
The purine compound adenosine regulates various
physiological functions in many organs including the
cardiovascular system (Berne et al. 1983; Olsson &
Pearson, 1990) and skeletal muscle tissue (Hespel &
Richter, 1998; Radegran & Hellsten, 2000). In skeletal
muscle adenosine has been proposed to be involved in the
regulation of both blood flow (Berne et al. 1971) and
glucose metabolism (Espinal et al. 1983; Vergauwen et al.
1994; Han et al. 1998). Adenosine exerts several of its
actions by binding to adenosine receptors located on the
surface of vascular and skeletal muscle cells (Proctor &
Duling, 1982; Han et al. 1998; Wunsch et al. 2000; Lynge
& Hellsten, 2000), and it is thus in the interstitium that
adenosine exerts its action. An increase in interstitial
adenosine concentration has been shown in contracting

human muscle (Hellsten et al. 1998) and adenosine has
also been shown to increase in the extracellular medium of
contracting primary rat skeletal muscle cells (Hellsten &
Frandsen, 1997). The major source of adenosine
formation in skeletal muscle is adenosine monophosphate
(AMP) 5fi-nucleotidase, which dephosphorylates AMP.
Adenosine monophosphate 5fi-nucleotidase exists both as
a soluble cytosolic enzyme and as an ecto-enzyme in
skeletal muscle (Newby et al. 1975; Hellsten, 1999).
Previous studies have suggested that adenosine is formed
from nucleotide degradation within the skeletal muscle
cells and released to the interstitium in response to
contractions (Berne et al. 1971; Achike & Ballard, 1993).
On the other hand, more recent studies have indicated
that the formation of adenosine by ecto-5fi-nucleotidase is
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1. The existence of adenosine transporters in plasma membrane giant vesicles from rat skeletal
muscles and in primary skeletal muscle cell cultures was investigated. In addition, the
contribution of intracellularly or extracellularly formed adenosine to the overall extracellular
adenosine concentration during muscle contraction was determined in primary skeletal muscle
cell cultures.

2. In plasma membrane giant vesicles, the carrier-mediated adenosine transport demonstrated
saturation kinetics with Km = 177 ± 36 µM and Vmax = 1.9 ± 0.2 nmol ml_1 s_1 (0.7 nmol
(mg protein)_1 s_1). The existence of an adenosine transporter was further evidenced by the
inhibition of the carrier-mediated adenosine transport in the presence of NBMPR
(nitrobenzylthioinosine; 72 % inhibition) or dipyridamol (64 % inhibition; P < 0.05). 

3. In primary skeletal muscle cells, the rate of extracellular adenosine accumulation was 5-fold
greater (P < 0.05) with electrical stimulation than without electrical stimulation. Addition of
the adenosine transporter inhibitor NBMPR led to a 57 % larger (P < 0.05) rate of extracellular
adenosine accumulation in the electro-stimulated muscle cells compared with control cells,
demonstrating that adenosine is taken up by the skeletal muscle cells during contractions.

4. Inhibition of ecto-5fi-nucleotidase with AOPCP in electro-stimulated cells resulted in a 70 %
lower (P < 0.05) rate of extracellular adenosine accumulation compared with control cells,
indicating that adenosine to a large extent is formed in the extracellular space during
contraction.

5. The present study provides evidence for the existence of an NBMPR-sensitive adenosine
transporter in rat skeletal muscle. Our data furthermore demonstrate that the increase in
extracellular adenosine observed during electro-stimulation of skeletal muscle is due to
production of adenosine in the extracellular space of skeletal muscle and that adenosine is
taken up rather than released by the skeletal muscle cells during contraction.
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of importance for the increase in extracellular adenosine
(Hellsten, 1999; Cheng et al. 2000). The actual contribution
of intracellularly or extracellularly formed adenosine to
the overall extracellular adenosine concentration during
muscle contraction is, however, not known. 

Adenosine is a hydrophilic molecule and requires
specialized transporter proteins for permeation of the
muscle membrane. Two types of nucleoside transport
processes have been described: equilibrative and
concentrative. For the equilibrative process, the direction
of transport is dependent upon the direction of the
nucleoside concentration gradient across the membrane,
whereas the concentrative process allows nucleosides to be
transported into the cell against their concentration
gradients using the sodium gradient that exists across the
plasma membrane (Baldwin et al. 1999; Wang et al.
1997a). The equilibrative transporters, which are widely
distributed in different cell types (Griffith & Jarvis,
1996), are subdivided into two types based on their
sensitivity to inhibition by nitrobenzylthioinosine
(NBMPR). Transporters of the sensitive (es) type are
potently inhibited by NBMPR (Ki 0.1–10 nM). In
contrast, transporters of the equilibrative insensitive (ei)
type are little affected by concentrations of NBMPR
< 1 µM. Both transporter types display broad substrate
specificity for pyrimidine and purine nucleosides,
including adenosine (Baldwin et al. 1999). The
concentrative transporters have a more limited tissue
distribution and have primarily been described in
specialized cells, such as intestinal and renal epithelia and
liver cells. They are typically insensitive to NBMPR and
can be subdivided into three main types based on their
substrate selectivity (Wang et al. 1997a). 

