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The process of programmed cell death (or apoptosis) occurs
widely in tissue maintenance and embryonic development, and
is under tight regulatory control. It is now clear that one of the im-
portant regulators of apoptosis are G-protein-coupled receptors.
In the present study, we investigate the regulatory mechanism em-
ployed by the Gq/11-coupled M3-muscarinic receptor in mediating
an anti-apoptotic response. Using a CHO (Chinese-hamster ovary)
cell model, we demonstrate that the M3-muscarinic receptor anti-
apoptotic response is independent of calcium/phospholipase C
signalling. This response can, however, be inhibited by the trans-
criptional inhibitor actinomycin D at a concentration that inhibits
the rapid increase in gene transcription mediated by M3-muscar-

inic receptor stimulation. Furthermore, apoptosis in CHO cells
induced by the DNA-damaging agent, etoposide, is associated
with a fall in the levels of the anti-apoptotic Bcl-2 protein. This
fall in Bcl-2 protein concentration can be attenuated by M3-
muscarinic receptor stimulation. We conclude, therefore, that the
M3-muscarinic receptor signals to the anti-apoptotic pathway via
a mechanism that is independent of calcium/phospholipase C
signalling, but in a manner that involves both gene transcription
and the up-regulation of Bcl-2 protein.
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INTRODUCTION

GPCRs (G-protein-coupled receptors) represent one of the largest
gene families in the mammalian genome responding to ligands as
diverse as biogenic amines, peptides, ions and light. The key role
that GPCRs play in controlling cellular function rests not only in
this diversity of receptor subtypes, but also in the fact that each re-
ceptor has the ability to activate a large array of interconnecting,
intracellular signalling pathways [1]. The repertoire of signalling
pathways controlled by GPCRs has recently been extended by
studies linking GPCRs to the regulation of programmed cell death
or apoptosis. Depending on the receptor subtype and the cell type
in which the receptor is expressed, GPCRs can either induce
apoptosis or protect cells from apoptotic stimuli. For example,
β1-adrenergic receptors in cardiac myocytes can induce apoptosis
through a Gs-mediated pathway, whereas β2-adrenergic receptors
in the same cell type can protect cells through a Gi-mediated mech-
anism [2]. Furthermore, experimental protocols that prevent de-
sensitization of certain GPCRs, such as rhodopsin in the rod outer
segment membranes [3,4] and metabotropic glutamate receptors
in transfected cell lines [5], result in unregulated GPCR signalling
and stimulus-dependent apoptosis.

Prominent among the GPCRs that protect cells from apoptotic
stimuli are the subtypes of the muscarinic receptor family [6,7].
Our earlier studies have demonstrated that the muscarinic receptor
family members that are coupled to Gq/11-proteins (e.g. M1-, M3-
and M5-muscarinic receptors) can protect cells from apoptosis
following DNA damage, whereas those coupled to Gi-proteins
(M2- and M4-muscarinic receptors) have no protective properties
[6]. Our studies were consistent with those performed on a number
of immortalized cell lines [8–10] and primary neuronal cultures
[11,12], which have reported a pro-survival response for both
the M1- and M3-muscarinic receptors. In fact, the anti-apoptotic
effect of muscarinic receptors in neuronal models has led to the
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suggestion that this process may play a role in neuronal develop-
ment, and lesions in cholinergic innervation observed in neuro-
degenerative diseases such as Alzheimer’s may result in the loss
of the survival stimulus that contributes to neuronal cell death.

Despite the fact that the pro-survival response of muscarinic
receptors has been well-documented, the signalling mechanism
that mediates this response is poorly understood. We have deter-
mined that a poly-basic region in the C-terminal tail of the M3-
muscarinic receptor, which is conserved amongst the members
of the Gq/11-coupled muscarinic receptor subtypes, is involved in
coupling the receptors to the anti-apoptotic pathway [6]. The sig-
nalling mechanism appears not to involve phosphorylation of
the receptor, activation of the mitogen-activated protein kinase
pathways [ERK (extracellular-signal-regulated kinase) 1/2 or
Jun kinase] or the stimulation of the pro-survival PKB (protein
kinase B)/Akt pathway [6]. In the present study, we extend
this work and investigate the possibility that the M3-muscarinic
receptor anti-apoptotic response is mediated by the calcium/PLC
(phospholipase C) pathway, activation of transcription and the
up-regulation of the pro-survival Bcl-2 protein.

