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Abstract
The hallmark of apoptosis is a significant reduction in cell volume (AVD) resulting from loss of
K+

i and Cl−i. Loss of cell volume and lowering of ionic strength of intracellular K+ and Cl− occur
before any other detectable characteristics of apoptosis. In the present study, temozolomide (TMZ)
triggered loss of K+

i and Cl−i and AVD in primary glioblastoma multiforme (GBM) cancer cells
(GC) and GC cancer stem cells (GSC). We hypothesize that Na+-K+-2Cl− cotransporter isoform 1
(NKCC1) counteracts AVD during apoptosis in GBM cancer cells by regulating cell volume and
Cl− homeostasis. NKCC1 protein was expressed in both GC and GSC and played an essential role
in regulatory volume increase (RVI) in response to hypertonic cell shrinkage and isotonic cell
shrinkage. Blocking NKCC1 activity with its potent inhibitor bumetanide abolished RVI. These
cells maintained a basal [Cl−]i (~ 68 mM) above the electrochemical equilibrium for Cl−i. NKCC1
also functioned to replenish Cl−i levels following the loss of Cl−i. TMZ-treated cells exhibited
increased phosphorylation of NKCC1 and its up-stream novel Cl−/volume-sensitive regulatory
kinase WNK1. Inhibition of NKCC1 activity with bumetanide accelerated AVD, early apoptosis,
as well as activation of caspase-3 and caspase-8. Taken together, this study strongly suggests that
NKCC1 is an essential mechanism in GBM cells to maintain K+, Cl−, and volume homeostasis to
counteract TMZ-induced loss of K+, Cl− and AVD. Therefore, blocking NKCC1 function
augments TMZ-induced apoptosis in glioma cells.
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INTRODUCTION
Glioblastoma multiforme (GBM) is a World Health Organization Grade IV cancer, the most
malignant category of glial tumors with median survival time of less than one year [1–3].
Current standard therapies for GBM include surgical resection, radiation, and chemotherapy.
The combined temozolomide (TMZ)-mediated chemotherapy and radiotherapy only
modestly improve survival of GBM patients [2-yr survival rate of 27% [4]. The key
challenge in the radio-chemotherapy treatment is an increase of a subpopulation of GBM
cancer cells which are resistant to apoptosis. Therapeutic resistance has been suggested, in
part, to result from an overexpression of drug transporters, enhanced DNA repair
mechanisms against TMZ-induced apoptosis, and/or a subpopulation of drug-resistant
glioma cancer stem cells [2,5].

TMZ causes a DNA O6-methylguanine lesion which triggers DNA repair, depletes the
enzyme O6-methylguanine methyltransferase (MGMT), and leads to apoptotic cell death via
extrinsic and/or intrinsic pathways [6]. The hallmark of apoptosis is a significant reduction
in cell volume (AVD) resulting from loss of K+

i and Cl−i [7,8]. AVD is an ubiquitous
characteristic of apoptosis which is independent of the death stimuli [9,10]. Loss of cell
volume and reduction of total intracellular ionic strength (via loss of K+ and Cl−) occur
before any other detectable characteristics of apoptosis [11]. The reduction of intracellular
ionic strength has been suggested to play a permissive role in activation of caspases and
triggering the entire caspase cascade and apoptotic machinery [8]. However, it remains
unknown whether TMZ triggers loss of K+

i and Cl−i and AVD in glioma cells.

Normally, cells respond to volume perturbations by activating volume regulatory
mechanisms such as regulatory volume increase (RVI), the process by which shrunken cells
return to normal volume. RVI can only be mediated by the gain of osmotically active solutes
such as Na+, K+, and Cl− [12]. Na+-K+-2Cl− cotransporter isoform 1 (NKCC1), which
transports 1 Na+, 1 K+ and 2 Cl− ions into the cell under normal physiological conditions, is
the primary cell volume regulatory protein in RVI in response to either hypertonic or
isotonic cell shrinkage [12,13]. Therefore, we hypothesize that NKCC1 may counteract
AVD during apoptosis in GBM cancer cells by regulating cell volume and Cl− homeostasis.
This study will shed light on whether a combined TMZ-based therapy with NKCC1
inhibition could present a novel therapeutic strategy, which may increase the efficiency of
the current chemotherapy.

In the present study, we found that NKCC1 is the most important ion transport mechanism
in the regulation of Cl−i and RVI in primary GBM cancer (GC) and cancer stem cells (GSC).
Moreover, we detected that TMZ not only triggered AVD and loss of K+

i and Cl−i during
early apoptosis, but also concurrently stimulated NKCC1 and WNK1 activity in GC and
GSC. Interestingly, pharmacological blockade of NKCC1 activity with its potent inhibitor
bumetanide (BMT) enhanced TMZ-mediated apoptosis in GC and GSC. We conclude that
BMT augments TMZ-induced apoptosis due to failure of compensatory entry of K+ and Cl−.

MATERIAL AND METHODS
Materials

Poly-L Lysine (PLL), laminin, heparin, human recombinant epidermal growth factor (EGF),
gramicidin, nigericin, tributyltin, valinomcycin, propidium idodide (PI), TMZ, staurosporine
(STS), and BMT were purchased from Sigma Chemicals (St. Louis, MO). Dulbecco’s
Modified Eagle Medium (DMEM), Ham’s F12 medium, B27 supplement (without vitamin
A), goat anti-IgG secondary antibodies Alexa Fluor® 488, PBFI-AM, calcein-AM, MQAE,
and pluronic acid were obtained from Invitrogen (Carlsbad, CA). Human recombinant basal
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fibroblast growth factor (bFGF), mouse/rat WNK1 affinity purified antibody, and human
phospho-WNK1 (T60) affinity purified antibody were from R&D Systems (Minneapolis,
MN). Accutase was from Millipore (Billerica, MA). Annexin V-FITC Apoptosis Kit was
from Imgenex (San Diego, CA). NKCC (T4) antibody was from Developmental Studies
Hybridoma Bank (Iowa City, IA). Caspase-3 antibody, caspase-8, and α-tubulin antibodies
were from Cell Signaling (Beverly, MA). NKCC (R5) antibody against phosphorylated
NKCC (p-NKCC) was a kind gift from Dr. Biff Forbush (Yale University).

