaxis and reduces tumor expan-
sion in mouse brain slices in situ. These channels should be further explored as future targets for anti-invasive drugs. Furthermore, these
data elucidate a novel mechanism placing cation and anion channels downstream of ligand-mediated [Ca 2�]i increases, which likely play
similar roles in other migratory cells in the nervous system.

Introduction
Cell migration in the nervous system occurs during development,
in response to disease/injury, and after malignant transformation
of neural cells, and several studies suggest that an important reg-
ulator of this migration may be intracellular calcium concentra-
tion ([Ca 2�]i). For example, in migrating cerebellar neurons and
microglial cells, migration is Ca 2� dependent (Komuro and Ra-
kic, 1996; Ifuku et al., 2007). Additionally, several stimuli that
increase glioma cell migration also increase [Ca 2�]i, including
Ca 2�-permeable AMPA receptors (Ishiuchi et al., 2002) and IP3-
dependent pathways (Kang et al., 2010). Although these studies
suggest that increases in [Ca 2�]i enhance migration, a mechanis-
tic linkage of Ca 2� changes to cell migration has been elusive.
Here we ask how [Ca 2�]i mechanistically regulates migration in
the context of gliomas.

Malignant transformation of glial cells or their progenitors
gives rise to gliomas, including grade IV glioblastomas, which are
the most common and lethal form of primary brain cancer affect-
ing adults (Wen and Kesari, 2008). The lethality of gliomas can be

attributed to a variety of neoplastic features, including enhanced
proliferation and angiogenesis, but a standout feature is their
unusual invasiveness. The ability of glioma cells to migrate and
invade into unaffected brain regions leads to a diffuse tumor mass
lacking well-defined borders, making complete surgical resection
challenging. Understanding the pathophysiological mechanisms
underlying glioma cell migration may lead to the development of
targeted inhibitors to reduce disease spreading and improve clin-
ical prognosis, but may also inform us about mechanisms used by
non-malignant cells as they migrate.

Recent evidence demonstrates that bradykinin increases hu-
man glioma cell motility (Kang et al., 2010; Montana and
Sontheimer, 2011). Bradykinin activates the bradykinin receptor
B2 (B2R), leading to increases in [Ca 2�]i and enhanced migration
of glioma cells along cerebral vasculature (Montana and
Sontheimer, 2011). Interestingly, several ion channels expressed
by glioma cells are Ca 2� sensitive and have been implicated as
mediators of shape and volume changes that can facilitate cell
movement. These include intermediate-conductance Ca 2�-
activated K� channels (KCa3.1, IK channels) (Schwab et al., 2006)
and ClC-3, a voltage-gated Cl� channel/transporter, (Mao et al.,
2008) that is activated by Ca 2�/calmodulin-dependent protein
kinase II (CaMKII) in human glioma cells (Cuddapah and
Sontheimer, 2010; Cuddapah et al., 2012). Because ions are os-
molytes, permeation of K� and Cl� through KCa3.1 and ClC-3
channels causes cytoplasmic water to move across the membrane,
allowing for the robust shape and volume changes associated
with migrating cells. Such hydrodynamic volume changes have
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been suggested to be necessary in migrating cells and, if inhibited,
disrupt cell migration (Watkins and Sontheimer, 2011).

Here we hypothesize that bradykinin increases [Ca 2�]i in hu-
man glioma cells, leading to the coordinated activation of Ca 2�-
sensitive K� and Cl� channels. Using simultaneous [Ca 2�]i

measurements and electrophysiological recordings, we demon-
strate that KCa3.1 and ClC-3 channels are activated as a result of
bradykinin-dependent [Ca 2�]i increases. Inhibition of KCa3.1
or ClC-3 channels decreases bradykinin-induced migration
through murine cerebral parenchyma in situ. These results pres-
ent a novel mechanism placing Ca 2�-activated cation and anion
channels under the control of receptor-mediated changes in
[Ca 2�]i, which may have broad applications to other migratory
cells.

Materials and Methods
Cell culture. D54, U87, U251, GBM 50, GBM 62, JX 22, and JX 39
human glioma cells were derived from human grade IV glioblastoma
multiforme tumors. D54 cells were a gift from Dr. D. Bigner (Duke
University, Durham, NC). Cells were maintained and passaged in
DMEM–F-12 (Invitrogen). Medium was supplemented with 2 mM

glutamine and 7% fetal bovine serum (Hyclone), and cells were incu-
bated in 10% CO2 at 37°C. Unless otherwise stated, all reagents were
purchased from Sigma-Aldrich.

Fura-2 calcium imaging. D54 cells were washed with 0.1% serum-
containing media. Cells were then loaded with Fura-2 Leakage Resistant
(Teflabs) using 20% w/v pluronic acid in DMSO (Invitrogen) in 0.1%
serum-containing media for 45 min at 37°C. Cells were then washed with
7% serum-containing media and allowed to recover for 45 min at 37°C.
Cells were imaged with a CoolSNAP HQ 2 CCD camera (Photometics)
mounted on a Carl Zeiss Axiovert 200 inverted microscope. The excita-
tion filters were controlled with a Lambda 10 –2 Optical Filter Changer
(Sutter Instruments), with light delivered from the X-Cite 120 micro-
scope light source system (Lumen Dynamics). Fura-2 imaging was per-
formed with filters exciting at 340 � 12 and 387 � 11 (Semrock).
Imaging and analysis was done with Imaging Workbench (INDEC Bio-
Systems) with 4 � 4 binning. Fura-2 was calibrated using the bath solu-
tion described below with 10 �M ionomycin to determine Rmax or 10 �M

ionomycin and 100 nM thapsigargin to determine Rmin. For the formula
[Ca 2�]free � Kd � ((R � Rmin)/(Rmax � R)) � (F380, max/F380, min), we
used the published Kd for fura-2, which is 145 nM, and measured the
following values: Rmax � 2.9, Rmin � 0.76, F380, max � 3062, and
F380, min � 454.

Electrophysiology. Whole-cell patch-clamp recordings were performed
as described previously (Cuddapah and Sontheimer, 2010). All experi-
ments were performed in 2 �M paxilline (Santa Cruz Biotechnology) to
block large-conductance Ca 2�-activated K � channels (BK channels).
The pipette solution contained 140 mM KCl, 2 mM MgCl2,10 mM EGTA,
and 10 mM HEPES sodium salt and was adjusted to pH 7.2 with Tris-base
(302–304 mOsm). For a free [Ca 2�]i � 0 nM, no CaCl2 was added. For a
free [Ca 2�]i � 65 nM, 2.7 mM CaCl2 was added. For a free [Ca 2�]i � 180
nM, 4.9 mM, CaCl2 was added. These [Ca 2�]i were calculated with the
Ca–Mg–ATP–EGTA Calculator version 1.0 using constants from Na-
tional Institute of Standards and Technology database #46 version 8
(maxchelator.stanford.edu). The bath solution contained the following
(in mM): 130 NaCl, 5 KCl, 1 CaCl2, 10.55 glucose, and 32.5 HEPES acid,
adjusted to pH 7.4 with NaOH (312–320 mOsm). For gluconate � sub-
stitution experiments, we exchanged the 130 mM NaCl with 130 mM

Na-gluconate.
For perforated-patch experiments, the pipette solution contained the

following (in mM): 140 KCl, 2 MgCl2, and 10 HEPES sodium salt, ad-
justed to pH 7.2 with Tris-base (290 –295 mOsm). We supplemented the
pipette solution with 120 �g/ml Amphotericin B to permeabilize the cell
and 2 �g/ml of Alexa Fluor 488 hydrazide sodium salt (Invitrogen) to
visually ensure that the perforated patch was not ruptured. Myristoylated
10 �M autocamtide-2 related inhibitory peptide (AIP) (Enzo Life Sci-
ences) was preincubated in the cell culture medium for 10 min at 37°C.