MATERIALS AND METHODS

Materials

Etoposide, U73122 and actinomycin D were from Calbiochem
(Nottingham, U.K.). DEVD-pNA (Asp-Glu-Val-Asp-p-nitroanil-
ide) was purchased from Bachem (St Helens, U.K.). All tissue
culture reagents were purchased from Gibco BRL (Glasgow,
U.K.). [Arg8]-vasopressin and carbachol were purchased from
Sigma (Poole, U.K.). Anti-Bcl-2 antibody was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.).
[3H]UTP and myo-[3H]inositol were purchased from (Amersham
Biosciences, Little Chalfont, Bucks., U.K.). The specific activity
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of [3H]UTP and myo-[3H]inositol were 15.3 Ci/mmol and 86 Ci/
mmol respectively. All other chemicals were research grade and
purchased from Fisher (Loughborough, U.K.).

Tissue culture

CHO (Chinese-hamster ovary) cells were transfected with cDNA
encoding for the wild-type human M2- or M3-muscarinic recep-
tors, and stably transfected clones were obtained by G418 sulphate
selection. CHO cells stably expressing the M2-muscarinic recep-
tor (CHO-M2 cells) at 0.75 pmol/mg of protein and CHO cells
stably expressing the M3-muscarinic receptor (CHO-M3 cells) at
0.40 pmol/mg of protein were chosen for further study. CHO-M3

cells were maintained in α-MEM (α-minimal essential medium),
supplemented with 10 % (v/v) FCS (foetal calf serum), 100 units/
ml penicillin/streptomycin, 2.5 µg/ml fungizone and 250 µg/ml
G418 sulphate. CHO-M2 and human SHSY-5Y neuroblastoma
cells were maintained in medium lacking G418 sulphate.
CHO cells stably expressing the vasopressin V1A receptor (CHO-
V1A) were provided by Dr Mark Wheatley (School of Biosci-
ences, University of Birmingham, Birmingham, U.K.). CHO-
V1A-expressing CHO cells were maintained in α-MEM, sup-
plemented with 10 % (v/v) FCS, 100 units/ml penicillin/strepto-
mycin, 2.5 µg/ml fungizone and 250 µg/ml G418 sulphate.

Cell treatments in apoptosis experiments

Cells were plated at a density of (0.2–0.4) × 106 cells per 10 cm2

plate 24 h before the start of the experiment. This resulted
in plates that were 50–70 % confluent. Apoptosis was induced by
the addition of etoposide at a concentration of 250 µM or 25 µM
for CHO cells and SH-SY5Y cells respectively, for periods of
6–24 h (usually 16 h). The etoposide treatment was carried out in
cell culture medium. The ability of GPCRs to protect or enhance
etoposide-induced apoptosis was assessed by including either the
muscarinic agonist carbachol (1 mM) or the vasopressin receptor
agonist [Arg8]-vasopressin (1 µM) with the etoposide treatment.
The ability of the muscarinic receptor antagonist, atropine, to
block the carbachol response was determined by the inclusion of
atropine (0.5 µM) together with carbachol and etoposide.

In experiments to test the role of PLC in the anti-apoptotic
effect of the M3-muscarinic receptor, CHO-M3 cells were treated
with the PLC inhibitor U73122 (10 µM) for 30 min. The cells
were then carefully washed three times with α-MEM and then
treated with etoposide (250 µM) in the presence or absence of
carbachol (1 mM) for 16 h.

The effect of the transcriptional inhibitor actinomycin D on
the muscarinic receptor anti-apoptotic response was tested in
CHO-M3 by pre-incubation with actinomycin D (100 ng/ml) for
30 min. In the continued presence of actinomycin D, cells were
then treated with etoposide (250 µM) in the presence or absence
of carbachol (1 mM) for 16 h.

Caspase assay

Following apoptosis induced by etoposide treatment (see above),
floating and attached cells were harvested and pooled in PBS/
0.5 mM EDTA, and cells were centrifuged at 500 g for 5 min
in a bench-top centrifuge. The pellets were resuspended in 1 ml
of lysis buffer [50 mM Hepes, pH 7.4, 1 % CHAPS, 1 mM DTT
(dithiothreitol) and 0.1 mM EDTA] and left on ice for 10 min. The
cell lysates were cleared by centrifugation at 10 000 g for 1 min.
A Bradford assay [12a] was performed on the lysate, and 200–
400 µg of cell lysate protein were diluted 1:2 (v/v) in reaction
buffer [50 mM Hepes, pH 7.4, 100 mM NaCl, 0.1 % CHAPS,

10 mM DTT, 1 mM EDTA and 10 % (v/v) glycerol] in plastic
96-well plates. A 1:10 (v/v) dilution of 4 mM DEVD-pNA was
added to each well of the 96-well plate and the plate was incubated
at 37 ◦C for 2–4 h. Cleavage of the DEVD-pNA substrate was
monitored colorimetrically at 405 nm in a microplate reader.

