Biochemical Pharmacology, Vol. 51, pp. 1321-1329, 1996.
Copyright © 1996 Elsevier Science Inc.

ISSN 0006-2952/96/$15.00 + 0.00
PII S0006-2952(96)00040-8

ELSEVIER

Adenylyl Cyclase System
Is Affected Differently by Endurance Physical

Training in Heart and Adipose Tissue
José L. Nieto, Inés D. Laviada, Alberto Guillén and Amador Haro*

DEPARTAMENTO DE BIOQUIMICA Y BIOLOGIA
MOLECULAR I. FAC. QuiMicas. UCM. CIupAD UNIVERSITARIA, 28040 MADRID, SPAIN

ABSTRACT. Adaptive changes in the B-adrenergic adenylyl cyclase (AC) system in response to endurance
training were studied in heart and adipose tissue. Training was performed by making male Wistar rats run on a
motor-driven treadmill. The changes following exercise training were opposite in the two tissues studied. The
density of B-adrenergic receptors in left ventricular membranes of trained rats showed a marked decrease.
Comparison of AC activities in cardiac membranes prepared from trained and sedentary rats revealed a depress-
ing effect of endurance training on: 1. the B-adrenergic stimulatory pathway and the inhibition of AC via
receptor; 2. the G, component and the G -adenylyl cyclase coupling, as shown by the response of adenylyl cyclase
to GppNHp and NaF; and 3. the enzyme catalytic activity in the presence of Mn?* or forskolin. The levels of
G,, subunits in the left ventricle, as measured in terms of ADP-ribosylated and immunologically reactive
proteins, were decreased by endurance exercise, whereas immunodetectable levels of G,, increased in the
membranes of trained myocardium. In contrast to the diminished sensitivity that characterizes the behavior of
the cardiac B-adrenergic-AC system, endurance physical training increased sensitivity of this signal transduction
system in adipose tissue. Thus, the density of B-ARs as well as AC activity and the B-adrenergic stimulatory
pathway were increased in adipose membranes of trained rats compared with the corresponding sedentary
controls. In addition, the levels of G, subunits were higher in the adipose plasma membranes of trained rats.
However, immunodetectable levels of G;;, and G5, increased with training, whereas the amount of G
decreased in membranes of trained rats. In conclusion, the present study shows that chronic exercise is associated
with a tissue-specific adaptation of the B-adrenergic AC system. BIOCHEM PHARMACOL 51;10:1321-1329, 1996.
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The most important control processes during exercise in-
volve the large increase in the flow of blood, O,, and nu-
trients to muscle, and the mobilization of fuels for oxidative
purposes [1]. The acute adjustments of the heart to dynamic
exercise are met by marked increases in mechanical and
metabolic activity [2]. The release of fatty acids from adi-
pose tissue through lipolysis in fat cells is essential to the
energy supply during prolonged physical exercise [3]. Physi-
cal training, from moderate to high intensity, markedly ac-
tivates sympathoadrenal mechanisms [4]. Catecholamines
have powerful regulatory properties that exert control over
a number of critical physiological and metabolic functions.
These responses are specific to the target tissue involved,
many being mediated via the AC} transmembrane signal-
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ling system [4]. This transduction system comprises mem-
brane-bound receptors, the effector enzyme AC, and sev-
eral members of a family of guanine nucleotide-binding
regulatory proteins (G-proteins) [5]. The stimulatory G,
couples B-AR with activation of AC. The inhibitory G,
couples inhibitory receptors such as the muscarinic and
adenosine and prostaglandin E, receptors, with inhibition
of the effector enzyme [5].

Endurance training results in adaptations that are tissue
specific, enhance the maintenance of exercise energetics,
and improve myocardial contractile function [1]. The AC
system might be an important site where alterations in-
duced by exercise training may occur. From previous studies
in the literature, it is evident that there is much controversy
concerning the effect of endurance training on the AC
system in the myocardium [2]. Several groups have reported
that physical training increases the lipolytic effects of cat-
echolamines in both laboratory animals [6, 7] and humans
[8, 9]. The biochemical mechanisms of the adaptive phe-
nomena responsible for enhancing adipose tissue lipolytic
capacity, however, are still not fully understood.