Adenosine transporters have not been characterized in
skeletal muscle, but in human skeletal muscles both the
equilibrative and concentrative nucleoside transporter
mRNAs have been detected (Wang et al. 1997b; Crawford
et al. 1998). Whether these findings reflect the presence of
physiologically significant amounts of transporter
protein remains to be determined for skeletal muscle. The
aims of the present study were: (1) to examine the
contribution of intracellular and extracellular adenosine
formation to extracellular adenosine accumulation in
muscle tissue and (2) to establish the existence of and
characterize a NBMPR-sensitive adenosine transporter in
skeletal muscle. The plasma membrane giant vesicle
preparation was used to characterize the adenosine
transporters, as this preparation has been proven suitable
for characterizing lactate and glucose transporters in
skeletal muscle (Juel, 1991; Ploug et al. 1993). Furthermore,
primary skeletal muscle cell cultures were used to
examine the site of origin of adenosine production. 

Some of the described data in this paper were presented at the
Frontiers in Physiology, Scandinavian Physiological Society
and American Physiological Society joint meeting in
Stockholm, Sweden, August 16–19 2000 (Lynge et al. 2000). 

METHODS
Materials and abbreviations

Hepes, erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA), adenosine
5fi-triphosphate (ATP), adenosine 5fi-diphosphate (ADP), adenosine
5fi-monophosphate (AMP), b-glycerophosphate, 3-(N-morpholino)-
propanesulphonic acid (Mops), trazylol, DNase, ethylenediaminetetra-
acetic acid (EDTA), collegenase (type VII), perchloric acid (PCA),
Percoll, dipyridamol, S-(P-nitrobenzyl)-6-thioinosine (6-[(4-nitro-
benzyl)thio]-9-B-D-ribofuranosylpurine; NBMPR), a,b-methylene-
ADP (AOPCP) and adenosine were all products from Sigma, USA.
[14C]Adenosine (20 µCi ml_1) and [3H]mannitol (1 mCi ml_1) were
from Amersham Pharmacia Biotech, Sweden. Nycodenz was from
Nycomed, Norway. Trypsin and adenosine deaminase (ADA) were
from Boehringer Mannheim GmbH, Germany. NBMPR and
dipyridamol were dissolved in DMSO (final concentration of DMSO
was 5 %). 

Isolation of giant vesicles

All experiments complied with the European Convention for the
Protection of Vertebrate Animals Used for Experiments or Other
Scientific Purposes (Council of Europe No. 123, Strasbourg, France,
1985). The isolation of plasma membrane giant vesicles was
performed as previously described (Juel, 1991; Ploug et al. 1993). In
brief, Wistar rats were killed by inhalation of carbon dioxide and
hindlimb muscles from the thigh and calf were removed and split
lengthwise. The muscles were incubated for 1 h at 34 °C with 140 mM

KCl, 10 mM Mops (pH 7.4), 150 units ml_1 collagenase (type VII) and
0.01 mg ml_1 of the protease inhibitor trazylol. The muscles were
then washed with 140 mM KCl–10 mM Mops buffer containing 10 mM

EDTA. Percoll (final concentration 16 %) and trazylol (final
concentration 0.01 mg ml_1) were added to the suspension of vesicles
and cell debris. A three-step density gradient was used to isolate the
vesicles. The upper layer consisted of 1 ml KCl–Mops. The middle
layer consisted of 3 ml 4 % nycodenz in KCl–Mops. The vesicle
suspension was placed at the bottom of the tube. After centrifugation
(50 g for 45 min) at room temperature the vesicles were collected
from the interface of the two upper layers. The vesicles were then
diluted with KCl–Mops and spun down (830 g for 30 min).

Incubation

Before the efflux experiments vesicles were loaded with unlabelled
adenosine at concentrations ranging from 10 µM to 1000 µM and
labelled [14C]adenosine and [3H]mannitol. The latter was used as an
extravesicular marker. After 35 min of incubation the vesicles were
spun down and the sedimented vesicles were ready for zero-trans
(adenosine present only on one side of the membrane) or equilibrium
exchange studies (adenosine present on both sides of the membrane in
equal concentrations). 