Cell cultures
Glioblastoma cells (GC)—All studies involving human tissue were performed with
approval from the University of Wisconsin-Madison Institutional Review Board with
informed consent obtained from patients. Primary glioma cell lines (GC #22, #99) were
established as described before [14]. Human glioblastoma multiforme cell line U87MG was
obtained from the American Type Culture Collection (Manassas, VA). GC and U87MG
were maintained in adherent cultures in plates coated with PLL and laminin in 90% DMEM
supplemented with 10% FBS and PSA (100 units/ml penicillin, 100 µg/ml streptomycin, and
0.25 µg/ml amphotericin B). Cultures were passaged approximately every 4 days with fresh
medium at a density of 105 cells/25cm2 in a culture flask. Passages of 10–35 were used in
this study.

GC cancer stem cells (GSC)—GSCs (#22 or #99) were isolated and characterized from
the same GC line as previously reported [14]. GSC exhibited high CD133 expression, stem
cell multipotency, and tumor initiation capability. Upon EGF and bFGF removal, GSC
maintained sphere-forming and tumor initiation ability [14]. Cultures were passaged
approximately every 7 days with 70% DMEM-high glucose and 30% Ham’s F12
supplemented with B27, 5 µg/ml heparin, PSA, and EGF and bFGF (20 ng/ml each). To
seed cells in plates coated with PLL and laminin, GSC spheres were incubated in accutase
for 5 min at 37°C and dissociated with a P200 pipette. Cells were seeded at 105 cells/25cm2

in culture flasks. Passages of 20–50 were used in this study.

Cell volume measurement
Cell volume change was determined using calcein as a marker of intracellular water volume,
which was established previously [15]. Briefly, cells on coverslips were incubated with 0.5
µM calcein-AM for 30 min at 37°C. The cells were placed in a heated (37°C) imaging
chamber (Warner Instruments, Hamden, CT) on a Nikon Ti Eclipse inverted epifluorescence
microscope equipped with perfect focus, a 40X Super Fluor oil immersion objective lens,
and a Princeton Instruments MicroMax CCD camera. Calcein fluorescence was monitored
using a FITC filter set (excitation 480 nm, emission 535 nm, Chroma Technology,
Rockingham, VT). Images were collected every 60 sec with MetaFluor image-acquisition
software (Molecular Devices, Sunnyvale, CA). Regions of interest (0.5 µm in diameter)
were selected in the cytoplasm of ~20 cells. Baseline drift resulting from photobleaching
and dye leakage was corrected as described before [15]. The fluorescence change was
plotted as a function of the reciprocal of the relative osmotic pressure and the resulting
calibration curve applied to all subsequent experiments as described before [15]. The
HEPES buffered isotonic solution contained (in mM, pH 7.4): 100 NaCl, 5.4 KCl, 1.3
CaCl2, 0.8 MgSO4, 20 HEPES, 5.5 glucose, 0.4 NaHC03, and 70 sucrose with 310 mOsm
determined using an osmometer (Advanced Instruments, Norwood, MA). Anisosmotic
solutions (240, 370, and 400 mOsm) were prepared by removal or addition of sucrose to the
above solution.
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Intracellular Cl− concentration ([Cl−]i) measurement
The fluorescent dye MQAE was used to determine [Cl−]i as described by Rocha-Gonzalez
[16] with some modifications. Cells were incubated with 5 mM MQAE for 1–2 h (37°C) in
a HEPES buffered isotonic solution. The coverslip was placed in the heated imaging
chamber for 30 min before imaging. Using the Nikon Ti Eclipse inverted epifluorescence
microscope and the 40X oil immersion objective lens, cells were excited every 60 sec at 340
nm and emission fluorescence at 460 nm recorded. Images were collected and analyzed with
the MetaFluor image-processing software.

The fluorescence in MQAE-loaded cells drifted over time as a function of exposure to
excitation light [16] and the drift in MQAE florescence was corrected by a linear fit. At the
end of each experiment, the MQAE florescence was calibrated under a steady state
condition when [Cl−]o and [Cl−]i were considered equal by exposing cells to a series of
calibration solutions containing 10 µM tributylin and 5 µM nigericin [16]. The series of Cl−

calibration solutions contained (in mM): 1.27 Ca(OH)2, 0.8 MgSO4, 5 HEPES, 5.5 glucose,
120 K+, and variable Cl− and NO3

−. In these solutions, Cl− was varied from 0 to 60 mM
keeping the sum of Cl− and NO3

− equal to 120 mM. KSCN (150 mM) was used to quench
the MQAE fluorescence, which was taken as background fluorescence. [Cl−]i was
determined from the MQAE fluorescence (drift-corrected, background-corrected) using the
following equation: [Cl−]i = [(Fo/Ft)−1)]/Ksv, where Fo was the fluorescence in 0 mM
[Cl−]o, Ft was the fluorescence at any given time point, and Ksv was the slope of the linear
fit of MQAE fluorescence vs. the [Cl−]o of the standards. A Ksv of 13.4 ± 1.5 M−1 was
calculated in our study, a value similar to that reported by others [16].

Intracellular K+ ([K+]i) measurement
[K+]i was determined by a modified method as described by Kiedrowski [17]. Briefly, cells
were incubated with 5 µM PBFI-AM plus 0.02 % pluronic acid at 37°C for 90 min. The
coverslips were placed in the heated imaging chamber at 37°C. Cells were rinsed and images
collected using the Nikon Ti Eclipse inverted epifluorescence microscope equipped with the
40X oil immersion objective lens. Cells were excited every 20 sec at 340 and 380 nm and
the emission fluorescence at 510 nm recorded. Images were analyzed with the MetaFluor
image-processing software. At the end of each experiment, a calibration was performed by
exposing cells to standards of varying K+ concentrations plus gramicidin and valinomcycin
(10 µM each). K+ standards contained 30 mM NaCl, 20 mM HEPES, and 1 mM MgCl2. K+

was varied from 20 to 100 mM by substituting K+-gluconate and LiCl such that the sum of
K+ and Li+ was 100 mM.

