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1 This report analyses the intracellular and extracellular accumulation of cyclic AMP in primary
rat skeletal muscle cultures, after direct and receptor-dependent stimulation of adenylyl cyclase
(AC).

2 Isoprenaline, calcitonin gene-related peptide (CGRP) and forskolin induced a transient increase
in the intracellular cyclic AMP that peaked 5 min after onset stimulation.

3 Under stimulation with isoprenaline or CGRP, the intracellular cyclic AMP initial rise was
followed by an exponential decline, reaching 46 and 52% of peak levels in 10 min, respectively.

4 Conversely, the forskolin-dependent accumulation of intracellular cyclic AMP decreased slowly
and linearly, reaching 49% of the peak level in 30 min.

5 The loss of intracellular cyclic AMP from peak levels, induced by direct or receptor-induced
activation of AC, was followed by an increase in the extracellular cyclic AMP.

6 This e�ect was independent on PDEs, since it was obtained in the presence of 3-isobutyl-1-
methylxanthine (IBMX).

7 Besides, in isoprenaline treated cells, the beta-adrenoceptor antagonist propranolol reduced both
intra- and extracellular accumulation of cyclic AMP, whereas the organic anion transporter inhibitor
probenecid reduced exclusively the extracellular accumulation.

8 Together our data show that direct or receptor-dependent activation of skeletal muscle AC
results in a transient increase in the intracellular cyclic AMP, despite the continuous presence of the
stimulus. The temporal declining of intracellular cyclic AMP was not dependent on the cyclic AMP
breakdown but associated to the e�ux of cyclic nucleotide to the extracellular compartment, by an
active transport since it was prevented by probenecid.
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Introduction

It is well established that cyclic adenosine 3'-, 5'-monopho-

sphate (cyclic AMP) regulates a wide variety of skeletal
muscle processes, mediating the biological action of many
extracellular substances, such as catecholamines and adeno-

sine. For example, activation of cell surface b2-adrenoceptors
and adenosine receptors, linked to stimulatory G (Gs)
protein, stimulates adenylyl cyclase (AC) in¯uencing the

skeletal muscle glucose transport (Roberts & Summers, 1998;
Han et al., 1998), carbohydrate metabolism (Hespel &
Richter, 1998; Fagher et al., 1986; Nagase et al., 2001) and
contractility (Van Der Heijden et al., 1998), through cyclic

AMP dependent pathways.
The increase in intracellular cyclic AMP also mediates the

e�ects of nerve-derived calcitonin gene-related peptide

(CGRP). Once released at synaptic cleft, CGRP activates

speci®c Gs protein-coupled receptors, highly expressed at the
endplate sarcolemmal membrane (Popper & Micevych, 1989),
providing a localized signal to subsynaptic nuclei that

stimulates the synthesis of synaptic proteins, including nicotinic
acetylcholine receptors (AChR) (Fontaine et al., 1986; New &
Mudge, 1986) and acetylcholinesterase (AChE) (Choi et al.,

1996; Fernandez et al., 1999; Da Costa et al., 2001). Besides,
CGRP also accelerates the desensitization of AChRs by a
mechanism that involves receptor subunit phosphorylation
(Mulle et al., 1988). All these e�ects are mediated by cyclic

AMP-dependent protein kinases (PKAs) accumulated at the
end-plate area (Imaizumi-Scherrer et al., 1996; Barradeau et al.,
2002), allowing a restricted but e�cient response to transient

and discrete CGRP-dependent elevation of cyclic AMP.
We have recently shown that acute but not chronic

activation of CGRP receptors increases the synthesis of
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catalytically active AChE in rat cultured skeletal muscle cells
(Da Costa et al., 2001), that was associated to a proportional
increase in the intracellular cyclic AMP. The transient

increase in AChE synthesis was also induced by direct
activation of AC with forskolin, a natural diterpene extracted
from Coleus forskolii, indicating that mechanisms down-
stream the AC activation might be responsible for the

attenuation of cellular response.
It is generally accepted that termination of intracellular cyclic

