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Abstract:

Alprenolol and propranolol (0.001–10 �M) significantly and concentration-dependently inhibited both isoprenaline-driven and

basal (non-stimulated) cyclic adenosine monophosphate (cAMP) accumulation in the rat C6 glioma cells, showing high potency

particularly in the latter condition (IC�� values of 30 and 27 nM, respectively). In the rat cerebral cortical slices, these two tested

�-adrenoceptor antagonists inhibited the isoprenaline-evoked cAMP response, but had no effect on the nucleotide accumulation

under basal (non-stimulated) conditions. The obtained results suggest that native �-adrenoceptors occurring in C6 glioma cells may

be constitutively active.
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Introduction

According to a classical model, the activation of

receptor-operated signal transduction pathways re-

quires agonist binding to the receptor. It is well docu-

mented, however, that G protein-coupled receptors

(GPCRs) can exhibit spontaneous activity also in the

absence of agonists. The ability of GPCRs to adopt an

active conformation in an agonist-independent man-

ner is referred to as a constitutive receptor activity [1,

13]. This phenomenon was first reported for mutant

GPCRs, �-opioid receptor and �2-adrenoceptor, in the

middle 1980s. Since then, several naturally occurring

GPCR mutants and an array of wild-type GPCRs ex-

hibiting constitutive activity have been identified

[13].

Many compounds originally classified as antago-

nists, with no intrinsic activity, display significant po-

tency in inhibiting constitutive receptor activity. Such

drugs are termed inverse agonists, and are in contrast

to so-called neutral antagonists which prevent ago-

nists’ binding to the receptor, but do not influence the

receptor “basal” activity [4, 13]. There is a growing

family of inverse agonists, and among such drugs are

some antagonists of �-adrenergic receptors [6, 13].

�-Adrenergic receptors coupled to Gs � adenylyl cy-

clase signaling pathway have been studied in detail in

various tissues, including neuronal and glial compart-

ments of the central nervous system or cultured cell

lines [3, 7, 10, 13]. Rat C6 glioma cells possess native

�-adrenoceptors whose stimulation leads to a well-

expressed cyclic adenosine monophosphate (cAMP)

response [e.g. 8, 10]. Although these cells have been

�����������	��� 
������ ����� ��� ������� 659

�����������	��� 
�����

����� ��� �������

	

� �������

��������� � ����

�� 	�������� �� �� �! "�#���

��#��� $" %�!� �� 
"���"��



extensively used for studying adrenergic receptor-

driven signal transduction mechanisms, there are no

clear data concerning constitutive activity of adenylyl

cyclase-linked �-adrenoceptors in such a biosystem.

In this study, we investigated the ability of propra-

nolol and alprenolol, two �-adrenergic receptor an-

tagonists that in some biosystems acted as inverse

agonists [13], on basal (non-stimulated) and agonist

(isoprenaline)-stimulated cAMP accumulation in the

cultured rat C6 glioma cells and – for comparison – in

the rat cerebral cortical slices. The obtained findings

suggest the existence of constitutively active adrener-

gic receptors only in the former tissue.

Materials and Methods

Cell culture

C6 rat astrocytoma cells [2] were kindly provided by

Prof. Jan Albrecht (Medical Research Centre, Polish

Academy of Sciences, Warszawa). The cells (used be-

tween passages 162–207) were grown in 21.5 cm2

dishes in Dulbecco’s modified Eagle medium

(DMEM) supplemented with 10% fetal calf serum,

2 mM glutamine and penicillin-streptomycin solution,

in humidified atmosphere of 95% air and 5% CO2 at

37°C. For subcultures, cells were harvested in

trypsin-EDTA (0.25% trypsin, 1 mM EDTA) solution

every third day and seeded at a density of 1,000,000

cells/dish.

Animals

Some experiments were carried out on the selected

brain tissue of male albino Wistar rats. The animals

were kept under a 12 h light/12 h dark light schedule

with standard food and water available ad libitum.

The experiments were performed in accordance with

the Polish governmental regulations concerning ex-

periments on animals (Dz.U. 97.111.724).