Measurement of gene transcription

Total gene transcription was determined by measurement of
[3H]UTP incorporation into CHO-M3 cells grown in 6-well plates.
At 24 h before the start of the experiment, cells were plated at a
density of approx. 0.8 × 105 cells/well which gave a confluency of
50–70 % at the start of the experiment. Cells were serum-starved
in KHB (Krebs/Hepes buffer) (10 mM Hepes, pH 7.4, 118 mM
NaCl, 1.17 mM KHPO3, 4.3 mM KCl, 1.17 mM MgSO4 · 7H2O,
1.3 mM CaCl2, 25 mM NaHCO3 and 11.7 mM glucose) for 2 h,
after which the medium was aspirated and replaced with 1 ml
of KHB containing 1 µCi/ml of [3H]UTP per well. Cells were
stimulated with carbachol (1 mM) or 10 % FCS for times ranging
from 0.5–60 min. Reactions were terminated by the addition of
2 µM atropine sulphate. Cells were then washed twice with ice-
cold PBS and twice with 6 % trichloroacetic acid. Cells were
then lysed in 0.1M NaOH, 0.1 % (w/v) SDS and the amount
of [3H]uridine incorporation was determined by scintillation
counting.

In experiments to test the effects of the transcriptional inhibitor
actinomycin D, CHO-M3 cells seeded on 6-well plates were
serum-starved for 2 h, and were then incubated with or without
actinomycin D (100 ng/ml) for 30 min before the addition of
[3H]UTP (1 µCi/ml). Cells were then treated with carbachol
(1 mM) for 30 min, and the reaction was terminated and [3H]UTP
incorporation was determined as described above.

Measurement of total [3H]inositol phosphate production

CHO-M3 or CHO-V1A cells were plated on to 24-well plates 24 h
before the experiment. At the start of the experiment, the plates
were 50 % confluent. myo-[3H]inositol (3 µCi/ml) was added per
well, and cells were incubated for 48 h at 37 ◦C. LiCl (10 mM)
was added for 15 min before agonist application. Cells were
then stimulated with agonist [i.e. carbachol (1 mM) or [Arg8]-
vasopressin (1 µM)] for 25 min, and reactions were terminated
by the addition of ice-cold trichloroacetic acid. EDTA (250 µM)
was added to each sample, and total inositol phosphates were then
extracted in tri-n-octylamine/1,1,2-trichloro-trifluoroethane (1:1,
v/v). After extraction, samples were neutralized with 250 mM
NaHCO3. Inositol phosphates were then purified on Dowex
columns and eluted with 1 M hydrochloric acid after washing with
25 mM ammonium formate as described previously [13]. The
amount of [3H]inositol phosphate was then determined by scintil-
lation counting.

Western blotting

CHO-M3 cells were plated on to 10 cm2 plates as for the apop-
tosis experiments (see above). Apoptosis was induced by treat-
ment with etoposide (250 µM) for 16 h (see above). The ex-
periment was terminated by harvesting floating and adhered cells
in PBS/0.5 mM EDTA solution. The cell pellets obtained by
centrifuging at 500 g for 3 min were resuspended in caspase
lysis buffer, and lysates were placed on ice for 10 min. Lysates
were pre-cleared by centrifugation at 10 000 g for 1 min, and the
pellet was discarded. Bradford assays [12a] were performed on
the lysates, and 100 µg of protein/well was electrophoresed by
SDS/PAGE (12 % gels). Proteins were transferred on to nitro-
cellulose and blocked in T-TBS (Tween/Tris-buffered saline)
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[0.1 % (v/v) Tween 20, 0.15 M NaCl, 10 mM Tris/HCl, pH 7.4]
containing 10 % (w/v) dried milk. The nitrocellulose was pro-
bed with Bcl-2 antisera (1:500 dilution), followed by three washes
with T-TBS. Horseradish-peroxidase-conjugated anti-mouse se-
condary antibody was added (1:1000 dilution), followed by three
washes in T-TBS. Proteins were visualized by ECL® (enhanced
chemiluminescence; Amersham Biosciences) and fluorography.

To assess the ability of muscarinic receptor stimulation to
regulate Bcl-2 expression during apoptosis CHO-M3 cells were
treated with carbachol (1 mM) at the same time as the etoposide
addition. After 2 min, atropine (0.5 µM) was added to anta-
gonize the muscarinic receptor response. The treatment (i.e. in the
presence of etoposide, carbachol and atropine) was then allowed to
continue for 16 h (overnight). In parallel experiments, cells were
treated with etoposide in the absence or presence of carbachol for
16 h with no addition of atropine. The experiment was terminated
by lysis of the cells as described above.

