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Abstract

The role of adenosine receptors in the regulation of muscle
glucose uptake by insulin and contractions was studied in iso-
lated rat hindquarters that were perfused with a standard me-
dium containing no insulin or a submaximal concentration of
100 gU/ml. Adenosine receptor antagonism was induced by
caffeine or 8-cyclopentyl-1,3-dipropylxantine (CPDPX). Glu-
cose uptake and transport were measured before and during 30
min of electrically induced muscle contractions. Caffeine nor
CPDPXaffected glucose uptake in resting hindquarters. In
contrast, the contraction-induced increase in muscle glucose
uptake was inhibited by 30-50% by caffeine, as well as by
CPDPX, resulting in a 20-25% decrease in the absolute rate of
glucose uptake during contractions, compared with control val-
ues. This inhibition was independent of the rate of perfusate
flow and only occurred in hindquarters perfused with insulin
added to the medium. Thus, adenosine receptor antagonism
inhibited glucose uptake during simultaneous exposure to insu-
lin and contractions only. Accordingly, caffeine inhibited 3-0-
methylglucose uptake during contractions only in oxidative
muscle fibers that are characterized by a high sensitivity to
insulin. In conclusion, the present data demonstrate Al recep-
tors to regulate insulin-mediated glucose transport in contract-
ing skeletal muscle. The findings provide evidence that stimula-
tion of sarcolemmic adenosine receptors during contractions is
involved in the synergistic stimulation of muscle glucose trans-
port by insulin and by contractions. (J. Clin. Invest. 1994.
93:974-981.) Key words: skeletal muscle * glucose transport -

insulin * adenosine receptors * contractions

Introduction

Skeletal muscle is a major site of body glucose disposal ( 1).
Under basal conditions, the rate of skeletal muscle glucose up-
take is low. Glucose uptake rate, however, markedly exceeds
basal values when muscle contracts (2), and/or when muscle
is exposed to insulin (3). Insulin and contractions have inde-
pendently shown to stimulate membrane glucose transport via
increasing the number of active sarcolemmic glucose transport-
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ers (4-6), and possibly via enhancing the intrinsic activity of
the transporters (7-9).

Whenmuscle is simultaneously exposed to insulin and con-
tractions, glucose uptake in most studies ( 10-16) is elevated to
values exceeding the ones observed when muscle is stimulated
by either stimulus alone. The total increase in muscle glucose
uptake occurring in response to simultaneous stimulation by
insulin and contractions has been demonstrated to be fully
additive ( 11 ) or even synergistically additive ( 12-16). The mo-
lecular mechanism underlying this interactive effect of insulin
and contractions may include translocation and/or activation
of glucose transporters from separate pools ( 17), recruitment
of distinct transporter isoforms, and / or different cellular signal-
ing mechanisms leading to activation of the transport system
( 18). The precise nature of interaction of insulin and contrac-
tions in regulating glucose transport in muscle during contrac-
tions remains, however, speculative.

Adenosine receptors may be important in modulating the
effects of insulin on muscle glucose transport. Onthe one hand,
adenosine receptors have been demonstrated to modulate insu-
lin-stimulated glucose transport and uptake in different insu-
lin-sensitive tissues, including skeletal muscle. Indeed, decreas-
ing extracellular adenosine concentration in resting muscle by
addition of adenosine deaminase has been demonstrated to
stimulate glucose transport ( 19). A similar effect of adenosine
receptor antagonism by either 8-cyclopentyl- 1,3-dipropylxan-
thine (CPDPX)' or 8-phenyltheophylline was observed on 2-
deoxy- [3H]glucose transport or phosphorylation (20). On the
other hand, it is well known that muscle adenosine production
and release are markedly enhanced during contractions, partic-
ularly in slow oxidative muscle fibers (21, 22), probably lead-
ing to adenosine receptor-mediated vasodilation of local vascu-
lar beds (21 ). Furthermore, adenosine has been demonstrated
to enhance insulin-stimulated glucose uptake and transport in
adipocytes (23-25) and in myocardium (26, 27). Thus, adeno-
sine receptors might fulfill a similar role in regulating insulin-
mediated glucose uptake in muscle during contractions.

The aim of the present study was, therefore, to examine the
role of adenosine receptors in regulating glucose uptake and
transport in contracting skeletal muscle. The data for the first
time demonstrate that adenosine receptor stimulation en-
hances insulin-mediated glucose uptake and transport in con-
tracting but not in resting skeletal muscle. Moreover, this ac-
tion of adenosine receptors is shown to be largely responsible
for the presently and previously observed "synergistic" stimula-
tion of muscle glucose uptake and transport via insulin and
contractions in insulin-sensitive muscle fibers.

1. Abbreviations used in this paper: A I receptor, adenosine receptor of
the A subtype; CPA, N6-cyclopentyladenosine; CPDPX, 8-cyclopen-
tyl- 1,3-dipropylxanthine.
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Methods

Animals. Male Wistar rats weighing 200-250 g were used in this study.
Rats were purchased from the laboratory animal breeding center from
the Catholic University of Leuven. Rats were maintained on a constant
light/dark cycle and received normal rat chow ad libitum until the
morning the experiments were carried out.