Quantification of apoptosis with live cell imaging
Cells were incubated either with TMZ (0 – 500 µM) or TMZ plus 10 µM BMT for 48 h. To
determine apoptotic cell damage, cells were rinsed with ice-cold PBS and incubated for 30
min at RT with 100 µl binding buffer, 5 µl FITC Annexin-V, and 5 µl propidium iodide (PI)
provided in the Annexin V-FITC Apoptosis Kit. Brightfield, FITC (Annexin-V), and Texas
Red (PI) images were collected from 4 random fields in each well using the Nikon Ti
Eclipse microscope and a 20X objective. The total number of cells in each field was counted
in the brightfield image. Apoptotic cells were calculated as the percentage of the Annexin
V+/PI− cells.

We found that 500 µM TMZ led to robust apoptotic volume decrease and early apoptosis in
a very short time (1–4 hours). This raised concerns about the impact of cell volume change
and cell membrane damage on dye retention in TMZ-treated cells in live cell imaging
studies (cell volume, K+, and Cl−) and of detached cells on sample collection for
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immunoblotting assays. Therefore, for these studies, we reduced TMZ concentration to 100
µM.

Flow cytometry assay for apoptosis
Assays were carried out by using an Annexin V-FITC Apoptosis Kit. Cultures were treated
with a control medium or a medium containing 10 µM BMT, 500 µM TMZ, or 500 µM
TMZ plus 10 µM BMT for 4 h. STS (4 µM, 4 h) was used as a positive control. Cultures
were rinsed with ice-cold phosphate-buffered saline (PBS; pH 7.4) and incubated with
accutase (2 ml per 25 cm2 surface area) at 37°C for 5 min. The detached cells (from PBS
wash as well as from accutase treatment) were collected by centrifugation (500×g, 10 min).
The combined cell pellets were washed with PBS and resuspended in 100 µl binding buffer.
Cells were incubated with 5 µl FITC Annexin-V and 5 µl PI in dark at RT for 20 min. After
incubation, 400 µl binding buffer was added to each sample. Cells were analyzed using a
Becton Dickinson Biosciences FACSCalibur (BD Biosciences, CA). Early apoptotic cells
were determined as Annexin V-positive and PI-negative cells (Annexin V+/PI−).

Changes in cell size were also evaluated by forward light scattering vs. side light scattering
3D plots using Becton Dickinson Biosciences FACSCalibur and CellQuest software.
Decrease in the forward light scattering values of the cells reflected a decrease in cell size.

Time-lapse assay for apoptotic volume decrease
Cultures in 35 mm glass bottom culture dishes were placed in a stage top incubator (Tokai
Hit, Shizuoka-ken, Japan) at 37°C and 5% CO2. Cultures were treated with a control
medium or a medium containing 500 µM TMZ, or 500 µM TMZ plus 10 µM BMT for 12 h.
Time-lapse DIC images were collected every 15 min for 12 h using the Nikon Ti Eclipse
microscope with perfect focus. The surface area of each cell was manually traced using
MetaMorph (Molecular Devices, CA). 5 cells in each field were selected and their surface
areas determined. Cell surface area values at each time were normalized to the
corresponding values at time 0 h. Mean cell surface area (± SEM) for each time point was
calculated by averaging the normalized areas of cells for each hour.

Immunoblotting assay
Cells were washed with ice-cold PBS that contained 2 mM EDTA and protease inhibitors as
described before [18]. Cells were lysed by sonication at 4°C. Protein content of the cellular
lysate was determined with BCA Protein Assay Kit (Pierce, Rockford, IL). Samples and
prestained molecular mass markers (Bio-Rad, Hercules, CA) were denatured in SDS
reducing buffer (1:2 vol/vol) and heated at 90°C for 5 min. The samples were then
electrophoretically separated on 10–15% SDS gels. After transferring to PVDF membranes,
the blots were blocked in 7.5% nonfat dry milk in Tris buffered saline for 1 h at RT and then
incubated with a primary antibody at 4°C overnight. The blots were probed with monoclonal
T4 antibody against total NKCC1 (1:2000), polyclonal antibody (R5) against a
diphosphopeptide containing T184 and T189 of shark NKCC1 (p-NKCC; 1:1000, [19]),
polyclonal antibodies against total WNK1 (1:1000), polyclonal rabbit anti-phospho-WNK1
antibody (p-WNK1; 1:2000), polyclonal anti-caspase-3 (full length and large fragment of
cleaved caspase-3; 1:1000), monoclonal anti-caspase-8 (full length, cleaved intermediate
p43/41 and active capspase-8 fragment p18; 1:500), or monoclonal alpha tubulin antibody.
After rinsing, the blots were incubated with horseradish peroxidase-conjugated secondary
IgG for 1 h at RT. Bound antibody was visualized with an enhanced chemiluminescence
assay (Amersham, Piscataway, NJ).
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Cell proliferation analysis
Cell proliferation analysis was performed using CellTiter 96® AQueous One Solution Cell
Proliferation Assay kit [MTS; 3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium] (Promega, Madison, WI). Cells were treated with vehicle
(DMSO), 10 µM BMT, 250 µM TMZ, or 250 µM TMZ + 10 µM BMT for 0, 24, and 48 h,
respectively. 20 µl of CellTiter 96® AQueous One Solution Reagent was added into each well
of a 96-well plate (5,000 cells/100 µl medium). After 1 h incubation, the absorbance of each
well at 490 nm was determined with a microplate reader (Molecular Devices, Sunnyvale,
CA). The background absorbance was subtracted from all readings. Data are expressed as
relative MTS activity.

Cell cycle analysis
Monolayer cell cultures were rinsed with PBS and the medium collected (to harvest floating
cells). After trypsinization, detached cells and floating cells were combined and fixed by
slow addition of ice-cold 70% (v/v) ethanol and stored at 4°C for 1 h. The fixed cells were
then pelleted (500×g, 20 min), and washed twice in PBS. The cells were incubated with 20
µg /ml PI in PBS containing 100 µg /ml ribonuclease A at 37°C for 30 min in the dark. Cell
cycle distribution was analyzed by Becton Dickinson Biosciences FACSCalibur and ModFit
LTTM software with 20, 000 events per determination. The amount of DNA is proportional
to the amount of PI dye staining. DNA content in each phase of the cell cycle (G1, S and
G2/M) was calculated with ModFit LTTM software.