AMP signalling requires the degradation of cyclic AMP by

phosphodiesterase (PDE) enzyme family (Soderling & Beavo,
2000), associated or not to desensitization of Gs protein-
coupled receptors (Bunemann et al., 1999) and inhibition of

AC, through Gi protein or phosphorylation-dependent path-
ways (Defer et al., 2000). Another mechanism that might
in¯uence the intracellular level of cyclic AMP in the skeletal

muscle is its transport to the extracellular compartment. This
type of control is particularly attractive because it can be
triggered by increased intracellular cyclic AMP, preventing
excessive accumulation of cyclic nucleotide inside the cell.

However, there are no data that analyse the involvement of
cyclic AMP e�ux on the regulation skeletal muscle cyclic
nucleotide, despite the demonstration in many tissues that the

cyclic AMP egression contributes to the inactivation of cyclic
AMP signalling (Dubey et al., 2000; Jackson & Dubey, 2001).
It was therefore our aim to investigate the mechanisms

involved in the temporal regulation of intracellular accumula-
tion of cyclic AMP, induced by direct activation of AC as
well as by receptor-dependent mechanisms. For this purpose,

we studied the e�ect of forskolin, b-adrenoceptor agonist
isoprenaline and CGRP on the intracellular and extracellular
accumulation of cyclic AMP in di�erentiated primary skeletal
muscle cultures.

Methods

Skeletal muscle cultures

Primary skeletal muscle cultures were originally obtained
from hindlimb muscles of newborn rats as described by Da
Costa et al. (2001). Brie¯y, the myoblasts (36105 cells ml71)
were grown on collagen-coated 35 mm dishes in 2 ml of

Dulbecco's Modi®ed Eagle Medium (DMEM, Gibco-BRL,
Gaithersburg, U.S.A.) supplemented with 15% foetal calf
serum (FCS) and 40 mg ml71 gentamicin, at 378C in

humidi®ed atmosphere of 90% air and 10% CO2. The
medium was replaced on the third day and every other day
by D-MEM supplemented with 10% HS and 2% FCS. All

the experiments were performed on 7 ± 8-day-old di�eren-
tiated cultured skeletal muscle cells.

Effect of drugs on the intra and extracellular
accumulation of cyclic AMP

Cultured skeletal muscle cells were rinsed twice with Krebs

bicarbonate solution, preincubated with 1 mM 3-isobutyl-1-
methylxanthine (IBMX) for 10 min and treated with CGRP
(3 ± 100 nM), isoprenaline (0.1 ± 100 mM), forskolin (0.1 ±

100 mM) or vehicle solutions, at 378C. After 10 min, the
medium was aspirated and the reaction stopped with 500 ml
of cold Krebs solution containing 4 mM EDTA. The cyclic

AMP content was determined using the cyclic AMP kit [3H]-
assay system, as described by Da Costa et al. (2001). The
results were expressed as pmol of cyclic AMP per culture dish

or per mg of protein. Protein was measured by the method
described by Bradford (1976), using BSA as standard.

To determine the temporal e�ect of direct or indirect
stimulation of AC on the intracellular cyclic AMP, cultured

skeletal muscle cells were stimulated with 10 ± 30 mM
forskolin, 30 mM isoprenaline or 10 nM CGRP for 5 ±
60 min, in 800 ml bu�er solution. In some experiments, the

incubation medium was collected to determine the extra-
cellular cyclic AMP. Then, the intracellular cyclic AMP was
extracted from cells using additional 800 ml bu�er solution.

The total cyclic AMP was considered the sum of the
intracellular and extracellular cyclic nucleotide content
individually determined and was expressed as pmol of cyclic

AMP per culture dish or per mg of protein. The total cyclic
AMP calculated using this procedure was not signi®cantly
di�erent from that determined in the homogenates containing
both cells and incubation medium (data not shown).

