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Update

Biologic (or cellular) response, mediated by receptors
and effectors located in the external and internal layers of the
sarcolemma, increases or decreases, respectively, under the
influence of the adrenergic or cholinergic ANS (fig. 1).

Components of the βββββ-adrenergic pathway

The β−adrenergic pathway consists of β−adrenergic
receptors, activating binding protein (Gs), adenylate
cyclase and cAMP.

β−β−β−β−β−Adrenergic receptors - They consist of two subty-
pes, β

1
 and β

2
. Cardiac β−adrenergic receptors are predomi-

nantly of the β
1
 subtype, and the noncardiac ones, such as

those of vessels and lungs, are of the β
2
 subtype 7. In hu-

mans, the predominant population of ventricular receptors
is β

1
; β

2
 corresponds to only 20% 8,9. The number of β

2

receptors in the atria, sinus and atrioventricular nodes is
twice that of the ventricles 10. Although the coupling degree
of β

 
receptors to adenylate cyclase via G-protein is four to

five times greater in the β
2
 subtype 11-13, and their affinity to

agonists is 40 to 50 times greater in the subtype β
1
 14, the

intensity of response of the β−receptors to the agonist’s
action is directly proportional to the number of receptors 8.
In the heart, the action of β

1
 receptors is inotropic, while the

action of β
2
 receptors is chronotropic and dromotropic 1,2,8.

Even though different, β
1
 and β

2
 receptors have some simi-

larity in their molecular structures. This similarity explains
why specific agonists or antagonist agents, for instance
those of the β

1
 receptor, when used in high doses, lose spe-

cificity and start to act also upon β
2
 receptors.

G-proteins – G-protein is a crucial binding protein in
the interaction of the β−receptor with the adenylate cyclase
effector to cAMP formation. Adenylate cyclase activity is
modulated by two G-proteins: Gs, capable of stimulating,
and Gi, capable of inhibiting adenylate cyclase activation 15

(fig. 1). Gs protein is formed by the α
s
, β and γ subunits; in its

inactive form, the α
s
 subunit is coupled with guanosine di-

phosphate (GDP). After the agonist action upon the β re-
ceptor, α

s
 exchanges GDP for guanosine triphosphate

(GTP), separates from β and γ subunits and interacts with
adenylate cyclase, which when activated, forms cAMP. By
the action of an enzyme, guanosine triphosphatase
(GTPase), the α

s
 subunit exchanges GTP for GDP, becoming

inactive again (fig. 2). This same α
s
 subunit, in addition to

History

Interest in the mechanisms responsible for cellular
response to determined extracellular stimuli has long been a
reason for intense scientific investigation 1-5. Langley 1, in
1905, was the first author to propose that agents, when
acting upon nervous terminations, do not interact directly
with the cells but with receptor substances, which are cel-
lular response mediators. In 1913, Ehrlich 3 used the term re-
ceptor to designate a specific chemical group reacting to a
determined drug. In 1948, Ahlquist 4 suggested that adre-
nergic stimulation interacted with two types of receptors,
alpha (α) and beta (β)-adrenergic receptors. It was Kahn 5,
however, who in 1976 best defined the term receptor as
being a molecule or molecule complex able to recognize and
interact with hormone, drug or neurotransmitter and, after
this interaction, generate a signal capable of starting a chain
of events resulting in a  biologic response.

Signal transduction – the βββββ-adrenergic
pathway

An agonist binding to a receptor, followed by conver-
sion of extracellular stimulus to intracellular response, is
called signal transduction 1,2,6. In regard to catecholamines
and β−adrenergic receptors, this transduction has usually
been called signaling or the β−adrenergic pathway.

