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Abstract

We have recently shown that noradrenaline induces extracellular Ca2+ influx through nonselective cation channel (NSCC) in Chinese

hamster ovary cells expressing a1A-adrenoceptors (CHO-a1A). Moreover, this NSCC is sensitive to (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) and resistant to 1-[b-(3-[4-Methoxyphenyl]pro-

poxy)-4-methoxyphenethyl]-1H-imidazole hydrochloride (SK&F 96365). In the present study, we characterized the effects of extracellular

Ca2+ influx through NSCC on noradrenaline-induced mitogenic responses and activation of extracellular signal-regulated kinase 1 and 2

(ERK1/2) of CHO-a1A using LOE 908 and SK&F 96365. Noradrenaline induced a mitogenic response in CHO-a1A. LOE 908 completely

inhibited the noradrenaline-induced mitogenesis, whereas SK&F 96365 did not inhibit it. The IC50 value of LOE 908 for noradrenaline-

induced mitogenesis was similar to that for the noradrenaline-induced increase in intracellular free Ca2+ concentration ([Ca2+]i).

Noradrenaline stimulated ERK1/2 activity. The magnitude of noradrenaline-induced ERK1/2 activity in the absence of extracellular Ca2+ was

40% of that in the presence of extracellular Ca2+. LOE 908 partially (60%) inhibited the noradrenaline-induced ERK1/2 activity, whereas

SK&F 96365 did not inhibit it. The IC50 value of LOE 908 for noradrenaline-induced ERK1/2 activity was similar to that for the

noradrenaline-induced increase in [Ca2+]i. Collectively, these results demonstrate that extracellular Ca2+ influx through LOE 908-sensitive

and SK&F 96365-resistant NSCC may be essential for noradrenaline-induced mitogenesis in CHO-a1A. Moreover, the noradrenaline-

induced ERK1/2 activity involves two distinct pathways, one dependent on extracellular Ca2+ influx through NSCC, whereas the other is

independent of the influx. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

a1-Adrenoceptors are members of the G-protein-coupled

receptor family and mediate many of the important phys-

iological effects of catecholamines such as noradrenaline.

Vascular smooth muscle cells and cardiac myocytes express

at least three subtypes of a1-adrenoceptors, namely a1A,

a1B and a1D receptors (Price et al., 1994; Hieble et al.,

1995). a1-Adrenoceptors play a particularly important role

in controlling cardiovascular responses such as regulation

of blood pressure via activation of smooth muscle contrac-

tion (Graham et al., 1996). Activation of a1-adrenoceptors

also stimulates cardiac and vascular smooth muscle growth

and hypertrophy (Jackson and Schwartz, 1992; Milano

et al., 1994). Moreover, sustained increase in intracellular

free Ca2+ concentration ([Ca2+]i) due to extracellular Ca2+

influx plays a critical role in noradrenaline-induced mito-

genic response in rat-1 fibroblasts expressing a1A-, a1B- or

a1D-adrenoceptors (Chen et al., 1999). However, which

type of Ca2+ channels may be involved in noradrenaline-

induced mitogenic responses is presently unknown. This is

mainly due to a lack of available specific Ca2+ channel

blockers. Recently, we have constructed Chinese hamster

ovary cells stably expressing a1A-, a1B- or a1D-adrenocep-

tors (CHO-a1A, -a1B or -a1D, respectively), and compared

the Ca2+ channels activated by noradrenaline using whole-

cell recordings and monitoring of [Ca2+]i along with the

receptor-operated Ca2+ channel blockers, (R,S)-(3,4-dihy-

dro-6,7-dimethoxy-isoquinoline-1-yl)-2-phenyl-N,N-di-[2-

(2,3,4-trimethoxyphenyl)ethyl]-acetamide (LOE 908)
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(Encabo et al., 1996) and 1-[b-(3-[4-Methoxyphenyl]pro-

poxy)-4-methoxyphenethyl]-1H-imidazole hydrochloride

(SK&F 96365) (Meritt et al., 1990). A noradrenaline-

induced sustained increase in [Ca2+]i due to extracellular

Ca2+ influx involved a Ca2+-permeable nonselective cation

channel (NSCC), which was sensitive to LOE 908 and

resistant to SK&F 96365 in all transfectants (Kawanabe

et al., 2001a). The transfection and functional expression of

the cDNA clone for a1A-, a1B- or a1D-adrenoceptors into

the same cell type provides a model system to study and

compare the precise signal transduction pathways of a

single receptor subtype without any ambiguity resulting

from the presence of multiple receptor subtypes. Thus, the

first objective of the present study was to clarify the effects

of Ca2+ influx through NSCC on the noradrenaline-induced

mitogenic response in CHO-a1A.