Experimentalprocedures. The rats were anesthetized by an intraper-
itoneal injection of pentobarbital sodium (5 mg/ 100 g body wt) and
prepared surgically for hindquarter perfusion, as previously described
(28-30). Before insertion of the perfusion catheters, the rat was hepa-
rinized with 250 IU of heparin in the inferior vena cava. The rat was

killed with an intracardial injection of pentobarbital sodium immedi-
ately before being placed in the perfusion cabinet.

The initial perfusate (150-230 ml) consisted of Krebs-Henseleit
solution, 1-3-d-old washed bovine erythrocytes at a 30% hematocrit,
5%BSA(Cohn fraction V; Sigma Immunochemicals, St Louis, MO), 6
mMglucose, 0.15 mMpyruvate, and 0.3-0.5 mMlactate originating
from the erythrocytes. During the hindlimb perfusion experiments, the
arterial perfusate was continuously gassed with a mixture of 62% nitro-
gen, 35% oxygen, and 3% carbon dioxide, which at rest and during
electrical stimulation, yielded a mean arterial pH value of 7.36 (range
= 7.26-7.46; n = 139) and 7.34 (range = 7.25-7.44; n = 122), Pco2 of
37 mmHg(range = 29-44 mmHg; n = 139) and 39 mmHg(range
= 30-46 mmHg; n = 122), and P02 of 224 mmHg(range = 203-255
mmHg;n = 139) and 157 mmHg(range = 101-239 mmHg;n = 122),
respectively. To prevent it from decreasing in the course of hindlimb
perfusion, arterial glucose concentration was clamped at 6 mMby a

continuous infusion of a 40%glucose solution into the perfusate reser-

voir using a microinfusion pump (model 11; Harvard Apparatus Co.,
Inc., South Natick, MA), the speed of which was adjusted to the esti-
mated rate of glucose uptake by the hindquarter.

The first 25 ml of perfusate that passed through the hindquarter
were discarded, whereupon the perfusate was recirculated at a flow of
12.5 ml/min. After a 20-min equilibration period, muscle samples of
the left gastrocnemius-soleus-plantaris muscle group were taken. The
medial superficial part of the gastrocnemius muscle, consisting primar-
ily of fast-twitch white fibers, the soleus muscle, which contains pri-
marily slow-twitch red fibers and a portion of the deep part of the
medial head of the gastrocnemius muscle, which contains primarily
fast-twitch red fibers (31) were cut out, trimmed of connective tissue
and visible blood, and freeze clamped with aluminum clamps cooled in
liquid N2. Subsequently, the common iliac vessels supplying the biop-
sied leg were tied off, and a clamp was fixed tightly around the proximal
part of the leg. From that moment, different protocols were used in
different subsamples of rats.

In protocol 1, perfusion flow to the right hindlimb was reduced to 9
ml/min, which resulted in comparable perfusion pressures (mean = 55
mmHg; range = 42-79 mmHg;n = 139) as for bilateral perfusion at a
flow of 12.5 ml/min (mean = 54 mmHg; range = 40-78 mmHg; n
= 139). The right lower leg was then immobilized by a pin under the
patella tendon, which was fixed onto the perfusion platform, and a

hook pin around the Achilles' tendon. The latter was connected to an

isometric muscle tension transducer. The immobilized hindlimb was

then allowed to rest for an additional 5 min, after which perfusate
samples were taken from the venous and the arterial tubing for baseline
determinations. Immediately after, a hook electrode was placed around
the uncut sciatic nerve and connected to a locally constructed impulse
generator. The resting length of the gastrocnemius-soleus-plantaris
muscle group was adjusted to obtain maximum active tension upon
stimulation, whereupon the electrical stimulation period was started.
Perfusate flow was increased simultaneously from 9 to 15 ml/min,
resulting in a mean perfusion pressure of 81 mmHg(range = 57-110
mmHg; n = 122) during stimulation. The muscles were made to con-

tract isometrically by stimulating the sciatic nerve electrically with su-

pramaximal (20-30 V) trains of 50 ms at 100 Hz, each impulse in the
train lasting for 1 ms. The trains were delivered at a rate of 20/min for
30 min. During stimulation, tension developed by the gastrocnemius-

soleus-plantaris muscle group was measured by the isometric muscle
tension transducer and recorded by a pen writer (Kipp &Zonen, Delft,
The Netherlands). At the end of the electrical stimulation period, per-
fusate flow through the hindlimb was stopped and muscle samples were
rapidly dissected, as described above. During the 30-min stimulation
period, arterial and venous perfusate samples were taken after 5, 15,
and 25 min.

In a subsample of hindquarters perfused according to protocol 1,
muscle membrane glucose transport and extracellular space during the
last 5 min of the 30-min stimulation period were measured using a
slightly modified protocol. 10 yCi of 3-O-[ '4C] methyl-D-glucose (spe-
cific activity = 250-360 mCi/mmol; New England Nuclear, Boston,
MA) together with 25 MCi of [3H ] mannitol (specific activity = 15-30
Ci/mmol; New England Nuclear) were simultaneously added to the
perfusate reservoir. Recirculation of perfusate was stopped to maintain
a constant specific activity for glucose into the arterial perfusate during
the period of glucose transport measurement. After the hindlimb was
exposed to the isotopes for exactly 5 min, perfusate flow was stopped
and muscles were sampled, as described above.

