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Abstract
Malignant gliomas are highly-invasive brain cancers that carry a dismal prognosis. Recent studies
indicate that Cl− channels facilitate glioma cell invasion by promoting hydrodynamic cell shape
and volume changes. Here we asked how Cl− channels are regulated in the context of migration.
Using patch-clamp recordings we show Cl− currents are activated by physiological increases of
[Ca2+]i to 65 and 180 nM. Cl− currents appear to be mediated by ClC-3, a voltage-gated, CaMKII-
regulated Cl− channel highly expressed by glioma cells. ClC-3 channels colocalized with TRPC1
on caveolar lipid rafts on glioma cell processes. Using perforated-patch electrophysiological
recordings, we demonstrate that inducible knockdown of TRPC1 expression with shRNA
significantly inhibited glioma Cl− currents in a Ca2+-dependent fashion, placing Cl− channels
under the regulation of Ca2+ entry via TRPC1. In chemotaxis assays epidermal growth factor
(EGF)-induced invasion was inhibition by TRPC1 knockdown to the same extent as
pharmacological block of Cl− channels. Thus endogenous glioma Cl− channels are regulated by
TRPC1. Cl− channels could be an important downstream target of TRPC1 in many other cells
types, coupling elevations in [Ca2+]i to the shape and volume changes associated with migrating
cells.
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1. Introduction
Malignant gliomas are the most common and deadly form of primary brain cancer affecting
adults. These cancers are typified by an elevated mitotic index and robust invasiveness. The
invasiveness is facilitated by ion channels, which allow cellular shape and volume changes
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during migration, allowing cells to squeeze through narrow extracellular spaces. Ion
channels control cellular shape and volume by moving ions, which are osmolytes, through
the plasma membrane, osmotically drawing water across the cell membrane [1]. Thus, ion
channels, by allowing hydrodynamic volume changes, facilitate cell migration. In glioma
cells, several of the ion channels responsible for these processes have been identified and
include Ca2+-activated K+ channels [2] and voltage-activated Cl− channels/transporters [3].

Members of the ClC family of voltage-activated Cl− channels/transporters endogenously
expressed by glioma cells include ClC-2, -3, and -5 [4]. Of these channels, ClC-3 is
expressed on the plasma membrane, facilitates volume and shape changes, and promotes
glioma migration [3;5]. While ClC-3 seems to play an important role in migration, little is
known about how ClC-3 becomes activated. We recently demonstrated that ClC-3 can be
phosphorylated by Ca2+/calmodulin-dependent protein kinase II (CaMKII) in human glioma
cells [3] thereby coupling changes in [Ca2+]i to changes in Cl− channel activity. Upon
phosphorylation, ClC-3 currents increase 3-fold, and inhibition of ClC-3 phosphorylation
significantly reduces glioma cell migration [3]. Given that glioma Cl− channels are regulated
by a Ca2+-sensitive kinase, the goals of the present study were to (1) determine if elevations
in [Ca2+]i are sufficient to increase Cl− conductance, and (2) identify a physiological source
for this Ca2+.

A potential source for Ca2+ in glioma cells includes transient receptor potential canonical
(TRPC) channels, non-selective cation channels permeable to Na+, K+, Mg2+, and Ca2+.
Gliomas express TRPC-1, -3, and -5, which give rise to currents blocked by GdCl3, 2-APB,
or SKF96365 [6]. TRPC1 plays a role in store-operated Ca2+ entry [7] and regulates EGF-
induced chemotaxis in glioma cells [8]. Hence we ask whether TRPC1 is a source for Ca2+

to activate Cl− channels in glioma cells.

Using inducibly-expressed TRPC1 shRNA, we find that Ca2+ entry through TRPC1
activates glioma Cl− channels. We show that Cl− channels are regulated by physiologically
relevant changes in [Ca2+]i, i.e. between 0–180 nM. Such [Ca2+]i changes occur in response
to TRPC1 activity, e.g. during EGF-stimulated chemotaxis. Consistent with this we find
prominent colocalization of ClC-3 and TRPC1 in caveolar lipid rafts on the processes of
glioma cells. This interaction appears to be functionally relevant during EGF-induced
chemotaxis.