Extracellular signal-regulated kinase 1 and 2 (ERK1/2),

members of the mitogen-activated protein kinase (MAPK)

family, are considered to represent a major signaling path-

way mediating noradrenaline-induced mitogenic response

(Xin et al., 1997; Hu et al., 1999). It is generally accepted

that extracellular Ca2+ influx plays a critical role in a1-

adrenoceptor-induced MAPK activation (Muthalif et al.,

1996; Romanelli and van de Werve, 1997; Hu et al.,

1999). In rabbit vascular smooth muscle cells, noradrena-

line, by promoting extracellular Ca2+ influx, increases CaM

kinase II activity, leading to activation of MAPK (Muthalif

et al., 1996). On the other hand, ERK1/2 activation is Ca2+-

independent in CHO cells expressing muscarinic acetylcho-

line receptors (Wylie et al., 1999). Thus, it is unknown

whether ERK1/2 activation by noradrenaline also involves

extracellular Ca2+ influx-independent process. The second

objective of the present study was therefore to examine the

role of Ca2+ influx through NSCC on the noradrenaline-

induced ERK1/2 activation in CHO-a1A.

2. Materials and methods

2.1. Cell culture

Stable expression of a1A-adrenoceptors in CHO cells

was accomplished as described previously (Kawanabe et al.,

2001a). CHO-a1Awas routinely maintained in F-12 medium

supplemented with 10% fetal calf serum under a humidified

atmosphere of 5% CO2/95% air.

2.2. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium

bromide (MTT) assay and [3H]thymidine incorporation

Cells were seeded into 96-well plates at 5�103 cells/well

for the assay using MTT and into 24-well plates at 4�104

cells/well for [3H]thymidine incorporation. They were incu-

bated overnight in F-12 supplemented with 10% fetal calf

serum at 37 jC. The cells were deprived of serum for 24 h,

washed with phosphate-buffered saline (PBS), and incu-

bated with noradrenaline for a further 48 h in serum-free

F-12 with or without Ca2+ channel blockers.

The MTT assay as a measure of the number of viable

cells was performed as described previously (Sugawara

et al., 1996). Briefly, the cells were exposed to 1 mg/ml

MTT during the last 4 h of culture with noradrenaline, and

then lysed with acidic lysis buffer (20% (w/v) sodium

dodecyl sulfate (SDS) in 50% N,N-dimethyl formamide

solution at pH 4.7). The absorbance of the lysate at 562

and 630 nm was measured with an EL340 Microtiter Plate

Reader (Bio-Tek Instruments, Winooski, VT). The differ-

ence between the values at 562 and 630 nm was used as an

index of the number of viable cells.

Measurement of [3H]thymidine incorporation was per-

formed as described previously (Kawanabe et al., 2001b).

Briefly, for measurement of [3H]thymidine incorporation,

[3H]thymidine (1 ACi/ml) was added during the last half of

the 48-h incubation period with noradrenaline. To stop the

reaction, the cells were washed three times with ice-cold

PBS, incubated with 10% (w/v) trichloroacetic acid at 4 jC
for 30 min, and subsequently washed three times with ice-

cold PBS to remove the trichloroacetic acid-soluble mate-

rial. The radioactivity incorporated into the trichloroacetic

acid-insoluble fraction was recovered in 0.1 N NaOH and

counted using a liquid scintillation counter (Aloka, Tokyo,

Japan) with the solid scintillator Luma-Cap (Packard, Gro-

ningen, The Netherlands).

2.3. Measurement of ERK1/2 activity

ERK1/2 activity was measured as described previously

(Kawanabe et al., 2001b). Briefly, cells at 80% confluency

in 10-cm dishes were starved for 24 h before being

stimulated by noradrenaline for various periods in serum-

free F-12 in the presence or absence of Ca2+ channel

blockers. The reaction was terminated by washing once

with PBS and twice with 20 mM Tris–HCl (pH 7.4).