Intracellular calcium measurements

CHO cells grown on 22 mm coverslips were loaded with 5 µM
fura-2 acetoxymethyl-ester for 60 min at room temperature
(22 ◦C). Measurement of [Ca2+]i (intracellular calcium concen-
tration) was performed as described previously [14]. The ability
of the PLC inhibitor U73122 to inhibit the muscarinic calcium
response was tested by the addition of U73122 (10 µM) 30 min
before a challenge of carbachol (1 mM) stimulation.

RT (reverse transcriptase)-PCR of Bcl-2

CHO-M3 cells were plated on to 10 cm2 plates and were treated
with or without etoposide (250 µM) for 16 h as described for
the apoptosis experiments (see above). The effect of muscarinic
receptor stimulation on the etoposide-treated cells was assessed by
including carbachol (1 mM) together with etoposide. The reaction
was stopped by harvesting and pooling the floating and adhe-
red cells in PBS/0.5 mM EDTA and extracting the total RNA
from the cell pellet using RNeasy (Qiagen, Crawley, West Sussex,
U.K.). The RNA (400 µg) was reverse-transcribed using Super-
Script III enzyme (Invitrogen, Carlsbad, CA, U.S.A.). The
resulting cDNA was used in conjunction with SYBR® Green
mastermix (Applied Biosystems, Warrington, Cheshire, U.K.)
to optimize the primer conditions for Bcl-2 and β-actin using
an ABI PRISM 7700 RT-PCR machine. Primers for RT-PCR
were designed using Primer Express software v2.0 (Applied
Biosystems) against the mouse sequence of Bcl-2 and β-actin.
Bcl-2 forward primer 5′-GGATCCAGGATAACGGAGGC-3′; re-
verse primer 3′-ACAGCCAGGAGAAATCAAACAGA-5′, and
β-actin forward primer 5′-GATTACTGCTCTGGCTCCTAGCA-
3′ and reverse primer 3′-GTGGACAGTGAGGCCAGGAT-5′.
Following RT-PCR, the Bcl-2 levels were normalized to that of
β-actin. Importantly, the transcription levels recorded for β-actin
were not significantly affected by etoposide treatment nor was it
affected by etoposide and carbachol treatment.

RESULTS

The involvement of the calcium/PLC pathway in the M3-muscarinic
receptor anti-apoptotic response

Apoptosis in CHO cells can be induced by an overnight treatment
with the topoisomerase II inhibitor etoposide (250 µM). We have
shown previously that this results in an increase in a number
of markers of apoptosis, including elevation of annexin V label-
ling of cell-surface phosphatidylserine, DNA fragmentation and
increased caspase activity [6,7]. Consistent with these earlier

Figure 1 Attenuation of etoposide-mediated caspase activation by
M3-muscarinic receptors in CHO-M3 and SHSY-5Y cells

(A) CHO-M2 and CHO-M3 cells seeded on 10 cm2 plates were treated with vehicle (Control),
carbachol (CCh; 1 mM) and/or etoposide (250 µM) for 16 h, and cell lysates were processed
for caspase activity. (B) SHSY-5Y neuroblastoma cells seeded on 10 cm2 plates were treated
with vehicle, carbachol (CCh; 1 mM), etoposide (25 µM) and/or atropine (0.5 µM) for 16 h,
and cell lysates were processed for caspase assays. Results are means +− S.E.M. (n = 3).

studies, we show here that etoposide induces an approx. 3 fold in-
crease in caspase activation in CHO cells (Figure 1). The increase
in caspase activity can be attenuated in CHO cells expressing
the M3-muscarinic receptor (CHO-M3 cells) by treatment with the
muscarinic agonist carbachol (Figure 1A). In agreement with our
earlier work, this muscarinic anti-apoptotic effect was restricted
to the Gq/11-coupled muscarinic receptor subtypes, since attenu-
ation of caspase activity was not observed on stimulation of mus-
carinic receptors in CHO cells expressing the Gi-coupled
M2-muscarinic receptor subtype (Figure 1A). Importantly, the
anti-apoptotic effect of the M3-muscarinic receptor is not exclus-
ive to CHO cells, since muscarinic receptor stimulation of the
human neuroblastoma cell line SHSY-5Y, where the M3-mus-
carinic receptor is endogenously expressed, also mediates protec-
tion from etoposide-induced cell death (Figure 1B).