2. Methods
2.1 Cell culture

D54 human glioma cells were derived from a World Health Organization grade IV
glioblastoma and gifted to us by Dr. D. Bigner (Duke University, Durham, NC). D54 cells
were maintained in Dulbecco’s modified Eagle’s medium/F-12 (DMEM-F/12),
supplemented with 2 mM glutamine and 7% fetal bovine serum (Hyclone, Logan, UT).
Cells were incubated in a humidified chamber at 37 °C and 10% CO2. Reagents were
purchased from Sigma-Aldrich unless otherwise noted.

2.2 Electrophysiology
Whole-cell patch clamp recordings were performed on D54 glioma cells after 2–4 days in
culture. Patch pipettes were pulled from thin-walled borosilicate glass (TW15OF-4, World
Precision Instruments, Sarasota, FL) for a final resistance of 3–5 MΩ with an upright puller
(PP-830, Narashige Instruments, Tokyo, Japan). Recordings were collected with an
Axopatch 200A amplifier and digitized on-line at 10 kHz and low-pass filtered at 1 kHz
using a Digidata 1322A digitizer (Molecular Devices, Sunnyvale, CA). pClamp 8 software
was used to acquire and store the data. Cells in which the series resistance was > 12 MΩ
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were omitted, and series resistance was compensated to 80%. Standard bath and pipette
solutions were used as previously described [3]. [Ca2+]i was calculated with the
Maxchelator program (Ca-Mg-ATP-EGTA Calculator v1.0 using constants from NIST
database #46 v8).

For perforated-patch recordings, non-confluent cells cultured for 4–5 days in doxycycline or
vehicle were used. Cells with series resistances up to 25 MΩ (with 80% compensation) and
resting membrane potential ≤ −20 mV were used for experiments. Amphotericin B was
included in the pipette solution at 240 µg/mL, kept on ice, and used for a maximum of 4
hours after dilution. Alexa Fluor 488 hydrazide sodium salt (Invitrogen, Eugene, OR) was
also included in the pipette solution at 4 µg/mL to ensure the perforated-patch configuration
was intact. If Alexa 488 filled the cell, the experiment was excluded. NPPB was applied at
200 µM to block Cl− channels. 2-APB was applied at 100 µM to block TRP channels. All
recordings were preformed in 2 µM paxilline to block BK channels.

2.3 Immunocytochemistry
Cells were labeled with antibodies as previously described [3]. Briefly, cells were cultured
and fixed. Cells were then blocked with normal donkey serum. Primary antibodies were
used at 1:250 and included rabbit anti-TRPC1 (ACC-010 polyclonal; Alomone, Jerusalem,
Israel), goat anti-Caveolin 1 (ab36152 polyclonal; Abcam, Cambridge, MA), and mouse
anti-ClC-3 (clone N258/5 monoclonal; UC Davis/NIH Neuromab Facility, Davis, CA).
Secondary antibodies were purchased from Invitrogen, used at 1:500, and included donkey
anti-rabbit Alexa 647, donkey anti-mouse Alexa 488, and donkey anti-goat Alexa 546.
Confocal imaging was performed as previously described [9] with a 60X water objective.
Colocalization was quantified using the Olympus FluoView software package. Total
colocalization for all cells in a field-of-view was measured using the Pearson’s correlation
coefficient and the Mander’s overlap coefficient.

2.4 Western Blot
Western blotting was performed as previously described [3] using the following primary
antibodies: rabbit anti-TRPC1 (ACC-010 polyclonal; Alomone, Jerusalem, Israel) and
mouse anti-glyceraldehyde-3-phosphate dehydrogenase (Abcam, Cambridge, MA).

2.5 Inducible TRPC1 knockdown
Human D54 glioma cells were transfected with non-targeting (NT) or TRPC1 shRNA
plasmids as previously described [8].

2.6 Migration Assay
Migration assays were performed as previously described [3]. Cells were incubated in
doxycycline prior to the experiments, and not while migration was occurring.