Extracellular stimulus generated by the autonomic
nervous system (ANS) (1st messenger) acts upon the recep-
tor (agonist/receptor binding), mediated by the binding
protein (G-protein), interacts with the effector (adenylate
cyclase), activating or inhibiting the production of adeno-
sine 3’, 5’ cyclic monophosphate (cAMP) (2nd messenger).
This sequence of events causes changes in the enzymes
and ion channels, triggering, among other responses,
alterations in the metabolism, mainly in the transport of
cytosolic Ca2+ (fig.1).
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activating adenylate cyclase, also promotes direct activa-
tion of the calcium channels of the sarcolemma 1,2 (figs. 3
and 4). Gi protein, formed by the same α

i
, β and γ subunits

after the agonist action of acetylcholine upon the muscarinic
receptor, promotes inhibition of the adenylate cyclase
activity. In its inactive form, the α

i
 subunit is found bound

to GDP. Like Gs, in exchanging GDP for GTP, the α
i
 subunit

separates from the β−γ subunits, becoming the active Gi
protein. However, unlike Gs, the β−γ subunits, when stimu-
lating GTPase, decrease the α

s
-GTP binding, promoting

inhibition of the adenylate cyclase activity 1,2. These same
subunits also stimulate phospholipase A

2
, which in turn

activates potassium channels, causing membrane hyperpo-
larization and, hence, heart rate reduction 1,2. G-proteins
have a major role in determined cardiovascular situations
and diseases. For instance, while long-term treatment with
thyroid hormone and physical training causes an increase in
Gs protein 16, in dilated cardiomyopathy and heart failure, a
decrease in Gs protein and elevation in Gi protein occur 17.

Adenylate cyclase – Adenylate cyclase is the only
protein producing cAMP and, for doing this, it needs only
ATP and magnesium. The enzyme adenylate cyclase has
a structure similar to that of the calcium channels, and it

is commonly found in the inner layer of the sarcolemma.
However, it may also exist in the sarcoplasmic reticulum
(SPR) 18-21. Usually, adenylate cyclase is activated by the sti-
mulation of β−adrenergic receptors; however, it may also
undergo direct action of forskolim @ or be activated by the
stimulation of other specific receptors, such as histamine
(H

2
), dopamine (DA

1
), glucagon and prostacyclin.

cAMP – cAMP plays a crucial role in the activation of
the protein kinases. These proteins are enzymes responsi-
ble for activation and deactivation of ion channels and
intracellular organelles (fig. 4). Protein kinases, which are
normally found in their inactive form, are constituted by two
subunits, one regulator (R) and another catalytic (C).
cAMP interacts with the inactive protein kinase, binds to
the R subunit and releases the C subunit, activating it.
cAMP is degraded by phosphodiesterase via calmodulin
kinase, an enzyme activated by elevating the concentration
of cytosolic Ca2+ 1,2 (figs. 3 and 4). A fast, dynamic and cons-
tant balance occurs between cAMP formation and degrada-
tion. Thus, variations in its amount in different tissues are
mainly related to the β−agonist action of the catecho-
lamines.

Fig. 1 – Signal transduction. It starts with agonist binding to receptor, converting the extracellular stimulus to biologic effect or cellular response. ANS – autonomic nervous
system;  β− beta-adrenergic receptor; M

2
- muscarinic receptor; Gs- stimulating G-protein; Gi- inhibiting G-protein: cAMP- 3’, 5’cyclic adenosine monophosphate. Modified from

Fleming et al Circulation 1992; 85: 420.
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βββββ-adrenergic pathway activation

β−adrenergic receptor, inactive in the membrane after
undergoing the action of the agonist agent (agonist-recep-
tor interaction), promotes the exchange of GDP for GTP,
activating the Gs protein. The α

s
 fraction interacts with

adenylate cyclase 15, inducing the formation of cAMP (fig.
2). It is also important to remember that cAMP is indirectly
activated by β−adrenergic stimulation that, in promoting
the elevation of Ca2+ concentration in cytosol, activates
calmodulin kinase and, hence, phosphodiesterase, causing
cAMP degradation 1,2.