In a di�erent set of experiments, intracellular and
extracellular cyclic AMP were determined in cultured skeletal
muscle cells treated for 15 min with 10 mM forskolin or 30 mM
isoprenaline at 378C, in the presence or absence of 1 mM

IBMX.
Finally, the e�ects of b-adrenoceptor and organic anion

transport inhibitors were evaluated on the intracellular and
extracellular accumulation of cyclic AMP, using IBMX
pretreated cultures incubated with 10 nM propranolol or

100 mM probenecid, 15 min prior to incubation of cells with
isoprenaline.

Cyclic AMP generation by isolated muscle cell
membranes

The cyclic AMP generation by membrane fraction was

determined using a modi®ed method originally described by
Carvalho et al. (1996). Cultured skeletal muscle cells were
rinsed twice with ice-cold phosphate-bu�ered saline (PBS),

pH 7.4, homogenized in 12.5 mM Tris-HCl, pH 7.4, using a
Dounce tissue grinder and centrifuged twice at 20,0006g for
30 min, at 48C. The membrane pellet containing 10 mg of
protein were resuspended in 200 ml of 12.5 mM Tris- HCl,

pH 7.4 (containing 1 mg ml71 BSA, 2 mM MgCl2, 0.5 mM

ATP, 1 mM GTP, 1 mM IBMX, 10 mM creatine phosphate
and 25 u ml71 creatine kinase) and incubated with 10 mM
forskolin or vehicle for 5 ± 60 min, at 378C. The reaction was
stopped by boiling the samples for 10 min. Then, the samples
were vigorously mixed, centrifuged at 20,0006g for 10 min

and the cyclic AMP from the supernatant was determined
and expressed as pmol per mg of protein.

Cyclic AMP metabolism study

To analyse the contribution of PDEs activity on the
regulation of cyclic AMP content, cultured skeletal muscle

cells were rinsed twice with PBS and homogenized in ice cold
Tris-HCl, pH 7.4. Immediately after homogenization, ali-
quots from crude cell extract, containing 10 mg of protein,

were incubated for 30 min at 378C in a total volume of 210 ml
of 50 mM Tris-HCl, pH 8,0, 10.0 mM MgCl2, 150 mg ml71

BSA (reaction mix) and 30 nM cyclic AMP, in the presence
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or absence of 1 mM IBMX. To precisely quantify the total
amount of exogenous cyclic AMP added, in a di�erent set of
tubes the muscle cell extract was replaced by the same volume

of reaction mix. The reaction was stopped by boiling the
samples and the cyclic AMP content determinated using the
same procedure described above.

Drugs

Adenosine 5' triphosphate, bovine serum albumin (fraction V),

creatine phosphate, creatine phosphokinase, forskolin, genta-
micin, guanosine 5' triphosphate, 3-isobutyl-1-methylxanthine,
isoprenaline, probenecid, D-L-propranolol hydrochloride and

rat alpha-calcitonin gene-related peptide were from Sigma
Chemical CO., St. Louis U.S.A.; Dulbecco's Modi®ed Eagle
Medium, horse serum donor herd and foetal calf serum were

from Gibco-BRL, Life Technologies, Grand Island, NY,
U.S.A. and AMP kit [3H]-assay system was from Amershan-
Pharmacia Biotech U.K. Limited, Buckinghamshire, U.K.

Statistical analysis

The results were expressed as mean values+s.e.mean of

determinations obtained from at least three culture dishes.
Di�erences between means were analysed by Student's t-test
or one-way analysis of variance followed by Newman Keuls

multiple comparison test. The level of signi®cance was set at
P50.05.