Statistics
Statistical significance was determined by student’s t-test or an ANOVA (Bonferroni post-
hoc test) in the case of multiple comparisons. A P-value < 0.05 was considered statistically
significant. N values represent the number of cultures used in each experiment.

RESULTS
NKCC1-mediated regulatory volume increase (RVI) response in GC and GSC

The expression of NKCC1 protein in GC and GSC was confirmed by immunofluorescence
staining as well as immunoblotting (data not shown). Because a high degree of
heterogeneity is characteristic of GBM, multiple primary cell lines were examined in this
study. We measured NKCC1-mediated RVI in GC (#22, 99) and GSC (#22, 99). As shown
in Figure 1, exposing these cells to a hypertonic HEPES-MEM (370 mOsm) buffer induced
cell shrinkage in 2–3 min ranging from 20 to 25% (Figure 1 A–D). No RVI response was
detected within 10 min of hypertonic exposure. Cell volume started recovering in these cells
after 10–15 min at a rate of 1.4–2.6% vol/min. Within 25 min of hypertonic exposure, all
cell types regulated their volume back to the original control levels (Figure 1 A–D). In
contrast, blocking NKCC1 activity with its potent inhibitor BMT (10 µM) abolished RVI in
all cell lines (Figure 1 A–D). BMT at a low concentration (< 10 µM) specifically inhibits
NKCC1 activity [IC50 of 0.1 µM, [13]], which has been validated in previous studies from
our lab and others [20,21]. Taken together, our data demonstrate that NKCC1-mediated RVI
is essential in regulating cell volume homeostasis in response to osmotic stress in both GC
and GSC cell types.

The BMT-treated primary glioma cells were able to restore cell volume upon returning them
to the isotonic solution. This is consistent with our previous study in NKCC1 null cells
(NKCC1−/−) [20]. This is because a shrunken cell has greater osmotic pressure when placed
in an isotonic solution and recovers its volume via rapid inward water movement.
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TMZ induced a loss of K+i and Cl− in GC and GSC
As shown in Figure 2 A, B, 4 h of TMZ treatment (100 µM) led to 27% loss in [K+]i and a ~
34% reduction in [Cl−]i in GC (#22). Inhibition of NKCC1 activity with BMT (10 µM)
further lowered [K+]i by 45% and [Cl−]i by ~ 62%. Figure 2 C illustrates that NKCC1
played an essential role in replenishing Cl−i in control as well as in TMZ-treated cells after
loss of [Cl−]i. When NKCC1 was blocked with BMT for 2 h (Con) or during 4 h of TMZ
treatment, Cl−i uptake was abolished. More importantly, effects of TMZ on Cl− uptake rate
were determined by calculating [Cl−]i by fitting a slope to the last point of 0 mM
extracellular Cl−o and the first point following the reintroduction of Cl−. Cl− uptake rate
appeared to be increased (p < 0.05, Figure 2 C, upper panels). Since the rate of Cl− uptake
was very fast, we conducted additional experiments and collected Cl− data every 10 sec
when Cl−o was reintroduced (Figure 2 C, lower panels). By fitting a slope to the last point
of 0 mM extracellular Cl−o and the first point following reintroduction of Cl−o, the Cl−

uptake rate was increased from a control level of 57 ± 2 mM/min to 142 ± 34 mM/min in
TMZ-treated cells, (p < 0.05, Figure 2 C, lower panel). Interestingly, blocking NKCC1
activity with BMT completely abolished the Cl− uptake in the TMZ-treated cells. These data
suggest that NKCC1 plays a role in regulation of intracellular Cl− in control and TMZ-
treated glioma. However, given the fast kinetics of Cl− uptake after the reintroduction of
Cl−o, the MQAE dye method is not optimal in determining changes in Cl− uptake rates.

NKCC1-mediated RVI remains active in the TMZ-treated cells
We further tested whether NKCC1-mediated RVI was altered during TMZ-mediated
apoptosis. Figure 2 D shows that RVI slowed down in the TMZ-treated GC (#22), but
remained sensitive to NKCC1 blockade. NKCC1-mediated RVI was reduced by ~ 50% in
the TMZ-treated GC (data not shown). In contrast, TMZ did not have any inhibitory effects
on RVI in GSC (Figure 2 D). These data clearly imply that NKCC1 remains active in both
GC and GSC after TMZ treatment, which may allow these cells to counteract the TMZ-
induced AVD and increase their resistance to TMZ-mediated apoptosis.

Inhibition of NKCC1 activity accelerates TMZ-induced AVD
We further investigated the role of NKCC1 in counteracting AVD and apoptosis. Cell
volume was monitored with the time-lapse microscopy. GSC (#22) was treated with TMZ
(500 µM) for 12 h. Cell volume changes were monitored with the time-lapse microscopy. As
shown in Figure 3 A, B, TMZ exposure triggered AVD in GSC at 6 – 12 h. 8 h of TMZ
exposure reduced GSC volume by 38 ± 7%. No further cell shrinkage developed during 8–
12 h of TMZ exposure. In contrast, a combined treatment with BMT (10 µM) accelerated the
TMZ-induced AVD process (arrowhead, Figure 3 A). Under these conditions, GSC
exhibited reduction of cell volume as early as at 1 h (Figure 3 B). It only took 4 h to trigger
20% AVD in these cells (p < 0.05). GSC lost its volume by 49 ± 6% at 12 h in the presence
of TMZ plus BMT. These data strongly suggest that blocking NKCC1 activity accelerated
TMZ-mediated AVD in GSC. The BMT alone treatment was performed and there were no
significant effects on cell volume (data not shown). In addition, Figure 3 C shows flow
cytometry analysis of cell size changes based on the forward scatter vs. side scatter of light.
Control GC (#22) exhibited a small population of shrunken cells (18.2 ± 4.1%). TMZ plus
BMT (4 h) caused a significant increase in the population of GC with a decreased forward
scatter and increased side scatter of light (30.3 ± 0.7%, p < 0.05 vs. Con), which indicates
shrunken cells, whereas GC treated with either BMT or TMZ alone did not show significant
increase of shrunken population than control (p > 0.05 vs. Con). In a positive control study,
staurosporine (STS)-treated GC also exhibited an increase in cell shrinkage (48.4 ± 6.7%, p
< 0.05 vs. Con). Taken together, this study clearly demonstrates that blocking NKCC1
activity sensitized GSC and GC to TMZ-mediated AVD.
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Cell shrinkage triggers activation of WNK/NKCC1 pathways
It is established that hypertonic cell shrinkage triggers phosphorylation of NKCC1 at the
conserved regulatory locus (Thr184 and Thr189 of shark NKCC1) of the N terminus and
stimulates NKCC1 activity [19]. We further investigated cellular mechanisms underlying
regulation of NKCC1 in GC (#22). As shown in Figure 4 A, C, exposing GC to hypertonic
HEPES-MEM (370 mOsm) for 20 min led to an increase in p-NKCC1 protein expression.
Concurrently, an up-regulation of Cl−/volume-sensitive kinase p-WNK1 was also detected
in GC in response to hypertonic shrinkage (Figure 4 B, D). Osmotic cell shrinkage
stimulated expression of both phosphorylated and non-phosphorylated NKCC1 and WNK1
(Figure 4 C, D). These findings suggest that WNK-mediated signal transduction pathways
may play a role in regulation of NKCC1 phosphorylation in GC.