2.7 Data Analysis
Current responses to voltage steps were quantified using Clampfit 8 software (Molecular
Devices, Sunnyvale, CA). Raw data were compiled and graphed in Origin 7.5 (MicroCal,
Northampton, MA) or Microsoft Excel. Statistical analyses were performed using GaphPad
Instat (GraphPad software). One-way ANOVA or t-test was used to determine the p-value as
appropriate. All data are reported as mean ± standard error (* p < 0.05).
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3. Results
3.1 [Ca2+]i regulates Cl− currents in human glioma cells

Previous studies demonstrate that human glioma cells express voltage-gated Cl− channels,
which modulate cellular volume to promote cell motility [1;3;10]. Given that a subset of
these Cl− channels are regulated by Ca2+-sensitive kinases [3;11], we hypothesize that
[Ca2+]i may also regulate Cl− channel activity. To test this hypothesis, we first performed
whole-cell patch clamp experiments on human glioma cells. By manipulating the [Ca2+] of
the pipette solution, we changed [Ca2+]i in glioma cells to either 0 nM, 65 nM, or 180 nM.
These values were selected, because the resting [Ca2+]i in glioma cells is about 65 nM [12],
and 0 nM and 180 nM represent low and high [Ca2+]i, respectively. After dialyzing cells
with the various [Ca2+]i, we stepped cells from −100 to +120 mV in 20 mV increments and
measured the current responses. We then washed on 200 µM NPPB to block Cl− channels.
These experiments were performed in the presence of 10 µM TRAM-34 to eliminate off-
target effects of NPPB on Ca2+-activated K+ channels [13]. NPPB-sensitive Cl− currents
were largest when [Ca2+]i = 180 nM, and smallest when [Ca2+]i = 0 nM (Figure 1A). The
NPPB-sensitive Cl− currents activated by increases in [Ca2+]i showed time- and voltage-
dependent inactivation, matching the electrophysiological properties of ClC-3, a voltage-
gated Cl− channel/transporter highly expressed by glioma cells [5;14–16]. The Ca2+-
activated Cl− currents reversed at 0 mV, as predicted by the Nernst equilibrium potential
with symmetric [Cl−] inside and outside the cells (Figure 1B). At −40 mV, the approximate
resting potential of glioma cells [5], increasing [Ca2+]i from 0 nM to 65 nM significantly
increased NPPB-sensitive Cl− current density from −0.93±0.27 to −1.95±0.32 pA/pF
(Figure 1C; p< 0.05; n = 13 for each group). Further increasing [Ca2+]i to 180 nM increased
current density to −5.18±1.67 pA/pF (Figure 1C; p< 0.05). These data indicate that small
physiologically relevant changes in [Ca2+]i regulate Cl− channel activity in human glioma
cells.

3.2 ClC-3 and TRPC1 colocalize to caveolar lipid rafts
Given that increases in [Ca2+]i activated Cl− currents that matched the electrophysiological
characteristics of ClC-3, we asked what physiological sources of Ca2+ might activate ClC-3
to increase Cl− conductance. Spatially, ClC-3 is located on caveolar lipid rafts, as
determined by membrane subfractionation and immunocytochemical experiments [17]. We
first confirmed that ClC-3 was found on caveolar lipid rafts by culturing human glioma cells
and labeling ClC-3 and Caveolin-1, a marker of caveolar lipid rafts. ClC-3 and Caveolin-1
strongly colocalized, as assessed by confocal imaging, especially on the processes of glioma
cells (arrows in Figure 2A–C). To quantify colocalization, we calculated the Pearson’s
correlation coefficient, which is independent of background intensity and the intensity of
overlapping pixels. The Pearson’s correlation coefficient between ClC-3 and Caveolin-1 was
0.9±0.03, indicating a high degree of colocalization. We also calculated the Mander’s
overlap coefficient, which is sensitive to differences in background intensity, but not
sensitive to the differences in the intensity of overlapping pixels. The Mander’s overlap
coefficient between ClC-3 and Caveolin-1 was 0.9±0.03, also indicating a high degree of
colocalization. ClC-3 also exhibited punctate staining throughout the cell, characteristic of
proteins highly expressed on vesicles (Figure 2B–C). Since ClC-3 is located on caveolar
lipid rafts, we searched for regulators of [Ca2+]i that are located in similar subcellular
domains. Interestingly, a recent study indicated that transient receptor potential canonical 1
(TRPC1) channels are also located on caveolar lipid rafts in glioma cells [8]. TRPC channels
are non-selective cation channels and play an important role in store-operated Ca2+ entry to
regulate intracellular Ca2+ dynamics. Therefore, we asked if ClC-3 and TRPC1 channels
were located in similar subcellular domains to understand if Ca2+ influx through TRPC1
might affect Cl− channel activity. As seen in a field-of-view and digital zooms of individual
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cells, Caveolin-1, ClC-3, and TRPC1 colocalized on the processes of glioma cells (Figure
2A–C). The Pearson’s correlation coefficient was 0.92±0.02 for TRPC1 and ClC-3 and
0.88±0.02 for TRPC1 and Caveolin-1, indicating a high degree of colocalization. The
Mander’s overlap coefficient was 0.93±0.01 for TRPC1 and ClC-3 and 0.9±0.02 for TRPC1
and Caveolin-1, also indicating a high degree of colocalization. Thus TRPC1 channels
appear to be in a privileged spatial domain to regulate Cl− channel activity via Ca2+.