In protocol 1, the right hindlimb was perfused at a flow of 9 ml/min
at rest and at 15 ml/min during contractions. To determine whether
the effect of adenosine receptor antagonism on glucose uptake in con-
tracting skeletal muscle is to be attributed to contractions per se, to flow
per se, or to a combination of both factors, two other protocols were
used. In protocol 2, perfusate flow was set at 15 ml/min in resting
hindlimbs. This flow was maintained during electrical stimulation.
Similar to protocol 1 type perfusions, perfusate samples were taken
after 5, 15, and 25 min of electrical stimulation. In protocol 3, at the
end of the resting period, perfusate flow was increased from 9 to 15
ml/min without induction of muscle contractions. Perfusate samples
were taken after 5 min of perfusion at this elevated flow, whereafter the
experiment was stopped.

Experimental conditions. All experiments were performed accord-
ing to the above described standard procedures. Different experimental
conditions were created by adding caffeine (Aldrich, Steinheim, West
Germany), human monocomponent insulin (Novo Nordisk,
Bagsverd, Denmark), CPDPX(Research Biochemicals Inc., Natick,
MA) and N6-cyclopentyladenosine (CPA) (Research Biochemicals In-
corporate) to the arterial perfusate. All perfusion experiments designed
for mutual comparisons were carried out in a randomized order.

For studying the effects of unselective adenosine receptor antago-
nism, caffeine was added to the initial arterial perfusate in a concentra-
tion of 77 ,M in the presence of 0 or 100 MuU insulin/ml of perfusate
plasma. In further experiments, the effects of selective antagonism and
agonism of adenosine receptors of the Al subtype (A l receptors) were
investigated at an arterial insulin level of 100 MU/ml. For this purpose,
CPDPX, an Al receptor antagonist (32), was added to the perfusate
reservoir in a concentration of 77 ,umol/liter of perfusate plasma. Since
CPDPXwas to be dissolved in ethanol because of its poor solubility in
water, a similar volume of ethanol (250 ,l) was added to control perfus-
ate media. CPA, an Al-specific adenosine receptor agonist, was dis-
solved in 20 Mil ethanol and added to the perfusate resulting in a concen-
tration of 1 MM. In the corresponding control group, 20 ,l ethanol was
added to the perfusion mix.

Analyses, calculations, and statistics. All perfusate samples were
analyzed for glucose and lactate concentrations in duplicate or tripli-
cate within 1 h, using a dual channel glucose-lactate analyzer (type
2300 STAT; Yellow Springs Instruments Co., Yellow Springs, OH). At
rest and after 15 min of electrical stimulation, hemoglobin concentra-
tion, oxygen saturation of hemoglobin, Po2, Pco2, and pH were deter-
mined in perfusate sampled anaerobically, using an ABL 5 10 acid base
laboratory (Radiometer, Copenhagen, Denmark).

Muscle samples were stored at -80°C until analyzed. cAMP in
muscle was measured in perchloric acid extracts by a binding protein
assay system, purchased from Amersham Denmark (Birkerod, Den-
mark).

Uptake of [ "4C] 3-O-methylglucose in muscles was determined in
perchloric acid extracts and corrected for label in the extracellular
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space determined by the 3H counts for mannitol. Radioactivity was
measured in a liquid scintillation counter (Model 2000 CA; Packard
Instruments Co., Downers Grove, IL). From the intracellular accumu-
lation of '4C-labeled 3-O-methylglucose, rates of glucose transport were
calculated using a "specific activity of glucose" determined by the glu-
cose concentration in the cell-free perfusate and the plasma 3-O-meth-
ylglucose counts. The duration of exposure to 3-O-methylglucose was
kept short (5 min) to prevent accumulation of 3-O-methylglucose in
intramuscular water of > 30%ofextracellular water concentration. Pre-
liminary experiments showed that uptake of 3-O-methylglucose is lin-
ear with time under these conditions.

Rates of glucose and oxygen uptake by the hindquarter, as well as
lactate release, were calculated by multiplying the measured arteriove-
nous concentration differences by the flow rate, and were expressed per
gram of perfused muscle per hour. Perfusate flow rate was measured
using time collections of the venous effluent. Perfused muscle mass was
considered to be 8.3% of body weight (30).

Statistical evaluation of the data was done by unpaired t test (Statis-
tical Analysis System, t test procedure) or two-way ANOVA(Statistical
Analysis System, General Linear Model procedures) where appro-
priate. Data obtained in resting hindquarters were analyzed separately
from data obtained in electrically stimulated hindquarters. Data are
presented as mean±SE. P < 0.05 was chosen as the criterion for accep-
tance of statistical significance.

18

16

j 14

0 12

10

8

W6
cn

CD 2

0
0 5 15

DURATION OF MUSCLECONTRACTIONS (minutes)
25

Figure 2. Effect of CPDPXon glucose uptake in resting and con-
tracting muscle. Values are mean±SE of 8-1 1 observations. Hind-
quarters were perfused at rest and during contractions with vehicle
(o and o) or 77 ,M CPDPX(. and .) at an insulin concentration
of 100 MU/ml. Contractions were induced by supramaximal stimula-
tion of the sciatic nerve. Perfusate flow at rest was either 9 (o and .)
or 15 ml/min (5 and *n). Perfusate flow during electrical stimulation
was 15 ml/min in all groups. See Methods for further details. *P
< 0.05 compared with corresponding control values during contrac-
tions.