Desensitization and downregulation of βββββ-
adrenergic receptors

Under the continuous action of β−adrenergic agonist,
cAMP activates a protein kinase, β−adrenergic receptor
kinase (β−ARK)22, which, in phosphorylating the receptor,

inactivates it, causing uncoupling of the receptor – Gs –
adenylate cyclase complex 23-30. Uncoupled from the effec-
tor, the receptor passes into the intracytoplasmic space, mo-
mentarily diminishing the number of receptors available in
the membrane. In addition to β−ARK, the major role of
arrestins should be remembered, mainly β−arrestin 1, in the
process of uncoupling and internalization of β−adrenergic
receptor. The β−arrestins are proteins that bind to the G-
protein coupled receptor 31-33. This phenomenon, usually
called desensitization, (fig. 5), causes a reduction in the
response to β−adrenergic stimulation promoted by hormo-
nes or neurotransmitters. The β−receptor, once internalized
under the effect of phosphatase, is dephosphorylated, be-
coming able to be reincorporated into its original place in the
membrane, a phenomenon called resensitization 25 (fig. 5).

Therefore, in myocardium, the β−adrenergic receptors
have a round-trip itinerary between their location in the
membrane and the intracytoplasmic space 29. This mecha-
nism alters heart sensitivity, allowing the heart to respond
with greater or lesser intensity to determined stimuli. Howe-
ver, in the intracytoplasmic space, the β−receptor may be
consumed, a phenomenon called sequestration, which cau-
ses a decrease in the number of cellular receptors. Thus, the
density of receptors, i.e., the number of receptors per sarco-
lemma unit, is not constant; it can diminish or increase in
physiologic circumstances or pathologic conditions. These
variations are respectively called downregulation and upre-
gulation. Although the desensitization and downregulation
phenomena are well defined, the use of the term downregu-
lation remains controversial. While some authors use the
term to refer to receptor desensitization, others more correc-
tly suppose that downregulation would implicate true chan-
ges in the total number of receptors 1. This decrease results
from receptor internalization, sequestration and consump-
tion by lysosomal or nonlysosomal mechanisms 34 and/or
decrease in the velocity of the synthesis of the receptor 35-37.
With a smaller number of receptors, the cardiac cell may lose
or have a diminished ability to respond to agonist action.

βββββ-adrenergic effects

At the subcellular level, many cAMP effects are media-
ted by protein kinases. These kinases promote protein phos-
phorylation, causing activation and deactivation of different
enzymes involved in the cellular metabolism of lipids and
carbohydrates, in the citrate cycle, and mainly in the re-
gulation of the cytosolic calcium transport. Activation or
deactivation of enzymes causes a variety of biologic effects,
resulting in changes in cardiac muscle properties. The effects
have usually been called β−adrenergic effects 1,2 (fig. 3).

Gs protein activated by the agonist binding to the β−
adrenergic receptor, in addition to stimulating adenylate
cyclase by inducing the formation of cAMP, also acts
directly in the Ca2+ channels of the sarcolemma, promoting
an increase in its permeability. The protein kinase A (PKA),
activated by cAMP, promotes phosphorylation of the sar-
colemma calcium channels, troponin I and phospholamban.

Fig. 2 – Gs protein activation and deactivation cycle. Under the agonist action, β−
receptor promotes GDP exchange for GTP bound to the α

s
 subunit. α

s
-GTP

interacts with adenylate cyclase, inducing the formation of cAMP. By GTPase
action, the α

s
 fraction exchanges GTP for GDP, returning to its inactive state. GDP-

guanosine diphosphate; GTP- guanosine triphosphate; GTPase: guanosine
triphosphatase. Modified from Neer EJ 15.
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The direct action of the Gs protein on the sarcolemma cal-
cium channels and phosphorylation of the calcium chan-
nels, via cAMP, promote an increase of Ca2+ concentration
in cytosol, resulting in a positive inotropic effect. Phospho-
rylation of phospholamban promotes liberation, activates
the SPR calcium pump, causing greater and faster Ca2+