Efflux experiments

Experiments were carried out with concentrations of adenosine
ranging from 10 to 1000 µM. Carrier-mediated adenosine efflux was
also examined in the presence of 100 µM NBMPR or 500 µM

dipyridamol to inhibit the adenosine transporter. In addition, a
series of efflux experiments were performed with 5 µM EHNA added
to the vesicle preparation to prevent adenosine deamination (Jacobs
et al. 1988). The efflux was initiated when 100 µl of vesicles were
transferred to 25 ml of efflux medium (KCl–Mops) with either
adenosine (equilibrium exchange) or no adenosine (zero-trans) present
in the efflux medium. During the 10 min efflux period, 13 vesicle-
free 500 µl samples were obtained using a syringe mounted with a
0.25 µm filter. Samples were obtained 5, 10, 15, 20, 35, 60, 80, 120,
180, 240, 300 and 600 s, after the start of efflux. The extravesicular
mannitol space was calculated from 3H-counts. The vesicular
adenosine space was then calculated as the difference between the
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total (internal and external) adenosine space and the extravesicular
adenosine space, which was assumed to be identical to the
extravesicular mannitol space. 3H- and 14C-activities were determined
with a Tri-Carb 2000CA liquid scintillation counter.

Conversion of adenosine to inosine in vesicles 

Vesicle experiments were performed to determine the quantity of
adenosine converted to inosine by the adenosine deaminase reaction.
30 µl of vesicles were added to 10 µl of 140 mM KCl/10 mM Mops
buffer containing either 0 or 5 mM adenosine. One, 5, 15, 30 and
60 min after the addition of adenosine, 4 µl of 5.5 M PCA was added
to stop the conversion process. Then 940 µl of the KCl–Mops buffer
was added to the samples and the pH was adjusted to 7.4 with 2 M

KOH. Adenosine and inosine were determined by reverse-phase
HPLC (see below). 

Calculations

Because the efflux rate is dependent on the ratio between the
vesicular surface and volume, the efflux from vesicles with different
diameters is not mono-exponential. The efflux curve is the sum of
mono-exponential functions: 

Y = ∑{ 1 _ exp[_tk (Sd /Vd)]} FdVd,

where Y is the external accumulated adenosine, t is time, Vd is vesicle
volume, Sd is surface, Fd is frequency of vesicles with the diameter d
and k is the rate constant; Juel, 1991). The sum of exponential
functions was fitted to the experimental data by means of the non-
linear least-squares regression method. The initial efflux rate was
calculated from the curve fit. With this method the initial efflux rate
is based on all samples (13) instead of the smaller number of (2–3)
samples, which can be obtained within the first approximately linear
part of the efflux curve. A regression line (y = (ax/b + x) + cx),
which is based on Michaelis-Menten kinetics, is then calculated.
Y = adenosine transport rate, a = Vmax, b = Km, and the term cx
represents simple diffusion of adenosine. The carrier-mediated
adenosine transport is achieved by subtracting the calculated
diffusion from the total adenosine efflux, and Vmax and Km were
obtained from the regression line. 

Primary cell culture

Isolation and culture of rat primary skeletal muscle cells. All
experiments complied with the European Convention for the
Protection of Vertebrate Animals Used for Experiments or Other
Scientific Purposes (Council of Europe No. 123, Strasbourg, France,
1985). Pregnant rats were killed by inhalation of carbon dioxide. The
fetuses were immediately removed. The hindlimbs of the 21-day-old
rat fetuses were used to prepare muscle cell cultures (Daniels, 1990).
In brief, muscle tissue was dissected out from hindlimbs under a
microscope and the tissue was minced into small pieces with scissors.
The suspension was digested with 0.1 % (w/v) collagenase, 0.2 %
trypsin and 0.1 % DNase at 37 °C for 30 min. DMEM, containing 10 %
fetal calf serum and 10 % horse serum (growth medium), was added
to the suspension and the remaining tissue fragments were
dissociated by triturating with a 10 ml pipette. The cell suspension
was centrifuged at 300 g for 8 min and the supernatant was
discarded. Twenty millilitres of growth medium was added and the
suspension was again triturated with a 10 ml wide-bore pipette to
dissociate aggregated cells. The suspension was filtered through a
70 µm nylon mesh and the cells were seeded onto two 90 mm Petri
dishes for 45 min during which time fibroblasts attached to the
bottom of the dish whereas the myoblasts remained in suspension.
The medium was removed from the dishes and the dishes were
discarded. Cells were counted and seeded out onto 90 mm dishes
coated with 0.1 % gelatine. For the purpose of further purification of
the myocytes, fibroblasts and other contaminating cell types were
removed by dispase treatment 48 h after seeding, as described by

Daniels (1990). All experiments were performed on first passage cells
11–12 days after dispase re-plating. 