Interestingly, TMZ (100 µM, 4 h) triggered an up-regulation of p-NKCC1 and p-WNK1 in
GC (#22). The level of p-NKCC1 and p-WNK1 remained elevated in the presence of TMZ
plus BMT (Figure 4 E–H). Taken together, the data show that TMZ treatment stimulated
WNK-mediated regulation of NKCC1 in GC.

BMT augments TMZ-mediated apoptosis due to failure of K+ and Cl− entry
We hypothesized that NKCC1 counteracts TMZ-induced loss of K+ and Cl− and prolongs
cell survival following the TMZ-induced apoptosis. To test this further, we investigated
whether blocking NKCC1 would sensitize GC to TMZ-induced apoptosis. Early apoptosis
was determined in cells with Annexin V+/PI− staining. As shown in Figure 5 A, low levels
of early apoptotic cells were detected in control or BMT-treated GC (#22). Either TMZ (500
µM, 4 h) or STS (4 µM, 4 h) induced a significant increase in early apoptotic cells.
Moreover, blocking NKCC1 activity in the TMZ-treated cells triggered the highest level of
apoptosis (p < 0.05, TMZ vs. TMZ plus BMT). Most importantly, there was a positive
correlation between cell shrinkage and early apoptosis with a Pearson coefficient value of
0.99 (p < 0.01, n = 3).

We further examined whether inhibition of NKCC1 can enhance TMZ-mediated activation
of down-stream apoptotic pathways including extrinsic apoptotic pathway initiator caspase-8
and executioner caspase-3. GC were exposed to 10 µM BMT, 100 µM TMZ, or TMZ plus
BMT. Time-dependent cleavage of caspase-3 and caspase-8 was evaluated at 4, 48, or 96 h.
As shown in Figure 5 B, C, neither BMT nor TMZ alone had a significant effect on
caspase-3 and caspase-8 activation. In contrast, TMZ plus BMT accelerated activation of
caspase-3 and caspase-8, as reflected by the significantly cleaved caspase-3 (p17) and
caspase-8 (p18) after 48 h and 96 h treatment. STS (4 µM for 4 h) served as a positive
control for activation of caspase-3 and caspase-8. Taken together, these results indicate that
blocking NKCC1 activity enhances TMZ-mediated apoptosis in GC. This conclusion is
further supported by our findings that inhibition of NKCC1 activity enhanced Annexin V
staining signals at 48 h in the dose range of 100–500 µM (Figure 5 D). Figure 5 D clearly
illustrates that this phenomenon was consistent in all four different GBM cell lines (primary
GC lines #22 and #99, primary GSC #99, and U87MG).

Moreover, during 48 h exposure to TMZ, cell proliferation in these different GBM cell lines
was not significantly reduced, either in the presence or absence of BMT (Figure 6 A). It has
been established that TMZ causes G2/M arrest in the cell cycle [22]. As shown in Figure 6
B, C, BMT alone did not change cell cycle distribution of GC. TMZ treatment significantly
reduced G1 phase cells and arrested GC in G2/M phase (Figure 6 B, C). G2/M arrest
remained unchanged in the presence of TMZ + BMT. This further supports our conclusion
that NKCC1 promtoes glioma cell survival via regulating ionic homeostasis.
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DISCUSSION
NKCC1-mediated Cl− accumulation in glioma cells

In the current study, NKCC1 protein expression was detected in GC and GSC. This is
consistent with previous findings on abundant expression of NKCC1 protein in various
gliomas [23,24]. We speculate that NKCC1 functions in accumulating Cl−i in GC and GSC.
Using the Cl−-sensitive dye MQAE approach, we report here that both cell types had a basal
level of [Cl−]i (~ 70 mM), which is higher than anticipated by passive Cl− distribution
[25,26]. Inhibition of NKCC1 with BMT reduced the basal [Cl−]i to ~ 30–40 mM in both
GC and GSC, indicating that NKCC1 is required for the elevated basal [Cl−]i in these cells.
Moreover, NKCC1 also functions in replenishing Cl− following loss of Cl− after exposing
cells to low Cl−o. Elevated [Cl−]i between 80–100 mM has been reported in gliomas [23].
NKCC1 is also responsible for active accumulation of Cl− in neural progenitor cells and
immature neurons [26,27]. Our current study demonstrates that the high levels of [Cl−]i in
primary GBM cells are established by the function of NKCC1.

The NKCC1-mediated basal level “set-point” for [Cl−]i (higher than the electrochemical
equilibrium for Cl−i) is a prerequisite for channel-mediated Cl− efflux in gliomas. The loss
of Cl− through Cl− channels and subsequent isotonic cell shrinkage play an important role
during glioma cell migration [23,24]. Pharmacological inhibition of NKCC1 activity reduces
D54-MG cell migration in transwell apparatus and in xenographed tumor tissues [24]. The
effect likely results from reducing the Cl− gradient as well as Cl− efflux upon Cl− channel
activation.