Results

Effects of CGRP, isoprenaline and forskolin on the
intracellular accumulation of cyclic AMP

Activation of receptors linked to Gs protein increased the

generation of cyclic AMP in a concentration-dependent
manner (Figure 1). Ten minutes incubation of cultured skeletal
muscle cells with 3, 10, 30 and 100 nM CGRP increased the

intracellular cyclic AMP content by 39% (35.7+

3.0 pmol mg protein71), 69% (43.4+2.5 pmol mg protein71),
119% (56.3+5.8 pmol mg protein71) and 204% (78.2+
2.2 pmol mg protein71), relative to the control values

(25.7+2.6 pmol mg protein71), respectively. Similarly, stimu-
lation of b-adrenoceptors with 0.1, 1, 10 and 100 mM
isoprenaline increased by 53% (39.5+0.9 pmol mg protein71),
133% (60.0+3.8 pmol mg protein71) and 213% (80.5+
9.8 pmol mg protein71) and 191% (74.8+7.1 pmol mg pro-
tein71) the intracellular cyclic AMP, respectively. As expected,
direct stimulation of AC with 0.1 ± 100 mM forskolin also

increased the intracellular cyclic AMP content by 1.8 ± 27.4
folds, respectively (Figure 1).

Effects of forskolin on the accumulation of cyclic AMP in
intact skeletal muscle cells and isolated muscle cell
membrane

To analyse the temporal e�ect of forskolin on the
intracellular cyclic AMP accumulation, cultured skeletal
muscle cells were treated with 30 mM forskolin for 15, 30

and 60 min. The basal level of intracellular cyclic AMP,
determined in the presence of 1 mM IBMX alone, was not
signi®cantly changed from 15 to 60 min (20.2+2.8 to

23.1+1.3 pmol dish71). However, the increment of intracel-
lular cyclic AMP induced by forskolin was inversely
proportional to the period of treatment (Figure 2a). After

15 min, forskolin increased by 1958% the intracellular cyclic
AMP content, whereas after 30 and 60 min treatment the
increment in cyclic AMP represented 903 and 712%

respectively, when compared to the values from skeletal
muscle cells treated with IBMX alone.
The time-dependent attenuation of forskolin e�ect on

cyclic AMP levels was observed only in intact muscle cells.

As shown in Figure 2b, when isolated cell membranes were
treated with forskolin for 15 ± 60 min, the cyclic AMP
generation was linearly increased from 68.2+15.2 to

235.0+39.6 pmol mg protein71, respectively (Figure 2b),
whereas in non-stimulated membranes, the intracellular cyclic
AMP content was kept constant during the whole experiment

(30.2+4.2 pmol mg protein71).

Time-course of CGRP and isoprenaline effects on the
intracellular accumulation of cyclic AMP

To evaluate the time-course of cyclic AMP production
induced by stimulation of Gs protein-coupled receptors,

cultured skeletal muscle cells were treated with 10 nM CGRP
or 30 mM isoprenaline for 5 ± 60 min, in the presence of 1 mM

IBMX. The maximal increase in the basal intracellular cyclic

AMP (25.0+3.9 pmol mg protein71) was obtained 5 min
after treatment of the cultured cells with CGRP
(63.0+2.2 pmol mg protein71) or isoprenaline (309.5+
30.3 pmol mg protein71). However, 10 min after incubation
of CGRP, the initial e�ect was attenuated by 52%, followed
by the stabilization of intracellular cyclic AMP level (Figure
3a), whereas in isoprenaline treated cells, intracellular cyclic

AMP content declined by 46, 69, 92 and 95% after 10, 15, 30
and 60 min, respectively (Figure 3b).
In both cases, the reduction of cyclic AMP from peak

levels ®tted to single phase exponential decay (Figure 3a, b),
contrasting with the slower linear decline in intracellular
cyclic AMP from the 5 min peak level (405.8+

Figure 1 Direct and receptor-dependent stimulation of AC increases
the intracellular cyclic AMP in skeletal muscle cells. Rat cultured
skeletal muscle cells, pre-incubated with 1 mM IBMX, were treated
with 3 ± 100 nM CGRP, 0.1 ± 100 mM isoprenaine, 1 ± 100 mM forskolin
or vehicle, for 10 min at 378C. The cyclic AMP was measured using a
cyclic AMP [3H]-assay kit and expressed as percentage of the basal
values (100%). Each point represents the mean+s.e.mean; n=3±4.
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10.4 pmol mg protein71), detected in forskolin treated cells
(Figure 3c).