Effect of NBMPR on adenosine uptake in muscle cell cultures.
The effect of the adenosine transport inhibitor NBMPR was
examined in non-stimulated muscle cells. The medium used in these
experiments was Krebs–Ringer buffer containing (mM): 118.5 NaCl,
24.6 NaHCO3, 4.74 KCl, 1.18 MgSO4.7H2O, 0.71 KH2PO4.3H2O, 3.36
CaCl.2H2O, 25 bicarbonate, 25 Hepes, 1 % D-glucose, 0.005 EHNA
and 50 b-glycerophosphate; pH 7.4 and 32 °C. Dishes with muscle
cells were rinsed twice with buffer. Buffer containing either 100 µM

NBMPR dissolved in DMSO or the equivalent amount of DMSO
(control) was added to each dish and incubated for 10 min at 32 °C,
allowing the inhibitor to bind to the transporter. Then the buffer was
replaced with 600 µl of equivalent buffer containing 2.5 mM

unlabelled adenosine and labelled [14C]adenosine (final concentration
of 20 nCi ml_1) and incubated for either 30, 60 or 180 s at 32 °C.
Dishes with cells were placed on ice, then rinsed with ice-cold PBS
and the muscle cells were removed with a rubber policeman. The
muscle cell samples were sonicated and 200 µl were used for protein
determination and 200 µl were used for measuring the 14C-activities
in a Tri-Carb 2000CA liquid scintillation counter. The rate of
adenosine uptake was calculated as the amount of adenosine taken
up (c.p.m.) divided by the protein concentration. Values are
expressed as c.p.m. (µg protein)_1. Experiments were conducted pair-
wise with and without NBMPR.

Effect of muscle contraction on adenosine formation with or
without NBMPR and/or AOPCP. Muscle contraction was achieved
by placing silver electrodes in 35 mm cell culture dishes and applying
current to the muscle cells. In order to elicit ATP degradation a
strong stimulation protocol was used. The strong stimulation protocol
consisted of 0.7 s trains with 0.3 s pauses between trains; the trains
consisted of stimuli of 1 ms pulse width and 0.01 s pulse interval
delivered at 50 V. The effect of muscle contraction on the rate of
adenosine accumulation in the extracellular space was studied in
primary rat skeletal muscle cells. Adenosine, AMP, ADP and ATP
were measured in the extracellular fluid of non-stimulated or electro-
stimulated cells without and with the addition of either NBMPR
and/or AOPCP to inhibit adenosine transport and ecto-5fi-
nucleotidase, respectively. These experiments were performed with
the same Krebs–Ringer buffer as described above in the previous
paragraph. Dishes with muscle cells were rinsed twice with buffer.
Buffer containing either 100 µM NBMPR (NBMPR) dissolved in
DMSO (5 %) or the equivalent amount of DMSO or 50 µM AOPCP or
both (NBMPR/AOPCP) was added to each dish and the cells were
incubated for 10 min at 32 °C; this time point is defined as _10 min
in the results. Samples were obtained from the buffer at 0, 10 and
30 min. Stimulation was initiated at 0 min and continued for 30 min.
Dishes with cells were placed on ice, then rinsed with ice-cold PBS
and the muscle cells were removed with a rubber policeman. The
samples were sonicated and 200 µl were used for protein
determination. Samples were stored at _80 °C until further analysis.
Concentrations of extracellular adenosine, AMP, ADP and ATP were
determined during the 30 min period when the muscle cells were
either not stimulated or electro-stimulated.

Analysis

Media nucleotide and nucleoside concentrations were determined by
reverse-phase HPLC, as previously described (Tullson et al. 1990).
Cell protein concentrations were determined with BCA protein assay
(Pierce, Rockford, IL, USA).

Statistics

All data are presented as means ± S.E.M. In the plasma membrane
experiments, the mean values of the carrier-mediated adenosine
effluxes using the inhibitors NBMPR and dipyridamol were
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compared with carrier-mediated adenosine effluxes in control
conditions, at the same adenosine concentrations, using Student’s t
test for unpaired samples. In the primary skeletal muscle cells, the
extracellular adenosine and AMP concentrations, for the various
conditions, were compared using two-way ANOVA with repeated
measurements and the Student-Newman-Keuls test as post hoc
analysis. The rates of extracellular adenosine and AMP
accumulation, determined during 30 min, for the various conditions
were compared using one-way ANOVA and the Student-Newman-
Keuls test as post hoc test. P < 0.05 was considered significant.