The aim of the present study was to investigate the ef-
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fects of endurance physical training on: 1. the number and
affinity of B-AR; 2. the regulation of AC activity; and 3.
the levels of G,- and G;-proteins in the left ventricular
tissue and adipose tissue of rats.

MATERIALS AND METHODS
Animal Care and Training Protocol

Forty male Wistar rats initially weighing 110-120 g were
used in this study. All animals were fed a standard rat chow
and tap water ad lib., and were maintained on a 12-hr
light=12 hr dark cycle in a temperature-controlled room.
All procedures were performed in accordance with the legal
requirements of the Complutense University and the NIH
guidelines for the use of experimental animals. Rats were
randomly assigned to one of two groups, the sedentary con-
trol group or the exercise-trained group (n = 20 each). The
training program was performed on a motor-driven rodent
treadmill (Columbus Instruments) and initiated by a two-
week adaptation period, during which the running speed
was increased progressively from 15 m:min™' for 10
min * day”! to 30 m * min ! for 60 min - day!, respectively.
The adaptation period was followed by the training period,
which was extended to 10 weeks, 6 days * week ™! at a run-
ning speed of 30 m * min~! for 60 min - day™!. In training
sessions, treadmill inclination was kept constant at 0%. At
the end of the training period, the animals were killed by
decapitation 64 hr after the last training session to dissoci-
ate the effects of training from postexercise events as much
as possible. Body weight was determined immediately be-
fore death.

Myocardial Membrane Preparation

Hearts were quickly removed, weighed, and the left ven-
tricles dissected free from the atria and fat, cut in quarters,
frozen in liquid nitrogen, and stored at —80°C. Approxi-
mately 40 mg of left ventricle were thawed and the myo-
cardium chopped and rinsed in 50 mM Tris-HCI, pH 7.5
(25°C) buffer, supplemented with 3 mM EDTA, 0.1 mM
phenylmethanesulphonyl fluoride (PMSF) and 5 pg * mL™*
of soybean trypsin inhibitor (buffer A). Ventricles were
subsequently homogenized in a Polytron tissue homogenizer
(Brinkmann Instruments) for 15 sec at half maximal speed.
The homogenate was filtered through 4 layers of cheese-
cloth and centrifuged twice at 14,000 g for 20 min. The
resulting pellet was resuspended at approximately 6 mg
protein - mL™! and stored at ~80°C until use.

White Adipose Tissue Membrane Preparation

The membrane preparation used in this study was obtained
according to the method previously described [10]. Briefly,
the rat epididymal fat tissue was homogenized with a Poly-
tron PT-20 tissue homogenizer (Brinkmann) for 15 sec at
position 3 in buffer A. The crude extract was centrifuged at
1000 g for 3 min. The infranatant was removed by syringe
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from between the fat plug and cell debris, and centrifuged
at 30,000 g for 30 min. The resulting pellet was resuspended
and stored at —80°C until use.

B-Adrenoreceptor Binding Assay

B-ARs were identified using the radioligand ['**Tlcyanopin-
dolol (ICYP) in saturation isotherm experiments conducted
on plasma membrane preparations as previously described
[11]. Nonspecific binding, as assayed in the presence of 107°
M propranolol, accounted for approximately 10-15% of
total binding. The maximal density (B,,.,) and apparent
affinity (K;) of receptors were obtained through lineariza-
tion of the specific binding curve according to Scatchard
[12]. Assays were carried out in triplicate and the values
presented represent the mean + SD of 3 different experi-
ments with different membrane batches.

Adenylyl Cyclase Assay

AC activity was measured in a fraction of left ventricular
cardiac membranes or adipose membranes (50 pg of pro-
tein) according to the method previously described [13].
Activation experiments were performed in the presence of
10 mM Mg?*. Inhibition experiments were referred to the
enzyme activity in the presence of 3 mM Mg®*, 107 M
GTP, and 107® M ISO. Assays were run in triplicate and
the values given in the figures and tables represent the
mean = SD of 3 different experiments.