In studies designed to investigate the signalling mechanism of
the muscarinic anti-apoptotic response, we investigated the role
of the calcium/PLC signalling pathway. This seemed particularly
relevant, since only those muscarinic receptor subtypes that are
coupled to the calcium/PLC pathway showed an anti-apoptotic
response in CHO cells [6]. We have reported previously that pre-
incubation of CHO-M3 cells in a calcium-free buffer containing
3 mM EGTA reduced the peak rise in intracellular free calcium
following M3-muscarinic receptor stimulation and removed
completely the plateau phase of the calcium response [15]. Despite
this disruption to the calcium response, removal of extracellular
calcium in this way had no significant effect on the muscarinic
anti-apoptotic response in CHO-M3 cells (Figure 2). Furthermore,
inhibition of PLC activity with U73122 resulted in an ablation of
the calcium response to M3-muscarinic receptor stimulation, but
did not affect the anti-apoptotic response (Figure 3). These data
indicate that the M3-muscarinic receptor anti-apoptotic response
was independent of the calcium/PLC signalling pathway.
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Figure 2 The M3-muscarinic receptor anti-apoptotic response is inde-
pendent of extracellular calcium

CHO-M3 cells were seeded on 10 cm2 plates. Cells were incubated in Krebs buffer (+ calcium)
or in Krebs buffer lacking calcium and supplemented with 3 mM EDTA (− calcium) for 3 min.
CHO-M3 cells were treated with carbachol (CCh; 1 mM) for 5 min and cells were washed three
times with α-MEM. CHO-M3 cells were then incubated for 16 h with etoposide (250 µM) and
cell lysates processed for caspase activity. Results are means +− S.E.M. (n = 3).

Figure 3 Muscarinic M3-mediated inhibition of etoposide-induced caspase
activation is unaffected by the PLC inhibitor U73122

(A) CHO-M3 cells were seeded on to 25 mm glass coverslips and loaded with 5 µM fura-2.
U73122 (10 µM) or vehicle was added for 30 min before a challenge with carbachol (1 mM)
stimulation. The results shown are the means +− S.E.M. of at least ten independent cells.
(B) CHO-M3 cells seeded on 10 cm2 plates were treated with U73122 (10 µM) for 30 min, and
the cells were then carefully washed three times with α-MEM. Cells were then treated with or
without carbachol (CCh; 1 mM) and etoposide (250 µM) for 16 h. Floating and attached cells
were harvested and pooled, and cell lysates were processed for caspase activity, as described
in the Materials and methods section. Results are means +− S.E.M. (n = 3).

This conclusion was supported further in studies on the Gq/11-
coupled vasopressin V1A receptor. This receptor stably expressed
in CHO cells gave a robust inositol phosphate response similar to
that observed with the M3-muscarinic receptor (Figure 4A). How-
ever, in contrast with the M3-muscarinic receptor, the V1A recep-
tor was unable to mediate an anti-apoptotic response (Figure 4B).

Figure 4 Both M3-muscarinic and vasopressin V1A receptors increase
inositol phosphate production, but only the M3-muscarinic receptor mediates
an anti-apoptotic response

(A) CHO-M3 and CHO-V1A cells plated on 24-well plates were stimulated with carbachol (CCh;
1 mM) or vasopressin (1 µM) for 25 min. The reactions were terminated with 1 M trichloroacetic
acid and inositol phosphate production was determined as described in the Materials and
methods section. (B) CHO-M3 and CHO-V1A cells were stimulated with carbachol (CCh; 1 mM)
or vasopressin (1 µM) and etoposide (250 µM). Cells were incubated for 16 h at 37 ◦C. Float-
ing and attached cells were harvested and pooled, and cell lysates were processed for caspase
activity as described in the Materials and methods section. Results are means +− S.E.M. (n = 3).

The involvement of transcription in the M3-muscarinic receptor
anti-apoptotic response

One important feature of the M3-muscarinic receptor anti-apop-
totic response is that a short stimulation (as little as 30 s) is suf-
ficient to protect CHO-M3 cells from apoptosis induced by
etoposide [6]. This indicates that the signalling process involved
must be rapid in onset and maintained for many hours, even
after the removal of the muscarinic agonist. In the present study,
we investigated the possibility that changes in transcription may
contribute to the mechanism of the muscarinic receptor protec-
tive response. Total cellular transcription was determined by the
incorporation of [3H]UTP, and following M3-muscarinic recep-
tor stimulation, this was observed to rapidly increase within the
first 30 s of agonist stimulation (50.0 +− 16.2 fmol/mg of protein;
n = 3, S.E.M.) and then be maintained for at least 60 min (Fig-
ure 5A). The increase in transcription could be attenuated by
54.5 +− 8.8% (n = 3, S.E.M.) by pre-incubation with the trans-
criptional inhibitor actinomycin D (Figure 5B). The concentration
of actinomycin D used in the present study was determined by
careful titration to establish a concentration (e.g. 100 ng/ml) that
was sufficient to give an inhibition of transcription (Figure 5B),
but not high enough to give an apoptotic effect in its own right.
At this concentration actinomycin D was found to completely at-
tenuate the M3-muscarinic receptor anti-apoptotic response (Fig-
ure 5C), indicating that transcription was important in muscarinic-
receptor-mediated cell survival.
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Figure 5 The M3-muscarinic-receptor-mediated anti-apoptotic response
and transcriptional activation are both attenuated by actinomycin D treatment