Results

Glucose uptake and transport
Protocol 1. In resting hindquarters, neither caffeine nor
CPDPXsignificantly affected glucose uptake in the presence
( 100yU/mlU ) or in the absence of insulin (Figs. 1 and 2). In the
absence of insulin, the increase in glucose uptake during con-
tractions was unaffected by caffeine (Fig. 3). However, at a
perfusate insulin concentration of 100 MU/ml, both caffeine
and CPDPXattenuated the increase in glucose uptake during
contractions (Fig. 3). Thus, at the onset of electrically induced
muscle contractions, the increase in muscle glucose uptake in
hindquarters perfused with insulin was much smaller (P
<0.05) during adenosine receptor antagonism than under
control conditions, resulting in lower rates (P < 0.05) of glu-
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Figure 1. Effect of caffeine on glucose uptake in resting and contract-
ing muscle. Values are mean±SE of 13-27 observations. Hind-
quarters were perfused in the absence (o and o) and in the presence
of 77 MMcaffeine (, and .) at 0 (n and .) and at 100 ,U/ml insulin
(o and .). Contractions were induced by supramaximal stimulation
of the sciatic nerve. Flow was 9 ml/min at rest and 15 ml/min during
contractions. Glucose uptake was calculated as arteriovenous glucose
concentration differences times the flow rate. See Methods for further
details. *P < 0.05 compared with corresponding control data during
contractions.

cose uptake during the entire stimulation period (Figs. 1 and
2). The increase in glucose uptake from rest to 5 min of electri-
cal stimulation averaged +7.8±0.9 and +5.4±0.8 ,umol/g per h
in control and caffeine rats, respectively (P < 0.05). The in-
crease in glucose uptake from rest to 15 min of electrical stimu-
lation was on the average +6.3±1.1 and +3.4±1.3 Amol/g per
h in control and CPDPX perfused rats, respectively (P
< 0.05).

The initial rate of muscle [ 14C] 3-O-methylglucose uptake,
measured during the last 5 min of the 30-min stimulation pe-
riod, was used as a measure of muscle membrane glucose trans-

8-9

EL 7-
a-*n

:56

2V 1~0`

NO INSULIN 100 pU/mi INSULIN

Figure 3. Effect of adenosine receptor antagonism on the increment in
hindquarter glucose uptake from rest to contractions. Values are
mean±SE of 9-27 observations. Adenosine receptor antagonism was
induced by caffeine (77 MM)or by CPDPX(77 MM). 0 or 100 MU/ml
insulin were added to the perfusate. Open, solid, and hatched bars
represent data from control, caffeine, and CPDPXhindquarters, re-
spectively. Contractions were induced by supramaximal stimulation
of the sciatic nerve. Flow was 9 ml/min at rest and 15 ml/min during
contractions. Increases were calculated as the differences between
glucose uptake after 5 mmnof contractions minus resting glucose up-
take for caffeine and CPDPXhindquarters, respectively. See Methods
for further details. *P < 0.05 compared with the corresponding con-
trol data.
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Figure 4. Effect of caffeine on the rate of glucose transport in con-
tracting muscle. Values are mean±SE of 12 observations. Glucose
transport was measured in fast-twitch white, fast-twitch red, and
slow-twitch red muscle fibers. Open bars, control data; solid bars, data
from hindquarters perfused with 77 MMcaffeine. Muscle glucose
transport was measured as the initial rate of 3-O-[ '4C]methylglucose
accumulation in muscle, corrected for label present in the extracellu-
lar space. See Methods for further details. *P < 0.05 compared with
corresponding control data.

port in hindquarters perfused with insulin. As shown in Fig. 4,
muscle 3-O-methylglucose uptake was inhibited (P < 0.05 ) by
caffeine in type I fibers (minus 42%), but not significantly in
type h~a or in type TIb fibers.

Recent experiments in our laboratory have shown that in
the experimental conditions similar to the ones in protocol 1,
increasing perfusate flow from 9 to 15 ml/min in the presence
of 100 ysU/ml insulin, markedly increases the rate of glucose
uptake by the resting hindquarter.2 Thus, the increase in hind-
limb glucose uptake at the onset of electrical stimulation ( Fig.
3 ) must have been produced by contractions per se, as well as
by the concomitant increase in flow. Therefore, additional ex-
periments were performed to investigate the specific effect of
adenosine receptor antagonism on the flow- (protocol 2) and
contraction-induced increase in muscle glucose uptake ( proto-
col 3 ), respectively.

Protocol 2. In accordance with the observations in protocol
1, caffeine had no effect on glucose uptake in resting hind-

quarters. Hindquarter glucose uptake was on the average
5.2±0.4 and 4.9±0.4 ymol/g per h in control (n = 29) and in
caffeine conditions (n = 27), respectively, at a flow of 9 ml/
min. When the flow of perfusate was increased from 9 to 15
ml/min, glucose uptake rate in resting hindquarters increased
similarly in both groups ( +1.9±0.7 and + 1.3±0.9 ,umol/g per
h in control and in caffeine hindquarters, respectively) to a
level of 7.1±0.7 and 6.2±0.7 gmol/g per h after 5 mmnat the
higher flow in control and caffeine hindquarters, respectively.