Bacterial Toxin-Catalyzed Labelling

Pertussis and cholera toxin catalysed ADP ribosylation,
sample process, and electrophoretical separation of ADP-
ribosylated substrates were performed as previously de-
scribed [14]. The experiments reported were repeated 3
times with different membrane batches.

Western Blotting

G-proteins from membranes were resolved on 10% (30:1)
SDS-polyacrylamide gels and subsequently transferred to
nitrocellulose and immunoblotted as described before [11].
The antibodies used in this study i.e. anti-G_, (1/200),
anti-G;) 5, (1/200), and anti-G;3 (1/250), were obtained
against the peptides RMHLRQYELL, KNNLKDCGLF, and
KNNLKECGLY from the carboxy-terminal sequences of
the vertebrate G-, G;; ;,-, and G3-proteins respectively,
whereas the anti-G,;, (1/250) was obtained against the
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internal sequence DLDRIAQPNY.

Protein Determination

Protein concentration was determined by the method of
Lowry et al. [15] using BSA as a standard.
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Statistical Analysis

All values shown in tables and figures are expressed as mean
+ SD. Differences between exercised and control rats were
analyzed using an unpaired Student’s t-test.

Materials

[a-*?PJATP and [8-’HJAMPc were purchased from Amer-
sham International. ['**I]cyanopindolol, [a-**PINAD and
[**lprotein A were from New England Nuclear Corp.
Cholera toxin, BSA, isoproterenol, glucagon, nucleotides
and other reagents were from Sigma Chemical Co. (St.
Louis, MO, U.S.A.). Forskolin, pertussis toxin and the anti-
Gy and anti-G;;,, antibodies were purchased from Calbio-
chem. The anti-G, and anti-G;, ,, were kindly provided

by Dr. V. Homburger {(CCIPE, Montepellier, France).

RESULTS
Response to Exercise

Although the initial body weights were similar in both
groups of rats (110-120 g), body weights at the end of the
treadmill training program were significantly lower (P <
0.005) in trained rats than in sedentary controls (384 + 25
vs 451 + 23 g, respectively). However, there was no signifi-
cant difference in heart weight in trained animals relative
to their sedentary counterparts (969 + 100 vs 1032 + 85 mg,
respectively). Thus, the exercise training program used in
the present study did not induce cardiac hypertrophy be-
cause it is generally accepted that myocardial hypertrophy
does not occur unless there is an absolute increase in cat-
diac mass [16]. As expected, the relative heart weight
(mg-g™! body weight) of trained rats significantly in-
creased (P < 0.05) with respect to their sedentary controls
(2.54 £ 0.10 vs 2.32 £ 0.09, respectively). Most {17] train-
ing studies with rats running on a motor-driven treadmill
have reported significantly lower body weights in exercise-
trained animals than in sedentary controls, with heart
weights similar in both animal groups. However, Scarpace
et al. observed an increase and a decrease in ventricle
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weights of young and senescent rats, respectively, when
runners were compared with sedentary controls [18].

B-Adrenergic Receptors

The binding of ICYP to membrane preparations was satu-
rable and highly specific. Nonspecific binding accounted
for 15-20% of total binding. Scatchard analysis of ICYP
binding data was linear, indicating a single type of antago-
nist binding site (data not shown). Table 1 summarizes the
results of radioligand binding studies. The density (B,,.,) of
B-AR in ventricular membranes of trained rats showed an
important decrease (30%) compared to controls. However,
the number of adipose B-AR increased in membranes of
trained rats. There was no difference in receptor affinity for
the antagonist either in myocardium or in adipose tissues in
trained versus sedentary rats.

A training-induced decrease in the number of B-ARs
without any significant effect on binding affinity has been
shown by some authors in rat ventricles [19]. However,
others have reported no significant effects of endurance
exercise training with regard to either B-AR density or
affinity in rat heart [20, 21]. In treadmill-trained pigs (Yu-
catan miniswine) a decrease in right atrial B-AR density
with no change in left ventricular density has been de-
scribed [22]. Few data are available concerning B-AR ad-
aptation to exercise in adipose tissue, either in density or in
affinity. A training-induced increase in the number of
B-AR without any significant effect on binding affinity has
been shown in the adipose tissue of human bicyclers {9].
However, others have reported no significant effect of en-
durance exercise training on either B-AR density or affinity
in rat white adipose tissue of swimming rats {6} or human
runners [8]. Although the use of various ligands with dif-
ferent affinities of B-AR could be considered a potential
source of discrepancies with previous studies, other factors,
such as animal species and training protocol could also play
a role.

