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This study explored the role of transient receptor potential melastatin 8 ion channels (TRPM8) in mech-
anisms of human glioblastoma (DBTRG) cell migration. Menthol stimulated influx of Ca2+, membrane cur-
rent, and migration of DBTRG cells. Effects on Ca2+ and migration were enhanced by pre-treatment with
hepatocyte growth factor/scatter factor (HGF/SF). Effects on Ca2+ also were greater in migrating cells
compared with non-migrating cells. 2-Aminoethoxydiphenyl borate (2-APB) inhibited all menthol stim-
ulations. RT-PCR and immunoblot analysis showed that DBTRG cells expressed both mRNA and protein
for TRPM8 ion channels. Two proteins were evident: one (130–140 kDa) in a plasma membrane-enriched
fraction, and a variant (95–100 kDa) in microsome- and plasma membrane-enriched fractions. Thus,
TRPM8 plays a role in mechanisms that increase [Ca2+]i needed for DBTRG cell migration.

� 2008 Elsevier Inc. All rights reserved.
Glioblastoma multiforme (GBM) has a particularly grim progno- We now provide evidence of TRP channel involvement in the

sis. The extreme invasive property of this tumor, along with pro-
pensity of phenotypic changes to occur within the population of
invading cells compared with the primary tumor mass, present
unyielding dilemmas for effective surgical, chemo- or radiation
therapy. Thus, efforts to understand the mechanisms by which tu-
mor cells migrate and invade will provide useful information to
alleviate the progression of this disease.

We have set out to identify transient receptor potential ion
channels (TRPs) that contribute to mechanisms of cell migration
and tumor metastases by virtue of their role in controlling intracel-
lular Ca2+, [Ca2+]i. We first demonstrated that increased Ca2+ influx
via TRP vanilloid member 1 and 4 ion channels (TRPV1 and TRPV4)
accompanied hepatocyte growth factor/scatter factor (HGF/SF)-
stimulated human hepatoblastoma (HepG2) cell migration [1].
Subsequent studies showed that capsaicin (a TRPV1-specific ago-
nist) increases both Ca2+ influx and migration in HepG2 cells, but
only those treated previously with HGF/SF [2].

HGF/SF is a multifunctional effector of cells expressing the Met
tyrosine kinase receptor [3]. HGF/SF-Met binding stimulates cell
migration, and it is essential for normal embryological development
of tissues [3]. However, the ligand–receptor pair also plays a role in
malignancy of many solid tumors [3], including gliomas [4,5].
ll rights reserved.
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migration of human GBM (DBTRG) cells. Our findings suggest that,
like TRPV1 in HepG2 cells, TRP melastatin member 8 ion channels
(TRPM8) activity affect the rate of GBM cell migration, as does
HGF/SF stimulation, by controlling the influx of [Ca2+]. TRPM8 is
highly expressed in prostate and other cancer cells [6], but, apart
from its principal function in neurons as a detector of environmen-
tal cold [7], its physiological and pathological function in epithelia
and cancer cells is unknown [8].

Materials and methods

Cell culture and materials. Human GBM cells (DBTRG cells) and
HGF/SF were a gift from G.F. Vande Woude, Van Andel Research
Institute, Grand Rapids, MI. Cells were grown in Dulbecco’s MEM
supplemented with 10% FBS (Invitrogen) and 100 IU–100 lg/ml
penicillin–streptomycin (Sigma).

RNA isolation, cDNA synthesis, and reverse transcriptase PCR. Total
RNA was isolated from confluent cultures of DBTRG cells using
RNA-Bee (Tel-Test). SuperScript First-Strand Synthesis System
(Invitrogen) was used for reverse transcription of 5 lg total RNA.
Amplification of TRPV1 and TRPM8 specific sequences was per-
formed with AccuPrime Super Mix I (Invitrogen) and gene specific
primers (Table 1) designed to match those used successfully in past
studies [1,9]. Conditions for amplification were denaturation at
94 �C for 20 s, annealing at 62 �C for 20 s, and extension at 68 �C
for 1 min for 35 cycles.
enthol increase human glioblastoma cell calcium and migration,
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Table 1
PCR primers used to probe DBTRG cells for TRPV1 and TRPM8 RNA expression

Gene Primer Size of amplicon (bp)