uptake by SPR 38, which promotes improvement in relaxa-
tion, that is, a lusitropic effect 39. However, it is important to
remember that phospholamban phosphorylation also
occurs by Ca2+-calmodulin kinase action 40, an enzyme that
is activated when there is an elevation of Ca2+ concentra-
tion in cytosol. On the other hand, the phosphorylation of
troponin I promotes decrease in the sensitivity of the cal-
cium contractile system, which induces an increase in the
velocity of cellular relaxation 1,2,41 (figs. 3 and 4).

When the β−adrenergic action is exerted upon the si-
nus node, it promotes a chronotropic effect and when exer-
ted upon the atrioventricular node, His’ bundle and Pur-
kinje’s fibers it causes a dromotropic effect.  The chronotro-
pic effect, which corresponds to an increase in the velocity

of the generation of stimuli, is translated by an increase in
the number of heartbeats. The dromotropic effect, which
means an increase in the velocity of impulse conduction,
corresponds to shortening of the PR space in the electrocar-
diogram, and shortening of the AH and HV intervals in the
His’ bundle electrogram.

Cardiac hypertrophy

In normal conditions, there is a balance between the
workload imposed on the heart and the amount of cardiac
mass. When this balance is broken due to abnormal over-
load, the heart responds with the development of hyper-
trophy. Depending on the characteristics of the overload
imposed (type, intensity and installation mode) and the ani-
mal undergoing the overload (age, gender and species), the
hypertrophied tissue may show normal or altered biologic
properties (in RNA, protein and myosin synthesis, in
energetic metabolism and mainly in the intracellular Ca2+

cycle) 42-45.

Fig. 3 – Activation of the β−adrenergic pathway and physiological beta-adrenergic effects on myocardium. SPR- sarcoplasmic reticulum; cAMP- 3’,5’cyclic adenosine
monophosphate; PL- phospholamban. Modified from Opie LH 2.
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Cardiac hypertrophy should not be understood only
as an expansion of the contractile complex, because the
hypertrophy process is characterized by an increase in the
synthesis of ribonucleic acid (RNA), proteins and myosins,
and induction of new genetic expressions of protein syn-
thesis 42. Therefore, as proteins, the components of the β−
adrenergic pathway may undergo changes during the
development of cardiac hypertrophy.

In hypertrophied hearts from individuals or animals
with signs of heart failure, there is depression of the func-
tional response to sympathomimetic drugs and to direct
adenylate cyclase stimulation by forskolim @. There are
also alterations of the components of the β−adrenergic
pathway 46,47 (table I), which vary according to the kind of
heart disease 48 (table II). On the other hand, in patients or
animals with stable hypertrophy, that is, without signs of
heart failure, the results are controversial. Although some
authors have not described changes in mechanical respon-
se to sympathomimetic stimulation 49,50 and others have
observed alterations only in the contractile phase 51, most of
the works show depression of responses of the contractile
and myocardial relaxation phases during β−adrenergic sti-
mulation 52-59.

Although the β−adrenergic pathway seems to be one
of the main mechanisms responsible for this depression in
the response of hypertrophied cardiac muscle 53,55-60-69,
other intracellular factors may also be involved, such as
Ca2+ transport at the cellular level, PKA, Ca2+-calmodulin

kinase and phosphodiesterase activities, or even the tropo-
nin C affinity for calcium 51,70.