Cells with membrane resistances up to 25 M� (with 80% compensation)
were used for experiments. Bradykinin was applied at 10 �M to activate
bradykinin receptors. TRAM-34 was applied at 10 �M to block KCa3.1
channels. BAPTA-AM was applied at 50 �M to chelate [Ca 2�]i. DIDS was
applied at 200 �M to block Cl � channels.

Glioma cell transfections. D54 cells were transfected stably with EGFP
as described previously (Habela et al., 2008). ClC-3 protein expression
was constitutively knocked down using a pGIPZ-lentiviral small hairpin
mir vector targeting CLCN3 (Open Biosystems) as described previously
(Cuddapah et al., 2012). Multiple clones were created and screened to
demonstrate consistent decreases in migration during ClC-3 shRNA
transfection versus nontargeting (NT) shRNA transfection.

Western blotting. Western blotting was performed as described previ-
ously (Cuddapah and Sontheimer, 2010). The following antibodies and
concentrations were used to probe for ClC-3, KCa3.1, and B2R,
respectively: rabbit anti-ClC-3 at 1:500 (ACL-001; Alomone Labs);
rabbit anti-KCNN4 at 1:1000 (AV35098; Sigma-Aldrich); and rabbit anti-
bradykinin B2R at 1:200 (sc-25671; Santa Cruz Biotechnology).

Immunocytochemistry. D54 human glioma cells were cultured, fixed,
and labeled as described previously (Cuddapah and Sontheimer, 2010).
Cells were blocked with normal donkey serum and labeled with the fol-
lowing primary antibodies targeted against ClC-3, KCa3.1, and B2R, re-
spectively: rabbit anti-ClC-3 at 1:100 (Alpha Diagnostic International;
CLC31-A); mouse anti-KCa3.1 at 1:250 (Alomone); and goat anti-
bradykinin B2R at 1:100 (sc-15050; Santa Cruz Biotechnology). The fol-
lowing secondary antibodies were purchased from Invitrogen and used
at 1:500: donkey anti-rabbit Alexa Fluor 647, donkey anti-mouse Alexa
Fluor 488, and donkey anti-goat Alexa Fluor 546. Confocal images were
acquired as described previously (Haas et al., 2011) with a 60� water
objective.

Transwell migration assay. Migration assays were performed as de-
scribed previously (Cuddapah and Sontheimer, 2010). We placed 0.3 �M

bradykinin at the bottom of Transwell filters to induce migration.
TRAM-34 at 1 �M and AIP at 1 �M were placed on the top and bottom of
the filters to block KCa3.1 channels and CaMKII, respectively.

Glioma invasion in slice culture. Slice cultures were prepared from
brains of P13–P16 BALB/c SCID mice of either sex (The Jackson
Laboratory). A vibratome was used to cut 300 �m coronal brain
sections, and slices were then transferred into filter inserts on a poly-
carbonate membrane (pore size 0.45 �m; Falcon; BD Biosciences
Discovery Labware). Filters were then placed into six-well plates con-
taining 1 ml DMEM supplemented with 8% fetal bovine serum, 0.2
mM glutamine, 100 U/ml penicillin, and 100 mg/mL streptomycin.
The following day, medium containing 25% heat-inactivated horse
serum, 50 mM sodium bicarbonate, 2% glutamine, 25% HBSS, 1
mg/ml insulin (Invitrogen), 2.46 mg/ml glucose (Sigma-Aldrich), 0.8
mg/ml vitamin C (Sigma-Aldrich), 100 U/ml penicillin, 100 mg/ml
streptomycin (Sigma-Aldrich), and 5 mM Tris in DMEM (Invitrogen)
was added to slices. At day 3 of culturing, 3000 D54 –EGFP cells in a
volume of 1 �l were implanted per organotypic brain slice. Cells were
injected into the right cortex over 30 s using a 1 �l Hamilton syringe
mounted to a micromanipulator. Treatment of brain slices was
started at day 3 of culturing with the following drugs: 1 �M brady-
kinin, 5 �M icatibant (Tocris Bioscience), and 10 �M TRAM-34. The
media and drugs were exchanged every 2 d. Live brain slices were
imaged at day 4 and day 11 with a Leica MZ 120 microscope. The
fluorescence of the tumor area was determined using NIH ImageJ
software. Tumor growth was calculated as percentage fluorescence
increase at 488 nm excitation between day 4 and day 11 of culturing.

Data analyses. Current responses to voltage changes were quantified
with Clampfit (Molecular Devices). Raw data were compiled in Mi-
crosoft Excel and graphed in Origin 6.0 (MicroCal). Statistical analyses
were completed with GraphPad Instat (GraphPad Software). We used
one-way ANOVA or unpaired t test with Welch correction to determine
the p value as appropriate. All data are reported as mean � SE, and
asterisks denote a significant difference with p � 0.05.
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Results
Bradykinin induces [Ca 2�]i increases in human glioma cells
Bradykinin has been shown to play a role in the chemotactic
migration of human glioma cells (Montana and Sontheimer,
2011), yet the mechanism whereby it does so has been elusive. We
hypothesized here that bradykinin causes increases in [Ca 2�]i,
which in turn modulate ion channels that regulate cell shape and
volume to facilitate cell migration. To test this hypothesis, we first
loaded human glioma cells with fura-2, a ratiometric Ca 2�-
indicator dye, and simultaneously performed electrophysiologi-
cal recordings to monitor ion channel activity. Electrical access to
glioma cells was obtained with an amphotericin B perforated-
patch pipette, which allows for permeabilization of the cell mem-
brane to monovalent cations and monovalent anions, without

disturbing intracellular divalent cations, including Ca 2�. This
allowed simultaneous measurement of bradykinin-induced
[Ca 2�]i increases and ion channel activity. Figure 1 shows repre-
sentative recordings obtained in two widely used human glioma
cell lines derived from World Health Organization (WHO) grade
IV glioblastoma tumors: D54 (Fig. 1A–C) and U87 (Fig. 1D–F).
In Figure 1A, we simultaneously monitored [Ca 2�]i and whole-
cell current responses to a rapid voltage shift from �90 to �120
mV. Application of 10 �M bradykinin induced a rapid rise in
[Ca 2�]i in D54 glioma cells, peaking 20 s after application (Fig.
1B, top). This rapid rise in [Ca 2�]i resulted in a concomitant
leftward shift in the current reversal potential toward the equilib-
rium potential for K� (EK

�) (Fig. 1B, bottom). This shift sug-
gests that the rise in [Ca 2�]i caused an increased K�

Figure 1. Bradykinin induces [Ca 2�]i elevations that correlate with electrophysiological changes in human glioma cells. A–C, D54 human glioma cells. D–F, U87 human glioma cells. A, D, At
time � 0 s, fura-2 340/380 ratio is depicted in the top. Bottom trace depicts current–voltage curve for the same cell as measured with a perforated-patch pipette. B, E, After application of 10 �M

bradykinin (BK), there is a large increase in [Ca 2�]i (top) and a leftward shift of the reversal potential (bottom). C, F, After [Ca 2�]i has returned to basal levels (top), there is a large rightward shift
in the reversal potential (bottom).
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conductance. By 202 s after application of bradykinin, [Ca 2�]i

dropped back to baseline levels (Fig. 1C, top). Current ramps
taken at that time show a rightward shift in the reversal potential
consistent with the delayed activation of a Cl� conductance (Fig.
1B, bottom). The equilibrium potential for Cl� was experimen-
tally set at 0 mV using equivalent [Cl�] in the bath and pipette
solutions; hence, a rightward shift in the reversal potential would
be consistent with an increase in Cl� conductance. However,
unlike the increase in K� conductance, the increase in Cl� con-
ductance appeared delayed and persisted after [Ca 2�]i returned
to basal levels. Qualitatively similar data was recorded in U87
human glioma cells (Fig. 1D–F). Application of 10 �M brady-
kinin resulted in a robust increase in [Ca 2�]i and simultaneous
leftward shift of the reversal potential toward EK

� (Fig. 1D,E). By
130 s, after [Ca 2�]i returned closer to basal levels, there was a
large rightward shift of the reversal potential toward the equilib-
rium potential of Cl� (ECl�) (Fig. 1F). Compared with D54 cells,
the whole-cell conductance increased to a greater extent in U87
cells when the reversal potential was hyperpolarized. Addition-
ally, the leftward shift in reversal potential preceded the maximal
[Ca 2�]i increase. In both cell types, bradykinin-induced [Ca 2�]i

increases temporally correlated with a biphasic leftward then
rightward shift of the reversal potential, indicating the sequential
activation of a K� and Cl� conductance.

Bradykinin-induced rises in [Ca 2�]i results in enhanced K �

and Cl � channel activity
After finding that bradykinin (1) increased [Ca 2�]i, (2) led to an
early-phase leftward shift in the reversal potential, and (3) led to
a late-phase rightward shift of the reversal potential, we sought to
determine whether bradykinin-induced increases in [Ca 2�]i re-
sulted in increased ion channel activity. Application of 10 �M

bradykinin led to an increase in [Ca 2�]i to 1.34 � 0.04 (F/F0) in
80 � 5% of D54 human glioma cells (n � 79 cells; Fig. 2A,B). As
measured by simultaneous perforated-patch recordings, applica-
tion of 10 �M bradykinin also resulted in a biphasic electrophys-
iological response. The early phase was characterized by a
hyperpolarization of the reversal potential, peaking on average
14.57 � 1.22 s (n � 21 cells) after bradykinin application (Fig.
2C). Thus, the early hyperpolarization response occurred while
the [Ca 2�]i was still elevated. After [Ca 2�]i returned to basal
levels, glioma cells maximally depolarized 148.19 � 20.12 s (n �
21 cells) after bradykinin application (Fig. 2A,D). Figure 2E dem-
onstrates this relationship between the bradykinin-induced
[Ca 2�]i increase and the biphasic voltage response in a represen-
tative cell. The top trace depicts the [Ca 2�]i, and the bottom trace
shows the voltage at which the current is equal to 0 pA, which is
an indirect measure of the resting membrane potential (Fig. 2E).
After bradykinin application, the [Ca 2�]i rapidly increases, re-
sulting in a concomitant rapid hyperpolarization of the mem-
brane potential. After the [Ca 2�]i began to return to basal levels,
the membrane potential depolarized and was maximal after
[Ca 2�]i returned to baseline (Fig. 2E). On average, the early hy-
perpolarization was �6.38 � 1.08 mV (n � 21 cells), and the late
depolarization was 15.66 � 2.46 mV (n � 21 cells; Fig. 2 I,L).
Thus, a single bradykinin-induced elevation in [Ca 2�]i correlates
with a biphasic voltage response.

We next sought to determine which ion channels were re-
sponsible for the biphasic voltage response. Given that the early-
phase hyperpolarization moved the reversal potential toward
EK

� and correlated with increased [Ca 2�]i, we hypothesized that
Ca 2�-activated K� channels opened after bradykinin stimula-
tion. Several recent reports demonstrate expression of

intermediate-conductance Ca 2�-activated K� channels (KCa3.1
channels) in glioma cells (Fioretti et al., 2009; Sciaccaluga et al.,
2010; Catacuzzeno et al., 2011). Therefore, we asked whether the
bradykinin-induced early-phase hyperpolarization was attribut-
able to KCa3.1 channel activity. Using 10 �M TRAM-34, a potent
and selective inhibitor of KCa3.1 channels (Wulff et al., 2000), we
found that the bradykinin-induced hyperpolarization was com-
pletely abolished by TRAM-34 and hence mediated by KCa3.1
channels (Fig. 2). In the presence of TRAM-34, the bradykinin-
induced Ca 2� response was slightly larger (maximal F/F0 �
1.46 � 0.04) compared with control in 88 � 3% of cells (n � 78
cells; Fig. 2A,B). Although TRAM-34 application did not alter
the timing of maximal depolarization (135.6 � 24.85 s; n � 15
cells), it prevented bradykinin-induced membrane hyperpolar-
ization (Fig. 2C,D). As seen in a representative cell (Fig. 2F),
TRAM-34 did not prevent bradykinin-induced increases in
[Ca 2�]i but did eliminate membrane hyperpolarization. As in
control conditions, the late-phase depolarization was maximal
after [Ca 2�]i returned to basal levels. Interestingly, instead of an
early-phase hyperpolarization, bradykinin application in the
presence of TRAM-34 produced an early-phase depolarization
(Fig. 2F). This switch from an early-phase hyperpolarization to
depolarization reveals that bradykinin activates K� and Cl�

channels simultaneously, and the depolarization caused by Cl�

channels can only be fully appreciated after KCa3.1 channel
blockade. Thus, the biphasic voltage response is explained by the
different kinetics of KCa3.1 and Cl� channels. Although both
channels are activated simultaneously, KCa3.1 dominates in the
early-phase hyperpolarizing the cell, and Cl� channels predom-
inate in the later phase depolarizing the cell. Additional quantifi-
cation of these voltage responses demonstrated that the late-
phase depolarization did not significantly change after TRAM-34
addition (13.95 � 3.99 mV; p � 0.36; Fig. 2L), but the early-phase
voltage significantly changed from �6.38 � 1.08 mV (n � 21
cells) to �4.72 � 2 mV (n � 15 cells; p � 0.0001; Fig. 2I). We also
measured current responses normalized to cell capacitance (pi-
coamperes per picofarads) during the early phase and late phase.
Although 10 �M TRAM-34 had no effect on the late-phase cur-
rent activation at �100 mV (p � 0.38; Fig. 2M,N), it did signif-
icantly reduce the early-phase currents at �40 mV (Fig. 2 J,K).
Again, inhibition of KCa3.1 channels appears to uncover an early-
phase Cl� conductance. This is evident in Figure 2J in which
blockage of KCa3.1 channels yields a current–voltage curve that
reverses at 0 mV, the equilibrium potential for Cl� (ECl�).