3.3 TRPC1 knockdown inhibits glioma Cl− currents
Since there are no specific pharmacological inhibitors of TRPC1, we transfected glioma
cells with inducibly-expressed TRPC1 shRNA or inducibly-expressed non-targeting (NT)
shRNA to study its potential role in regulating Cl− currents. Stable TRPC1 protein
knockdown was achieved after 5 days of doxycycline treatment in cells transfected with
TRPC1 shRNA, but not NT shRNA, as seen in a representative Western blot (Figure 3A).
The multiple bands depicted correspond to TRPC1 protein, as they were sensitive to TRPC1
shRNA-mediated protein knockdown. On average band intensity shifted from 1.19±0.5
(arbitrary units) in NT shRNA transfected cells to 0.58±0.12 in TRPC1 shRNA-transfected
cells, as normalized to the doxycycline-free condition. We confirmed that this led to a
functional loss of TRPC1 by patching onto glioma cells and measuring 2-
aminoethoxydiphenyl borate (2-APB)-sensitive currents. 2-APB inhibits TRP channels [18]
and blocks TRPC currents in glioma cells [6]. Doxycycline application to NT shRNA-
transfected cells did not produce any measureable change in 2-APB-sensitive currents
(Figure 3B–C). In these cells at +40 mV, current density did not significantly change upon
application of doxycycline (3.4±1.2 to 2.3±0.88 pA/pF; p>0.05; Figure 3C). However,
doxycycline application to TRPC1 shRNA-transfected cells significantly inhibited 2-APB-
sensitive TRPC1 currents (Figure 3B,D). 2-APB-sensitive current density was significantly
reduced from 4.1±1.5 to 0.6±0.6 pA/pF at +40 mV (p<0.05; Figure 3D).