Involvement of PDEs on the intracellular accumulation of
cyclic AMP

The contribution of PDE activity on the degradation of cyclic

AMP was evaluated on by incubating crude muscle cell
extracts with 30 nM cyclic AMP, as substrate. After 30 min
incubation, the cyclic AMP content in the control group

represented only 27% of cyclic AMP added (Figure 4). On the
other hand, when muscle cell extracts were pre-exposed to the
PDE inhibitor IBMX, the cyclic AMP was not signi®cantly

di�erent from the total amount of cyclic nucleotide added,
indicating that 1 mM IBMX was su�cient to completely
restrain the degradation of cyclic AMP, by PDEs.

Direct and receptor-dependent stimulation of AC induces
the efflux of cyclic AMP from cultured skeletal muscle
cells

In order to analyse the possible implication of cyclic AMP
e�ux on the regulation of intracellular cyclic AMP level, we

quanti®ed the extracellular cyclic AMP. As shown in Figure
5a, in IBMX treated skeletal muscle cells, the extracellular
levels of cyclic AMP represented 52% of total cyclic AMP

(47.5+4.2 pmol dish71). Even in the absence of IBMX, 47%
of total cyclic AMP was detected in the extracellular
compartment of control skeletal muscle cells (data not

shown).
When cultured cells were exposed to forskolin (Figure 5a)

or isoprenaline (Figure 5b), the total amount of cyclic AMP
increased by 338 and 78%, respectively, but the ratio of the

extracellular cyclic AMP was kept constant in both forskolin
and isoprenaline stimulated groups (45 and 55%, respec-
tively) indicating that the e�ux of cyclic AMP is proportional

to the total cyclic AMP generated inside the cells.
The time-course e�ect of direct and indirect activation of

AC on cyclic AMP secretion was evaluated on cultured

Figure 3 Time-course of intracellular cyclic AMP accumulation
induced by direct or receptor-dependent activation of adenylyl
cyclase in tissue cultured skeletal muscle cells. Rat cultured skeletal
muscle cells, pre-incubated with 1 mM IBMX, were treated with
10 nM CGRP (a), 30 mM isoprenaline (b) or 10 mM forskolin (c), for
5 ± 60 min at 378C. The intracellular cyclic AMP was extracted and
measured using a cyclic AMP [3H]-assay kit. Each point represents
the mean+s.e.mean; n-3 ± 5. *Signi®cantly di�erent from basal level,
P50.05.

Figure 2 Time-course of forskolin-dependent activation of adenylyl
cyclase on the intracellular cyclic AMP content in the rat cultured
skeletal muscle cells (a) or in total cyclic AMP produced by
membrane fraction (b). Rat cultured muscle ®bres (a) or crude
membrane fraction (b) were pre-incubated with 1 mM IBMX and
treated with forskolin (Forsk) or vehicle (basal) for 15, 30 and 60 min
at 378C. The intracellular cyclic AMP was extracted and measured
using a cyclic AMP [3H]-assay kit. Each column represents the
mean+s.e.mean; n=3. *Signi®cantly di�erent from group treated
with IBMX alone, P50.05.
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skeletal muscle cells treated with 10 mM forskolin or 30 mM
isoprenaline. Figure 6a shows that incubation of forskolin for
5 ± 60 min increased by 203 ± 599% the total cyclic AMP,

when compared to the respective basal values. The maximum
accumulation of intracellular cyclic AMP (109.7+12.0 pmol

dish71), detected after 5 min, was followed by the subsequent
reduction in the accumulation cyclic AMP (Figure 6b) and
the linear increase in the cyclic AMP released into the

medium, that persisted for at least 60 min (Figure 6c).
Treatment of skeletal muscle cells with isoprenaline induced

a transient increase in both total and intracellular cyclic AMP
levels that peaked at 5 min after the onset stimulation