After finding that bradykinin activates TRAM-34-sensitive
KCa3.1 channels leading to hyperpolarization of the membrane
potential, we sought to determine the channels responsible for
the bradykinin-induced late-phase membrane depolarization.
Because the late-phase current–voltage curve reversed at 0 mV
(Fig. 2M), the equilibrium potential of Cl�, we hypothesized that
the late-phase depolarization was attributable to increased Cl�

channel activity. We attempted to isolate the contribution of Cl�

channels by using several pharmacological inhibitors, including
200 �M 5-nitro-2–3-phenylpropylaminobenzoic acid (NPPB),
200 �M DIDS, 10 �M tamoxifen, and 100 �M niflumic acid. How-
ever, as reported by others (Fioretti et al., 2004), NPPB also
blocks KCa3.1 channels, precluding its use to specifically block
Cl� channels. DIDS could not be used because it is fluorescent at
overlapping excitations with fura-2, preventing visualization of
bradykinin-induced [Ca 2�]i increases. Both 10 �M tamoxifen
and 100 �M niflumic acid blocked bradykinin-induced [Ca 2�]i

increases in addition to the related biophysical changes. Because
none of these inhibitors could be used reliably, we reverted to an
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ion replacement strategy, whereby we swapped the extracellular
137 mM Cl� with 130 mM gluconate� plus 7 mM Cl� to eliminate
the majority of the outward current through Cl� channels. (The
7 mM Cl� was retained as charge carrier.) Gluconate� has re-

duced or no permeability through Cl� channels (Olsen et al.,
2003; Lee et al., 2010), allowing us to determine whether Cl�

channels were indeed responsible for the bradykinin-induced de-
polarization of the cell membrane. Importantly, gluconate� re-

Figure 2. Bradykinin-induced [Ca 2�]i elevations activate KCa3.1 channels and Cl � channels in human glioma cells. A, Fura-2 340/380 ratios after application of 10 �M bradykinin (BK). F/F0

indicates fluorescence normalized to fluorescence at t � 0 s. B, Percentage of cells responding to BK with a rise in [Ca 2�]i. C, D, Time to BK-induced peak hyperpolarization and depolarization,
respectively. E–H, Representative cells for BK, BK plus TRAM-34, BK plus gluconate (gluc), and BK plus BAPTA-AM conditions. Top traces depict [Ca 2�]i versus time. For the same cell at the same time
points, bottom traces depict membrane potential (Vm) at I � 0 pA versus time. I, Peak early-phase voltage change (millivolts). J, K, BK-induced current–voltage changes during early-phase
response. L, Peak late-phase voltage change (millivolts). M, N, BK-induced current–voltage changes during late-phase response. n � 10 –21 cells; *p � 0.05.
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placement did not significantly change bradykinin-induced
[Ca 2�]i increases, elevating the maximal F/F0 to 1.30 � 0.03 in
71 � 6% of cells (n � 100 cells; Fig. 2A,B). Additionally, glu-
conate� replacement did not significantly change the time to
early-phase hyperpolarization (14.38 � 2.13 s) and late-phase
depolarization (169 � 20 s; n � 16 cells; Fig. 2C,D). Figure 2G
depicts a representative response to 10 �M bradykinin with
extracellular gluconate� replacement. While the Ca 2� response
and early-phase hyperpolarization were similar to control condi-
tions, the late-phase depolarization was significantly inhibited.
Quantification in a number of cells (n � 16 cells) demonstrated
that gluconate� replacement did not significantly inhibit the
early-phase KCa3.1 channel activation (Fig. 2I–K) but did signif-
icantly decrease the late voltage change to 9.37 � 1.59 mV (p �
0.02; Fig. 2L). Because we replaced extracellular Cl� with glu-
conate�, we quantified changes in the outward current density
compared with control. Gluconate � replacement significantly
reduced the late-phase current density at �100 mV ( p �
0.003; Fig. 2 M, N ). These data indicate that the membrane
depolarization after bradykinin stimulation was mediated by
Cl � channels.

Bradykinin has been shown to activate B2R expressed by hu-
man glioma cells (Montana and Sontheimer, 2011). B2R is a
G-protein-coupled receptor (GPCR) that signals through a vari-
ety of mechanisms, including Gq mediators, to increase phospho-
lipase C activity, leading to IP3-dependent Ca 2� release from
intracellular stores (Kang et al., 2010). We hypothesized that ac-
tivation of KCa3.1 channels and Cl� channels primarily occurred
via bradykinin-induced elevations in [Ca 2�]i. To test this
hypothesis, we preincubated human glioma cells in 50 �M

BAPTA-AM for 45 min to chelate Ca 2� inside of glioma cells and
prevent bradykinin-induced elevations in [Ca 2�]i (Fig. 2A,B).
Although BAPTA-AM inhibited bradykinin-induced hyperpolar-
ization, it did not delay the average time-to-peak depolarization
(133.6 � 20.39 s; n � 10; Fig. 2D). While BAPTA-AM-loaded cells
depolarized, the average amplitude of such depolarizations were sig-
nificantly reduced (15.66 � 2.46 mV in control vs 6.39 � 2.08 mV in
BAPTA-AM; p � 0.004; Fig. 2L). Interestingly, inhibition of the
early-phase hyperpolarization again revealed an early-phase depo-
larization, albeit reduced in amplitude (Fig. 2H–K). BAPTA-AM
also significantly reduced the late-phase Cl� current density at�100
mV from 8.03 � 2.04 pA/pF to 3.87 � 1.1 pA/pF ( p � 0.04).
Cumulatively, these data suggest that bradykinin-induced in-
creases in [Ca 2�]i lead to biphasic activation of KCa3.1 chan-
nels and Cl � channels.

Changes in [Ca 2�]i modulate KCa3.1 channel and Cl �

channel activity
Given the above findings demonstrating that bradykinin-
induced elevation in [Ca 2�]i enhanced ion channel activity, we
next questioned whether small experimental increases in intra-
cellular Ca 2� via the patch pipette would be sufficient to activate
KCa3.1 channels and Cl� channels. To test this hypothesis, we
performed whole-cell patch-clamp experiments with 0, 65, or 180
nM free [Ca 2�] in the pipette solution. We held the cells at �40
mV and stepped from �100 to �120 mV in 20 mV increments.
To isolate KCa3.1 channel activity, we performed the experiments
in 2 �M paxilline to block large-conductance Ca 2�-activated K�

channels (BK channels) and replaced the extracellular 137 mM

Cl� with 130 mM gluconate� plus 7 mM Cl�. We then washed on
10 �M TRAM-34 to selectively inhibit KCa3.1 channels and sub-
tracted out TRAM-34-sensitive currents. At 0 and 65 nM [Ca 2�]i,
there was little to no TRAM-34-sensitive current (Fig. 3A–C),

indicating that TRAM-34 is not strongly activated at resting
[Ca 2�]i in human glioma cells. However, at elevated [Ca 2�]i,
there was a large activation of TRAM-34-sensitive KCa3.1 cur-
rents (Fig. 3A–C). [Ca 2�]i � 180 nM potentiated KCa3.1 currents
that inactivated at depolarized potentials (Fig. 3A). These cur-
rents reversed at �89 mV, close to the predicted EK

� of �84 mV
(Fig. 3B). At �40 mV, the resting membrane potential of glioma
cells (Olsen and Sontheimer, 2004), the TRAM-34 current den-
sity significantly increased from 0.42 � 0.2 pA/pF at 65 nM

[Ca 2�] to 2.21 � 0.51 pA/pF at 180 nM [Ca 2�] (n � 5– 8 cells;
p � 0.006; Fig. 3B,C). These data indicate that experimentally
increasing the [Ca 2�]i in glioma cells enhances KCa3.1 channel
activity.