Adenylyl Cyclase Regulation
To estimate which components of the AC system were
altered with exercise, AC activity in response to B-AR, G

proteins, and catalytic subunit modulators was measured
{Table 2). As shown in Fig. 1A, B-adrenergic-induced

TABLE 1. Number and affinity of B-adrenoceptors as determined by ICYP
binding in left ventricular membranes and white adipose tissue from control
and exercised rats

Myocardium Adipose
Control Trained Control Trained
B,... (fmol/mg) 473+%59 329+3.1* 1176 £5.8 1479+ 1.1
(100%) (69.7 £ 6.5%) (100%) (125.6 £ 0.9%)
K; (pM) 117.3+£0.7 115.9+0.1 17.0+£34 18.5+3.7

Values are means of 3 different experiments + SD. The values given in parentheses correspond to the % of
variation with respect to the group of control rats.*
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stimulation of cardiac AC activity underwent desensitiza-
tion with training, as indicated by a rightward shift in the
K, for 1SO-induced stimulation of AC activity with no
variation in the maximal response. In other studies, only
AC activation at the maximal concentration of 3-AR ago-
nists has been determined, and the results obtained are
conflicting. Indeed, some authors [21] have observed no
variation in the maximum activation of AC, whereas others
[23] have reported a decrease; Boshm et al. [20] even re-
ported an increase. In contrast, B-adrenergic-mediated
stimulation of white adipose tissue AC activity underwent
sensitization with training (Table 2), indicated by a left-
ward shift in the K, for ISO-induced stimulation of AC
activity with no variation in the maximal response (data
not shown).

Muscarinic cholinergic receptors mediate parasympa-
thetic control of heart function [24] through inhibition of
AC activity. Fig. 2B shows the concentration-dependent
inhibition induced by the muscarinic agonist carbachol on
isoproterenol-stimulated AC. The lesser effect of carbachol
in trained rats appears to be associated with a decreased
V nax and not with an increase in K;. Adenosine is a potent
inhibitor of lypolisis and AC activity in rat adipocytes [3]
and promotes antiadrenergic effects on the force of cardiac
contraction [24]. We assayed here the enzyme activity in
the presence of cyclohexiladenosine (CHA), an adenosine
analog. There was no significant difference in CHA-pro-
moted inhibition of adipose AC activity between trained
and sedentary animals (Table 2). However, AC inhibition
by CHA and PGE, (through A,-adenosine receptors and
PGE, receptors, respectively) was decreased in ventricular
membranes with exercise (Table 2). Thus, a diminished
inhibition of AC appears to be a common feature in cardiac
membranes from trained animals.

To assess the functionality of AC modulated by G pro-
tein, we studied AC activation by GppNHp, a non-hy-
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drolysable GTP analogue, or fluoride, which activates AC
by interacting with the G -protein. GppNHp appears to be
able to dissociate and activate not only G, but also G;, and
GppNHp-dependent AC activity may, therefore, represent
a balance between the two regulatory pathways. In contrast,
fluoride presumably activates AC without dissociating the
G, heterotrimer, and fluoride-dependent AC activity
might, then, be insensitive to changes in the inhibitory
pathway [25]. Fig. 1C and Table 2 show that a decrease in
fluoride and GppNHp-stimulated AC activity in cardiac
membranes is induced by exercise, whereas it remains un-
changed in adipose tissue. Previous studies have not ob-
served any significant difference in basal or NaF-stimulated
cardiac AC activity in response to training [19], whereas
others have reported an increase in basal and GppNHp-
stimulated AC activity [20], as well as a decrease in both
basal AC activity [16] and GppNHp and forskolin stimu-
lation of enzyme activity [26] in rat heart with training.
Results shown in Table 2 suggest that physical training does
not affect AC stimulation via G, in adipose tissue. Similar
results have been observed in previous studies [8].
Nonreceptor-mediated activation of AC was also stud-
ied. The effect of training on the catalytic unit of the AC
system was examined by measuring enzyme activity in the
presence of either Mn** (Fig. 1D) or FK (Table 2). Man-
ganese ions are known to uncouple the AC catalytic sub-
unit from G, and G; [27); thus, under these conditions, the
activity of the catalyst itself can be studied. The diterpene
FK can activate the catalytic entity directly through a low-
affinity site, but can also interact with a high-affinity site,
which promotes coupling between G, and the catalytic sub-
unit [28]. The results obtained in the present study when
AC activity was assayed in cardiac membranes in the pres-
ence of Mn?* (Fig. 2D) or Mg®* + FK (Table 2) suggest that
the levels or functional state of the catalytic unit were
specifically depressed by training. In adipose tissue, how-