RESULTS
Efflux experiments 

An example of the time course for zero-trans efflux of
adenosine (20 µM) from giant vesicles is shown in Fig. 1A.
The initial rate of total adenosine efflux is plotted as a
function of initial vesicle adenosine concentration in
Fig. 1B. The calculated carrier-mediated adenosine efflux
is shown in Fig. 1C. The carrier-mediated efflux
demonstrated saturation kinetics with Km = 177 ± 36 µM

and Vmax = 1.9 ± 0.2 µM s_1 (mean ± S.D.). Vmax, expressed

as the maximal transport capacity per amount of
membrane protein in the vesicles, was 0.7 nmol
(mg protein)_1 s_1. Equilibrium exchange experiments
(100 µM) showed no differences (P > 0.05) in initial
adenosine efflux (0.91 ± 0.07 µM s_1) compared with zero-
trans experiments (1.21 ± 0.04 µM s_1). In the presence of
NBMPR or dipyridamol the carrier-mediated adenosine
efflux (vesicles loaded with 50 µM adenosine) was
inhibited (P < 0.05) by 72 ± 12 % and 64 ± 18 %,
respectively (number of observations was eight in control,
six in NBMPR and four in dipyridamol). When EHNA
was added to the vesicle preparation to prevent adenosine
deamination, the adenosine efflux (vesicles loaded with
20 µM adenosine) was 0.28 ± 0.02 µM s_1 and this was not
significantly different (P > 0.05) from control (0.22 ±
0.03 µM s_1). To exclude the possibility that adenosine
transport measurements included inosine transport, both
adenosine and inosine were assessed in the vesicle
preparation during a 60 min incubation period. These
measurements revealed no detectable increase in inosine
concentration during this time period (data not shown). 
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Figure 1. Adenosine transport in rat skeletal muscle
plasma membrane giant vesicles

Experiments were carried out with vesicles loaded with
adenosine concentrations ranging from 10 to 1000 µM.
Released adenosine was determined in vesicle-free
samples obtained from 5 to 600 s after the transfer of
vesicles to efflux medium. A, example of the total released
adenosine plotted as a function of time. The vesicles were
loaded with 20 µM adenosine. Values are corrected for
extravesicular adenosine with [3H]mannitol. Values are
means ± S.E.M. of seven vesicle preparations, with each
time point measured in duplicate. B, rates of total initial
adenosine transport plotted as a function of the vesicle
adenosine concentrations. Each point represents total
initial efflux rate obtained in independent experiments of
the type depicted in A. The continuous line is the best
curve fit to the Michaelis-Menten equation. The dashed
line represents calculated diffusion of adenosine. C, the
carrier-mediated adenosine transport rates plotted as a
function of vesicle adenosine concentrations. The carrier-
mediated adenosine transport is achieved by subtracting
the calculated diffusion from the total adenosine efflux.



Primary skeletal muscle cell experiments

Effect of NBMPR on adenosine uptake. To establish
whether a NBMPR-sensitive adenosine transporter was
present in primary skeletal muscle cells adenosine uptake
was measured in cells without and with prior NBMPR
treatment. Addition of NBMPR to skeletal muscle cells
decreased (P < 0.05) adenosine uptake in muscle cells by
66 % and 54 % after 60 and 180 s of incubation,
respectively (Fig. 2).

Extracellular adenosine. The rate of extracellular
adenosine accumulation was greater (P < 0.05) in
electrically stimulated than in non-stimulated muscle cell
cultures (Table 1, Fig. 3A and B). Addition of the
adenosine transport inhibitor NBMPR led to a 57 % larger
(P < 0.05) rate of extracellular adenosine accumulation in
electro-stimulated muscle cell cultures compared with
matched non-treated muscle cell cultures (Table 1, Fig. 3A
and B). In order to examine whether addition of EHNA
to the medium affected the gradient of adenosine across
the plasma membrane, extracellular adenosine was
measured during adenosine transport inhibition (NBMPR)

without EHNA. The adenosine accumulation in the
medium of the muscle cell culture was found to be similar
(P > 0.05) with and without EHNA. Inhibition of the
ecto-5fi-nucleotidase with AOPCP resulted in a 70 % lower
(P < 0.05) rate of accumulation of extracellular adenosine
in the electro-stimulated cell cultures compared with non-
treated electro-stimulated cell cultures (Table 1, Fig. 3A
and B). Addition of both AOPCP and NBMPR to the
stimulated muscle cells resulted in a 68 % lower (P < 0.05)
rate of extracellular adenosine accumulation than in non-
treated stimulated muscle cell cultures (Table 1, Fig. 3A
and B). The mean protein content of the muscle cells was
determined to be 832 ± 26 µg protein per dish. There was
no difference (P < 0.05) in protein content between any
of the groups.