Protocol 3. In this protocol, hindquarters were perfused at a
constant flow of 15 ml/min, both at rest and during electrical
stimulation. In line with the observations in protocol 1,
CPDPXwas found to have no effect on glucose uptake in rest-
ing hindlimbs (Fig. 2 ). As demonstrated in Fig. 5, upon initia-
tion of electrically induced muscle contractions hindquarter
glucose uptake increased markedly more (P < 0.05 ) in control
hindquarters (+7.0±1.1 Mmol/g per h) than in hindquarters
perfused with CPDPX( +4.4±0.8 Mmol/g per h ). At the end of

2. Hespel, P., L. Vergauwen, K. Vandenberghe, and E. A. Richter,
manuscript submitted for publication.
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glucose uptake after 5 min of contractions. Contractions were induced
by supramaximal stimulation of the sciatic nerve. Perfusate flow in
resting and contracting muscles was set at 15 ml/min. See Methods
for further details. *P < 0.05 compared with control.

the 30-min stimulation period, compared with the control con-
dition, glucose uptake was on the average 28% lower (P < 0.05)
in hindquarters perfused with CPDPX(Fig. 2).

The effects of A 1 receptor agonism were investigated ac-
cording to the procedures of protocol 1. As shown in Table I,
stimulation of A 1 receptors by CPAat an insulin concentration
of 100 ,uU/ml did affect glucose uptake neither at rest nor dur-
ing contractions.

Muscle cAMPconcentrations
The concentration of cAMPwas measured only in muscle sam-
ples from hindlimbs perfused with insulin present in the me-
dium. As shown in Table II, caffeine did alter the concentra-
tion of cAMPin any fiber type, neither at rest nor after 30 min
of contractions.

Oxygen uptake, muscle performance, and
perfusion pressure
Hindlimb oxygen uptake, muscle tension during electrical stim-
ulation and perfusion pressures were altered neither by adeno-
sine receptor antagonism (caffeine, CPDPX) nor agonism
(CPA). Oxygen uptake averaged 24±0.4 gmol/g per h (n
= 221) in resting hindlimbs, increasing three- to fourfold to

Table L Effect ofAI Receptor Agonism by CPA
on Glucose Uptake (Amol/g per h)
in Resting and Contracting Muscle

Duration of muscle contractions

min
Group 0 5 15 25

Control 6.2±0.8 12.5±1.0 15.5±0.9 15.9±0.5
CPA 6.0±0.6 13.6±0.9 15.6±0.7 17.0±0.9

Values are mean±SE of 18-19 observations. Hindquarters were per-
fused with vehicle or CPA(1 AM) at a perfusate insulin concentration
of 100 MU/ml. Perfusate flow was 9 ml/min at rest and 15 ml/min
during electrical stimulation. See Methods for further details.
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Table II. Effect of Caffeine on the Concentration of cAMP(Aimol/g per ww) in Skeletal Muscle

Gastrocnemius white Gastrocnemius red Soleus

Group Rest Contractions Rest Contractions Rest Contractions

Control 177±18 113±18 135±19 148±14 174±22 248±31
Caffeine 171±15 105±18 150±21 181±31 207±31 250±18

Values are mean±SE of 10 observations. Hindquarters were perfused in the absence or in the presence of 77 ,M caffeine at a perfusate insulin
concentration of 100 MU/ml. Muscle cAMPcontent was determined in fast-twitch white, fast-twitch red, and slow-twitch red muscle fibers at
rest and after 30 min of supramaximal electrical stimulation. See Methods for further details.

81±1.3 ,mol/g per h (n = 133) after 15 min of electrical stimu-
lation. Muscle tension was on the average 823±6 g (n = 154) at
the onset and 472±6 g (n = 154) at the end of the 30-min
stimulation period. Mean perfusion pressures were 56±1
mmHg(n = 200) in resting hindlimbs perfused at a flow of 9
ml/min, 80+1 mmHg(n = 88) in unstimulated hindlimbs
perfused at a flow of 15 ml /min (protocol 3), and 82±1 mmHg
(n = 154) after 15 min of electrical stimulation (protocols 1
and 2).

Discussion

Insulin and contractions are the major physiological stimula-
tory agents of the glucose transport system in skeletal muscle.
Research over the last decade has elucidated some of the cellu-
lar and molecular mechanisms via which insulin and contrac-
tions each stimulate muscle glucose transport (33). However,
today the precise nature of the interaction of both stimuli in
regulating glucose transport rate in muscle is still a matter of
debate. There is no doubt that contractions per se can mark-
edly enhance muscle glucose transport, even in total absence of
insulin (34, 35). Still, however, when muscle is exposed to
insulin during contractile activity, the hormone may play an
important role in modulating the contraction-induced increase
in muscle glucose transport rate. Recent data in perfused rat
hindquarters2 and in exercising men ( 12, 13), dogs ( 14, 16),
and rats ( 15) in vivo indeed suggest that full stimulation of
muscle glucose uptake by contractions requires simultaneous
exposure of the muscle to insulin. Little is known, however, on
the mechanism by which insulin modulates stimulation of
muscle glucose uptake and transport by contractions. The pres-
ent study was undertaken to explore the role of adenosine re-
ceptors in this regulatory process. The data show the important
role of Al receptors in stimulating the uptake and transport of
glucose via insulin in contracting skeletal muscle. This modula-
tion of glucose transport via adenosine receptors probably is a
major underlying mechanism explaining the presently and pre-
viously observed synergistic regulation ( 12-16) of muscle glu-
cose transport via insulin and contractions.