Assay of cAMP formation

Cells were seeded in 12-well plates at a density of

100 000 cells/well in 500 �l of culture medium and

cultured for 3 days. On the day of experiment, culture

medium was removed, fresh serum-free culture me-

dium was added and cells were incubated in the pres-

ence of [3H]adenine for 2 h at 37°C. Next, the me-

dium was removed, cells were rinsed three times with

pre-warmed phosphate-buffered saline (PBS) and

serum-free culture medium was added. Cells were

preincubated for 30 min at 37°C with increasing con-

centrations of antagonists, in the presence of 3-

isobutyl-1-methylxanthine (IBMX; 0.1 mM). After

30-min preincubation period, cells were exposed to

1 �M isoprenaline for further 15 min. The reaction was

stopped by adding 500 �l of an ice cold 10% trichlo-

roacetic acid. The resulting mixture was then trans-

ferred into test tubes, centrifuged and the formed

cAMP was quantified in a supernatant fraction.

Animals were killed by decapitation, with lights

on, between 09.00–09.30. Each experiment was con-

ducted on the cerebral cortex (without white matter)

rapidly isolated and cross-sliced (0.25 mm) with the

aid of McIlwain tissue chopper. The tissue slices were

suspended in O2/CO2 (95:5)-gassed, glucose contain-

ing modified Krebs-Henseleit medium (KHM;

mmol/l): 118, NaCl; 5, KCl; 1.3, CaCl2; 1.2 MgSO4;

25, NaHCO3; 11.7, D-glucose; pH 7.4.

The formation of [3H]cAMP both in [3H]adenine-

prelabeled cells or [3H]adenine-prelabeled tissue

slices was assayed according to Shimizu et al. [12].

The formed [3H]cAMP was isolated by sequential

Dowex-alumina column chromatography according

to Salomon et al. [11]. The results were individually

corrected for a percentage recovery with the aid of

[14C]cAMP added to each column system prior to the

nucleotide extraction. The accumulation of cAMP

during a 15-min stimulation period was assessed as

a percentage of the conversion of [3H]adenine to

[14C]cAMP. The whole procedure was described by

us in detail earlier [14].

Chemicals

The substances used were: Dulbecco’s modified Eagle

medium (DMEM) (with 1,000 mg/l of D-glucose, L-

glutamine, sodium pyruvate), fetal calf serum,

penicilin-streptomycin solution (5,000 units/ml of

penicillin and 5,000 �g/ml of streptomycin sulfate in

physiological saline), trypsin-EDTA (0.25% trypsin,

1 mM EDTA-4 Na), and phosphate-buffered saline

(PBS) (pH 7.4) were purchased from Invitrogen

(Carlsbad, California, USA). Alprenolol, 3-isobutyl-

1-methylxanthine (IBMX), isoprenaline, L-glutamine,

and propranolol were purchased from Sigma (St.
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Louis, MO, USA), and radioactive compounds:

[2,8-3H]adenine (specific activity 24.20 Ci/mmol)

was from Perkin Elmer Life Sciences, Inc. (Boston,

MA, USA) and [14C]cAMP (specific activity

56 mCi/mmol) was from Moravek Biochemicals

(Brea, CA, USA).

Data analysis

All data are expressed as the mean ± SEM values. For

statistical evaluation of the results, analysis of vari-

ance (ANOVA) was used followed by the post-hoc

Student-Newman-Keuls test.

Results and Discussion

In agreement with findings coming from other labora-

tories [8, 10] isoprenaline strongly stimulated cAMP

formation in rat C6 glioma cells. Isoprenaline used at

concentrations of 0.1 and 1 µM produced in different

experiments values ranging, between 7.41–12.09 and

8.31–13.74 percent conversion, respectively, (com-

pared with control values of 0.52–2.34). Propranolol

and alprenolol (0.001–10 �M), applied separately

30 min prior to the addition of 1 µM isoprenaline,

concentration-dependently decreased the �-agonist-

generated cAMP responses, with respective IC50

values of 0.357 �M and 0.659 �M (Fig. 1A). It is

worth mentioning that at 10 �M concentration the two

�-antagonists produced the values being slightly but

significantly lower than the basal level (Fig. 1A). In

C6 cells not exposed to isoprenaline, propranolol and

alprenolol, given separately to a 30-min preincuba-

tion, significantly and concentration-dependently re-

duced cAMP formation. The calculated IC50 values

were 0.0274 �M for propranolol and 0.0298 �M for

alprenolol, indicating that in the absence of the ago-

nist these compounds were at least one order of mag-

nitude more potent than in its presence. At the highest

concentration used, i.e. 10 �M, the drugs produced in-

hibitions by 84 and 88% of respective basal (non-

stimulated) values (taken as 100%) (Fig. 1B).