Forward Reverse

TRPV1 CAGCCACCTCAAGGAGTATG GCCTGAAACTCTGCTTGACC 766
TRPM8 set 1 TGTCCGCCTCTTTCTGGAG CTTATTCTGAAGAATGGCCCAG 300
TRPM8 set 2 TGTTTTGCCCAAGGAGGTGG CAACCAGTTTCCAGACAAACG 680
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Cell fractionation and immunoblotting. Confluent DBTRG cultures
were lysed, homogenized, and fractionated by differential centrifu-
gation as described elsewhere [10]. Protein concentration was
determined by BCA assay (Pierce). Equal protein samples were
fractionated on 5–15% gradient SDS–PAGE gels and electroblotted
to PVDF (Millipore). Blots were blocked, reacted with anti-TRPM8
antibody [9], secondary antibody, and developed by chemilumi-
nescence (Pierce) by methods described elsewhere [11]. To ascer-
tain specific binding TRPM8 antibody (0.5 lg/ml) was
preadsorbed to TRPM8 peptide (4 lg/ml) used as antigen [9].

Whole-cell voltage-clamp technique. DBTRG cells were super-
fused on a microscope stage at room temperature with a stan-
dard external salt solution containing (in mM): 150 NaCl, 6
KCl, 1 MgCl2, 1.5 CaCl2, 10 Hepes [N-(2-hydroxethyl)piperazine-
N0-(2-ethanesulfonic acid)], 10 glucose, and pH 7.4 (1 N HCl).
Whole-cell patch-clamp pipettes (4–5 MX in the bath solution)
were filled with (in mM): 20 CsCl, 100 aspartic acid, 0.1 CaCl2,
1 MgCl2, 5 EGTA 10 Hepes, 4 Na2ATP, and pH 7.2 (1 N CsOH).
Cells were warmed to 37 �C by a thermistor-based controller.
Whole-cell voltage-clamp measurements were by standard tech-
nique [12].
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Fig. 1. Effect of menthol on intracellular Ca2+, [Ca2+]i, in DBTRG cells measured by Fura2 fl
36 cells). (B) Effect of external Ca2+ concentration on menthol stimulation of [Ca2+]i, (n =
menthol stimulation and increase of [Ca2+]i, (n = 15 of 26 cells). (D) Effect of menthol on
(n = 36 each group). Temperature = 23 �C.
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Ca2+ measurements by fluorescence imaging of Fura2. Cells on
glass coverslips were loaded with Fura2 and [Ca2+]i was measured
by inverted microscopy (AccuScope 3030) [1]. Filter-wheel and
data acquisition were controlled by the InCyte2 software (Intracel-
lular Imaging, Inc., Cincinnati). [Ca2+] was determined by interpola-
tion from a standard curve generated from a Ca2+ calibration buffer
kit #2 (Molecular Probes) and Fura2/K5-salt.

Cell migration assay. DBTRG cells are plated into 12-well tissue
culture plates and grown until confluent. A disposable pipette tip
(250 lL) was used to scratch a wound on midline of the culture
well. Photomicrographs were taken at various times, and wound
width was measured and recorded using MetaMorph software
(Molecular Devices), which was calibrated at lm/pixel by the grid
on a hemocytometer.

Data analysis. Results are expressed as means ± SEM. Differences
among means were determined by ANOVA and comparisons be-
tween individual groups were tested using Student’s t-test,
p < 0.05. Migration rates were determined by regression analysis
of wound width versus time (h), and treatments were deemed
effective compared with control if the null-hypothesis of common
slopes (H0: b1 � b2 = 0) was rejected at p < 0.05.
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Results