We then asked whether elevating [Ca 2�]i also increased Cl�

channel activity. We again patched onto human glioma cells with
0, 65, or 180 nM free [Ca 2�] in the pipette solution. Cl� currents
were isolated by washing on 200 �M of the Cl� channel blocker
DIDS. Remarkably, at [Ca 2�]i � 0 nM, we observed little to no
Cl� current (Fig. 3D–F). This is the first indication that Cl�

channel activity in human glioma cells is Ca 2� dependent. There
was an increase in the amplitude of DIDS-sensitive Cl� currents
from 0.29 � 0.14 pA/pF at 0 nM [Ca 2�]i to 6 � 1.89 pA/pF at 65
nM [Ca 2�]i at �40 mV (p � 0.01; n � 8 –10; Fig. 3D–F), indi-
cating that Cl� channels are active at resting [Ca 2�]i. Stepping
the [Ca 2�]i to 180 nM further increased DIDS-sensitive currents
at �40 mV (p � 0.03; n � 8 –10; Fig. 3D–F). These Ca 2�-
activated Cl� currents reversed at ECl�, inactivated at depolarized
potentials, and were slightly outwardly rectifying (Fig. 3D–F). Cur-
rents meeting these characteristics have been ascribed previously
to ClC-3, a voltage-gated Cl� channel expressed in glioma cells
(Shimada et al., 2000; Olsen et al., 2003; Cuddapah and
Sontheimer, 2010). Because gluconate� replacement was used to
inhibit Cl� channel activity in Figure 2, we asked whether
gluconate�-sensitive Cl� currents were mediated by the same
channels as DIDS-sensitive Cl� currents. We again replaced the
extracellular 137 mM Cl� with 130 mM gluconate� plus 7 mM

Cl� and found that DIDS-sensitive Cl� currents were greatly
reduced (Fig. 3D–F). At [Ca 2�]i � 180 nM, gluconate� replace-
ment decreased DIDS-sensitive Cl� currents from 14.14 � 3.19
pA/pF to 1.63 � 0.8 pA/pF at �40 mV (p � 0.002; n � 5–10 cells;
Fig. 3D–F). Thus, gluconate� replacement significantly ablates
DIDS-sensitive Cl� currents in human glioma cells.

B2R, ClC-3, and KCa3.1 are expressed on the leading edges of
glioma cells
Figure 3 demonstrates that increases in [Ca 2�]i activate KCa3.1
channels and Cl� channels in human glioma cells. Because the
electrophysiological characteristics of the Ca 2�-activated Cl�

currents matched ClC-3 (Fig. 3D), we assessed where ClC-3 and
KCa3.1 channels were expressed with respect to B2R in human
glioma cells. We cultured D54 human glioma cells, labeled ClC-3,
KCa3.1, and B2R with antibodies, and then took confocal images
of labeled cells. As seen in a representative field of view, ClC-3
(blue channel), KCa3.1 (green channel), and B2R (red channel) all
colocalized on the leading edges of glioma cells (Fig. 4A). Digital
zooms of individual cells demonstrate the typical punctuate la-
beling of ClC-3, characteristic of proteins expressed on intracel-
lular vesicles (Fig. 4B,C). Both KCa3.1 and B2R labeling was more
diffuse throughout the cell bodies (Fig. 4B,C). Remarkably,
ClC-3, KCa3.1, and B2R all strongly labeled the ruffled lamellipo-
diums of polarized migrating cells (Fig. 4B,C, arrows). This ele-
vated labeling could be explained by increased trafficking of the
proteins to the lamellipodium, nonspecific accumulation of the
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plasma membrane attributable to membrane ruffling, or even
decreased light scattering secondary to the lack of organelles in
the lamellipodium (Dewitt et al., 2009). Although we did not
investigate these possibilities in further detail, the data neverthe-
less demonstrate that B2R are located in the same subcellular
domains as ClC-3 and KCa3.1 and could regulate channel activity.

We then assessed potential differences in protein expression
between human glioma cell lines by probing Western blots for
ClC-3, KCa3.1, and B2R. Along with D54, we probed U87 and
U251 cells, which are commercially available WHO grade IV gli-
oblastoma cell lines. We also probed GBM 50 and GBM 62 cells,
which we derived from WHO grade IV glioblastomas. Finally, we
probed JX 22 and JX 39 cells, which were derived from grade IV
tumors that were propagated in the flanks of mice, thereby avoid-
ing in vitro culturing and exposure to serum. All the aforemen-
tioned human glioma cell lines expressed ClC-3 (Fig. 4D). In U87
and JX 22 cells, the ClC-3 band produced a smear, suggesting
posttranslational modifications leading to differences in molec-
ular mass. Six of seven human glioma lines expressed KCa3.1
channels (Fig. 4D). All glioma lines also expressed B2R (Fig. 4D).
Therefore, ClC-3, KCa3.1, and B2R protein expression is shared
among human glioma cells, and these proteins localize to the
leading edges of migrating cells.

A subset of Ca 2�-activated Cl � currents are mediated by
CaMKII-dependent ClC-3 channels in glioma cells
Given that glioma cells express ClC-3 and have Ca 2�-activated
Cl� currents that match the electrophysiological characteristics
of ClC-3 (Fig. 3), we asked whether bradykinin-induced [Ca 2�]i

increases activate ClC-3. We and others have reported previously
that ClC-3 activity is enhanced by CaMKII phosphorylation
(Huang et al., 2001; Cuddapah and Sontheimer, 2010); therefore,
Ca 2� elevations in glioma cells may be enhancing Cl� channel
activity via a Ca 2�-sensitive kinase, such as CaMKII. To answer
this question, we again performed whole-cell patch-clamp exper-
iments with 0, 65, or 180 nM [Ca 2�] in the pipette solution. We
found that there were little to no DIDS-sensitive Cl� currents at
0 nM [Ca 2�]i (Fig. 5A–C). Elevation of [Ca 2�]i to 65 nM, which is
close to basal [Ca 2�]i, significantly increased DIDS-sensitive Cl�

currents at �40 mV (p � 0.01; n � 10 cells; Fig. 5A–C). As
described previously for ClC-3, these currents inactivated at de-
polarized potentials, were slightly outwardly rectifying (Fig. 5A),
and reversed at ECl� (Fig. 5B). Importantly, Cl� currents at 65 nM

[Ca 2�]i were completely inhibited by 10 �M AIP, a potent and
specific inhibitor of CaMKII (Ishida et al., 1995) (Fig. 5). At �40
mV and [Ca 2�]i � 65 nM, current density was reduced in 10 �M

AIP (p � 0.04; n � 10 cells; Fig. 5A–C), indicating that all DIDS-

Figure 3. Increases in [Ca 2�]i activate TRAM-34-sensitive KCa3.1 channels and DIDS- and gluconate �-sensitive Cl � channels. A, Representative TRAM-34-sensitive KCa3.1 currents elicited after
a step protocol from �100 to 120 mV at each of the [Ca 2�]i listed. B, TRAM-34-sensitive current–voltage relationship at 0, 65, and 180 nM [Ca 2�]i. C, TRAM-34-sensitive KCa3.1 current density at
�40 mV. n � 5– 8 cells. D, Representative DIDS-sensitive Cl � currents elicited after a step protocol from �100 mV to 120 mV at each of the [Ca 2�]i listed, with or without extracellular
gluconate � replacement. E, DIDS-sensitive current–voltage relationship at 0, 65, and 180 nM [Ca 2�]i, with or without extracellular gluconate � replacement. F, DIDS-sensitive Cl � current density
at 40 mV. n � 5–10 cells; *p � 0.05. gluc, Gluconate.
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sensitive Cl� currents in basal [Ca 2�]i are CaMKII dependent.
However, at elevated [Ca 2�]i, most of the Cl� currents are not
CaMKII dependent. AIP did not significantly decrease Cl� cur-
rent density when [Ca 2�]i � 180 nM (p 	 0.2; n � 10 cells; Fig.
5A–C). These data indicate that Cl� currents in human glioma
cells are Ca 2� dependent, and a subset is also CaMKII dependent.