During high intensity muscle contractions, ATP is rapidly
degraded, leading to enhanced intracellular production of
AMPand adenosine, via activation of the adenylate kinase and
5' nucleotidase enzymes, respectively. The adenosine formed
in the sarcoplasm is released into the interstitial space, where it
may act as a local hormone by binding to adenosine receptors
present on the cell surface of adjacent cells. Accordingly, hyper-
emia in active muscle during exercise, at least in muscle pri-
marily composed of slow-oxidative fibers, probably is partly
caused by arteriolar vasodilation caused by stimulation of local

vascular adenosine receptors (21 ). The present data provide
evidence that besides this potential function in vasomotor regu-
lation, adenosine receptors fulfill at least one other important
function in contracting muscle, namely the regulation of insu-
lin action. The findings demonstrate clearly the importance of
adenosine receptor activation for insulin to be able to exert its
stimulatory action on glucose transport in muscle subjected to
contractile activity. This regulatory role of adenosine receptors
is restricted to muscle during contractions and does not appear
in muscle at rest. In the present study, over the different sub-
groups of rats studied and hindquarter perfusion protocols
(protocols 1-3) used, adenosine receptor antagonism had no
significant effect on the rate of glucose uptake in resting hind-
quarters. Also, when data from the subgroups were pooled (caf-
feine and CPDPXvs control, n = 146), no significant effect of
adenosine receptor antagonism in resting hindquarters was
found (P = 0.15). In contrast, when muscles were made to
contract by electrical stimulation of the sciatic nerve, the in-
crease in hindlimb glucose uptake from rest to contractions
was markedly reduced by adenosine receptor antagonism, ei-
ther with caffeine or CPDPX(Fig. 3). The observations pro-
vide evidence that this inhibitory effect was caused by inhibi-
tion of a mechanism that augments the insulin effect on muscle
glucose transport and is only operative in muscle during con-
tractions. (a) As shown in Fig. 1, the inhibitory effect of caf-
feine on the contraction-induced increase in muscle glucose
uptake was dependent on the presence of insulin in the perfus-
ate mix. The effect was fully reproducable by CPDPX(Fig. 2),
which proves adenosine receptors of the A 1 subtype to be re-
sponsible for this inhibition observed. (b) Caffeine inhibited
3-O-methylglucose uptake, a measure of membrane glucose
transport, in contracting muscle perfused with insulin. In fact,
the degree of inhibition was positively related to the relative
sensitivity of the distinct fiber types to insulin (36, 37) because
inhibition of muscle glucose transport was most pronounced in
slow-twitch red muscle fibers (-42%), less in fast-twitch red
(- 13%, NS), and absent in fast-twitch white muscle fibers
(Fig. 4). (c) The data clearly show adenosine receptor antago-
nism not to affect the mechanisms via which insulin stimulates
glucose uptake in resting muscle because insulin increased the
rate of glucose uptake to the same extent in resting hind-
quarters perfused with and without caffeine (Fig. 1). (d) Ade-
nosine receptor antagonism did not alter stimulation of muscle
glucose uptake by contractions per se, since in the absence of
insulin the increase in hindlimb glucose uptake from rest to
contractions was identical in caffeine and control rats (Fig. 1 ).
(e) The findings exclude adenosine receptors to modulate mus-
cle glucose uptake via a direct effect on the glucose transport
system per se. If such a mechanism existed, adenosine receptor
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antagonism would be expected to decrease the rate of glucose
transport in all three fiber types and the rate of muscle glucose
uptake in the presence and absence of insulin, which did not
occur in the present studies. (f) It is worthwhile mentioning
that neither caffeine nor CPDPXaffected perfusion pressures
at rest or during electrical stimulation, indicating unaltered
vascular resistance of the hindlimb. This is in apparent contrast
with the prevailing opinion of adenosine being a potent local
vasodilator (21 ). However, such an effect is unlikely to occur
in the isolated perfused rat hindquarter preparation, which is
characterized by a state of major vasodilation because of the
absence of a-vasoconstrictor tone. Therefore, it is unlikely that
the observed effects of caffeine and CPDPXon insulin-stimu-
lated glucose uptake and transport were caused by redistribu-
tion of blood flow within the hindlimb.

The data clearly demonstrate adenosine receptor antago-
nism to inhibit the increase in muscle glucose uptake at the
onset of muscle contractions (Fig. 3). One must, however, con-
sider the fact that the increase in muscle glucose uptake ob-
served upon the start of electrical stimulation reflects the com-
bined effect of initiating muscle contractions and concomi-
tantly increasing perfusate flow. Recent experiments in our
laboratory have demonstrated that both of these processes are
subject to stimulation by insulin.2 Thus, adenosine receptor
antagonism may have interfered with either or both of these
insulin-regulated mechanisms operating at the onset of muscle
contractions. However, the present observations suggest that
adenosine receptors specifically modulate the mechanism un-
derlying contraction-induced activation of the muscle glucose
transport system with no apparent effect on the mechanism by
which flow increases muscle glucose uptake because CPDPX
inhibited the increment in muscle glucose uptake in contract-
ing muscle perfused, even in the absence of an increase in per-
fusate flow (Fig. 5). In contrast, the increase in muscle glucose
uptake produced by increasing the flow of perfusate in the ab-
sence of muscle contractions, was similar in hindquarters per-
fused with and without caffeine present in the perfusion mix.
However, if it is true that insulin has a specific role in regulating
glucose transport in contracting muscle, as suggested by the
present data, the effect of increasing the flow of perfusate con-
taining insulin in a resting muscle, may not fully reproduce its
effect in a contracting muscle. Still, however, the above obser-
vations provide additional evidence in support of our hypothe-
sis regarding the specific role of insulin in muscle during con-
tractile activity. Furthermore, two studies in dogs in vivo have
shown adenosine to increase insulin-stimulated glucose uptake
in myocardium (26, 27), supporting our findings of a stimula-
tory action of adenosine on insulin-stimulated glucose uptake
in striated muscle during contractile activity.