(A) CHO-M3 cells seeded on to 6-well plates were serum-starved for 2 h before the addition
of [3H]UTP (1 µCi/ml). Cells were then treated with carbachol (1 mM) for the indicated times.
[3H]UTP incorporation was determined by scintillation counting. Data shown is the agonist-
induced incorporation of [3H]UTP subtracted from that observed in the absence of agonist, and
represent the means +− S.E.M. (n = 3). (B) CHO-M3 cells seeded on 6-well plates were serum-
starved for 2 h and then incubated with or without actinomycin D (100 ng/ml) for 30 min before
the addition of [3H]UTP (1 µCi/ml). Cells were then treated with carbachol (1 mM) for 30 min.
[3H]UTP incorporation was determined by scintillation counting. Results are means +− S.E.M.
(n = 3). (C) CHO-M3 cells seeded on to 10 cm2 plates were pre-incubated with or without
actinomycin D (100 ng/ml) for 30 min. Cells were then treated with carbachol (CCh; 1 mM)
and/or etoposide (250 µM) for 16 h and cell lysates processed for caspase activity. Caspase
activity of 100 % is given as the increase in caspase activity in the presence of etoposide. Results
are means +− S.E.M. (n = 3).

M3-muscarinic receptor stimulation up-regulates
the anti-apoptotic Bcl-2 protein

The members of the Bcl-2 protein family are widely thought to
represent a central point of regulation of caspase-mediated apop-
tosis. The balance of pro- and anti-apoptotic members of the Bcl-2
family, particularly in relation to their mitochondrial membrane
localization, determines whether a cell enters apoptosis (see the
Discussion). In the present study, we show that levels of the anti-
apoptotic protein, Bcl-2, fall dramatically following etoposide
treatment (Figure 6). The fall in Bcl-2 levels correlate closely with
an increase in caspase activity (Figure 6). Muscarinic receptor sti-
mulation of CHO-M3 cells was able to significantly prevent the
reduction in Bcl-2 expression levels induced by etoposide (Fig-
ure 7). The ability of the M3-muscarinic receptor to prevent the
fall in Bcl-2 levels following etoposide treatment was evident fol-
lowing either a transient or prolonged application of the muscar-

Figure 6 Time-course of etoposide-induced decrease in Bcl-2 levels and
caspase activation

CHO-M3 cells seeded on 10 cm2 plates were incubated with etoposide (250 µM) for the times
indicated. Cell lysates were prepared and run on a SDS/PAGE (12 % gels) and Western blotted
for Bcl-2. Data shown is representative of three separate experiments (upper panel). In parallel
experiments, a time course for caspase activity was determined following etoposide (Et; 250 µM)
treatment for the indicated times. Results for caspase activation are means +− S.E.M. (n = 3)
(lower panel).

Figure 7 The decrease in the expression levels of the anti-apoptotic Bcl-2
protein following incubation of cells with etoposide can be inhibited by
activation of the M3-muscarinic receptor

CHO-M3 cells seeded on to 10 cm2 plates were incubated with or without carbachol (CCh; 1mM)
either for 2 min before a 16-h treatment with etoposide (250 µM) or incubated with etoposide
and carbachol for 16 h. In the case of cells treated with carbachol for 2 min, the carbachol
stimulation was stopped by the addition of the muscarinic receptor antagonist atropine (0.5 µM)
followed by three washes in α-MEM before being incubated with etoposide for 16 h. Cell lysates
were then prepared and separated by SDS/PAGE (12 % gels; 100 µg of protein/well). The gel
was then probed for Bcl-2 immunoreactivity. The nitrocellulose was then stripped and re-
probed with ERK antisera in order to check for equal lane loading (right-hand panels). Gels are
representative of three separate experiments.

inic receptor agonist (Figure 7). Interestingly, levels of Bcl-2 were
not affected by muscarinic receptor stimulation in CHO-M3 cells
that were not induced to undergo apoptosis (results not shown).
These data demonstrate a close relationship between the concen-
tration of cellular Bcl-2 protein and cell survival, and suggests that
at least one mechanism employed by the M3-muscarinic receptor
to protect cells from apoptosis is to prevent a fall in Bcl-2 protein
levels mediated by an apoptotic stimulus.