AMP, ADP and ATP accumulation in the extracellular
space. There was no difference in rate of accumulated
extracellular AMP concentration between non-stimulated
and electro-stimulated muscle cell cultures (Table 1,
Fig. 3C and D). Addition of NBMPR or AOPCP to the
non-stimulated muscle cells resulted in a similar rate of
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Figure 2. The effect of NBMPR on adenosine uptake
in primary skeletal muscle cells 

Dishes with muscle cells were incubated with and without
NBMPR (100 µM) for 10 min at 32 °C, allowing the
inhibitor to bind to the transporter. Then the buffer was
replaced with equivalent buffer containing 2.5 mM

unlabelled and labelled [14C]adenosine and incubated for
either 30 or 60 s at 32 °C. Muscle cells were removed and
adenosine uptake and protein content were determined.
5, control, adenosine uptake without the inhibitor;
4, NBMPR, adenosine uptake with the inhibitor NBMPR.
Values are means ± S.E.M. of 6–9 cell dishes.
* Significantly (P < 0.05) different from control. 

Table 1. The rate of accumulation of extracellular adenosine and AMP in primary skeletal
muscle cells at rest and during contraction: effect of NBMPR and AOPCP

Groups Adenosine AMP
(fmol (µg protein)_1 min_1) (fmol (µg protein)_1 min_1)

Control non-stimulated 6.0 ± 2.5 (17) _11.8 ± 2.9 (16)
NBMPR non-stimulated 14.3 ± 1.6 (7) _9.9 ± 1.9 (8)
AOPCP non-stimulated 1.5 ± 0.3 (6) _1.6 ± 2.0 (8)

Control electro-stimulated 32.5 ± 4.2 * (17) _2.2 ± 2.4 (16)
NBMPR electro-stimulated 50.9 ± 3.9 † (13) _1.7 ± 2.8 (13)
AOPCP electro-stimulated 9.9 ± 2.2 † (9) 16.0 ± 2.3 † (8)
NBMPR/AOPCP electro-stimulated 10.3 ± 2.8 † (8) 23.8 ± 3.9 † (8)

Effect of NBMPR and AOPCP on the rate of accumulation of extracellular adenosine and AMP in the
medium in the non-stimulated and electrically stimulated primary skeletal muscle cells. Samples were
collected at times 0, 10 and 30 min and the rate of accumulation was determined as the average rate of
accumulation between 0 and 30 min. The values are means ± S.E.M., with the number of dishes given in
parentheses. * and † indicate significant (P < 0.05) difference from non-stimulated control and electrically
stimulated control, respectively.



extracellular AMP accumulation in the non-stimulated
matched control muscle cell cultures (Table 1, Fig. 3C and
D). Addition of AOPCP and a combination of NBMPR
and AOPCP to the muscle cells resulted in a greater
(P < 0.05) rate of extracellular AMP accumulation than in
electro-stimulated matched control muscle cell cultures
(Table 1, Fig. 3C and D). There was no significant
accumulation of extracellular ADP and ATP in any of the
experiments described above (data not shown).

DISCUSSION
In the present study we investigated the existence of an
adenosine transporter in skeletal muscle and the site of
origin of extracellular adenosine in muscle tissue. The
results show the existence of an adenosine transporter in
rat skeletal muscle, as evidenced by Michaelis-Menten
kinetics and inhibition by NBMPR and dipyridamol. We
also demonstrated that extracellular adenosine, formed
during contractions in cell cultures, was predominantly
formed by ecto-5fi-nucleotidase and that there was little
or no contribution from intracellular sources; instead,
adenosine was taken up by skeletal muscle cells via the
adenosine transporter.

Adenosine transport

Adenosine transport was investigated using the plasma
membrane giant vesicle preparation from rat skeletal
muscle. The carrier-mediated adenosine transport in giant
vesicles displayed Michaelis-Menten kinetics, suggesting
the existence of an adenosine transporter protein. The
transport kinetics were: Km = 177 ± 36 µM and
Vmax = 1.9 ± 0.2 nmol ml_1 s_1 (0.7 nmol (mg protein)_1 s_1).
The kinetic constants are determined for the overall carrier-
mediated adenosine transport, without differentiating
between the various nucleoside transporters. Michaelis-
Menten kinetic constants for adenosine transport have
been determined in erythrocytes and in cardiac
myocytes. These results show that Km varies in the
micromolar range (4–150 µM) (Mustafa et al. 1975;
Young, 1978; Ford et al. 1985; Ford & Rovetto, 1987).
One reason for the observed range in Km values could be
the use of different methods or different transporter
affinity for adenosine in various tissues and animal
species (Young, 1978; Ford et al. 1985). The Vmax value
determined in the present study is within the range of the
values determined for erythrocytes (0.4–0.9 nmol
ml_1 s_1 (Young, 1978; Ford et al. 1985) and cardiac cells
(0.07–9.6 nmol (mg protein)_1 s_1 (Mustafa et al. 1975;
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Figure 3. Adenosine and AMP accumulation in medium of non-stimulated and electro-stimulated
primary skeletal muscle cells: effect of NBMPR and AOPCP 