To directly asses the contribution of ClC-3 to Ca 2�-activated
Cl� currents, we transfected cells with constitutively expressed
NT shRNA or ClC-3 shRNA. Endogenous ClC-3 expression was
knocked down to 67% of control levels as normalized to GAPDH
expression (Fig. 5D). As observed in previous experiments, 0 nM

[Ca 2�] in the pipette solution resulted in little to no DIDS-
sensitive Cl� currents (Fig. 5E,F,H). However, 65 nM [Ca 2�] in
the pipette solution only increased DIDS-sensitive Cl� currents
when ClC-3 was expressed. ClC-3 knockdown reduced current
density from 3.35 � 1.16 pA/pF at 40 mV to 1.07 � 0.38 pA/pF
(p � 0.05; n � 13 cells; Fig. 5E,F,H). Therefore, basal levels of
[Ca 2�]i (i.e., 65 nM) activate CaMKII and ClC-3 to increase Cl�

currents. Unexpectedly, ClC-3 knockdown alone did not signif-
icantly decrease Cl� current density at 180 nM [Ca 2�]i (Fig.
5E,F,H). Simultaneous inhibition of CaMKII with AIP and
knockdown of ClC-3 expression also resulted in smaller DIDS-
sensitive Cl� currents when [Ca 2�]i � 65 nM (p � 0.05; n �

12–13 cells; Fig. 5G,H). Interestingly, simultaneous inactivation
of CaMKII and ClC-3 decreased DIDS-sensitive Cl� currents
when [Ca 2�]i � 180 nM. Current density was reduced from
8.24 � 1.9 pA/pF in control conditions to 3.61 � 1.49 pA/pF after
CaMKII and ClC-3 inhibition (p � 0.05; n � 10 –12 cells; Fig.
5G,H). Although inhibition of ClC-3 or CaMKII is sufficient to
decrease Ca 2�-activated Cl� currents at basal [Ca 2�]i levels,
both CaMKII and ClC-3 must be inhibited to decrease Ca 2�-
activated Cl� currents at elevated [Ca 2�]i levels. This may be
secondary to incomplete CaMKII inhibition or incomplete ClC-3
knockdown. Nevertheless, these data indicate that CaMKII-
dependent ClC-3 channels partially mediate Ca 2�-activated Cl�

currents.
After determining that experimental increases in [Ca 2�]i were

sufficient to activate CaMKII-dependent ClC-3 channels, we
asked whether bradykinin-induced [Ca 2�]i elevations could do
the same. Again using an amphotericin B perforated-patch con-
figuration, we washed on 10 �M bradykinin and found that gli-
oma cells transfected with NT shRNA depolarized by 19.51 �
3.49 mV after 165.33 � 19.12 s (Fig. 6A,B). ClC-3 knockdown or
CaMKII inhibition with 10 �M AIP did not significantly alter the
amplitude of peak depolarization or time-to-peak depolarization
(Fig. 6A,B). However, both ClC-3 knockdown and CaMKII in-

Figure 4. ClC-3, KCa3.1, and B2R are expressed on the leading edges of human glioma cells. A, Field of view of cultured D54 human glioma cells labeled with antibodies targeted against ClC-3
(blue), KCa3.1 (green), and B2R (red). Zooms of boxed cells depicted in B and C. Scale bar, 20 �m. B, C, Zooms of individual cells depicted in A. Scale bar, 10 �m. n � 3. D, Several human glioma lines
express ClC-3, KCa3.1, and B2R protein. n � 3.
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hibition significantly decreased bradykinin-induced Cl� cur-
rents at 100 mV (Fig. 6C,D). Current density decreased from
14.62 � 3.01 to 7.62 � 2.74 pA/pF after CaMKII inhibition, to
7.66 � 2.35 pA/pF after ClC-3 knockdown and to 6.78 � 1.72
pA/pF after both CaMKII inhibition and ClC-3 knockdown (p �
0.05; n � 15 cells; Fig. 6C,D). Thus, bradykinin-induced [Ca 2�]i

elevations activate CaMKII-dependent ClC-3 channels in human
glioma cells.

Bradykinin activation of ion channels enhances glioma cell
invasion into cerebral parenchyma
Ion channels have been implicated previously in facilitating chemot-
actic migration by promoting the shape and volume changes associ-
ated with motile cells (Cuddapah and Sontheimer, 2011). Given that
bradykinin activates KCa3.1 channels and Cl� channels, we hypoth-
esized that bradykinin-induced increases in glioma cell migration
are partially mediated by enhanced activity of these two classes of ion

Figure 5. A subset of Ca 2�-activated Cl � currents are mediated by CaMKII-dependent ClC-3 channels. A, Representative DIDS-sensitive Cl � currents elicited after a step protocol from �100
to 120 mV at each of the [Ca 2�]i listed, with or without AIP preincubation to inhibit CaMKII. B, DIDS-sensitive current–voltage relationship at 0, 65, and 180 nM [Ca 2�]i, with or without AIP. C,
DIDS-sensitive Cl � current density at 40 mV. n � 10 cells. D, Representative Western blot demonstrating knockdown of ClC-3 expression. GAPDH used as a loading control. E, Representative
DIDS-sensitive Cl � currents elicited after a step protocol from �100 to 120 mV at each of the [Ca 2�]i listed, with NT or ClC-3 shRNA transfected cells. F, DIDS-sensitive current–voltage relationship
at 0, 65, and 180 nM [Ca 2�]i, with or without ClC-3 expression. G, DIDS-sensitive current–voltage relationship at 65 and 180 nM [Ca 2�]i, with simultaneous ClC-3 knockdown and CaMKII inhibition
with AIP. H, DIDS-sensitive Cl � current density at 40 mV. n � 5–13 cells; *p � 0.05.
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channels acting in concert. To test this hy-
pothesis, we plated D54 human glioma cells
onto a Transwell filter containing 8 �m
pores (Fig. 7A). We then placed bradykinin
on the opposite side of the filter and counted
the number of cells that migrated toward
bradykinin. Bradykinin induced a 1.5 �
0.14-fold increase in migration compared
with control (p � 0.05; n � 4; Fig. 7B).
When bradykinin was placed on both sides
of the filter, there was no significant increase
in migration (data not shown), indicating
that the observed effects were attributable
to chemotaxis and not solely chemoki-
nesis. Importantly, inhibition of either
KCa3.1 channels, CaMKII, or ClC-3
channels significantly decreased
bradykinin-induced migration (p � 0.05;
n � 4; Fig. 7B). KCa3.1 channel inhibition
with TRAM-34, CaMKII inhibition with
AIP, or ClC-3 knockdown decreased mi-
gration to 0.98 � 0.07, 0.75 � 0.12, and
0.58 � 0.07, respectively (Fig. 7B). Addi-
tionally, CaMKII inhibition and ClC-3
knockdown did not have additive effects
(p 	 0.05), suggesting that CaMKII and
ClC-3 act along the same pathway in
bradykinin-induced migration.