DBTRG cells secrete autocrine HGF/SF [4]; thus, we postulated
that these cells contain heat-sensitive TRP ion channels, TRPV1
and TRPV4, as we had shown in HGF/SF-responsive HepG2 cells
[1,2]. Unexpectedly, both capsaicin (not shown) and elevated
temperature (below) decreased DBTRG whole-cell membrane
current, and added capsaicin also decreased the rate of DBTRG
cell migration (not shown), which indicated that GBM cells func-
tion differently compared with hepatoblastoma cells.
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Fig. 2. Effect of menthol on intracellular Ca2+, [Ca2+]i, in non-migrating (right) and migrat
cells. (A) Pseudo-colored Fura2 fluorescence in cells before added menthol. (B) Pseudo-co
of outlines taken of selected cells at time zero in (A). (C) [Ca2+]i versus time after added
(means ± SE; n = 12). (D) [Ca2+]i versus time after added menthol (100 lM) and 2-APB (1
n = 12). Temperature = 23 �C. (E,F) DBTRG cell scratch-wound closure versus time (h). (
100 lM) versus time. **Menthol + 2-APB differs from menthol, p < 0.01; *menthol differs
(100 lM) on wound width versus time. **HGF/SF + 2-APB differs from HGF/SF, p < 0.00
Temperature = 37 �C.
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Since TRPM8 is expressed in other cancers [6], we measured ef-
fects of menthol on DBTRG cell Ca2+. Menthol increased [Ca2+]i in a
dose-dependent manner, albeit in a protracted time-course that
took as long as 10 min but reversed on washout, Fig. 1A. Menthol
did not increase [Ca2+]i when added to external solution with
[Ca2+]ext = 0 mM; however, menthol increased [Ca2+]i following
restoration of [Ca2+]ext to 1.5 mM, Fig. 1B. Elimination of external
Ca2+ during menthol stimulation reduced [Ca2+]i but not to pre-
stimulated levels, and [Ca2+]i increased even more on restoration
of external Ca2+, Fig. 1C. This indicated that menthol also affects
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ing DBTRG cells (left). Cell migrated for 24 h into scratch wounds made in confluent
lored Fura2 fluorescence in cells 35 min after added menthol. Red lines are overlays
menthol (100 lM) in non-migrating cells (means ± SE; n = 12) and migrating cells

00 lM) in non-migrating cells (means ± SE; n = 12) and migrating cells (means ± SE;
E) Effects of added menthol (100 lM) and 2-aminoethoxydiphenyl borate (2-APB;
from control, p < 0.001. (E) Effect of added HGF/SF (100 scatterunits/ml) and 2-APB
1; *HGF/SF differs from control, p < 0.001. Each point is the mean ± SEM (n = 3).
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Ca2+ release from intracellular stores, most likely secondarily by
Ca2+-stimulated release since menthol did not increase [Ca2+]i in
Ca2+-free solution. Nevertheless, effects of menthol on [Ca2+]i in
DBTRG cells were observed in 14–58% of the cells selected within
the microscopic field. [Ca2+]i in remaining cells either did not re-
spond to added menthol or it increased exceedingly slowly over
40–60 min.

DBTRG cells autosecrete HGF/SF along with overexpression of c-
Met [4], which might account for the differential response of
DBTRG cells to added menthol. To test this we compared the effect
of menthol on [Ca2+]i in HGF/SF-treated (100 scatterunits/ml for
20 h), non-confluent cells compared with untreated control cells.
Here, both rate of accumulation and total DBTRG [Ca2+]I in re-
sponse to added menthol (100 lM) was greater in HGF/SF-treated
cells compared with untreated cells, Fig. 1D.

HGF/SF stimulated [Ca2+]i in migrating HepG2 cells compared
with non-migrating cells [1]. Thus, we postulated that such dif-
ferential menthol responsiveness might be evident between in
DBTRG cells since they secrete HGF/SF [4]. So, we grew DBTRG
cells to confluence, created scratch wounds and allowed cells
to migrate into the wounds for 24 h. We then added menthol
and measured [Ca2+]i in cells selected from the migrating and
non-migrating populations. Fig. 2A shows images pseudo-colored
for [Ca2+]i of non-migrating cells (right) and migrating cells (left)
prior to added menthol. Fig. 2B shows the same cells 40 min fol-
lowing added menthol. Color changes depict menthol-stimulated
increase in [Ca2+]i in migrating cells compared with non-migrat-
ing cells. We also overlaid outlines taken of selected cells at time
zero, Fig. 2A, onto Fig. 2B. This shows that cells retracted from
their footplate attachments during the rise in [Ca2+]i with added
menthol. All cells retracted to some degree with added menthol,
but retraction was most evident among migrating cells. Time-
courses for comparative increases in [Ca2+]i by added menthol
on both cell samples shows greater responsiveness of migrating
cells compared with non-migrating cells, Fig. 2C. We also added
2-APB (100 lM), a purported, albeit non-specific inhibitor of
TRPM8 [13], during the course of menthol stimulation. This
inhibited menthol-stimulated increases of [Ca2+]i but was more
evident in non-migrating cells, Fig. 2D.