After creating an inducible TRPC1 knockdown, the next step was to assess the potential
activation of glioma Cl− currents by TRPC1 through a Ca2+-dependent mechanism. Because
whole-cell patch clamping requires dialysis of the cytoplasmic space with the pipette
solution, we employed an amphotericin B perforated-patch approach to measure the effects
of TRPC1-mediated Ca2+ influx on Cl− channel activity. Amphotericin B permeabilizes the
plasma membrane to monovalent cations and anions, including K+, Na+, H+, and Cl−, but
not divalent cations like Ca2+. This allows electrical access to the cell while leaving the
cytoplasmic [Ca2+] unperturbed. To verify that we were in the perforated-patch
configuration, we loaded Alexa Fluor 488 hydrazide salt into the pipette solution, and
ensured that it did not fill the cell (Figure 4A). After obtaining perforated patches, we
stepped glioma cells from −100 to +120 mV in 20 mV increments, and then washed on
NPPB to block Cl− channels. Doxycycline treatment of NT shRNA-transfected cells did not
produce any appreciable change in NPPB-sensitive currents at +40 mV (2.6±1.2 to 3.7±1.2
pA/pF; p>0.05; Figure 4C). However, doxycycline treatment of TRPC1 shRNA cells
inhibited NPPB-sensitive current density from 5.5±1.2 to 1.6±0.4 pA/pF (p<0.05; Figure
4B,D). These data indicate that TRPC1 modulates Cl− currents in glioma cells. Given our
data demonstrating that elevations in [Ca2+]i increase Cl− currents, we hypothesized that
TRPC1-mediated Ca2+ influx activated Cl− channels. To test this hypothesis, we performed
whole-cell patch clamp experiments of NT shRNA- and TRPC1 shRNA-transfected cells,
and clamped [Ca2+]i at a very low concentration namely 3 nM using 10 mM EGTA and 0.2
mM CaCl2. Even when TRPC1 expression was decreased with application of doxycycline,
there was no change in NPPB-sensitive Cl− currents when [Ca2+]i was clamped at 3 nM
(Figure 5). Therefore TRPC1-mediated Ca2+ influx activates Cl− currents in human glioma
cells.
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3.4 TRPC1 and Cl− channels facilitate glioma cell migration
TRPC1 channels are functionally important for glioma pathogenesis. By responding to
epidermal growth factor (EGF), TRPC1 channels promote the chemotaxis of migrating cells,
spreading cancer burden throughout the brain [8]. We asked if TRPC1 increased migration
by activating glioma Cl− channels, which facilitate the shape and volume changes typical of
migrating cells [1;19]. To answer this question, we seeded glioma cells on a membrane with
8 µm pores. We then put 10 ng/mL EGF on the bottom of the filter and counted the number
of cells migrating through the pores. As previously reported [8], knockdown of TRPC1
expression after doxycycline application significantly decreased EGF-induced chemotaxis
(70±11 to 41±6 cells; p < 0.05; Figure 6A–B). Additionally, Cl− channel inhibition with
NPPB significantly decreased glioma cell chemotaxis from 70±11 to 16±3 cells (p < 0.05;
Figure 6A–B). To rule out off-target effects of NPPB on Ca2+-activated K+ channels [13],
we performed migration assays in the presence of TRAM-34, a blocker of IK channels.
Even after TRAM-34 addition, NPPB decreased glioma cell migration from 62±8 to 16±3 %
of control (p < 0.05; n = 5), demonstrating that NPPB acts at Cl− channels to decrease
migration. There was no significant additive effect of TRPC1 knockdown and Cl− channel
inhibition, suggesting that TRPC1 and Cl− channels are on the same signaling pathway
(Figure 6B). These data indicate that EGF-stimulated migration activates TRPC1, and the
following Ca2+ influx activates Cl− channels.

4. Discussion
To our knowledge, this is the first demonstration that increases in [Ca2+]i leads to enhanced
Cl− channel activity in gliomas (Figure 1). As previously reported, Cl− channels play an
important role in the shape and volume changes associated with migrating cells [1;19]. This
led us to ask how Cl− channels are physiologically regulated in human glioma cells. We
found that knockdown of TRPC1 decreased Cl− conductance in a Ca2+-dependent manner.
These currents were likely mediated by ClC-3, a voltage-gated Cl− channel/transporter,
which are regulated by CaMKII and colocalizes with TRPC1 on caveolar lipid rafts. This
interaction of TRPC1 and Cl− channels is functionally important, as inhibition of either
decreased EGF-induced chemotaxis of human glioma cells.

4.1 Molecular identity of the glioma Ca2+-activated Cl− current
We observed that increases in [Ca2+]i led to larger NPPB-sensitive Cl− currents (Figure 1).
However, we did not investigate the molecular identity of the Cl− channel responsible for
this. As most Cl− channel inhibitors are non-specific [20], the identities of the Cl− channels
can only be discerned through genetic manipulation. Based on previous studies, a likely
candidate channel is ClC-3, which is activated by CaMKII, a Ca2+-sensitive kinase [21].
Human glioma cells express both ClC-3 and CaMKII, and this CaMKII co-
immunoprecipitates with ClC-3 [3]. Because CaMKII forms a physical linkage with ClC-3,
which is expressed on the plasma membrane, the interaction of these proteins persists even
in dialyzed cells. CaMKII phosphorylation of ClC-3 increases Cl− currents in both growth
phase and dividing glioma cells, and this regulation can be blocked with specific CaMKII
inhibitors, including autocamtide-2 related inhibitory peptide (AIP) [3]. Specifically,
CaMKII phosphorylates the S109 residue of ClC-3, as demonstrated in in tsA cells, a type of
human embryonic kidney cell [15]. When S109 was mutated to an alanine residue, CaMKII
no longer activated ClC-3 Cl− currents [15]. These data indicate that increases in [Ca2+]i,
which could occur TRPC1-mediated Ca2+ influx, may activate CaMKII and ClC-3.