BMT accelerates AVD in TMZ-mediated apoptosis
We further characterized the function of NKCC1 in RVI in GC and GSC. Following
hypertonic cell shrinkage, all cells exhibited RVI responses. Blocking NKCC1 activity with
its potent inhibitor BMT abolished RVI in both GC and GSC. These findings suggest that
NKCC1 plays an essential role in RVI in these cells. This is consistent with the established
role of NKCC1 in RVI in many cell types via importing 1Na+, 1K+ and 2Cl− ions into the
cell [12,13]. ~ 30% tumor cells (GSC #22, #99 and GC #99) showed some degree of "post
hyperosmotic" swelling (8–15%) due to entrance of water after switching the medium to
isotonic medium. However, this phenomenon was lost when all data were averaged.

TMZ-induced DNA O6-methylguanine lesion can induce apoptosis either via activating
extrinsic apoptotic pathway or a mitochondria-dependent intrinsic pathway [6]. Apoptosis
requires persistent cell shrinkage. AVD in part results from the loss of intracellular K+ and
Cl− content and water [7,9]. The loss of K+, Cl− as well as Na+

i results in an 80–85% loss of
cell volume, DNA degradation, and apoptotic body formation in Jurkat cells [11]. We
detected a decrease in K+

i concentration in the TMZ-treated glioma, which is consistent with
other reports [11]. Jurkat T-cells treated with Fas ligand for 4 h results in a decrease in K+

i
concentration from 140 mM to 30 mM along with a cell volume loss of 20–40% [11].

It has been well documented that diverse types of K+ channels (voltage-gated or Ca2+-
dependent) are responsible for the efflux of K+

i during apoptosis, in different cell types and
in response to different apoptosis-inducing stimuli [28]. In human lens epithelial cells, 4-
aminopyridine-sensitive voltage-gated K+ channels are involved in loss of K+

i, induction of
AVD, and apoptosis [28]. Future studies are needed to investigate whether TMZ stimulates
the voltage-gated or Ca2+-dependent K+ channels in these primary glioma cells.

In the TMZ-treated cells, we found that Cl−i was reduced, likely resulting from loss of Cl−

via the Cl− channels. A parallel loss of K+ and Cl− occurred during apoptosis to maintain the
electrochemical neutrality in cells [7]. Thus, inhibition of Cl− channels reduces apoptosis
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and blunts AVD [8]. Several types of Cl− channels (ClC-2, ClC-3) have been shown to play
a role in glioma [29]. Moreover, KCC (KCC1, KCC3a, and KCC4) expressed in glioma cell
lines and primary glioma have been suggested to play a role in regulatory volume decrease
[30,31]. It remains unexplored whether TMZ stimulates KCC activity in glioma and leads to
a parallel loss of K+ and Cl−.

In the current study, we detected reduced K+ and Cl− concentrations in TMZ-treated primary
glioma cells, which is different from an isosomotic reduction of K+ and Cl− in typical AVD.
Several factors could contribute to the dilution of K+ and Cl− concentrations in the TMZ-
treated cells, including NKCC1-mediated Na+ entry along with water and Cl− or reduction
of water efflux-mediated by aquaporin proteins. The first possibility is supported by robust
increase of NKCC1 protein expression and its elevated phosphorylation after TMZ
treatment. The second possibility is supported by a report that aquaporin 4 (AQP4) protein
was down-regulated in GBM tumor cells after combined chemotherapy and radiotherapy,
which reduces peritumoural brain edema formation [32]. Collectively, these changes could
lead to reduce K+ and Cl− concentrations in TMZ-treated primary glioma cells.

In GBM cells, TMZ triggered almost electroneutral loss of intracellular K+ and Cl−.
However, in the presence of TMZ+BMT, there was more intracellular Cl− loss than K+ loss
(45% K+ vs. 65 % Cl−). Given the stoichiometry of 1Na+, 1K+ and 2Cl− ions for NKCC1, it
is possible that blocking NKCC1 function by BMT and subsequent reduction of
compensatory ion influx could have a more profound effect on Cl−i loss.

Function of RVI in apoptotic cells
It is poorly understood why the normal RVI mechanisms fail to regulate cell volume during
persistent cell shrinkage in apoptosis. Numata et al. showed that no RVI was detected in
HeLa cells following hypertonic shrinkage in the presence of STS [33]. Similar findings
were found in anti-Fas ligand treated cells [9] and apoptotic HeLa cells triggered by STS
[34]. In contrast, in the current study, we found that treatment of GSC with TMZ for 4 h did
not significantly affect NKCC1-mediated RVI. The TMZ-treated GSC regulated its volume
in response to osmotic stress similar to control GSC. Our study indicates that primary GBM
gliomas regulate NKCC1 differently than other tumor cells. More importantly, we observed
that inhibition of NKCC1 activity with BMT abolished RVI in TMZ-treated GC as well as
GSC. Treating cells with BMT plus TMZ significantly accelerated AVD and increased
apoptosis in gliomas (both GC and GSC). These findings suggest that NKCC1-mediated
RVI remains functional and continues to regulate cell volume in the TMZ-treated gliomas.
Thus, NKCC1 may play a crucial role to replenish K+

i and Cl−i. Therefore, NKCC1-
mediated regulation of K+

i, Cl−i, and RVI can counteract AVD during TMZ-mediated
apoptosis in glioblastoma cell lines.

Bortner et al. reported that there is an early reversal of K+
i and Na+ i gradients in apoptotic

Jurkat T cells, which is important in triggering apoptosis [11]. It is in part a result of an
impairment of Na+/K+ ATPase function [11]. Blocking of Na+/K+ ATPase with ouabain
significantly enhances anti-Fas induced apoptosis in Jurkat cells and cortical neurons
[35,36]. NKCC1 activity contributes to Na+ accumulation in astrocytes and neurons [20,37].
Therefore, it is plausible that NKCC1 activation during TMZ-mediated apoptosis can
enhance Na+

i accumulation in gliomas.