Menthol (100 lM) also stimulated cell migration as evi-
denced by increased rate of wound closure compared with un-
Fig. 3. Molecular identification of TRPM8 expression in DBTRG cells. (A) Agarose gel el
TPRM8 primers produced a single major product at the expected size for amplification of
cultures were homogenized (H) and fractionated by centrifugation into high-speed supern
were separated by SDS–PAGE and blotted to PVDF. Identical blots were reacted with eit
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treated cells, and 2-APB (100 lM) added concurrently inhibited
stimulation by menthol, Fig. 2E. Although constitutively se-
creted by DBTRG cells [4], added HGF/SF (100 scatterunits/ml)
also stimulated cell migration, and rate of wound closure was
similar to that by menthol. 2-APB (100 lM) added concurrently
with HGF/SF inhibited its stimulation of DBTRG cell migration,
Fig. 2F.

To determine whether functional effects of menthol might
be attributable to TRPM8 in DBTRG cells, we probed for
TRPM8 mRNA and protein in DBTRG, Fig. 3. Two sets of oligo-
nucleotide primers (Table 1) designed to match sequences in
human TRPM8 [9] produced single rtPCR amplification products
with sizes predicted for expression of TRPM8 mRNA by DBTRG
cells, Fig. 3A. An antibody against a conserved C-terminal pep-
tide sequence of human TRPM8 [9] recognized a single major
band at 95–100 kDa in homogenates of DBTRG cells, Fig. 3B.
This band was not resolved if antibody was preadsorbed to
antigenic peptide. When DBTRG crude homogenate was frac-
tionated by centrifugation, both plasma membrane-enriched
high-speed pellet and high-speed supernatant fractions (cytosol
and microsomes) contained an immunoreactive 95–100 kDa
band. However, a fainter band at 130–140 kDa was observed
in the lane corresponding to the plasma membrane-enriched
high-speed pellet. Again, these bands were not recognized by
preadsorbed antibody. Thus, there are two TRPM8 proteins,
one in the high-speed pellet/plasma membrane fraction at a
size predicted by the cDNA sequence [9,14] and one smaller
than predicted resided in both plasma membrane and micro-
somal fractions.

Whole-cell voltage-clamp measurements showed inwardly-
and outwardly-rectifying currents with reversal potentials near
zero, Fig. 4B and C. Raising cell temperature eliminated the cur-
rents, which returned on cooling, Fig. 4A–C. Membrane currents
decreased with heating, which is characteristic of TRPM8, in 8
out of 12 cells.

To test further the presence of TRPM8 ion channels in DBTRG cells
we applied menthol during whole-cell recording at 22 �C, Fig. 4D. In-
ward and outward membrane currents increased within 30–60 s of
added menthol (100 lM), Fig. 4D–F. However, the increase in inward
current with menthol was unexpected in comparison with TRPM8
activated in heterologous expression systems where membrane cur-
ectrophoresis of PCRs using DBTRG cDNA and the indicated primer sets (Table 1).
TRPM8 sequences. (B) Immunodetection of TRPM8 in DBTRG cells. Confluent DBTRG
atant (S) and pellet (P) fractions. Equal protein samples (50 lg/lane) of each fraction
her TRPM8 antibody or TRPM8 antibody preadsorbed with blocking peptide.

enthol increase human glioblastoma cell calcium and migration,
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rent rectifies outwardly [15]. To rule out possible involvement of in-
ward rectifier K+ currents (Kir), which may not be blocked by Cs+

within the pipette, we measured effect of menthol following super-
fusing a solution in which all external K+ was substituted with equiv-
alent Na+, Fig. 4D and E. Here, menthol (100 lM) rapidly increased
both inward and outward currents. Repeated measurements
showed that added menthol (100 lM) increased slope conductance
from control value of 0.291 ± 0.050 nS/pF to 0.711 ± 0.136 nS/pF
with added menthol (n = 17; p < 0.01). 2-APB (100 lM), Fig. 4F,
inhibited the increase in membrane current by menthol to
0.249 ± 0.108 nS/pF (n = 5; p < 0.05). Moreover, we note that stimu-
lation of membrane current by added menthol occurred in only 17
out of 53 measurements or 32% of cells.
Please cite this article in press as: R. Wondergem et al., HGF/SF and m
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Discussion

These results are consistent with menthol’s action as a well-
established agonist of TRPM8 ion channels, which function primar-
ily as a cold/menthol receptor in sensory neurons [7,15,16]. Yet,
TRPM8 was first cloned from human prostate tumor cells [6],
where it appears to be diagnostic of androgen-dependent tumors
[17]. However, it also serves to regulate intracellular Ca2+ and to
maintain cell survival [8]. Now we show that human GBM cells
contain TRPM8, where it plays a role in mechanisms controlling
GBM cell migration.