To investigate this phenomenon further, RT-PCR studies were
conducted, which demonstrated that etoposide treatment substan-
tially reduced Bcl-2 mRNA levels, but that muscarinic receptor
stimulation did not significantly protect against this fall in the
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Figure 8 Decreased mRNA levels of Bcl-2 following etoposide treatment
could not be inhibited by muscarinic receptor stimulation in CHO-M3 cells

CHO-M3 cells seeded on to 10 cm2 plates were incubated with vehicle or etoposide (250 µM)
for 16 h in the absence or presence of carbachol (1 mM). Total RNA was then extracted and
reverse transcribed. RT-PCR using primers specific for Bcl-2 and the internal control β-actin was
performed using SYBR® Green mastermix. Levels of the Bcl-2 transcript were then normalized
to β-actin and expressed as a percentage of the control vehicle-treated cells. Results are
means +− S.E.M. (n = 3).

Bcl-2 transcript (Figure 8). This suggests that although the fall
in Bcl-2 expression mediated by etoposide could be explained, at
least in part, by a decrease in Bcl-2 mRNA, the ability of mus-
carinic receptor stimulation to protect against this fall in Bcl-2 ex-
pression is not at the level of transcription, but may be at the level
of stabilization of the Bcl-2 protein. We are currently testing
the hypothesis that muscarinic receptor stimulation in etoposide
treated cells can increase the half-life of the Bcl-2 protein.

DISCUSSION

Apoptosis occurs widely in development and tissue maintenance
and has been linked with certain pathologies particularly related
to neurodegeneration [16,17]. Whereas the biochemical path-
ways that result in apoptosis are becoming clearer, the mech-
anisms that provide points of regulation in the apoptotic process
are just emerging. A recent development in this field is the real-
ization that GPCRs are able to regulate apoptosis in either a
positive or a negative manner, depending on the receptor sub-
type and cellular environment. The large number of GPCR
subtypes, and their wide and complex tissue distribution suggests
that GPCRs could provide a sophisticated mechanism of fine-
tuning the apoptotic process. The molecular mechanisms by
which GPCRs couple to the apoptotic pathway are, however,
poorly understood. In the present study, we focus on the anti-
apoptotic response of the M3-muscarinic receptor, and show that
this response is not linked to the ability of the receptor to signal
through the calcium/PLC pathway, but does appear to involve
gene transcription and changes in the level of the anti-apoptotic
Bcl-2 protein.

We have reported previously that the muscarinic-mediated cell-
survival response in CHO cells is restricted to those subtypes of
the muscarinic receptor family that are coupled to Gq/11-proteins
(e.g. M1, M3 and M5) and hence the calcium/PLC pathway [6]. It
would seem likely, therefore, that this pathway would be involved
in the muscarinic anti-apoptotic response. However, disruption
of calcium signalling by removal of extracellular calcium or in-
hibition of PLC activity with the selective PLC inhibitor U73122
had no effect on the ability of the M3-muscarinic receptor to
mediate the anti-apoptotic response. These data are consistent
with our previous report that a C-terminal tail mutant of the M3-
muscarinic receptor that was unable to mediate a cell-survival
response was nevertheless still able to couple to the calcium/PLC
pathway with equivalent efficiency as the wild-type receptor [6].
Furthermore, the Gq/11-coupled vasopressin V1A receptor was

unable to mediate an anti-apoptotic response in CHO cells, despite
coupling efficiently to the PLC pathway. Our studies, therefore,
demonstrate that the anti-apoptotic mechanism observed here
for the M3-muscarinic receptor does not involve calcium/PLC
signalling.

These findings add to our earlier studies that have eliminated
a role for the mitogen-activated protein kinases, ERK1/2, Jun
N-terminal kinase and p38, as well as the PKB/Akt pathway, in
the muscarinic receptor anti-apoptotic response [6]. Furthermore,
when considering possible mechanisms for cell survival mediated
by the M3-muscarinic receptor, it is important to note that only a
transient pulse of muscarinic agonist (as short as 30 s) is necessary
to protect cells from an overnight exposure to etoposide [6]. The
mechanism that is in operation must, therefore, be rapid in onset
and initiate a process that is maintained even after the agonist is
withdrawn.

In order to probe further the possible molecular mechanisms
of the muscarinic receptor cell-survival response, we investigated
the role of gene transcription. In the present study, we show that
a 30 s pulse of carbachol was sufficient to induce a significant
increase in gene transcription in CHO-M3 cells. The increase in
gene transcription could be attenuated with the transcriptional
inhibitor, actinomycin D. The inhibitory effect of actinomycin
D on gene transcription correlated with its ability to inhibit the
M3-muscarinic receptor anti-apoptotic response, suggesting that
up-regulation of gene expression is intimately linked with the
ability of the M3-muscarinic receptor to inhibit programmed cell
death. It is of importance to note that rapid gene transcription
induced by muscarinic receptors has been reported previously,
and the genes identified include a number of immediate-early
genes such as CYR61 [18], c-fos, c-jun [19,20], c-myc [21] and
AP-1 [22]. Up-regulation of c-fos and CYR61 is dependent on
intracellular calcium [18,19], whereas up-regulation of c-myc,
c-jun and AP-1 occurs in the absence of changes in intracellular
calcium [19,21,22]. It is also of note that the M3-muscarinic
receptor requires only a very transient pulse of carbachol (approx.
1.5 min) to induce a maximal up-regulation of c-fos and c-jun ex-
pression [19]. These previous studies confirm that M3-muscarinic
receptors possess the capability to rapidly and selectively up-
regulate gene transcription in a calcium-independent manner. It is
possible, therefore, that rapid gene transcription, independent of
calcium/PLC signalling (and inhibited by actinomycin D) could
underlie the anti-apoptotic process that is mediated by the M3-
muscarinic receptor in CHO-M3 cells.