To extend these findings to glioma ex-
pansion in brain tissue, we cultured organo-
typic brain slices from P13–P16 SCID mice
and engrafted EGFP-expressing D54 hu-
man glioma cells into the cortex, leading to
the formation of a large tumor (Fig. 8A).
Eight days after transplantation, we mea-
sured the area of bradykinin-induced tu-
mor expansion. Incubating tumor-
containing brain slices in bradykinin
increased tumor spreading from 80.45 �
15.94 to 212.08 � 46.26% of starting tu-
mor volume (p � 0.05; n � 13–14; Fig.
8A,B). We verified that glioma cells were
inside the slices by imaging with higher
magnification and finding that glioma
cells migrated along the vasculature, as
has been reported previously (Montana
and Sontheimer, 2011). In line with the
previous study, bradykinin increases che-
motaxis by promoting the association of
glioma cells with the vasculature, which
releases bradykinin and serves as a sub-
stratum for migration (Montana and
Sontheimer, 2011). Bradykinin-induced tumor spreading was
significantly inhibited to 54.33 � 8.05% of starting tumor vol-
ume by application of TRAM-34 to inhibit KCa3.1 channels (p �
0.05; n � 6 –14; Fig. 8A,B). Additionally, knockdown of ClC-3
decreased tumor volume from 173.84 � 12.04 to 28.62 � 30.97%
of starting tumor volume (p � 0.05; n � 3– 4; Fig. 8A,C). These
data indicate that bradykinin-induced tumor growth requires the
downstream activation of ion channels and that tumor growth in
situ can be contained by blockade of these channels.

We also applied 5 �M icatibant (HOE-140; Firazyr) to tumor-
containing slices. Icatibant is a specific B2R antagonist that re-

ceived Food and Drug Administration approval as an orphan
drug in 2011 for the treatment of hereditary angioedema. Impor-
tantly, icatibant significantly reversed bradykinin-induced in-
creases in tumor volume from 212.08 � 46.26 to 70.89 � 22.06%
of starting tumor volume (p � 0.05; n � 9 –14; Fig. 8A–C). These
results appear to be clinically relevant, because we probed three
human WHO grade IV glioblastoma samples for ClC-3, KCa3.1,
and B2R protein expression and found expression of all three
proteins in all samples (Fig. 8D). Cumulatively, these data suggest
that bradykinin-induced activation of ClC-3 and KCa3.1 channels
increases glioma cell migration and tumor expansion.

Figure 6. Bradykinin-induced Cl � currents are partially mediated by CaMKII activation of ClC-3. A, Time to BK-induced peak
depolarization after inhibition of CaMKII with AIP and knockdown of ClC-3. B, Peak late-phase voltage change (millivolts) after
inhibition of CaMKII with AIP and knockdown of ClC-3. C, D, BK-induced current–voltage changes during late-phase response.
CaMKII or ClC-3 inhibition decreases bradykinin-induced Cl � currents. n � 15 cells; *p � 0.05.

Figure 7. Bradykinin-induced glioma cell migration requires KCa3.1 channel and CaMKII-dependent ClC-3 channel activity. A,
Diagram depicting glioma cells plated onto a Transwell barrier containing 8 �m pores. Bradykinin (BK) loaded on opposite side of
filter to assess chemotactic migration. B, Normalized number of glioma cells migrated under various conditions. Ion channel
inhibition eliminates bradykinin-induced migration. n � 4; *p � 0.05.

1436 • J. Neurosci., January 23, 2013 • 33(4):1427–1440 Cuddapah et al. • Bradykinin Activates Glioma K� and Cl� Channels



Figure 8. Bradykinin-induced glioma cell invasion through cerebral parenchyma requires ion channel activity. A, Representative mouse brain slices containing large bradykinin (BK)-induced
EGFP-labeled human glioma tumor, which is inhibited by TRAM-34, icatibant, and ClC-3 knockdown. B, C, Quantification demonstrates that BK-induced tumor spreading and growth is suppressed
by ion channel or B2R inhibition. n � 3–14; *p � 0.05. D, Human tissue lysates probed for ClC-3, KCa3.1, and B2R. NB, Normal brain; IV, grade IV glioblastoma. n � 3. E, BK binds to GPCR (1) and
leads to increases in [Ca 2�]i (2). These increases in [Ca 2�]i activate KCa3.1 channels and K � efflux (3). Increases in [Ca 2�]i also activate Cl � channels, including CaMKII activation of ClC-3, leading
to Cl � efflux (4 ). K � and Cl � efflux lead to osmotic loss of cytosolic water. A loss in cytosolic ions and water enables cellular volume and shape changes, facilitating glioma cell migration through
narrow extracellular spaces (5).
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Discussion
Using human malignant glioma, a clinically relevant model sys-
tem in which to study cell migration and invasion, we present a
novel mechanism demonstrating how changes in [Ca 2�]i sec-
ondary to ligands, such as bradykinin, translate into altered cell
movement in a three-dimensional and spatially restricted envi-
ronment. Specifically, we show that the synchronous activation
of a Ca 2�-activated K� channel, KCa3.1, and a CaMKII-activated
Cl� channel, ClC-3, regulate the flux of osmotically active K�

and Cl� ions, which cause dynamic changes in cytoplasmic vol-
ume required for cellular movement (Fig. 8E). This ligand-
activated modulation of ion channels leading to the flux of
osmotically active ions may be a mechanism conserved among
migratory cell types in the context of both chemotaxis and
chemokinesis.

[Ca 2�]i is a regulator of ion channels, cell volume,
and migration
The regulation of cellular migration by [Ca 2�]i has been docu-
mented previously for both malignant and non-malignant neural
cells. For example, Komuro and Rakic (1996) published a series
of studies demonstrating that immature granule cells show oscil-
latory changes in [Ca 2�]i, and these fluctuations dictate the rate
of migration. The movement of neuronal growth cone extensions
toward netrin-1 requires the influx of Ca 2� through transient
receptor potential TRPC channels (Wang and Poo, 2005). In
human glioma cells, glutamate activates Ca 2�-permeable AMPA
receptors, thereby inducing [Ca 2�]i oscillations, and their dis-
ruption impairs cell migration and tumor spread in vivo (Lyons et
al., 2007). The central role of Ca 2� for motility in this context is
illustrated by the fact that, if the AMPA receptors are mutated and
rendered Ca 2� impermeable, glioma cell invasion is inhibited in
vivo (Ishiuchi et al., 2002).

These examples illustrate that Ca 2� signaling appears to be a
conserved feature among migratory cells. However, the molecu-
lar targets of such [Ca 2�]i changes and how they affect cell move-
ment are by and large not well understood. Clearly changes in
[Ca 2�]i can influence actin–myosin molecular motors (Martini
and Valdeolmillos, 2010), regulate the dynamics of the tubulin
cytoskeleton, and alter the adhesion of cells to substrates via focal
adhesion kinases (Giannone et al., 2004). In addition, our data
suggest that [Ca 2�]i changes regulate the flux of ions and thereby
the cytoplasmic water content of a cell. In support of this, a pre-
vious study found that invading glioma cells must move through
narrow extracellular spaces and maximize their chances to do so
by releasing essentially all free cytoplasmic water at once, thereby
reducing the total cellular volume by 33% (Watkins and
Sontheimer, 2011). This volume condensation is independent of
barrier size, because glioma cells decreased in volume by 33%
while migrating through 3, 5, or 8 �m pores (Watkins and
Sontheimer, 2011). Additionally, migrating glioma cells oscillate
in total cellular volume as leading edges are extended and lagging
edges are retracted (Watkins and Sontheimer, 2011). Impor-
tantly, these volume oscillations were inhibited by Cl� channel
blockers, which also impaired cell migration (Watkins and
Sontheimer, 2011). Therefore, the pro-migratory effects of bra-
dykinin may partially be mediated by simultaneous Ca 2�-
dependent activation of K � and Cl � channels, which facilities
shape and volume changes characteristic of migrating cells
(Fig. 8E).

