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Abstract

We recently demonstrated that endothelin-1 (ET-1) activates two types of Ca*"-permeable nonselective cation channels (NSCC-1 and
NSCC-2) in C6 glioma cells. It is possible to discriminate between these channels by using the Ca®" channel blockers SK&F 96365 (1-[B-
(3-[4-methoxyphenyl]propoxy)-4-methoxyphenethyl]-1H-imidazole hydrochloride) and LOE 908 [(R,S)-(3,4-dihydro-6,7-dimethoxy-
isoquinoline-1-yl)-2-phenyl-N,N-di-[2-(2,3,4-trimethoxyphenyl)ethyl]-acetamide]. LOE 908 is a blocker for NSCC-1 and NSCC-2,
whereas SK&F 96365 is an inhibitor for NSCC-2. The purpose of the present study was to identify the G-proteins that are involved in ET-
l-activated Ca>" channels in C6 glioma cells. ET-1 activated only NSCC-1 in C6 glioma cells preincubated with U73122 (1-[6-[((17B)-
3-methoxyestra-1,3,5[10]-trien-17-yl)amino]hexyl]-1 H-pyrrole-2,5-dione), a phospholipase C (PLC) inhibitor. Microinjection of the
dominant negative mutant of G,/G;3 (G1,G228A/G53G225A) abolished activation of NSCC-1 and NSCC-2. In contrast, pertussis toxin
did not affect any of the Ca®" channels in the ET-1-stimulated C6 glioma cells. These results indicate that G;,/G13 may couple with
endothelin receptors and play an important role in the activation of NSCCs in C6 glioma cells. Moreover, the activation mechanisms of
NSCC-1 and NSCC-2 by ET-1 were different. NSCC-1 activation depended upon a G,/G;3-dependent cascade, whereas NSCC-2

activation depended upon both Go/PLC- and G»/G,3-dependent cascades.

© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

ET-1 acts as a neurotransmittor [1] and induces cell
proliferation [2]. We have shown recently that the ET-1-
induced sustained increase in [Ca>"]; results in Ca®* entry
through two types of Ca*"-permeable NSCCs (designated
NSCC-1 and NSCC-2) in C6 glioma cells [2]. These
channels can be distinguished by using the Ca>" channel
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blockers SK&F 96365 (1-[B-(3-[4-methoxyphenyl]pro-
poxy)-4-methoxyphenethyl]-1H-imidazole hydrochloride)
and LOE 908 [(R,S)-(3,4-dihydro-6,7-dimethoxy-isoqui-
noline-1-yl)-2-phenyl-N,N-di-[2-(2,3,4-trimethoxyphenyl)-
ethyl]-acetamide]. NSCC-1 is sensitive to LOE 908 and
resistant to SK&F 96365. NSCC-2 is sensitive to both
drugs [2]. Moreover, Ca®>" influx through these NSCCs
plays a critical role in ET-1-induced mitogenesis [2]. Thus,
it is important to elucidate the activation mechanism of
NSCCs by ET-1. The biological actions of ET-1 are
mediated through ET,Rs and ETgRs, which belong to a
family of G-protein-coupled receptors [3,4]. Therefore, it
is important to determine which subtypes of G, protein are
involved in ET-1-induced NSCC activation. To investigate
this subject, we confirmed which G, proteins are coupled
with the endothelin receptor in C6 glioma cells. C6 glioma
cells predominantly express ETARs [2]. EToRs are coupled
to Gq and G;j, which stimulate PLC and inhibit adenylyl
cyclase, respectively [5]. It was reported recently that both
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ETARs and ETgRs can couple with the Gy, subfamily,
which include G]z and G]3 in NIH3T3 cells [6] G]z/G13
has been shown to mediate important signaling pathways
such as ROCK-dependent formation of actin stress fibers
[ 7], vascular smooth muscle cell contraction [8], and cell
growth [9]. Because G|,/G3 is also expressed in most cell
lines and tissues including the glioma [10-12], and because
extracellular Ca®" influx through NSCCs plays an essential
role in cell proliferation in C6 glioma cells [2], G15/Gi3
may be involved in the activation of NSCCs. However, it is
unclear if ETARs couple with G;,/G3 in C6 glioma cells.
To examine this possibility, we used the dominant negative
mutant of G/Gy3 (G1,G228A/G13G225A) [8], which
inhibits ET-1-induced G;,/G;-dependent signaling path-
ways such as actin stress fiber formation [13]. In this study,
we investigated the G, protein subtypes that may be
involved in the ET-1-induced activation of each NSCC
in C6 glioma cells. The roles of Gy, Gj, and G»/G3 in
ET-1-induced Ca®" channel activation were examined
using the PLC inhibitor U73122 (1-[6-[((17)-3-methox-
yestra-1,3,5[10]-trien-17-yl)amino]hexyl]-1H-pyrrole-2,
5-dione), PTX, and G;,G228A/G;3G225A.