TRPM8 in human GBM cells may serve as a locus for menthol-
stimulated Ca2+ entry, because TRPM8 mRNA and protein are ex-
enthol increase human glioblastoma cell calcium and migration,
32
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pressed in human DBTRG cells. Two proteins contain an epitope for
the TRPM8 antibody. The faint 130–140 kDa band is consistent
with the molecular weight of TRPM8 in situ [15,16]. The 95–
100 kDa bands are more consistent with constitutive activity of
TRPM8 in endoplasmic reticulum from expression of a truncated
TRPM8 spice variant [14]. Our present findings cannot confirm
two TRPM8 isoforms in DBTRG cells, because we have not se-
quenced the proteins found in the distinct bands. Yet, such inter-
pretation is consistent with two proteins having a common
epitope.

Menthol’s effect to increase [Ca2+]i was much greater among
migrating cells compared with non-migrating cells. So, it is possi-
ble that only migrating cells express full-length protein within
the plasma membrane. This may explain why some DBTRG cells
did not respond to menthol. Further work is needed to establish
differential expression of TRPM8 proteins, but it is noteworthy that
confluent cultures of DBTRG cells were used for immunoblot stud-
ies with few, if any, migrating cells. Hence, the faint 130–140 kDa
band may result from there being few, if any, migrating cells in
confluent cultures.

Non-responsiveness to added menthol also may have resulted
from rapid rundown of TRPM8 channel activity by pipette dialysis
of key cellular regulators, such phosphatidylinositol 4,5-bisphos-
phate [18,19]. However, it seems unlikely that this would occur
only in some cells. Alternatively, menthol may increase [Ca2+]i

independently of TRPM8 by effecting Ca2+ release from an intracel-
lular store as reported for various cells [9]. Again, this does not ex-
plain why a substantial proportion of DBTRG cells were
unresponsive to added menthol, nor does it explain the different
responses to menthol in migrating versus non-migrating cells.
Menthol also has no effect on DBTRG cells free of external Ca2+.

Menthol stimulates DBTRG cell migration comparable to that by
added HGF/SF. HGF/SF also increases [Ca2+]i in DBTRG cells. Com-
parable inhibitory effects of 2-APB on HGF/SF- and menthol-stim-
ulated DBTRG cell migration suggests that TRPM8 may be involved
in cellular mechanisms of migration common to both agents. How-
ever, the relative non-specificity of 2-APB tempers this conclusion.
Still, it is well-established that both agonists increase [Ca2+]i [9,20].
Clearly more work is needed to establish signaling pathways that
may be common to both agonists; and also to identify an in situ li-
gand for the TRPM8 ion channel, since intracranial temperature
seemingly does not vary. Phosphatidylinositol 4,5-bisphosphate
(PIP2) plays a central role in the activation of TRPM8 by either cold
or menthol [18]. Others, recognizing the constant temperature of
the prostate gland, have identified lysophospholipids from the
phospholipase-A2 cleavage of phosphatidylcholine as activators
of TRPM8 [21,22]. Thus, it is of interest that lysophosphatidic acid,
the end metabolite in this cascade, stimulates [Ca2+]i and motility
of GBM cells [23,24].

Menthol’s stimulation of membrane current indicates expres-
sion of TRPM8 channels in DBTRG cells. However, we cannot ex-
plain the inwardly-rectifying current component. TRPM8 currents
are predominantly outwardly-rectifying [13], although cooling
shifts the voltage-dependent activation by menthol from depolar-
ized potentials to those of the physiologic range [25]. Moreover,
the potential for half maximal activation of TRPM8 by cold was
�140 mV more negative in native channels compared with recom-
binant channels [26]. It is possible that gating of TRPM8 may vary
with the isoform in GBM cells compared with that in situ and in
heterologous expression systems.

In summary, our present findings indicate that GBM cells ex-
press TRPM8 mRNA and protein. Moreover, added menthol, along
with HGF/SF, increases [Ca2+]i and cell migration. We conclude that
TRPM8 mediates, in part, the action of menthol and HGF/SF to in-
crease [Ca2+]i and enhance tumor invasion.
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