As shown in Figs. 1 and 2, neither caffeine nor CPDPX
altered glucose uptake rate in unstimulated hindquarters, even
with insulin added to the perfusate. This observation, however,
does not exclude adenosine receptors to regulate insulin-me-
diated glucose uptake in muscle at rest. The low rates of adeno-
sine release from well-oxygenated muscles in the resting state,
in contrast to muscle during electrical stimulation (21, 22, 38),
maybe insufficient to cause significant adenosine receptor acti-
vation in a resting hindlimb preparation. Therefore, we studied
the effect of A1 receptor agonism on glucose uptake in hind-
quarters perfused with insulin in the perfusion mix. As shown
in Table I, CPA, an adenosine analogue with as great an affinity
for A 1 receptors than naturally occurring adenosine (32),

when added to the perfusate in a concentration exceeding nor-
mal physiological plasma adenosine concentrations by at least
a factor 3 (39), did not affect glucose uptake in resting hind-
limbs. This provides additional support for our contention that
the role of adenosine receptors in stimulating insulin action in
muscle is restricted to muscle in the contractile state and does
not occur in muscle at rest. These findings are in contrast with
earlier observations in unstimulated incubated soleus strips
( 19,20,40-42), which have demonstrated Al receptor stimula-
tion to inhibit insulin action. The reason for this discrepancy is
unclear. However, incubated muscle is a poorer model of rest-
ing muscle than perfused muscle, since it is removed from the
host and has no circulation. Thus, for instance, the rate of
glycolysis in the absence of insulin is - 8 qmol/g per h in
incubated muscle (20, 40), whereas it is only 2 ,qmol/g per h in
perfused muscle (43). This suggests that "resting" incubated
muscle is, in fact, in an altered metabolic state not comparable
to rest. Moreover, in line with our observations, studies on
adipocytes have consistently shown adenosine to facilitate a
variety of insulin-sensitive processes, including glucose uptake,
transport, and oxidation (23-25).

The precise interaction of insulin and contractions in regu-
lating glucose uptake and transport in contracting muscle is
still largely unknown. Whereas early studies in this area have
indicated that insulin is not necessary for contractions to in-
crease glucose transport (34, 35), more recent studies ( 12-16),
including the present one, indicate that insulin augments the
response of muscle glucose uptake to contractions. As shown in
Fig. 1, glucose uptake rate during contractions in control hind-
quarters perfused with insulin was, on the average, about twice
as high as in control hindquarters perfused with no insulin
added to the perfusion mix. This difference was - 60% be-
cause of the difference in glucose uptake rate present in hind-
quarters already at rest, and in addition, because of a 40%
greater increase in glucose uptake rate induced by a given de-
gree of contractile activity in hindlimbs perfused with insulin.
Thus, the magnitude of the increase in muscle glucose uptake
produced by muscle contractions is clearly enhanced by insu-
lin. This stimulatory action of insulin, which seems to be
mainly (if not entirely) responsible for the synergistic regula-
tion of glucose uptake in skeletal muscle by insulin and by
contractions is, as discussed earlier, modulated via adenosine
receptors. Additional evidence for such a concept comes from
comparison of estimated vs measured rates of glucose uptake
in contracting muscle. If one assumes insulin and contractions
to independently but additively stimulate muscle glucose trans-
port, the total rate of glucose uptake measured in muscle that
has been electrically stimulated to contract during exposure to
insulin must be similar to the magnitude of the stimulatory
action of contractions added to the rate of glucose uptake in
resting muscle. The latter in turn is the resultant of basal glu-

3. Basal glucose uptake was measured in resting hindlimbs perfused at a

flow of 9 ml/min with no insulin added to the perfusate (protocol 1; n

= 14). Insulin-stimulated glucose uptake was calculated as glucose up-
take measured in resting hindlimbs perfused at an insulin concentra-
tion of 100 AtU/ml and at a flow of 9 ml/min (protocols 1 and 3; n

= 51), minus basal glucose uptake. Flow-stimulated glucose uptake
was measured in resting hindlimbs perfused with 100 tU/ml insulin
added to the perfusate, and in which perfusate flow was increased from
9 to 15 ml/min for a period of 5 min (protocol 3; n = 29). Contraction-
stimulated glucose uptake was calculated as the difference between
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Figure 6. Estimated vs
16 Tmeasured rates of mus-

cle glucose uptake after
14 5 min of contractions.