TABLE 2. Activation and inhibition of adenylyl cyclase activity (pmol/min/mg protein) by different modulators

Myocardium Adipose
Control Trained Control Trained

(pmol/min/mg) (%) (pmol/min/mg) (%) (pmol/min/mg) (%) (pmol/min/mg) (%)
Activation:
Basal (Mg?* 10 mM) 9.8+0.2 100 9.1x£0.5 100 104+0.5 100 13.4 £ 0.4* 100
Mn?* 5 mM 67.2£04 - 48.7 £ 8.2% - 25.1+£0.8 - 28.1£0.2% -
FK 35 x 107° M 83.6+1.4 848 71.2+2.1 779% 82.5+9.5 791 105.8+5.4 790
GppNHp 107° M 54.2+0.5 550 44.4+0.8 486% 42.5+0.7 408 54209 405
FF 7mM 753+1.9 764 59.0+£0.0 645% 129.2 5.7 1239 171.4+£7.2 1280
ISO 107" M 19.2+£0.9 195 14.8+0.5 162% 15.7+£0.1 151 21.5+06 161%
Inhibition:
Control (ISO 1075 M) 143105 100 13.0+£03 100 9.7+£0.5 100 109+0.6 100
CB10*M 10.6£0.0 74 109+0.2 84% - -
CHA 107° M 10.1+1.6 71 11.5+£0.1 88% 6.9+0.6 71 8.5+0.4 78*
PGE, 10°°* M 11.2+£04 78 109+0.3 84+ - -

FK, forskolin; GTP, guanosine 5'-triphosphate; F, fluoride; GppNHp, guanylylinidodiphosphate; 1SO, isoproterenol; CB, carbachol; CHA, cyclohexyladenosine; and PGE,,
prostaglandin E,. In the inhibitory experiments, the Mg?* concentration was 3 mM and the GTP concentration 107 M. Values are means of 3 different experiments + SD.

*P < 0.05; TP < 0.01; P < 0.005 (trained vs control).
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FIG. 1. Activation of adenylyl cyclase in myocardial membranes of control (@-—~®) and trained (V—V) rats by different
modulators. Values are expressed as means of 3 different experiments. (A) isoproterenol. The basal activities (pmol
cAMP - min~" - mg~! of protein) were: control, 11 = 1.5 and trained, 13.8 = 1.8. The differences observed in the interval 5 x
1078-7 x 1077 M were stastically significant (P < 0.005). (B) carbachol. The basal activities (pmol cAMP - min~! - mg~" of
protein) were: control, 17.2 = 1.1, and trained, 14 = 0.2. The differences observed in the interval 10-°-10~* M were statistically
significant (P < 0.005). (C) GppNHp. The basal activities (pmol cAMP - min~" - mg™! of protein) were: control, 16.6 + 0.7 and
trained, 15.3 = 1.9. The differences observed in the interval 10-°-10"3 M were statistically significant (P < 0.005). (D) Mn?*.
The differences observed in the interval 2-5 M were statistically significant (P < 0.005).

ever, AC activity in the presence of Mn** or Mg?* + FK
was increased in trained animals (Table 2).