(104.8+9.2 and 84.8+11.2 pmol dish71, respectively, Figure
7a,b). After the initial rise, the 74 and 90% reduction of
intracellular cyclic AMP levels, observed after 15 ± 60 min,

respectively, was followed by a parallel increase in the
extracellular cyclic AMP (Figure 7c), indicating that the
reduction in intracellular cyclic AMP was a consequence of

cyclic AMP egression. However, di�erently from forskolin-
treated groups, activation of b-adrenoceptors with isoprenaline

Figure 5 E�ect of forskolin and isoprenaline on total, intracellular
and extracellular cyclic AMP content in tissue-cultured skeletal
muscle. Rat cultured skeletal muscle cells were treated with 10 mM
forskolin (a) or 30 mM isoprenaline (b), in the presence of 1 mM

IBMX, for 15 min at 378C. The intracellular and extracellular cyclic
AMP was extracted and measured using a cycle AMP [3H]-assay kit.
Total cyclic AMP represents the sum of intra and extracellular cyclic
nucleotide. Each column represents the mean+s.e.mean; n=4.
*Signi®cantly di�erent from IBMX group, P50.05.

Figure 6 Temporal e�ect of direct stimulation of cultured skeletal
muscle adenylyl cyclase on total (a), intracellular (b) and extracellular
(c) cyclic AMP content. Rat cultured skeletal muscle cells, pre-
incubated with 1 mM IBMX, were treated with 10 mM forskolin or
vehicle (basal), for 5 ± 60 min at 378C. The cyclic AMP was extracted
and measured using a cyclic AMP [3H]-assay kit. Each point
represents the mean+s.e.mean; n=3. *Signi®cantly di�erent from
IBMX, P50.05.

Figure 4 E�ect of PDE inhibition on the degradation of cyclic
AMP by crude muscle cell membranes. Crude extracts from cultured
skeletal muscle were incubated with 30 nM cyclic AMP for 30 min, at
378C, in the presence or absence of 1 mM IBMX. The total amount
of cyclic AMP added into the tubes was considered as 100%. The
cyclic AMP was measured using a cyclic AMP [3H]-assay kit. Each
column represents the mean+s.e.mean; n=4. *Signi®cantly di�erent
from total cyclic AMP, P50.05.
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signi®cantly reduced total cyclic AMP after 15 min, indicating
that other mechanisms, upstream AC activation, might
contribute to the regulation of intracellular cyclic AMP.

Finally, the e�ects of the b-adrenoceptor antagonist
propranolol and the organic anion transport inhibitor
probenecid were evaluated on the accumulation of cyclic
AMP induced by isoprenaline. As shown in Figure 8, the

increase in both intracellular and extracellular cyclic AMP
induced by isoprenaline was reduced by pre-treatment of cells
with 10 nM propranolol. In contrast, 100 mM probenecid

exclusively depressed the extracellular accumulation of cyclic
AMP, demonstrating that the extrusion of cyclic nucleotide
from skeletal muscle cells is mediated by a probenecid-

sensitive anion transporter.

Discussion

The intracellular cyclic AMP level is regulated by di�erent

macromolecules, including AC, cell surface receptors, G
proteins and PDE isoenzymes (Antoni, 2000). Previous
studies from our laboratory showed that stimulation of
skeletal muscle CGRP receptor induced a transient increase

in the intracellular cyclic AMP, that was discontinued after
60 min stimulation (Da Costa et al., 2001). The depression of
CGRP e�ect was obtained in IBMX-treated cultures,

indicating that modulation of skeletal muscle cyclic AMP
signalling cascade might include other mechanisms down-
stream AC, but unrelated to its degradation by PDEs.