Our present findings suggest that Ca 2�-mediated activation
of both K� and Cl� channels are required for cellular volume
change. We propose that the K� movement is mediated by

KCa3.1 channels, which are Ca 2� sensitive and facilitate volume
and shape changes (Schwab et al., 2007). A portion of the K�

movement may also be mediated by the KCa1.1 channel (BK
channel), which is expressed by human glioma cells, promotes
migration, and is activated by bradykinin (Ransom and
Sontheimer, 2001; Weaver et al., 2006). The anion movement is
at least in part mediated by ClC-3, which is highly expressed in
human glioma cells (Olsen et al., 2003; Cuddapah and
Sontheimer, 2010). ClC-3 has been shown to mediate volume
regulation and has been implicated in the migration of other
malignant and non-malignant cell types, including neutrophils
and nasopharyngeal carcinoma cells (Mao et al., 2008; Volk et al.,
2008). Temporally, CaMKII phosphorylation of ClC-3 in glioma
cells may be responsible for potentiating Cl� currents several
minutes after [Ca 2�]i has returned to resting levels (Fig. 2D),
analogous to neuronal CaMKII activation of NMDA receptors
minutes after [Ca 2�]i elevations during long-term potentiation
(Lengyel et al., 2004). Our findings here elucidate a novel mech-
anism for bradykinin-induced migration: bradykinin increases
[Ca 2�]i to simultaneously activate KCa3.1 and ClC-3 channels,
which facilitate the volume and shape changes associated with
migrating cells (Fig. 8E). In accordance, we observed bradykinin-
induced changes in cell volume as measured by changes in fura-2
fluorescence after excitation with 360 nm light, which is the isos-
bestic point of fura-2 producing a Ca 2�-insensitive emission
(data not shown).

Bradykinin modulates ion channel activity in several
cell types
In this study, we were particularly interested in bradykinin, which
has been shown to be an essential signal for the chemotactic
migration of glioma cells toward blood vessels (Montana and
Sontheimer, 2011). Bradykinin predominantly increases [Ca 2�]i

through GPCR signaling, subsequently leading to downstream
IP3 receptor isoform 3 (IP3R3)-mediated Ca 2� release from in-
tracellular Ca 2� stores (Kang et al., 2010). Additionally, inhibi-
tion of the B2R receptor (Montana and Sontheimer, 2011) or
IP3R3-mediated Ca 2� release by caffeine significantly reduces in
vivo tumor size and improves animal survival (Kang et al., 2010).
Thus, bradykinin-induced [Ca 2�]i increases play a critical role in
glioma cell migration and in vivo tumor spreading. Our data
suggest that this effect is at least in part attributable to the activa-
tion of KCa3.1 and ClC-3, enhancing cell motility via changes in
cell volume dynamics.

Interestingly, inhibition of both KCa3.1 and ClC-3 reduced
Transwell migration to below control levels, when bradykinin
was not present (Fig. 7). This indicates that KCa3.1 and ClC-3 are
critical for the mechanics of glioma cell migration, even indepen-
dent of bradykinin-induced migration. In accordance, previous
studies have demonstrated that ClC-3 and CaMKII activity is
required for glioma cell migration in the absence of ligands (Cud-
dapah and Sontheimer, 2010). KCa3.1 and ClC-3 flux osmotically
active ions, promoting the shape and volume changes necessary
in migrating cells (Schwab et al., 2007; Volk et al., 2008). Our
findings demonstrate that bradykinin enhances glioma cell mi-
gration by increasing the activation of these known modulators
of cellular volume, allowing cells to migrate through narrow and
tortuous spaces in the brain.

Bradykinin also activates Cl� channels in several non-
malignant cells, including fibroblast-like satellite cells (England
et al., 2001), murine epithelial cells (Tiwari et al., 2007), and
neurons (Lee et al., 2005). Additionally, unidentified factors in
fetal calf serum activate Cl� currents in a Ca 2�-independent

1438 • J. Neurosci., January 23, 2013 • 33(4):1427–1440 Cuddapah et al. • Bradykinin Activates Glioma K� and Cl� Channels



manner in human glioma cells. This serum also simultaneously
activates Ca 2�-dependent KCa3.1 channels (Catacuzzeno et al.,
2011), as we see here in response to bradykinin, suggesting that
bradykinin in serum may be responsible for the previously ob-
served effects.

Most of the Ca 2�-induced Cl� currents we observed does not
appear to be mediated by the bestrophin 1 anion channel, which
has a gluconate�/Cl� permeability of 0.4 (Lee et al., 2010). Here
we found that gluconate� replacement at [Ca 2�]i � 180 nM

ablated Cl� currents by 89% (Fig. 3D–F). Although CaMKII-
dependent Cl� currents can be attributed to ClC-3 (Fig. 5) (Cud-
dapah and Sontheimer, 2010), future studies will attempt to
identify which channels are responsible for the large Ca 2�-
dependent and CaMKII-independent Cl� currents (Fig. 5) by
using genetic knockdown strategies. Although CaMKII or ClC-3
inhibition decreased bradykinin-induced Cl� currents (Fig.
6C,D), the peak depolarization was unchanged (Fig. 6B), indicat-
ing that other Cl� channels were able to compensate and flux
enough Cl� to depolarize the resting membrane potential. One
potential candidate may be anoctamin (TMEM16) channels,
which are activated by physiological [Ca 2�]i and overexpressed
in several cancer types (Hartzell et al., 2009).

Bradykinin activation of ion channels as a therapeutic target
for glioma treatment
We found that bradykinin-activation of KCa3.1 and Cl� channels
facilitates glioma cell migration through cerebral parenchyma
and that inhibition of bradykinin signaling or KCa3.1 activity
decreases migration. This has important implications for the
management and treatment of glioblastoma multiforme, the
most common and deadly primary brain cancer affecting adults.
Icatibant is a promising drug candidate for the treatment of glio-
mas and is already being used clinically in the United States and
Europe for the treatment of hereditary angioedema. Icatibant is a
specific antagonist of B2R, the primary receptor for bradykinin in
gliomas (Montana and Sontheimer, 2011), and our data suggest
that it has clinical promise. Alternatively, inhibition of ion chan-
nels downstream of bradykinin, including KCa3.1 channels and
Cl� channels, could be used to decrease glioma cell migration
and disease burden. Chlorotoxin induces internalization of gli-
oma ClC-3 channels (Sontheimer, 2008), significantly hampers
glioma cell migration (Soroceanu et al., 1999), and was well tol-
erated in a phase I study (Mamelak et al., 2006). KCa3.1 channels
could also be targeted, because our data are similar to other find-
ings (Sciaccaluga et al., 2010) demonstrating that TRAM-34 in-
hibits glioma cell migration. To inhibit activation of both KCa3.1
and Cl� channels, caffeine may be efficacious because it de-
creases bradykinin-induced [Ca 2�]i elevations and glioma inva-
siveness (Kang et al., 2010). Thus, this novel mechanism of
bradykinin-induced activation of ion channels presents several
druggable targets to improve clinical management of gliomas.
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