2. Materials and methods
2.1. Cell culture

C6 glioma cells were maintained in DMEM containing
10% fetal bovine serum under a humidified 5% CO,/95%
air atmosphere.

2.2. [CaT]; monitoring

[Ca®"]; was measured using a fluorescent probe, fluo-3,
as described in a previous report [2]. Briefly, C6 glioma
cells were loaded with fluo-3 by incubating them with
1 mM fluo-3/acetoxymethyl ester for 30 min at 37° under
reduced light. After washing, the cells were suspended at a
density of approximately 2 x 107/mL, and 0.5-mL aliquots
were used for the measurement of fluorescence by a CAF
110 spectrophotometer (JASCO) with an excitation wave-
length of 490 nm and an emission wavelength of 540 nm.
Atthe end of the experiment, Triton X-100 and subsequently
EGTA were added at final concentrations of 0.1% and 5 mM,
respectively, to obtain the fluorescence maximum (Fax)
and the fluorescence minimum (Fp,). [Ca®']; was
determined from the equilibrium equation [Ca*'], =
K4(F — Fpin)/(Fmax — F), where F was the experimental
value of fluorescence and K, was defined as 0.4 uM [14].

Microfluorimetry of fluo-3 was performed as described
previously [15]. Briefly, cells were seeded on 35-mm glass-
bottomed plastic dishes (MatTek Corp.), which were
marked with a cross to facilitate the localization of injected
cells. The cells were loaded with fluo-3 by incubating them
with Ca®"-free Krebs-HEPES solution containing 10 pM

fluo-3/AM for 30 min at 37° under reduced light. Ca>*-free
Krebs-HEPES solution contained: 140 mM NaCl, 3 mM
KCl, 1 mM MgCl,, 11 mM glucose, and 10 mM HEPES
(pH 7.4, adjusted with NaOH). After washing with the
Krebs-HEPES solution (2.2 mM CaCl, was added to Ca’'-
free Krebs-HEPES solution), the cells were kept in fresh
Krebs-HEPES solution at 37° for at least 30 min. Fluo-3
microfluorimetry was done at 25° by an Attofluor Ratio-
Vision real-time digital fluorescence analyzer (Atto Instru-
ments) equipped with a Carl-Zeiss Axiovert-100 inverted
epifluorescent microscope. A 100-W mercury lamp served
as the source of excitation. For measurement of [Ca“]i,
fluo-3 was excited at 450-490 nm, and fluorescence
was detected at 515-565 nm. [Ca2+]i was determined as
described above.

2.3. Microinjection

Microinjection was performed as described previously
[13]. Briefly, cells were seeded onto glass coverslips coated
with fibronectin (Iwaki glass), which were marked with a
cross to facilitate the localization of injected cells, and
incubated overnight in DMEM containing 1% fetal bovine
serum. Microinjection of G;,G228A/G;3G225A, con-
structed as described previously [13], was performed using
a Zeiss microinjection system (Carl Zeiss). All plasmids
(100 ng/pL) were used for microinjection into the cell
nuclei.

2.4. Drugs

Boehringer Ingelheim K.G. provided LOE 908. Other
chemicals were obtained commercially from the following
sources: ET-1 from the Peptide Institute; SK&F 96365
from Biomol; and fluo-3/AM from Dojindo Laboratories.

2.5. Statistical analysis

All results are expressed as means += SEM.

3. Results

3.1. Effects of LOE 908 and SK&F 96365 on the
ET-1-induced sustained increase in [ Ca** I;

ET-1 at 10 nM induced a transient and subsequent
sustained increase in [Ca*"]; in C6 glioma cells (Fig. 1).
As described previously [2], the sustained phase is due to a
transmembrane Ca’* influx, whereas the transient phase is
the result of Ca®" mobilization from the intracellular
stores. The sustained increase in [Ca®"]; induced by
10 nM ET-1 was suppressed by SK&F 96365 and LOE
908 in a concentration-dependent manner (Fig. 1). LOE
908 at concentrations > 10 pM completely suppressed this
increase (Fig. 1A), whereas the maximal effect of SK&F
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Fig. 1. Original tracings illustrating the effects of various concentrations
of LOE 908 (A) or SK&F 96365 (B) on the increase in [Ca2+]i in C6
glioma cells induced by 10 nM ET-1. The cells loaded with fluo-3 were
stimulated by ET-1. After [Ca®']; reached a steady-state, increasing
concentrations of either LOE 908 or SK&F 96365 were added at the time
indicated by the arrows.