Alterations in the β−adrenergic pathway components,
observed in the stable hypertrophied cardiac muscle, also
do not agree: 1) β−adrenergic receptors: maintenance, inc-
rease and decrease in β−receptor number and affinity have
been found in different kinds of experimental cardiac hyper-
trophy models 43,46,53-55,60. Thus, while Cervoni et al 54 obser-
ved a decrease in number and an increase in affinity of the
β−receptors in aorta-coarcted rats for 28 days, Limas et al 61

found an increase in number and a decrease in affinity of
these receptors in aorta-coarcted dogs. On the other hand,
Atkins et al 51 and Foster et al 62 did not find any variation in
the number and affinity of receptors, respectively in sponta-
neously hypertensive and aorta-coarcted rats, despite de-

Table I – Contractile response to different agonists and alterations of
the components of the β−β−β−β−β−adrenergic pathway in the hypertrophied

myocardium of patients with heart failure.

Agonist Contractile β−adrenergic
 response way components Alterations

Calcium ⇔ N of β1 receptors /mRNA (β1) ⇓⇓ / ⇓⇓
Forskolim@ ⇔ N of β

2
 receptors /mRNA (β

2
) ⇔ / ⇔

β1 agonist ⇓ Gs protein/mRNA (Gs) ⇓ / ⇔
β

2 
agonist ⇓ β−ARK/ mRNA (β−ARK) ⇑ / ⇔

⇑⇑ / ⇑⇑

β−ARK- beta adrenoreceptor kinase; N- number; ⇔: no alteration; ⇑ :
increased; ⇓ : decreased. (Modified from Bristow MR 46).

Fig. 4 – Schematic representation of the organelles dependant on cAMP action and on direct Gs protein action. P- phosphorylation. Modified from Opie LH 2.
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pression of the functional cardiac response, when stimula-
ted by isoproterenol and forskolim @. Therefore, contractile
response depression would not be related to receptors but
to some of the remaining likely mechanisms previously quo-
ted; 2) G-proteins: while Mondry et al 66 did not find any alte-
ration in Gs and Gi proteins in the hypertrophied heart of
aorta-coarcted rats, Nakamura et al 67 observed a reduction
in the level of mRNA and activity of Gs and Gi proteins in
hamsters with genetic myocardial hypertrophy and in aorta-
coarcted rats. Kumano et al 64 found a decrease only in the
Gs protein activity in the hypertrophied hearts of sponta-
neously hypertensive rats or those with renovascular hyper-
tension. Holmer et al 68, however, studying the hearts of rats
undergoing aortic supravalvar bandage, and Böhn et al 69,
studying patients with hypertensive heart disease, obser-
ved depression of the Gs protein activity and exacerbation
of the Gi protein; 3) adenylate cyclase/cAMP: most of the
authors, also in different experimental hypertrophy models,
describe depression of the adenylate cyclase activity and
reduction of the cAMP formation in the absence of altera-
tions in the number and/or affinity of β−adrenergic recep-
tors 62,63,65. Disagreement about the alterations of the already
described β−adrenergic pathway components was also

Fig. 5 – β−adrenergic receptor desensitization and “resensitization”. cAMP elevation stimulates β−ARK, which phosphorylates the receptor, inactivating it. Inside the cytosol,
the receptor is dephosphorylated by phosphatase action, being able to return to its place in the membrane. β− beta-adrenergic receptor; GTP- guanosine triphosphate; cAMP- 3’,
5’cyclic adenosine monophosphate; β−ARK- beta-adrenoreceptor kinase; P- phosphorylation. Modified from Lefkowitz RJ 23.

Table II - Abnormality of the components of the β−β−β−β−β−adrenergic pathway in different types of heart disease

Abnormality of β−adrenergic Types of Heart Disease
pathway components Idiopathic (LV+RV) Ischemic (LV+RV) Primary PH (RV)

Reduction of β
1
-adrenergic receptor number + + + + + +

Reduction of β
2
-adrenergic receptor number   

Increase of Gi protein activity + + 
Reduction of Gs protein activity +  
Uncoupling of β2-adrenergic receptor + + +
Uncoupling of β

1
-adrenergic receptor  + + + 

Reduction of adenylate cyclase activity + (RV)  + + +

PH- pulmonary hypertension; LV- left ventricle; RV- right ventricle; : no abnormality; + discrete abnormality; + +: moderate abnormality; + + +: accentuated
abnormality. Modified from Bristow MR 48.

observed by Kumano et al 64, who, studying different expe-
rimental cardiac hypertrophy models, observed distinct
biochemical defects of the β−adrenergic pathway. Thus, a
summary of the most likely alterations of the different
components of the β−adrenergic pathway may be seen in
table III.