After the addition of 1 ml of ice-cold extraction buffer

(10 mM Tris–HCl, 0.5 mM EDTA, 0.5 mM EGTA, 5 mM

MgCl2, 1 mM dithiothreitol, 5 mg/ml aprotinin, 0.05 mM

NaF, 0.5 mM Na3PO4, 0.5 mM 4-(2-aminoethyl) benze-

nesulfonyl fluoride, and 5 mM h-glycerophosphate, at pH
7.4), the cells were removed with a scraper. For partial

purification of ERK, the cell suspension was transferred to

a 15-ml conical tube, sonicated for 10 s�3 at 10-s

intervals, and centrifuged at 25,000�g for 20 min. The

supernatant was applied to a DEAE-Sephadex column

(bed volume, 0.5 ml) pre-equilibrated with equilibration

buffer (extraction buffer containing 100 mM NaCl). The

enzyme was eluted with the elution buffer (extraction

buffer containing 500 mM NaCl) and concentrated using

Centricon YM-30 (Millipore, Bedford, MA, USA). The

protein concentration of the partially purified enzyme in

each sample was determined with a bovine serum albumin

Microprotein Assay Kit (Pierce, Rockford, IL, USA), and

5 Ag of the enzyme was used for each assay. ERK1/2
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activity was determined using a MAP Kinase Assay Kit

(Amersham, Buckinghamshire, UK) according to the man-

ufacturer’s instructions.

2.4. Statistical analysis

All results were expressed as meanFS.E.M. The data

were subjected to a two-way analysis of variance, and when

a significant F value was encountered, the Newman–Keuls’

multiple range test was used to test for significant differ-

ences between treatment groups. A probability level of

P<0.05 was considered statistically significant.

2.5. Drugs

Boehringer Ingelheim (Ingelheim, Germany) kindly pro-

vided LOE 908. Other reagents were obtained commercially

from the following sources: noradrenaline from Wako

(Osaka, Japan); MTT from Sigma (St. Louis, MO, USA);

[3H]thymidine from NEN (Boston, MA, USA); SK&F

96365 from Biomol (Plymouth Meeting, PA, USA).

3. Results

3.1. Effects of LOE 908 on the noradrenaline-induced

mitogenic response

After stimulation with 100 nM noradrenaline, both the

number of viable cells as estimated by the MTT assay and

mitogenic activity as estimated by [3H]thymidine incorpo-

ration increased with time up to 48 h (data not shown).

Therefore, in subsequent experiments the stimulation time

was set at 48 h.

Noradrenaline stimulated a mitogenic response in CHO-

a1A in a concentration-dependent manner, with an EC50

Fig. 1. Effects of various concentrations of noradrenaline on the number of

viable cells (A) and DNA synthesis (B) in CHO-a1A. After cells had been

deprived of serum for 24 h, they were stimulated with increasing

concentrations of noradrenaline for a further 48 h. The numbers of viable

cells (MTT assay) (A) and [3H]thymidine incorporation (B) were

determined as described in Materials and methods. Data are presented as

meanFS.E.M. of three determinations, each done in triplicate. #P<0.05;

significantly different from the control values in each experiment.

Fig. 2. Effects of various concentrations of LOE 908 or SK&F 96365 on

noradrenaline-induced increases in the number of viable cells (A) and DNA

synthesis (B) in CHO-a1A. Starved cells were incubated for 15 min with

increasing concentrations of LOE 908 (circles) or SK&F 96365 (squares),

and then they were stimulated with (open symbols) or without (closed

symbols) 100 nM noradrenaline. The numbers of viable cells (MTT assay)

and [3H]thymidine incorporation were determined as described in Materials

and methods. Data are presented as meanFS.E.M. of three determinations,

each done in triplicate. #P<0.05; significantly different from the control

values in each experiment.
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value of around 3 nM for both the MTT assay and

[3H]thymidine incorporation; the maximal effects, a 3.2-

fold increase in the MTT assay and 3.8-fold for [3H]thymi-

dine incorporation, were obtained at concentrations z100

nM (Fig. 1). The noradrenaline-induced mitogenic response

was abolished by pretreatment of the cells with phentol-

amine or prazosin (data not shown).