G-proteins

In an attempt to determine whether G-protein levels were
altered as a consequence of exercise, we performed ADP-
ribosylation and immunoblotting studies in cardiac and
adipose plasma membranes from trained and sedentary
rats. When cardiac membranes were incubated with
[a->2PINAD in the presence of activated cholera toxin, and

proteins were subsequently separated by SDS-PAGE, the
autoradiogram of the gel showed two major radioactive
bands at 42 and 53 KDa (data not shown). A polyclonal
antibody raised against the carboxy-terminal sequence of
the a subunit of the G,-protein (G,,) was able to cross-
react on Western blots with only two proteins in plasma
membranes at the same molecular masses as the cholera
toxin substrates (Fig. 2). These results are in agreement
with those previously described for the two forms of the
G,o-protein in the heart [29]. The levels of each form of G,
were quantified with [**°I]protein A; results shown in Fig. 2
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FIG. 2. Immunodetectable G,, and G,,,, content in myocar-
dial membranes. Rat ventricular myocardium contains two
G,,, subunit isoforms of 42 () and 53 KDa (N). The radio-
activity incorporated into the 53 KDa sheet of control group
was 2586 = 60 cpm, and 271.6 £ 10.2 cpm in the 42 KDa. A
single protein of approximately 40 KDa is immunodetected
with anti-G;,,,, antibody and the radioactivity incorporated
in that band in the control group was 257.5 + 33.5 cpm. C,
control; T, training. Values correspond to a significant ex-
periment. * P < 0.01; ** P < 0.005 (trained vs control).

indicate that levels of both G, isoforms were 20% lower in
trained rats than in sedentary controls. Similar results were
obtained when we determined the ADP-ribosylation levels
in plasma membranes from trained and sedentary controls.

On the other hand, cardiac plasma membrane prepara-
tions used in our study contained only two substrates, at 40
and 41 KDa, which were ADP-ribosylated by pertussis toxin
(data not shown). The antibodies obtained against the in-
ternal sequence of G;; (G;;,) and against the carboxy-ter-
minal segment of the a subunit of G;; (G3,) were not able
to cross-react with any band, whereas the antibody anti-
Gi 24 raised against the carboxy-terminal peptide common
to the a subunits of G;; (G;1,) and G, (G;3,,) recognized a
single band at 40 KDa identified as G,,. As shown in Fig.
2, the levels of G, increased in the heart of trained rats
compared with control animals.

Cholera toxin-catalyzed ADP ribosylation of adipocyte
plasma membranes showed two substrates at 42 and 46 kDa.
The antibody against G, also detected these two bands
(Fig. 3). These results are in agreement with those previ-
ously described for the two forms of the Gg,-protein in
adipocyte membranes [30]. Quantification of the two bands
with ?°I-protein A showed an overexpression of both G,
species in adipocyte membranes of trained rats. Similar re-
sults were obtained with cholera toxin-catalyzed ADP ri-
bosylation (data not shown). ADP ribosylation of adipose
membranes in the presence of pertussis toxin showed two
substrates at 40 and 41 kDa. However, the antibodies anti
Gy and G, cross-react only with one band at 41 kDa
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(Fig. 4). In contrast, the antibody anti G ,, recognized
two bands at 40 and 41 KDa, identified as G5, and G4,
respectively. Because these results are in accordance with
those previously described for the different forms of the G,
in adipocyte membranes [31], the antibodies used in our
investigation are a valid tool for examining the expression
of Gy Gizer and Gj3,, in adipose tissue. As shown in Fig.
4, levels of G,;, and Gi3, increased in adipose tissue from
trained rats as compared to control animals. The results
obtained with the anti-G;; ,, antibody suggest that levels of
Giz4 (40 KDa band) decreased with exercise, whereas levels
of G, (41 KDa) increased in a fashion similar to that
observed with the anti-G,;, antibody.