Central to the molecular mechanism of apoptosis is the activ-
ation of the caspase cascade [23]. Many apoptotic stimuli initiate
caspase activity by altering the balance of pro- and anti-apop-
totic members of the Bcl-2 family in the outer mitochondrial mem-
brane [24]. Pro-apoptotic Bcl-2 proteins, such as Bax and Bad,
are present in the cytoplasm and translocate to the outer mito-
chondrial membrane in response to certain apoptotic stimuli.
Once located to the mitochondria, they increase membrane per-
meability allowing for the release of cytochrome c into the cyto-
plasm [25–27]. Cytochrome c then forms a complex with Apaf-1
(apoptosis-activating factor-1) and pro-caspase 9 which results
in the auto-catalytic processing of pro-caspase 9 and the subse-
quent activation of the downstream caspase cascade [28]. Anti-
apoptotic Bcl-2 family members, such as Bcl-2 and Bcl-xL, are
constitutively present in the mitochondrial membrane and can
block apoptosis by preventing the formation of the mitochondrial
permeability transition pore and thereby the release of cyto-
chrome c [26]. Hence one of the key features in cell survival
is the balance between the expression levels of the pro- and anti-
apoptotic Bcl-2 proteins and the translocation of the pro-apoptotic
Bcl-2 proteins to the mitochondrial membrane.
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In the present study, we demonstrate that etoposide-induced
caspase activation correlates with a decrease in the expression
levels of the anti-apoptotic protein, Bcl-2. This fall in Bcl-2 levels
can be attenuated by either a transient or prolonged stimulation of
the M3-muscarinic receptor. Hence the ability of the M3-muscar-
inic receptor to protect cells from etoposide-induced cell death
appears to correlate with the up-regulation of the anti-apoptotic
Bcl-2 protein.

RT-PCR studies demonstrated that the fall in Bcl-2 expression
following etoposide treatment correlated with a fall in the levels
of the Bcl-2 transcript. Stimulation of the M3-muscarinic receptor
did not, however, prevent the fall in Bcl-2 mRNA levels. It ap-
pears, therefore, that the ability of the M3-muscarinic receptor to
maintain the expression levels of Bcl-2 in cells induced into apop-
tosis by etoposide is not linked to an ability to protect from an
etoposide-induced decrease in Bcl-2 transcription. The possibility
that the M3-muscarinic receptor can increase the stability of
the Bcl-2 protein under apoptotic conditions is currently being
pursued.

The RT-PCR studies also highlight the complexity of the pro-
tective response that is mediated by the M3-muscarinic receptor.
By the use of actinomycin D, we demonstrate a role for transcrip-
tion in the protective response of the M3-muscarinic receptor, but
then in the case of the regulation of anti-apoptotic Bcl-2 protein
the M3-muscarinic receptor increases protein expression levels via
a mechanism that appears unrelated to gene transcription. These
data suggest that the ability of the M3-muscarinic receptor to pro-
tect cells from apoptosis is likely to be a multifaceted pheno-
menon.

The muscarinic anti-apoptotic response has been identified
in a number of stable cell lines and primary neuronal cultures
[8,11,12]. In particular, M3-muscarinic receptors in cerebellar
primary neuronal cultures can protect against cell death induced
by culturing in non-depolarizing conditions [11]. Furthermore,
in the human neuroblastoma cell line, SHSY-5Y, M3-muscarinic
receptor stimulation has been previously reported to protect from
apoptosis induced following oxidative stress by preventing the
translocation of the pro-apoptotic proteins, Bax and Bad, to
the mitochondria [9]. Our studies demonstrating that the M3-mus-
carinic receptor can protect both CHO and SHSY-5Y cells from
etoposide-induced cell death support the notion that the cell-
survival response of the M3-muscarinic receptor is associated with
a number of different cell types. Understanding the biochemical
mechanism of this protective response will aid in the ultimate goal
of determining the physiological importance of the M3-muscarinic
receptor anti-apoptotic response.
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