Summarizing, analysis of the literature allows conclu-
ding that, in stable cardiac hypertrophy, the mechanical
behavior of the muscle resulting from β−adrenergic stimula-
tion is depressed. However, there are some controversies
regarding the participation of different components of the

Table III – Alterations of the components of the β−β−β−β−β−adrenergic pathway
in stable hypertrophied cardiac muscle

β−adrenergic pathway components Behavior of the alterations

N of β
1
-adrenergic receptors /mRNA (β

1
) ⇓ ⇔ / ⇓ ⇔

N of β
2
-adrenergic receptors /mRNA (β

2
) ⇔ / ⇔

Gi protein activity/mRNA (Gi) ⇑ ⇔ / ⇔
Gs protein activity/mRNA (Gs) ⇓ ⇔ / ⇔
β

1
-adrenergic receptor activity ⇓ ⇔

Adenylate cyclase activity ⇓

N- number; ⇑  : increased; ⇓ : decreased; ⇔: no alteration.

PHOSPHORYLATION
OF THE RECEPTOR

βββββ-agonist adenylate
cyclase

cAMP

cytoplasm
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THE RECEPTOR

INTERNALIZATION
OF THE RECEPTOR

RECEPTOR READY TO
RETURN TO ITS PLACE

IN THE MEMBRANE
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β−adrenergic pathway in the genesis of functional altera-
tions. Disagreements regarding the response to sympatho-
mimetic stimulation, as well as the variability of anomalies of

the different components of the β−adrenergic pathway may
result from the different types of experimental models used
in the investigations.

References

1. Opie LH. Receptors and signal transduction. In: Opie LH, ed – The Heart
Physiology and Metabolism, 2nd ed. New York: Raven Press, 1991: 145-76.

2. Bourne HR. Receptors and signal transduction. In: Opie LH, ed. The Heart
Physiology, from Cell to Circulation, 3rd  ed. Philadelphia – New York:
Lippincott-Raven, 1998: 173-207.

3. Ehrlich P. Chemotherapeutics: scientific principles, methods and results. Lancet
1913; 2:445-51.

4. Ahlquist RP. A study of adrenotropic receptors. Am J Physiol 1948; 153: 586-
600.

5. Kahn CR. Membrane receptors for hormones and neurotransmitters. J Cell Biol
1976; 70: 261-86.

6. Mason DT, Braunwauld E. Studies on digitalis IX. Effect of ouabain on the
nonfailing human heart. J Clin Inv 1963; 42: 1105-11.

7. Lands AM, Arnould A, Mc Auliff JP, et al. Differentiation of receptor systems
activated by sympathomimetic amines. Nature 1967; 214: 597-8.

8. Bristow MR, Ginsburg R, Umans V, et al. β
1
 e β

2
 receptors subpopulations in

nonfailing and failing human ventricular myocardium: coupling of both receptor
subtypes to muscle contraction and selective β

1- 
receptor

 
down-regulation in

heart failure. Circ Res 1986; 59: 297-309.
9. Stiles GL, Taylors S, Lefkowitz RJ. Human cardiac β−adrenergic receptors:

subtype heterogeneity delineated by direct radioligand binding. Life Sci 1983;
33: 467-73.

10. Vanhees L, Albert A, Fagard R, et al. Influence of β1 versus β2 adrenoreceptor
blockade on left ventricular function in humans. J Cardiovasc Pharmacol 1986;
8: 1096-91.