DISCUSSION

Adaptive changes in the AC system in response to endur-
ance exercise training were studied in heart and adipose
tissues. Catecholamines, either as sympathetic neurotrans-
mitters or hormones, play an essential role in the activation
of the cardiovascular system, as well as in the regulation of
energy metabolism during exercise [4]. Many of these effects
are mediated via B-AR. A decrease in receptor density in a
system with many spare receptors (as B-AR in rat ventricu-
lar myocardium) is more likely to produce a shift in the
apparent K, than in the V_, for hormone-sensitive stimu-
lation [32]. Alternatively, the observed change in K, could
be explained by a reduction in G, with training because the
proportion of B-AR in the high-affinity state (which re-
flects receptor-G, coupling) is related to activation of AC.
Plourde et al. described B-AR in the high-affinity state as
being significantly reduced by training in the rat [19].
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FIG. 3. Immunodetectable G,, content in adipose plasma
membranes. Rat white adipose tissue contains two G, sub-
unit isoforms of 42 (N) and 46 KDa (). The radioactivity
incorporated into the 46 KDa sheet of control group was
1775 = 80 cpm, and 1195 = 100 cpm in the 42 KDa band. C,
control; T, training. * P < 0.005 (trained vs control).
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FIG. 4. Immunodetectable G;,,, G;,,, and G;;, content in adipose plasma membranes. A single protein of approximately 41
KDa was immunodetected with anti-G;,, and anti-G,;_, antibodies and the radioactivity incorporated in these bands of the
control group is 2182.6 + 261.6 cpm and 1211.9 £ 145.5 cpm, respectively. The anti-G,, ,,, antibody cross-reacted with two
proteins of 40 ({J) and 41 KDa (N), in the control group; the radioactivity incorporated into the 40 KDa and 41 KDa band was
6969.9 + 724.2 and 4788.4 + 734.25 cpm, respectively. C, control; T, training. * P < 0.005 (trained vs control).

The sympathetic and parasympathetic mechanisms for
controlling heart function are opposed [24]. The lesser ef-
fect of CB in trained rats might be explained by a decrease
in the number of muscarinic receptors coupled to AC, al-
though several reports indicate that the density of musca-
rinic receptors is unchanged in the heart of trained rats [20].
It has been observed that chronic -blockade transregulates
inhibitory A,-adenosine and muscarinic M,-receptors of
the cardiac AC system by a new regulatory mechanism that
involves several inhibitory receptor systems [33].

Nonreceptor-mediated regulation of cardiac AC was also
studied. AC activity was also reduced in trained rats when
AC was stimulated at the level of G proteins. The decrease
in fluoride- and GppNHp-stimulated AC activity could be
related to a reduction in the levels of G, or in its functional
state.

Regulation of AC activity is accomplished by two dis-
tinct guanine nucleotide-binding proteins, G, and G,
which mediate enzyme activation and inhibition, respec-
tively [5]. There are four forms of G_, which represent splice
variants originating from a single gene, although the func-
tional significance of this diversity has not been clearly
established. Several lines of evidence suggest that stimu-
lated AC activity is a function, not only of the amount of
G,, present in the membrane, but also of the isoform that

is predominantly expressed. Three forms of G, have been
identified to date (G,;, G;3, and G;5). The mechanisms
whereby G; elicits inhibition of AC have yet to be fully
elucidated. Furthermore, the heterogeneity of AC suggests
that there may be several mechanisms by which both stimu-
lation and inhibition can be accomplished, depending on
the enzyme involved. The levels of G, in myocardium as
measured in terms of ADP-ribosylated and immunologically
reactive proteins, were decreased in trained rats. These
findings are in line with those obtained for AC activation
by ISO, GppNHp, and fluoride in our study. They also are
in agreement with the results previously reported by
Plourde et al. [4]. In other studies, Bohm et al. have shown
that physical training had no effect on the amount of im-
munodetectable G, [20], and Hammond et al. described a
noncoordinated regulation of cardiac G,-protein and B-AR
in pigs in response to chronic dynamic exercise, in addition
to an increase in the amount of immunoassayable G, with
training without any significant effect on ventricular f-AR
[22].

The predominant G;-protein in heart is G,,, which, al-
though not unequivocally established, seems to be the prin-
cipal subtype responsible for inhibition of AC [34]. Qur
results are in accordance with those previously described for
the different forms of G, in cardiac membranes [29]. The
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increase in this isoform is in apparent contradiction with
results obtained for AC inhibition, because an increase in
G,;, would suggest sensitization of the inhibitory AC path-
way. It is not clear whether a difference in G,,-protein
levels must necessarily modify the effects of G,,-coupled
receptors. Thus, as has been previously reported [33), the
effects of A,-adenosine receptor agonists and muscarinic
agonists on AC in failing human myocardium are un-
changed even in the presence of increased G,,.