Inhibition of NKCC1 activity sensitizes GC as well as GSC to TMZ-induced apoptosis
The novel Cl−/volume-sensitive regulatory kinases WNK (with no K=lysine), a family of
serine-threonine kinases, are activated by the loss of Cl−i and cell shrinkage [38,39]. WNK
kinases stimulate NKCC1 activation by promoting net protein phosphorylation [40–42]. In
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our study, we detected a concurrent increase in phosphorylation of NKCC1 as well as of
WNK1 in TMZ-treated GC. We speculate that the increase in p-WNK1 expression likely
results from TMZ-mediated loss of Cl−i and cell shrinkage because both changes were
detected in glioma after 4 h of TMZ treatment. This further suggests that this evolutionarily-
conserved WNK/NKCC1 signaling pathway plays a role in defending gliomas against cell
volume and Cl− dysregulation following TMZ treatment. Interestingly, we detected a
significant elevation of total NKCC1 and WNK1 protein expression in glioma cells in
response to 20-min hypertonic stress. The rapid upregulation of the two proteins likely
results from de novo protein synthesis by using an existing pool of mRNA. Similarly, rapid
increase in NKCC1 protein has been observed in the gills of Atlantic killifish when
transferred from fresh to seawater [< 6 hours, [43]]. Therefore, the fast upregulation of
transporter proteins and their regulatory kinases will allow cells to quickly acclimate to an
altered osmotic environment.

It has been established that AVD precedes cytochrome c release, caspase-3 activation, and
DNA laddering [7,28]. In the current study, we found that TMZ alone did not activate
caspase-3 and caspase-8 after 48–96 h treatment. In contrast, TMZ plus BMT accelerated
cleavage of caspase-3 and caspase-8 after 48–96 h treatment. This clearly indicates that
BMT augments TMZ-induced apoptosis due to failure of compensatory K+ and Cl− entry.
This phenomenon was consistent in all four GBM cell lines (primary GC #22, #99, GSC
#99, and U87MG). It is established that TMZ causes G2/M arrest in the cell cycle [22] and
reduces cell proliferation during 5–14 day exposure to TMZ [22,44,45]. In the current study,
treatment of cells with TMZ for 48 h in the presence or absence of BMT did not alter cell
proliferation. We anticipate that chronic exposure of cells to TMZ and BMT would reduce
cell proliferation in light of its effects on cell cycle. Importantly, our data demonstrate that
blocking of NKCC1 with BMT decreased the onset time for TMZ-mediated apoptosis.

In summary, we investigated the role of NKCC1 in regulation of K+
i, Cl−i, as well as, cell

volume homeostasis in gliomas. NKCC1 played an essential role in RVI in response to
hypertonic cell shrinkage and isotonic cell shrinkage. NKCC1 also functioned in
maintaining [Cl−]i, well above the electrochemical equilibrium for Cl−. As summarized in
Figure 7, NKCC1 activity in the TMZ-treated cells was stimulated via the novel Cl−/
volume-sensitive regulatory kinase WNK-mediated signaling transduction pathways. Most
importantly, inhibition of NKCC1 activity accelerated TMZ-induced AVD and apoptosis.
This led us to conclude that NKCC1 activation accumulates K+

i and Cl−i to counteract AVD
and restore intracellular ionic strength, reduce caspase-mediated apoptosis, and promote cell
survival following TMZ-mediated DNA damage. Therefore, inhibition of NKCC1 protein
can sensitize glioma to TMZ-mediated apoptosis. Our study suggests that a combined TMZ-
based therapy with NKCC1 inhibition may present a novel therapeutic strategy to increase
the efficiency of the current GBM chemotherapy.
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BMT bumetanide
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GBM glioblastoma multiforme

GC glioma cells

GSC glioma stem cells

MGMT O6-methylguanine methyltransferase

NKCC1 Na+-K+-2Cl− cotransporter isoform 1

PI propidium idodide

RVI regulatory volume increase

STS staurosporine

TMZ temozolomide

WNK kinase with no K=lysine
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Figure 1. NKCC1-mediated regulatory volume increase (RVI)
The fluorescent dye calcein was used to measure cell water content and relative cell volume
as described in Methods. Cells were exposed to isotonic HEPES-MEM (310 mOsm, 5 min),
hypertonic HEPES-MEM (370 mOsm, 25 min), and isotonic HEPES-MEM (5 min). In the
BMT studies, 10 µM BMT was added 30 min prior to the isotonic exposure. A. GC (#22). B.
GSC (#22). C. GC (#99). D. GSC (#99). Data are means ± SEM. n = 4–7.

Algharabli et al. Page 15

Cell Physiol Biochem. Author manuscript; available in PMC 2013 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Inhibition of NKCC1 activity accelerates TMZ-induced loss of K+
i and Cl−i