The most important pharmacological tools to ana-

lyze constitutive receptor activity are so-called in-

verse agonists, i.e. drugs that are capable of inhibiting

the receptor-dependent agonist-independent biologi-

cal responses. A majority of various �-adrenergic re-

ceptor antagonists have been demonstrated to behave

as inverse agonists [6, 13]. It should be noted, how-

ever, that this particular pharmacological feature of

the drug may vary, depending on both the compound

and the model system [5]. For example, propranolol

and alprenolol were shown to behave as inverse ago-

nists in intact Chinese hamster cells (CHO) and not in

Sf 9 cell membranes [13]. Furthermore, a given type

of receptors may show constitutive activity in one

cell/tissue but not necessarily in another one [13]. The

present findings showing the ability of propranolol

and alprenolol to inhibit the isoprenaline-stimulated

cAMP response below the basal level (when used at

a high, 10 �M, concentration) and, particularly, the

agonist independent cAMP accumulation in rat

glioma C6 cell line suggest that �-adrenergic recep-

tors occurring in this cell line may be constitutively

active. Another explanation for the observed actions

of propranolol and alprenolol in rat C6 glioma cells

might be that under our experimental conditions C6

glioma cells produced a compound(s), e.g. noradrena-

line or adrenaline, in amounts sufficient to effectively

stimulate �-adrenoceptor-driven cAMP synthesis.

This possibility, however, seems less likely, as we

were unable to detect endogenous catecholamines in

C6 cells (data not shown).

As C6 cells are in fact neoplastic ones, which is

a feature that may influence the nature of native re-

ceptors present in the cells, we conducted a parallel

set of experiments on the rat cerebral cortical slices.

As expected, propranolol and alprenolol (0.1–10 �M)

significantly and concentration-dependently inhibited

the stimulatory effect of 1 �M isoprenaline on cAMP
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Tab. 1. 4�� ����
�� �� $��$������� ��� ��$������� �� 5���� 6����
��	�7�����8 ��� 	��$�����	�� 6� 9�8���	�7����� 
��� ������	�� 	�
��� ��� 
���5��� 
����:/ 4�� ���7��� ���� ��
��
7����� ��� �:$������
�� $�� 
��� �� ���$�
�	&� 
������ &��7� �� 	��$�����	�� ����
� 6��
�
��(�� �� ���;8

[M] propranolol alprenolol

% of control 10�� 92.05 ± 7.69/3.44 (5) 88.86 ± 14.82/5.24 (8)

10�� 92.52 ± 19.44/6.15 (10) 100.94 ± 22.61/7.54 (9)

10�� 103.48 ± 19.25/7.28 (5) 99.12 ± 13.18/4.66 (8)

% of
isoprenaline
effect

10�� 94.47 ± 10.67/5.33 (4) 70.43 ± 25.44/9.61 (7)

10�� 71.47 ± 31.98/11.31 (8) 58.78 ± 20.16/8.23 (6)

10�� 56.65 ± 18.71/7.64 (6) 38.86 ± 11.16/4.99 (5)



formation (Tab. 1), although the effects seen with

10 �M of either drug were comparatively weaker than

those observed in C6 cells (Fig. 1A, B). In contrast to

their actions on C6 cells (Fig. 1B), both drugs did not

affect the basal (i.e. not stimulated by isoprenaline)

cAMP synthesis in the cerebral cortical slices (Fig.

1C). These observations indicate that in this “normal”

(non-neoplastic) tissue �-adrenoceptors do not reveal

constitutive activity, and, as a consequence of that,

both �-adrenergic ligands behave as simple antago-

nists. If this hypothesis is correct, it may be specu-

lated that spontaneous receptor activity might be

linked to distinct expression of �-adrenoceptors in

neoplastically transformed C6 cells.

Recent studies have proved the existence of “dual

efficacy” of several �-adrenergic ligands. It was

shown that propranolol could behave as an inverse

agonist in regulation of adenylyl cyclase activity, but

revealed partial agonistic activity in activation of

mitogen-activated protein kinase (MAPK) [9]. It can-

not be excluded that the phenomena of “dual effi-

cacy” of propranolol and/or alprenolol might exist in

C6 cells; this issue, however, remains to be estab-

lished.

In conclusion, the obtained results show that

�-adrenoceptors reveal constitutive activity in cultured

rat C6 cells, providing a useful model system for

studying the ligand-induced conformations of these

receptors.
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