In the present study, we provide strong evidences for a
functional process that drives the cyclic AMP out of skeletal
muscle cell and therefore restricts the intracellular accumula-

tion of cyclic AMP. This conclusion is supported by the
following ®ndings: (1) Activation of b-adrenoceptors, CGRP
receptors or adenylyl cyclase increased the intracellular cyclic
AMP in a concentration dependent manner. However, this

e�ect was temporary, peaking after 5 min onset stimulation
and declining thereafter, despite the continued presence of the
stimulus. (2) Oppositely, in crude muscle membrane extracts,

direct activation of AC with forskolin induced a progressive

Figure 7 Temporal e�ect of b-adrenoceptor dependent stimulation
of cultured skeletal muscle adenylyl cyclase on total (a), intracellular
(b) and extracellular (c) cyclic AMP content. Rat cultured skeletal
muscle cells, pre-incubated with 1 mM IBMX, were treated with
30 mM isoprenaline or vehicle (basal), for 5 ± 50 min at 378C. The
cyclic AMP was extracted and determined using a cyclic AMP [3H]-
assay kit. Each point represents the mean+s.e.mean; n=3.
*Signi®cantly di�erent from IBMX, P50.05.

Figure 8 E�ect of propranolol (a) and probenecid (b) on the
intracellular and extracellular cyclic AMP content in tissue-cultured
skeletal muscle. Rat cultured skeletal muscle cells were incubated
with 10 mM propranolol, 100 mM probenecid or vehicle (control
group). After 30 min, the cells were exposed to 3 mM (a) or 30 mM (b)
isoprenaline for 15 min, in the presence of 1 mM IBMX, at 378C. The
intracellular and extracellular cyclic AMP was measured using a
cyclic AMP [3H]-assay kit and expressed as percentage of control
values. Each column represents the mean+s.e.mean; n=4. *Sig-
ni®cantly di�erent from control group (100%, dashed lines), P50.05.
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and sustained increase in the cyclic AMP, indicating that the
reduction of cyclic AMP from peak levels depends on the
integrity of cellular membrane. (3) In control or IBMX-

treated cultured cells, approximately 50% of total cyclic
AMP was detected in the extracellular compartment,
demonstrating a basal release of cyclic AMP in non-
stimulated conditions. Furthermore, the forskolin-dependent

raise in intracellular cyclic nucleotide was rapid, whereas the
rate of appearance in the medium increased with time,
suggesting that increment in extracellular cyclic nucleotide

was secondary to the accumulation of nucleotide within the
cell. (4) An increased accumulation of cyclic AMP in the
extracellular space was also observed after stimulation of b-
adrenoceptor. (5) More importantly, the isoprenaline-induced
accumulation of extracellular cyclic AMP was substantially
reduced by the organic anion transport inhibitor probenecid,

with no e�ect on the total cyclic AMP, indicating that
generation and e�ux of cyclic AMP are dissociated processes.
Finally, the inhibition of b-adrenoceptor with propranolol
reduced both intra- and extracellular accumulation of cyclic

AMP, supporting the idea that isoprenaline-induced elevation
of extracellular cyclic AMP depends on the accumulation of
cyclic nucleotide inside the cell.

The proposal of a cyclic AMP transport in skeletal muscle
cells is agreement with several reports showing the cellular
secretion of cyclic nucleotide in several tissues and organs,

including rat liver (Kuster et al., 1973), superior cervical
ganglia (Cramer & Lindl, 1974), heart (O'Brien & Strange,
1975), cultured bovine adrenal medullary cells (Marley &

Thomson, 1992), rat UMR-106 osteoblast-like cells (Ahl-
strom & Lamberg-Allardt, 1999), preglomerular microvessels
(Jackson & Mi, 2000) and perfused rabbit atria (Cui et al.,
2000). Described ®rst almost 40 years ago in avian

erythrocytes (Davoren et al., 1963), the existence of a cyclic
AMP egress is also supported by the recent identi®cation and
characterization of a probenecid-sensitive transporter for

cyclic GMP and cyclic AMP, member of ATP-binding
cassette (ABC) protein superfamily (van Aubel et al., 2002).
On the other hand, the involvement of phosphodiesterases