Both TRPC1 and ClC-3 are expressed in glioblastoma patient tissue, indicating that the
proposed mechanism may be preserved in human disease. TRPC1 is expressed in several
glioma cell lines, including D54, D65, GBM62, STTG1, U87, and U251 [6]. TRPC1 is also
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expressed in Grade IV malignant glioma patient tissue [6], where its expression inversely
correlates with large multinucleated cells [7]. ClC-3 is expressed in Grade II, II, and IV
malignant glioma patient tissue [3]. Interestingly, ClC-3 expression is over-expressed in
Grade IV glioblastoma tissue, which correlates with the enhanced invasiveness of
glioblastoma cells [3].

Beyond the ClC family of Cl− channels, a group of Ca2+-activated Cl− channels (CaCC)
may also participate in the Ca2+-dependent Cl− conductance. The molecular identities of
CaCCs are recently becoming identified, and include CLCAs, anoctamins, and bestrophins.
The CLCA family requires extremely high, and non-physiological, concentrations of [Ca2+]i
to become activated [22]. Given our increase in Cl− conductance with physiological [Ca2+]i,
CLCAs are not likely to be activated by TRPC1 in glioma cells. In contrast, anoctamins are
activated by physiological [Ca2+]i and are upregulated in several cancers [23]. Additionally,
bestrophins are activated by increases in [Ca2+]i and can interact with stromal interacting
molecule 1 (STIM1), which is the Ca2+-sensor of the endoplasmic reticulum, to increase
intracellular Ca2+ spikes [24]. This is especially interesting given that TRPC1 and STIM1
also interact to replenish intracellular Ca2+ stores [25]. The expression of the anoctamin and
bestrophin families in gliomas has not been investigated and warrants further study.

4.2 A mechanistic role for Cl− channels in TRPC1-induced chemotaxis
Understanding the downstream targets of TRPC1-mediated Ca2+ influx, such as Cl−

channels, is important because TRPC1 increases cell migration in several cell types. In
glioma cells, TRPC1 localizes to the leading edge on caveolar lipid rafts and promotes
chemotactic migration towards EGF [8]. In pancreatic cancer cells, transforming growth
factor-β (TGF-β) activates TRPC1 to increase [Ca2+]i and migration [26]. Additionally,
TRPC1 in renal epithelial cells dictates directionality in migrating cells [27].

How may TRPC1 mechanistically enhance chemotaxis? Our data indicate that Cl− channels
are important downstream targets. TRPC1 could lead to Cl− channel activation via
membrane depolarization or Ca2+ influx, and our data indicate that a Ca2+-dependent
mechanism is predominant. TRPC1-induced Cl− channel activation is important, because it
may facilitate the shape and volume changes associated with migrating cells. Because Cl−

ions are osmolytes, Cl− movement across the plasma membrane osmotically draws water
across the membrane, changing cell shape and volume [1]. These hydrodynamic changes
require the movement of ions through channels or transporters, and TRPC1-induced Cl−

channel activation may be integral to this process. Migrating cells undergo significant
volume and shape changes, and if these processes are inhibited by Cl− channel inhibition,
cell migration is impaired [19]. EGF is a known activator of glioma TRPC1 channels [8],
and our data indicate that EGF-induced TRPC1 activation may lead to downstream Cl−

channel activation to promote the shape and volume changes typical of migrating cells.

Beyond EFG-induced activation of TRPC1, several ligands that increase [Ca2+]i also
increase glioma cell migration by facilitating shape and volume changes. For example,
bradykinin-induced increases in [Ca2+]i can lead to cellular shape changes in migrating cells
[28]. Additionally, activation of Ca2+-permeable AMPA receptors can lead to increases in
[Ca2+]i and promote migration through narrow spaces necessitating robust volume changes
[19;29]. Hence, ligand-mediated increases in [Ca2+]i may be a conserved mechanism that
leads to downstream Cl− channel activation, leading to the shape and volume changes
typical of migrating cells. While our findings explore TRPC1-mediated Cl− channel
activation in human glioma cells, these results may also be applicable to other cell types.
Ca2+ influx through TRPC1 activating Cl− channels may be a conserved mechanism by
which migrating cells regulate the shape and volume changes necessary for motility.
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4.3 TRP and Cl− channels interact in several other cells types
TRPC1 expressed by human glioma cells plays a role in store-operated Ca2+ entry, which
replenishes intracellular Ca2+ stores [7]. Here we demonstrate that these same channels
activate endogenous glioma Cl− currents (Figure 3). This mechanism does not appear to be
unique to glioma cells, as TRP channels involved in store-operated Ca2+ entry in smooth
muscle cells also activate a Ca2+-dependent Cl− conductance [30;31]. Additionally, others
have demonstrated that TRPC1-mediated store-operated Ca2+ entry can produce shape
changes [32]. Our data suggests that this may occur through activation of Cl− channels,
known modulators of cell shape and volume.