A. [K+]i in GC (#22) was determined using the fluorescent probe PBFI following 4 h of
treatment with control medium, 10 µM BMT, 100 µM TMZ or TMZ plus 10 µM BMT. Data
are means ± SEM, n = 3. * p < 0.05 vs. Con, # p < 0.05 vs. TMZ. B. [Cl−]i in GC (#22)
exposed to control medium, 10 µM BMT, 100 µM TMZ, or TMZ plus 10 µM BMT. Data
are means ± SEM, n = 3–6. * p < 0.05 vs. Con, # p < 0.05 vs. TMZ. C. Upper left panel:
Changes of [Cl−]i in GC in normal isotonic buffer, followed by exposure to 0 mM Cl− for 15
min and subsequent exposure to normal isotonic buffer. Images were acquired every 1 min.
Upper right panel: Summary data of the NKCC1-mediated Cl−i replenishment rate
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following 0 mM Cl− exposure were shown. Slopes were calculated between 0 and 1 min of
Cl−i replenishment. Lower left panel: Experimental protocol was identical to upper panel.
Images were collected every 10 sec beginning at 14 min of 0 mM Cl− exposure. Cells were
either treated with 100 µM TMZ or 100 µM TMZ and 10 µM BMT for 4 h. Lower right
panel: Summary data of Cl−i replenishment slopes that were calculated between 0 and 10
sec of Cl−i replenishment. Drugs were present for the entire experiment. Data are means ±
SEM, n = 3–6. * p < 0.05 vs. Con, # p < 0.05 vs. TMZ. D. NKCC1-mediated RVI remains
active in TMZ treatment. RVI was determined in either GC (#22) or GSC (#22) after 4 h of
treatment with 100 µM TMZ or TMZ plus 10 µM BMT. Data are means ± SEM. n = 3.
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Figure 3. Blocking NKCC1 activity accelerates AVD after TMZ treatment
A. Time-lapse DIC images were used to measure changes in cell volume in GSC (#22).
Cultures were treated with TMZ (500 µM) or TMZ + BMT (10 µM) and representative
images of cells at times 0, 4, 8, and 12 h are shown. Inhibition of NKCC1 with BMT
accelerated AVD, as evident by the loss of processes, and cell body shrinkage (arrowhead).
B. Summary data of relative cell volume changes. Data are means ± SEM. n = 8–9. * p <
0.05 vs. corresponding TMZ. C. GC (#22) were exposed to normal medium (Con), Con + 10
µM BMT, 500 µM TMZ, 500 µM TMZ + 10 µM BMT or 4 µM STS for 4 h. Cell size was
examined by flow cytometry using a FSC versus SSC 3D plot. 4 µM STS-treated GC were
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used as a positive control for AVD. Red circle: shrunken population of cells in the 3D plots.
Data are means ± SD. n = 3. * p < 0.05. vs. Con.
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Figure 4. Activation of NKCC1 and WNK1 following osmotic stress and TMZ treatment
A–D. GC (#22) were exposed to isotonic (310 mOsm) or hypertonic HEPES-MEM (370
mOsm) for 25 min. Expression of total NKCC1, total WNK1, phosphorylated NKCC1 (p-
NKCC1), and phosphorylated WNK1 (p-WNK1) were evaluated by immunoblotting. A, B.
Representative immunoblots showing expression of t-NKCC1, p-NKCC1, t-WNK1 and p-
WNK1 protein under isotonic and hypertonic conditions. C, D. Summary data of
immunoblotting. NKCC1/α-tubulin ratio (either t-NKCC1 or p-NKCC1) and WNK1/α-
tubulin ratio (either t-WNK1 or p-WNK1) were calculated. Data are mean ± SD, n = 3–4, *
p < 0.05 vs. Iso. E–H. GC (#22) were exposed to isotonic medium (Con), 100 µM TMZ, or
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TMZ plus 10 µM BMT for 4 h. Expression of t-NKCC1, t-WNK1, p-NKCC1, and p-WNK1
were evaluated by immunoblotting. E, F. Representative immunoblots. The pWNK1 control
sample in F is the same isotonic control sample in panel B. G, H. Summary data of
immunoblotting. NKCC1/α-tubulin ratio (either t-NKCC1 or p-NKCC1) and WNK1/α-
tubulin ratio (either t-WNK1 or p-WNK1) were calculated. Data are mean ± SD. n = 3–4, *
p < 0.05 vs. Con.
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Figure 5. Blocking NKCC1 activity enhances TMZ-mediated apoptosis
A. Apoptosis in GC (#22) was assessed by Annexin-V vs. PI staining in flow cytometry. GC
were exposed to normal medium (Con), Con + 10 µM BMT, 500 µM TMZ, 500 µM TMZ +
10 µM BMT or 4 µM STS for 4 h. Representative dot-plots show viable cells (lower left
quadrant), early apoptotic cells (lower right quadrant), and late apoptotic or necrotic cells
(upper right quadrant). Bottom right hand panel: Summary data of cells with Annexin-V
positive and PI-negative staining. Data are means ± SD, n = 3. * p < 0.05 vs. Con. # p < 0.05
vs. TMZ. B, C. Representative immunoblots and summary data of activated caspase-3 and
caspase-8 in GC (#22) following exposure to normal medium (Con), Con + 10 µM BMT,
100 µM TMZ, 500 µM TMZ + 10 µM BMT or 4 µM STS for 4 h. Data are means ± SD, n =
3. * p < 0.05 vs. Con. # p < 0.05 vs. correspondent 100 µM TMZ. D. BMT sensitized GC
and GSC to TMZ-induced phosphatidylserine externalization. Top panel: Early apoptotic
cells (GC #22) are revealed by FITC-conjugated Annexin staining (arrow) under conditions
of Con, Con + 10 µM BMT, 500 µM TMZ, or 500 µM TMZ + 10 µM BMT for 48 h. Scale

Algharabli et al. Page 22

Cell Physiol Biochem. Author manuscript; available in PMC 2013 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



bar = 50 µM. Lower panels: Summary data of TMZ dose-response curves at 48 h in GC
(#22), GC (#99), GSC (#99), or U87MG. Data are means ± SEM. n = 3–6. * p < 0.05 vs. 0
mM TMZ, # p < 0.05 vs. corresponding BMT.
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Figure 6. Cell proliferation and cell cycle arrest in the presence of TMZ
A. Graphs of relative MTS activity in cells under each condition. Data are means ± SD. n =
3. * p < 0.05 vs. Con. B. Flow cytometric analysis of cell cycle distribution of GC (#22)
cells treated with vehicle (DMSO), 10 µM BMT, 250 µM TMZ, 250 µM TMZ + 10 µM
BMT for 96 h. The G1(red), S (Green), and G2/M (blue) phases are indicated. C. A
summary graph of percent GC cells in each phase of cell cycle. Data are means ± SEM. n =
3. * p < 0.05 vs. Con.
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Figure 7. A schematic model of NKCC1 in TMZ-mediated apoptosis
TMZ triggers loss of K+

i, Cl−i and apoptotic volume decrease (AVD), and leads to apoptotic
cell death in glioblastoma cancer cells. NKCC1 activity may be stimulated via the novel Cl−/
volume-sensitive regulatory kinases WNK-mediated signaling transduction pathway in
response to TMZ. Activation of NKCC1 in TMZ-treated cells accumulate Na+

i, K+
i, and

Cl−i and obligated water molecules (regulatory volume increase, RVI) to counteract ionic
dysregulation and AVD and promote cell survival. Inhibition of NKCC1 activity with BMT
would facilitate loss of K+

i, Cl−i and AVD, thus augments glioma cells to TMZ-mediated
apoptosis.
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