on the phasic increase of intracellular cyclic AMP was
discarded, considering that the reduction of intracellular
cyclic AMP from peak levels was obtained in IBMX-treated
cells, in a concentration high enough to totally suppress the

degradation of exogenous cyclic AMP added into cell
extracts. The possible involvement of desensitization or
feedback inhibition of AC was also eliminated, since direct

activation of AC with forskolin induced a sustained
generation of cyclic AMP either in whole cells (total=
intra+extracellular cyclic AMP) or in isolated membrane

preparation, through the 60 min analysed.
Our data also indicate that, after stimulation of Gs

protein-coupled receptors, mechanisms upstream the activa-

tion of AC may contribute to the regulation of skeletal
muscle cyclic AMP. Di�erently from the results obtained
with forskolin, the CGRP- and isoprenaline-dependent
increase in intracellular cyclic AMP was exponentially and

rapidly reduced, reaching *50% of peak level in 5 min.
Moreover, in isoprenaline-treated cultures, the decreased
accumulation of intracellular cyclic AMP was followed by a

reduction of total cyclic AMP (Figure 7), indicating a
decreased generation of cyclic AMP. The quick attenuation
of agonist-dependent e�ect may be related to desensitization

of receptor protein, as predicted for b-adrenoceptor and
CGRP receptors. These two members of seven transmem-
brane domain receptor superfamily are subject to rapid

desensitization process, induced by agonist-dependent phos-
phorylation and subsequent uncoupling of the receptors from
G proteins (Bunemann et al., 1999; Aiyar et al., 2000).
According to Yu et al. (1993), incubat ion of CHO cells with

isoprenaline induces the sequestration of b2-adrenoceptor
with a t1/2510 min, which may explain the reduced
generation of cyclic AMP in isoprenaline treated skeletal

muscle cells (Figure 7a). Then, after sustained receptor-
dependent stimulation of skeletal muscle AC, receptor
desensitization and cyclic AMP degradation, combined with

the cyclic AMP e�ux featured here, could synergistically
limit the intracellular accumulation of cyclic nucleotide,
preserving the cell from excessive levels of intracellular cyclic

AMP.
An alternative role for the e�ux of cyclic AMP may be

associated to the extracellular generation of adenosine
(Cunha & Sebastiao, 1991; Han et al., 1998; Hespel &

Richter, 1998). In this case, extracellular cyclic AMP must be
sequentially metabolized to AMP and adenosine, by ecto-
PDEs and ecto-5-nucleotidases expressed outside skeletal

muscle ®bers (Delgado et al., 1997; Garcia-Ayllon et al.,
2001).
In fact, interstitial generation of adenosine from ATP or

AMP has already been described in rat cultured skeletal
muscle cells (Hellsten & Frandsen, 1997) and in human
skeletal muscle (Hellsten et al., 1998). The increased

formation of adenosine during muscle contractions has been
associated to the regulation of skeletal muscle carbohydrate
metabolism and stimulation of insulin-mediated glucose
transport in oxidative muscle cells (Hespel & Richter,

1998), via activation of postsynaptic adenosine receptors
(Lynge & Hellsten, 2000). On the other hand, by interacting
with presynaptic receptors, adenosine may contributes to the

modulation of neuromuscular transmission, since it mod-
ulates the quantal release of ACh (Correia-de-Sa et al., 1996).
Taken together, our results show that regulation of

intracellular cyclic AMP in skeletal muscle cells is a multi-
mediated process that involves not only the classical
degradation of cyclic AMP and desensitization of G-
protein-coupled receptors but also the e�ux of cyclic AMP

to the extracellular space. The physiological signi®cance of
cyclic AMP egression from muscle cells is under investigation
in our lab and current results have substantiated the

hypothesized extracellular degradation of cyclic AMP,
qualifying the cyclic nucleotide as a potential extracellular
source of adenosine, that would expand the signalling of

cyclic AMP beyond its degradation.
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