When Mn?* was used to assess uncoupled AC activity, it
is noteworthy that a significant increase in basal enzyme
activity in myocardium occurred. This could be attributed
to uncoupling of the tonic inhibitory influence of G;. If this
were the case, then Mn?*-stimulated activity might be de-
pendent upon the extent of uncoupling from G;,, because it
is possible that G,; still elicits inhibition of AC in mem-
branes from exercised rats, in accordance with the increased
levels of G,

In conclusion, the present study shows that endurance
training by running is associated with a desensitization of
the cardiac B-AR-AC transduction system. This desensiti-
zation mechanism involves a coordinated reduction of
B-AR density, G, -protein levels, and AC catalytic unit
activity, as well as an upregulation of G,,,-protein, which
does not appear to be accompanied by an increase in G;
functional activity. This desensitization process might play
a protective role in a tissue exposed to high concentrations
of catecholamines during exercise, suggesting that such
changes in the AC system are an important component of
the physiological responses to exercise training.

By contrast, the present study also shows that endurance
training by running is associated with a sensitization of the
adipose B-AR-AC transduction system. However, in the
analysis of relative values, the decline in the cardiac B-AR-
AC system with exercise was more pronounced than the
increase in B-AR-AC observed in adipose tissue. As far as
we know, our investigation is the first to thoroughly exam-
ine this aspect in white adipose tissue. A substantial B-AR
reserve exists in fat cells approximately 50% of which are
spare receptors [35]. The results obtained here could be
explained by an increase in receptor density in a system
with many spare receptors or, alternatively, by an increase
in G levels with training because the proportion of 3-AR
in the high-affinity state (which reflects receptor-G, cou-
pling) is related to activation of AC. Williams and Bishop
[6] described that B-AR in the high-affinity state was in-
creased in swimming rats, but did not observe any variation
in B-AR density. The results of other studies [36] could also
indicate either an increased capacity of B-AR to interact
with G, in adipose tissue of training rats or the existence of
raised G, levels. Other studies have also reported an in-
crease in the V,,, for hormone-sensitive stimulation with
training [6, 7, 36, 37]. Williams and Bishop [6] also ob-
served that the degree of inhibition of AC activity tended
to be greater in adipocytes of sedentary rats than in those of
swimming rats, although the differences were small and did
not reach statistical significance. However, Izawa et al. [37]
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reported that GTP inhibition of FK-stimulated cyclase ac-
tivity was significantly reduced in membranes from trained
rat adipocytes, and attributed these observations to a spe-
cific decrease in the amount of inhibitory regulatory pro-
teins.

The sensitization mechanism in adipose tissue involves a
coordinated elevation of B-AR density, G,-protein levels,
and AC catalytic unit activity, as well as a downregulation
of G;,,-protein that does not appear to be accompanied by
a decrease in G, functional activity. The increased levels of
both G, species in adipocyte membranes from trained rats
are in line with results obtained for AC activation by 1SO
in this study, as well as with the findings of previous studies
[8, 23]. In another study, Izawa et al. [37], however, did not
report any variation with exercise in the unique radioactive
substrate (45 KDa) obtained in cholera toxin-catalysed
ADP-ribosylation experiments.

The decrease in G, in adipose tissue is in apparent
contradiction with the results obtained for AC inhibition
by CHA, because this G, isoform is the one principally
responsible for AC inhibition. However, it has been previ-
ously suggested that white adipose tissue possesses an excess
of G,, termed as spare G,, thereby accounting for a similar
discrepancy between AC inhibition and the levels of im-
munodetectable G, [38].

In agreement with the physiological role of white adipose
tissue, this sensitization process might play an important
role in the adaptation of energy metabolism in the trained
state. Thus, it should be pointed out that adaptations of the
AC system to training seem to be complex and tissue-spe-
cific, and cannot be considered a single unified mechanism.
Our results may give new insights into the biochemical
bases of physiological adaptations to physical exercise and
reveal an interesting aspect of the tissue-specific adaptation
of the AC system that underlies adaptation of many mem-
brane receptor-linked processes.
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