Muscle cells were incubated with medium alone (circles) or with medium containing either 100 µM NBMPR
(triangles) or 50 µM AOPCP (squares) or both (NBMPR/AOPCP) (diamonds) for a total of 40 min at 32 °C.
This was performed either without electro-stimulation (A and C; open symbols) or with electro-
stimulation (B and D; filled symbols) of the muscle cells. Stimulation was initiated at 0 min and continued
for 30 min. Adenosine and AMP were determined from medium samples collected at time 0, 10 and
30 min. The muscle cells were removed and protein concentration was determined. Values are
means ± S.E.M. of 6–17 cell dishes. * Significantly different (P < 0.05) from control value at the same
point of time.



Ford & Rovetto, 1987). The differences in Vmax values
reported in the literature are probably due to variation in
the total number of transporters in various tissues and
species (Jarvis et al. 1982). 

The existence of an adenosine transporter protein in
muscle membrane vesicles was also evidenced by
inhibition of the carrier-mediated efflux of adenosine by
NBMPR (72 % inhibition) and dipyridamol (64 %
inhibition). In rat primary skeletal muscle cell culture,
addition of NBMPR inhibited the total adenosine uptake
by 60 %. Incomplete inhibition by NBMPR of adenosine
transport is in accordance with previous observations in
guinea-pig cardiac myocytes (Conant & Jarvis, 1994), rat
erythrocytes, normal rat kidney and human HTC
hepatoma cell lines, and has been attributed in part to
NBMPR-insensitive transporters (Plagemann &
Woffendin, 1988). The lesser inhibition of adenosine
transport, in the primary skeletal muscle cells, is probably
a combined effect of simple diffusion of adenosine and the
existence of NBMPR-insensitive transporters.

It may be debated whether the incomplete inhibition of
adenosine transport was due to the concentration of
NBMPR used. In most tissues and cell types from
different species inhibition of nucleoside transport by
either NBMPR or dipyridamol has been performed with
concentrations of the inhibitors in the nanomolar range.
However, there is a 100- to 1000-fold lower sensitivity for
these inhibitors in rat cells than in cells from several other
species (Williams et al. 1984; Plagemann & Woffendin,
1988). In the present study the concentrations of these
inhibitors were therefore in the micromolar range for
NBMPR (100 µM) and dipyridamol (500 µM). Both the
NBMPR-sensitive and -insensitive equilibrative
adenosine transporters can be inhibited by NBMPR in
concentrations exceeding 1 µM (Jarvis & Young, 1986;
Lee & Jarvis, 1988); thus it is likely that a sufficient
concentrations of NBMPR and dipyridamol were used in
the present study.

It is possible that the radiolabelled adenosine loaded
inside the plasma membrane giant vesicles can be
degraded to inosine. To be sure that we were measuring
adenosine and not inosine transport, we quantified
conversion of adenosine to inosine in the plasma
membrane giant vesicles. The results showed that there
was no significant decrease in adenosine or significant
increase in inosine in the vesicles during 60 min. We also
examined where the nucleoside transporters exhibited
differential mobility of empty and loaded carrier. A
higher mobility of substrate-loaded carrier than empty
carrier is readily detectable as higher rates of equilibrium
exchange than zero-trans flux in the vesicles. The
experiment demonstrated no difference in adenosine
transport capacity during zero-trans and equilibrium
experiments. This implies that the nucleoside transporter
translocates with the same speed whether it is loaded or
unloaded.

Origin of extracellular adenosine

During muscle contractions there is an increase in
extracellular adenosine in skeletal muscle, as
demonstrated by in vivo human experiments (Hellsten et
al. 1998) and in vitro animal experiments (Achike &
Ballard, 1993). This finding was confirmed in the present
study, which showed a 5-fold increase in the rate of
extracellular adenosine accumulation during electrical
stimulation of muscle cells. To examine the contribution
of adenosine from intracellular versus extracellular
sources, we determined the rate of extracellular
adenosine accumulation in primary muscle cells with and
without adenosine transport inhibition. If adenosine is
mainly formed in the cytosol, then membrane adenosine
transport inhibition should decrease net cellular
adenosine release and consequently the rate of
extracellular adenosine accumulation. If, however,
adenosine is formed mainly extracellularly, no change or
even an increase in the rate of extracellular adenosine
accumulation is to be expected. Upon inhibition of the
adenosine transporters in cells, we observed an increase in
the rate of extracellular adenosine accumulation during
contraction, indicating that adenosine does not originate
from intracellular sources and that extracellular
adenosine is taken up rather than released by muscle cells
during contraction. This observation cannot be explained
by a lack of ATP degradation in the skeletal muscle as we
have previously shown that the exact same stimulation
protocol results in a close to 20 % reduction of ATP
(Hellsten & Frandsen, 1997). 