In summary, the data presented here demonstrate that TRPC1 activates Cl− channels in
human glioma cells. This interaction may be conserved among several other cells types and
play an important role in chemotactic migration. Further studies assessing the role of this
mechanism in other cell types and discerning the molecular identities of the Ca2+-activated
Cl− channels are warranted.
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Figure 1. Increases in [Ca2+]i activate glioma Cl− currents
Glioma cells were held at −40 mV and then stepped from −100 mV to +120 mV in 20 mV
increments. A) Representative traces at [Ca2+]i = 0, 65, or 180 nM. Column (a) is pre-NPPB
current. Column (b) is post-NPPB current. Column (a–b) is NPPB-sensitive current. B)
NPPB-sensitive current-versus-voltage relationships at various [Ca2+]i. C) Current density at
−40 mV. * p < 0.05. n = 13 for each group.
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Figure 2. ClC-3 and TRPC1 colocalize on caveolar lipid rafts
Confocal imaging of cultured D54 human glioma cells reveals overlap of ClC-3, TRPC1,
and Caveolin-1 signals. Caveolin-1 is labeled in red. ClC-3 is labeled in green. TRPC1 is
labeled in blue. A) Field-of-view of cultured human glioma cells. Scale bar = 20 µm. B) and
C) Digital zooms of individual cells boxed in A). Scale bar = 5 µm. z-axis = 1.75 µm for all
images.
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Figure 3. Verification of inducible TRPC1 knockdown in human glioma cells
A) Application of doxycycline for 5 days inhibits endogenous TRPC1 protein expression in
human glioma cells transfected with TRPC1 shRNA but not NT shRNA. GAPDH is
depicted as a loading control. B) Glioma cells were held at −40 mV and subsequently
stepped from −80 mV to +140 mV in 10 mV increments. Representative traces of 2-APB-
sensitive current are depicted for each group. TRPC1 knockdown leads to a loss of 2-APB-
sensitive current. C) and D) 2-APB-sensitive current-versus-voltage relationships are
depicted for NT shRNA- and TRPC1 shRNA-transfected cells. n = 3–6 for each group.
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Figure 4. TRPC1 knockdown inhibits NPPB-sensitive Cl− currents
A) Top panel shows representative glioma cell with pipette tip in differential interference
contrast microscopy (DIC). For the same cell, middle panel show Alexa 488 fluorescence in
pipette tip, but not cell, verifying the perforated-patch configuration. The bottom panel
demonstrates movement of the Alexa 488 signal into the cell in whole-cell configuration. B)
Glioma cells were held at −40 mV and subsequently stepped from −100 mV to +120 mV in
20 mV increments. Representative traces of NPPB-sensitive current are depicted for each
group. TRPC1 knockdown leads to a loss of NPPB-sensitive current. C) and D) NPPB-
sensitive current-versus-voltage relationships are depicted for NT shRNA- and TRPC1
shRNA-transfected cells. n = 9–11 for each group.
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Figure 5. Clamping [Ca2+]i at 3nM eliminates TRPC1 modulation of Cl− currents
A) and B) Glioma cells were held at −40 mV in whole-cell configuration and subsequently
stepped from −100 mV to +160 mV in 20 mV increments. NPPB-sensitive current-versus-
voltage relationships are depicted for NT shRNA- and TRPC1 shRNA-transfected cells. n =
6–10 for each group.
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Figure 6. TRPC1 and Cl− channels facilitate glioma migration
A) Cells transfected with TRPC1 shRNA were exposed to doxycycline and/or NPPB.
Representative images of migrated cells through 8µm pores are depicted for each group. B)
Mean number of migrated cells for each group. * p < 0.05. n = 7.
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