Next, we examined the effects of Ca2+ influx through

NSCC on the noradrenaline-induced mitogenic response

using LOE 908 and SK&F 96365. LOE 908 inhibited

noradrenaline-induced mitogenesis in a concentration-

dependent manner with an IC50 value of around 1 AM both

for the MTT assay and the [3H]thymidine incorporation

assay (Fig. 2). Complete inhibition was observed at con-

centrations z3 AM (Fig. 2). In contrast, SK&F 96365 up to

10 AM did not affect noradrenaline-induced mitogenic

response (Fig. 2).

3.2. Time course and concentration-dependency of ERK1/2

activation by noradrenaline

After stimulation with 100 nM noradrenaline, ERK1/2

activity in the cytosolic fraction increased with time and at

5 min reached a peak of 2.5-fold greater than prestimulation

values (Fig. 3A). Thereafter, activity rapidly decreased and

by 30 min had reverted to the control level (Fig. 3A).

Therefore, in subsequent experiments the stimulation time

was set at 5 min.

Noradrenaline stimulated ERK1/2 activity in a concen-

tration-dependent manner with an EC50 value of around

3 nM; the maximal effect (2.5-fold increase) was observed

at concentrations z100 nM (Fig. 3B).

Fig. 3. (A) Time course of ERK1/2 activity following stimulation with

noradrenaline in CHO-a1A. After cells had been cultured in serum-free

medium for 24 h, they were stimulated with 100 nM noradrenaline for the

indicated time periods. (B) Effects of various concentrations of noradrena-

line on ERK1/2 activity in CHO-a1A. After cells had been deprived of

serum for 24 h, they were stimulated with increasing concentrations of

noradrenaline for 5 min. ERK1/2 activity was determined as described in

Materials and methods. Data presented are the meanFS.E.M. of three

determinations, each done in triplicate. #P<0.05; significantly different

from the control values in each experiment.

Fig. 4. (A) Effects of LOE 908 on noradrenaline-induced ERK1/2 activity

in CHO-a1A. Starved cells were incubated for 15 min with LOE 908 and

then stimulated with (open circles) or without (closed circles) 100 nM

noradrenaline. (B) Effects of extracellular Ca2+ and a maximal effective

concentration of LOE 908 and SK&F 96365 on noradrenaline-induced

ERK1/2 activity in CHO-a1A. Starved cells were incubated in medium

containing 3 mM EGTA, 10 AM LOE 908 or 10 AM SK&F 96365, and then

stimulated with 100 nM noradrenaline. The ERK1/2 activity following

stimulation with 100 nM noradrenaline was set at 100%, and the ERK1/2

before stimulation with noradrenaline was set at 0%. ERK1/2 activity was

determined as described in Materials and methods. Data presented are the

meanFS.E.M. of three determinations, each done in triplicate. #P<0.05;

significantly different from the control values in each experiment.
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3.3. Effects of LOE 908 on ERK1/2 activation

LOE 908 inhibited the noradrenaline-induced increase in

ERK1/2 activity in a concentration-dependent manner with

an IC50 value of around 1 AM (Fig. 4A); the maximal

inhibitory effect (60%) was observed at concentrations z3

AM (Fig. 4). The magnitude of noradrenaline-induced

ERK1/2 activity in the presence of maximal effective

concentration of LOE 908 was similar to that in the absence

of extracellular Ca2+ (Fig. 4B). In contrast, SK&F 96365 up

to 10 AM did not affect noradrenaline-induced ERK1/2

activity (Fig. 4B).

4. Discussion

As reported for a variety of cells (Xin et al., 1997; Hu

et al., 1999; Chen et al., 1999), noradrenaline was also found

to act as a mitogen on CHO-a1A based on the data from the

MTT and [3H]thymidine incorporation assays (Fig. 1).