To investigate whether adenosine was formed outside the
muscle cells we incubated the cells with the ecto-5fi-
nucleotidase inhibitor AOPCP. Addition of AOPCP
reduced the rate of extracellular adenosine accumulation
by 70 % during contraction, confirming that adenosine is
formed predominantly outside the muscle cells. Addition
of a combination of NBMPR and AOPCP resulted in a
similar (P > 0.05) rate of extracellular adenosine
accumulation in the medium as observed with AOPCP
alone, again supporting a lack of release of adenosine
from contracting muscle. Combined, our results
demonstrate that adenosine is formed outside the muscle
cells and that there is little or no contribution from
intracellular sources; instead there appears to be an
uptake of adenosine from the extracellular space. This
finding is in agreement with the conclusion of Cheng et al.
(2000) that adenosine is formed in the extracellular space
via ecto-5fi-nucleotidase in perfused rat gracilis muscle.
Their conclusion was derived from measurements of the
activities of the adenosine-forming (5fi-nucleotidase and
non-specific-phosphatases) and adenosine-removing
(adenosine kinase and adenosine deaminase) enzymes in
the cytosolic and membrane fractions of muscle
homogenate and values of intracellular and extracellular
AMP concentrations in skeletal muscle given in the
literature. In accordance with our observation of an
uptake of extracellular adenosine by cells, Deussen et al.
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(1999) observed that, although extracellular adenosine
formation only accounted for 10 % of the total adenosine
produced in guinea-pig heart, an uptake of adenosine into
the cardiac cells was observed due to the high rate of
intracellular adenosine metabolism. 

The observation that adenosine is mainly formed by ecto-
5fi-nucleotidase raises the question of the origin of the
substrate AMP. The concentrations of ATP and ADP
were found to be below the detection limit in the current
study, possibly due to a rapid conversion of the released
nucleotides. However, AMP was detectable in the
extracellular medium and must have originated from the
skeletal muscle cells. The rate of extracellular AMP
accumulation in electro-stimulated muscle cell cultures
was not significantly different from that of non-
stimulated muscle cells in culture. However, when the
formation of adenosine from AMP was inhibited by the
addition of AOPCP to the electro-stimulated cells there
was a significant accumulation of AMP extracellularly,
suggesting that in the non-treated condition there was a
rapid conversion of AMP to adenosine. Consequently, if it
is assumed that all extracellular adenosine originates
from extracellular AMP, the rate of extracellular
adenosine and AMP accumulation in the non-stimulated
muscle cells (_5.8 ± 3.8 fmol (µg protein)_1 min_1) can be
compared with the rate of extracellular adenosine and
AMP accumulation in the electro-stimulated muscle cells
(30.3 ± 2.4 fmol (µg protein)_1 min_1). Such a comparison
shows that there is a significant difference in AMP
between the two conditions, indicating that nucleotides
have been released from muscle during contractions. In
support of this proposition is the previous observation,
from microdialysis experiments, of a 3- to 6-fold increase
in ATP, ADP and AMP in contracting human skeletal
muscle (Hellsten et al. 1998). In vivo sources of adenine
nucleotides other than skeletal muscle cells have been
demonstrated. A selective release of ATP can occur from
vascular cells (Pearson & Gordon, 1979) and from
myocardial cells (Forrester & Williams, 1977; Borst &
Schrader, 1991). Adenine nucleotides have moreover been
observed to be released from both nerve terminals and
muscle fibres upon electrical stimulation of the innervated
skeletal muscle of the frog (Cunha & Sebastiao, 1993). It
has also been suggested that erythrocytes release ATP
during passage through the capillaries, which could be
degraded to adenosine in the interstitium. In vitro
experiments have shown that erythrocytes release ATP
both during conditions of lowered oxygen tension and
during compression (Ellsworth et al. 1995). In vivo, there
are thus several potential sources of AMP in skeletal
muscle tissue.

In conclusion, the present study provides evidence for the
existence of an NBMPR- and dipyridamol-inhibitable
adenosine transporter with saturation kinetics in rat
skeletal muscle. Our data also demonstrate that electrical
stimulation of skeletal muscle leads to an increase in

extracellular adenosine. This increase in extracellular
adenosine is predominantly due to formation of adenosine
by ecto-5fi-nucleotidase, whereas the main function of the
adenosine transporter is not to release but rather to take
up adenosine into the muscle cells during muscle
contraction, probably for preservation of intracellular
nucleotides. 
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