96365 was incomplete: about 35% was unsuppressed at
concentrations > 10 uM (Fig. 1B).

3.2. Effects of PTX on resting and ET-1-stimulated C6
glioma cells

To investigate whether G; was involved in the activation
of Ca®" channels by ET-1, the ET-1-induced sustained
increase in [Ca”]i was examined in the presence of PTX.
PTX (50 ng/mL) failed to inhibit the ET-1-induced sus-
tained increase in [Ca’']; (Fig. 2A). In addition, the
magnitude of the ET-1-induced sustained increase in
[Ca®™]; in C6 glioma cells pretreated with PTX for
30 min was similar to that observed in control cells upon
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Fig. 2. Original tracings illustrating the effects of PTX on the ET-1-induced sustained increase in [Ca

stimulation of ET-1 in the absence of PTX (data not shown).

Moreover, PTX failed to evoke increases in [Ca’'];
(Fig. 2B).

3.3. Effect of U73122 on ET-1-induced activation of
Ca** channels

ET-1 at 10 nM induced a sustained increase in [Ca>"];
only in C6 glioma cells treated with 5 uM U73122 (Fig. 3A
and B). The transient increase in [Ca®"]; was not detected
in these cells (Fig. 3C). The magnitude of the sustained
increase in [Ca”]i in U73122-treated cells was around 35%
compared to control cells (Fig. 3D). The ET-1-induced
sustained increase in [Ca>"]; was abolished upon treatment
with 10 uM LOE 908 (Fig. 3A and D) but not by 10 uM
SK&F 96365 (Fig. 3B and D). On the other hand, 5 pM
U73343 (1-[6-[((17B)-3-methoxyestra-1,3,5[10]-trien-17-
yl)amino]hexyl]-2,5-pyrrolidinedione) failed to inhibit the
ET-1-induced increase in [Ca*"]; (data not shown).

3.4. Effects of G;»/G;3 on ET-1-induced activation of
Ca*" channels

We further investigated the effects of G;,/G;5 on Ca**
channels using G;,G228A/G,3G225A. The ET-1-induced
increase in [Ca>"]; was monitored with microfluorimetry
in this experiment. The magnitude of the transient increase
in [Ca®"]; in C6 glioma cells microinjected with
G1,G228A/G13G225A was similar to that in C6 glioma
cells (Fig. 4A). In contrast, ET-1 failed to induce a sus-
tained increase in [Ca*"]; in C6 glioma cells microinjected
with G,G228A/G3G225A (Fig. 4B). On the other hand,
the magnitude of the ET-1-induced sustained increase in
[Ca®']; in C6 glioma cells microinjected with expression
plasmids without an insert was similar to that of control
cells (data not shown).

4. Discussion

As reported previously [2], the ET-1-induced sus-
tained increase in [Ca”]i in C6 glioma cells results from
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cells (B). The cells were loaded with fluo-3. After [Ca®"]; reached a steady-state, 50 ng/mL of PTX was added at the time indicated by the horizontal bars.
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Fig. 3. (A and B) Original tracings illustrating the effects of LOE 908 and SK&F 96365 on the ET-1-induced sustained increase in [Ca®']; in C6 glioma
cells preincubated with U73122. The cells loaded with fluo-3 were incubated with 5 pM U73122 for 10 min before stimulation with 10 nM ET-1. ET-1
was added at the time indicated by the horizontal bar. After [Ca®*); reached a steady-state, 10 uM LOE 908 (A) or 10 pM SK&F 96365 (B) was added.
(C and D) Effects of a maximally effective concentration of U73122 (5 uM), LOE 908 (10 uM), or SK&F 96365 (10 uM) on the ET-1-induced transient (C)

and sustained (D) increase in [Ca>"];.

experiments.

extracellular Ca®" influx through two types of Ca®'-
permeable NSCCs (NSCC-1 and NSCC-2). SOCCs do
not seem to be activated by ET-1 in C6 glioma cells [2],
or in adrenal chromaffin cells [16], unlike vascular smooth
muscle cells [15,17]. The ET-1-induced sustained increase
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Fig. 4. Effects of G;,G228A/G3G225A on the ET-1-induced transient (A)
and sustained (B) increase in [Ca>"]; in C6 glioma cells. Microinjection
of G1,G228A/G13G225A and fluo-3 microfluorimetry were performed
as described in Section 2. Data are presented as means == SEM of five
experiments.