Open bar, glucose up-
v.12 take rate calculated3 asffi 10 z % -the sum of the stimula-

o 10 tory actions of insulin,
wSi CD contractions, and flow,

C) / added to basal glucose
06 . @ @ uptake rate; hatched

O z //2and solid bars, glucose'. , Axuptake rate measured
4-/2 after 5 min of contrac-

tions (data are taken
2 _ m % - from Fig. 1; mean±SE

are given) in hindlimbs
___ - perfused with perfusate

containing 100 AiU/ml
of insulin at a flow of 9 ml/min before and 15 ml /min during elec-
trically induced muscle contractions in the control and caffeine
groups, respectively.

cose uptake3 plus an increase caused by insulin. If onset of
contractions is accompanied by an increase in muscle perfu-
sion, the increase in flow will cause a further increment in
glucose uptake rate.2 Following this line of reasoning, as shown
in Fig. 6, the estimated rate of glucose uptake after 5 min of
electrical stimulation at increased flow of perfusate containing
100 gU/ml insulin was calculated to be 11.6 ,umol/g per h.
Interestingly, the rate of glucose uptake actually measured was

30% higher ( 15.2±0.9 jumol/g per h), which indicates that
the stimulatory action of contractions, insulin, and flow on
glucose uptake in muscle is synergistic in nature. The fact that
caffeine fully reversed the synergistic effect of insulin and con-
tractions on muscle glucose uptake proves that adenosine re-
ceptor-mediated modulation of insulin action in muscle dur-
ing contractions is indeed responsible for this synergistic mode
of regulation (Fig. 6).

The present findings in perfused hindlimbs, together with
previous observations in exercising rats ( 15), dogs ( 14, 16),
and humans ( 12, 13), unanimously demonstrate insulin and
contractions to act as synergistic stimuli of glucose uptake. This
effect is mainly expressed in oxidative muscle fibers ( 15, 35,
and the present study), and may fade when stimulation of glu-
cose uptake by contractions is added to maximal stimulation
by insulin (reference 13 and Hespel, P., L. Vergauwen, K. Van-
denberghe, and E. A. Richter, manuscript submitted for publi-
cation). Several mechanisms may explain the above observa-
tions. (a) At supramaximal insulin concentration, the rate-li-
miting step of muscle glucose uptake may shift from transport
to disposal (44, 45). Such a shift is likely to be accelerated by
contractions, via a further activation of muscle glucose trans-
port rate on the one hand, and via activation of glycogenolysis
on the other hand. (b) Slow oxidative muscle fibers are charac-
terized by the highest rates of adenosine production and release
(21, 22, 38), which, in view of the present findings, is likely to

glucose uptake measured before and after 5 min of electrical stimula-
tion in hindlimbs perfused with no insulin added to the perfusion mix
at a constant flow of 15 ml/min (data from Hespel, P., L. Vergauwen,
K. Vandenberghe, and E. A. Richter, manuscript submitted for publi-
cation, data obtained according to the conditions described under pro-
tocol 2; n = 12).

facilitate synergistic stimulation of muscle glucose uptake by
insulin and by contractions. (c) As mentioned earlier, oxida-
tive muscle fibers exhibit the highest degree of sensitivity to
insulin (36, 37), which probably makes them more susceptible
to synergism than other muscle fiber types.

The adenosine receptor-mediated stimulation of insulin
action in contracting muscle, as clearly demonstrated by the
present study, at least partially provides the explanation for the
divergent modes of glugose uptake regulation occurring during
and after muscle contractions. Thus, the stimulation of adeno-
sine receptors by adenosine is probably extremely short lived
because of rapid degradation of the adenosine released into the
interstitial space by virtue of the action of adenosine deami-
nase. The extracellular half-life of adenosine indeed has been
reported to be only of a few seconds (46). Since insulin action
in muscle is only affected by adenosine during contractions,
our data then also indicate that postexercise observations on
insulin action in skeletal muscle may only partially, if at all,
apply to muscle in the contractile state.

Caffeine was used as a tool for the study of adenosine recep-
tor function in regulating glucose uptake and transport in rest-
ing and contracting skeletal muscle. Caffeine is one of the old-
est and still most used "drugs" in society. It is, therefore, worth-
while mentioning that oral intake of a high dose of caffeine, a
commonpractice in professional endurance type athletes (47),
may elevate plasma caffeine concentration to values > 15 ,tg/
ml (48), which is similar to the concentration used in the pres-
ent hindquarter perfusion experiments. At this concentration,
caffeine exerts its physiological effects merely, if not entirely,
via inhibition of cellular adenosine receptors (49). The po-
tency of caffeine to stimulate sarcoplasmic reticulum calcium
release, as well as to inhibit the phosphodiesterase enzyme,
becomes apparent at much higher concentrations of caffeine
only, which are toxic or even lethal in vivo (49). The precise
cellular process that links adenosine receptor stimulation with
enhanced insulin action on muscle glucose transport during
contractions remains to be elucidated. Cyclic AMP, a well-
known A 1 receptor effector, may be involved in this regulation,
since this intracellular messenger is known to activate cAMP-
dependent protein kinase. The latter has been suggested to
phosphorylate the insulin receptor, inhibit its tyrosine kinase
activity, and thus induce insulin resistance (50). However, caf-
feine had no effect on intracellular cAMP(Table II), which
argues against its involvement in inhibiting insulin action in
contracting muscle. Future studies will have to elucidate the
cascade of intracellular events linking adenosine receptor stim-
ulation to insulin action in contracting skeletal muscle, with
special attention focused on the role of phospholipase C and
Ca2", two other potential intracellular effectors of adenosine
receptors ( 5 1 ).

In conclusion, the data presented in this study provide clear
evidence for the existence of an A 1 receptor-dependent mecha-
nism of action, via which insulin specifically stimulates glucose
transport in muscle subjected to contractile activity. It is sug-
gested that this mechanism is responsible for the synergistic
nature of glucose uptake stimulation by insulin and contrac-
tions occurring in muscle during contractions.
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