The inhibitory action of LOE 908 on the noradrenaline-

induced mitogenic response is mediated by blockade of

Ca2+ entry through NSCC, as shown by the following data:

(1) In our recent work using patch-clamp and [Ca2+]i
monitoring, noradrenaline was found to activate LOE 908-

sensitive and SK&F 96365 resistant NSCC in CHO-a1A

(Kawanabe et al., 2001a). (2) In the present study, the IC50

value of LOE 908 for the noradrenaline-induced mitogenic

response (Fig. 2) correlated well with that for the noradrena-

line-induced [Ca2+]i response (Kawanabe et al., 2001a). (3)

LOE 908 is considered to exert no cytotoxic effects on

quiescent cells, judging from the data of the MTT and

[3H]thymidine incorporation assays (Fig. 2). (4) SK&F

96365, Ca2+ channel blockers (Meritt et al., 1990), did not

affect either noradrenaline-induced sustained increase in

[Ca2+]i (Kawanabe et al., 2001a) or mitogenic responses

(Fig. 2). With LOE 908 at concentrations z3 AM, the

noradrenaline-induced mitogenic response was completely

blocked (Fig. 2). Thus, it can be concluded that the

noradrenaline-induced mitogenic response is absolutely

dependent on Ca2+ influx through LOE 908-sensitive and

SK&F 96365-resistant NSCC in CHO-a1A.

As described previously (Hu et al., 1999; Chen et al.,

1999; Zhong and Minneman, 1999), noradrenaline stimu-

lated ERK1/2 in CHO-a1A (Fig. 3). Involvement of the

ERK1/2-dependent cascade in the noradrenaline-induced

mitogenic response is consistent with previous reports (Hu

et al., 1999; Chen et al., 1999). Because previous reports

indicated that stimulation of ERK1/2 by noradrenaline was

dependent on extracellular Ca2+ influx (Romanelli and van

de Werve, 1997; Hu et al., 1999), we examined the effects of

Ca2+ influx through NSCC on stimulation of ERK1/2 by

noradrenaline in CHO-a1A. The IC50 value of LOE 908 for

the noradrenaline-induced ERK1/2 activation (Fig. 4A)

correlated well with that for the noradrenaline-induced

[Ca2+]i response (Kawanabe et al., 2001a). Moreover, the

magnitude of noradrenaline-induced ERK1/2 activity in the

presence of 10 AM LOE 908 was similar to that in the

absence of extracellular Ca2+ (Fig. 4B). These results show

that the inhibitory action of LOE 908 on noradrenaline-

induced ERK1/2 activation is mediated by blockade of Ca2+

entry through NSCC. LOE 908 only partially inhibited

ERK1/2 activation (Fig. 4). Thus, noradrenaline activates

ERK1/2 via both extracellular Ca2+ influx-dependent and -

independent cascades. Because LOE 908 completely

blocked the noradrenaline-induced mitogenic response

(Fig. 2), the noradrenaline-induced mitogenic response via

extracellular Ca2+ influx-independent ERK1/2 cascades is

also dependent on extracellular Ca2+ influx. These results

suggest that a noradrenaline-induced mitogenic cascade

downstream of ERK1/2 may be dependent on Ca2+ influx

through NSCC (Fig. 5). Indeed, Ca2+ influx regulates the

activation of p34cdc2 kinase and subsequent phosphoryla-

tion of pRB (the dephosphorylated form of retinoblastoma

protein), leading to DNA synthesis (Takuwa et al., 1993).

Phosphorylation of pRB occurs in the mid- to late-G1 phase

and is required for entry into S phase (Weinberg, 1995).

Thus, it is currently thought that a Ca2+-dependent process

acting relatively far downstream in the intracellular signal-

ing pathway plays a pivotal role in the regulation of cell

cycle progression. However, it is unknown whether the

same signaling pathways are operating in CHO-a1A. It

remains to be determined which signaling cascades down-

stream of ERK1/2 are involved in the noradrenaline-induced

mitogenic response and at which step(s) extracellular Ca2+

influx is required.

In summary, we demonstrate in the present study that

(1) extracellular Ca2+ influx through LOE 908-sensitive

and SK&F 96365-resistant NSCC may be essential for

noradrenaline-induced mitogenesis in CHO-a1A, and (2)

the noradrenaline-induced ERK1/2 activity involves two

distinct pathways, one dependent on extracellular Ca2+

influx through NSCC, whereas the other is independent

of the influx.

Fig. 5. Schematic representation of the involvement of extracellular Ca2+

influx through NSCC in noradrenaline-induced cell proliferation via

ERK1/2-dependent cascade in CHO-a1A. See text for details.
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