The experimental protocols were performed as described in Section 2. Data are presented as means == SEM of five

in [Ca*"]; through SOCCs (the LOE 908-resistant and
SK&F 96365-sensitive part) was not observed based on
the sensitivity to LOE 908 and SK&F 96365 [2]. This
difference may be due to a lower formation of IPs and the
subsequent incomplete depletion of the intracellular Ca*"
store in C6 glioma cells [2]. In resting C6 glioma cells,
PTX failed to induce an increase in [Ca®*"]; (Fig. 2B),
indicating that PTX has no effects on Ca®" channel
activation in these cells. In addition, because PTX failed
to affect the ET-1-induced increase in [Ca®"]; (Fig. 2A),
activation of NSCCs by ET-1 does not appear to involve the
G;-dependent pathway. We further examined the role of G
for activation of NSCCs. It is generally accepted that PLC
is activated downstream of Gq4 [18]. In C6 glioma cells
treated with U73122, ET-1 evoked only the sustained
increase in [Ca®']; (Fig. 3A and B). Therefore, G, plays
an important role in the ET-1-induced transient increase in
[Ca2+]i as described previously [17]. The magnitude of the
sustained increase in [Ca>"] ;in U73122-treated C6 glioma
cells was around 35% compared with the U73122-
untreated C6 glioma cells (Fig. 3D). These results indicate
that the ET-1-induced sustained increase in [Ca’');
may involve two different pathways, one dependent upon
G4/PLC and the other independent of G,/PLC. The ET-1-
induced sustained increase in [Ca2+]i was sensitive to LOE
908 and resistant to SK&F 96365 (Fig. 3A and B). There-
fore, ET-1 activates only NSCC-1 in C6 glioma cells
treated with U73122. These results suggest that acti-
vation of NSCC-1 is independent of the Go/PLC-dependent
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Fig. 5. Schematic representation of signaling pathways for NSCCs
activated by ET-1 in C6 glioma cells. ETARs couple to G, Gj, and Gy,
13 in C6 glioma cells. NSCC-1 is stimulated by ET-1 via the Gjy/3-
dependent pathway, whereas NSCC-2 is stimulated by ET-1 via the Gy5/3-
and the G-dependent pathway. See text for details.

pathway, while activation of NSCC-2 involves a G4/PLC-
dependent pathway (Fig. 5). This suggestion is supported
by the following results: ET-1 at 0.1 nM fails to stimulate
the formation of IPs, used as an index of inositol trispho-
sphate formation, and activates only NSCC-1 in C6 glioma
cells, while at concentrations > 1 nM it stimulates the
formation of IPs and activates NSCC-2 in addition to
NSCC-1 [2]. Because G;,/G 3 are PTX-insensitive hetero-
trimeric G proteins, we examined the effects of G;,/G3 on
Ca”" channel activation through the G4/PLC-independent
pathway.

G,G228A/G;3G225A inhibits ET-1-induced stress-
fiber formation transmitted through the G;,/G3-dependent
pathway [8,13]. The magnitude of the transient increase in
[Ca®™]; in C6 glioma cells microinjected with G;,G228A/
G13G225A was similar to that in the intact C6 glioma cells
(Fig. 4A). These results indicate that G;,/G;3 are not
involved in the ET-1-induced transient increase in [Ca2+]i.
In contrast, ET-1 failed to induce a sustained increase in
[Ca*'); in C6 glioma cells microinjected with G;,G228A/
G15G225A (Fig. 4B). We conclude that this inhibitory
effect is due to G|,G228A/G3G225A, because expression
plasmids without this insert failed to inhibit the ET-1-
induced sustained increase in [Ca®>"]; (data not shown).
These results demonstrate that ETA\Rs may couple with
G1,/G3 in C6 glioma cells, and the G;,/G;3-dependent
pathway plays an important role in the activation of NSCCs
(Fig. 5), while ET-1-induced mobilization of Ca*" from the
intracellular Ca®" store may not be involved.

In conclusion, G4 and G,,/G3 may play important roles
for ET-1-induced activation of NSCCs in C6 glioma cells as
follows: (a) NSCC-1 activation involves the G,/G3-depen-
dent pathway, and (b) NSCC-2 involves both the G,/PLC-
and the G,/G,3-dependent pathway.
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