11. Brodde OE, Michel MC, Gordon EP, Sandoval A, Gilbert EM, Bristow MR. β−
Adrenoreceptor regulation in the human heart: can it be monitored in circulating
lymphocytes. Eur Heart J 1989; 10: B2-B10.

12. Brodde OE, O’Hara N, Zerkowski HR, Rohm N. Human cardiac β−adrenorecep-
tors: both β

q
 and β

2 
– adrenoreceptors are functionally coupled to the adenylate

cyclase in right atrium. J Cardiovasc Pharmacol 1984; 6: 1184-91.
13. Kaumann AJ, Lenoine H. β

2
 – adrenoreceptors mediate positive inotropic effect of

adrenaline in human ventricular myocardium. Naunyn Scmiedebergs Arch
Phamakol 1987; 225: 403-11.

14. Bristow MR, Minobe W, Rasmussen R, Hershberger RE, Hoffmann BB. Alpha-1
adrenergic receptors in the nonfailing heart. J Pharmacol Exp Ther 1988;
247:1039-45.

15. Neer EJ, Claphan DE. Roles of G- protein sub−units in transmembrane signa-
ling. Nature 1988; 333: 129-34.

16. Insel PA, Ransnas LA. G-proteins and cardiovascular disease. Circulation 1988;
78: 1511-13.

17. Newmann J,   Schmitz   W, Scholz H, et al. Increase in myocardial Gi-proteins in
heart failure. Lancet 1988; 2: 936-7.

18. Katz AM, Tada M. Repke DI, Iorio JM, Kirchberger MA. Adenylate cyclase: Its
probable localization in sarcoplasmatic reticulum as well as sarcolemma of
canine heart. J Mol Cell Cardiol 1974; 6: 73-8.

19. Drumond GI, Dunhan J. Adenylate cyclase in cardiac microsomal fractions. J Mol
Cell Cardiol 1977; 10: 317-31.

20. Jarrot B, Oicken GM. Cardiac adenylate cyclase: Preparation and characteri-
zation of subcellular fraction containing catecholamine sensitive adenylate
cyclase. J Mol Cell Cardiol 1975; 7: 685-95.

21. Engelhard VH, Plut DA, Storn DR. Subcellular location of adenylate cyclase in
rat cardiac muscle. Biochm Biophys Acta 1976; 451: 48-61.

22. Ungerer M, Kessbohm K, Kronsbein K, et al. Activation of  β - adrenergic receptor
kinase during myocardial ischemia. Circ Res 1996; 79: 455-60.

23. Lefkowitz RJ, Caron MG. Regulation of adrenergic receptor function by
phosphorylation. J Mol Cell Cardiol 1986; 18: 885-95.

24. Lefkowitz RJ, Caron MG. Adrenergic receptors: models for study of receptors
coupled to guanine nucleotide regulatory proteins. J Biol Chem 1988; 262:
4993-6.

25. Sibley DR, Strasser RH, Benovic JL, et al. Phosphorylation/dephosphorylation
of the adrenergic receptors regulates its functional coupling to adenylate cycla-
se and sub cellular distribution. Proc Natl Acad Sci USA 1986; 83: 9408-12.

26. Muntz KH, Zhao M, Miller JC. Downregulation of myocardial β−adrenergic
receptors. Circ Res 1994; 74: 369-75.

27. Freedman NJ Ligget Drachman DE, Pei G, Caron MG, Lefkowitz RL. Phospho-
rylation and desensitization of the human β

1
 -adrenergic receptor. J Biol Chem

1995; 270: 17953-61.
28. Hausdorff WP, Caron MG, Lefkowitz RJ. Turning off the signal: desensitization

of β−adrenergic receptor function. FASEB J 1990; 4: 2881-9.
29. Brown MS, Anderson GW, Goldstein JL. Recycling receptors: the round-trip

itinerary of migrant membrane proteins. Cell 1983; 32: 663-7.
30. Lefkowitz RJ. Clinical implications of basic research. G proteins in medicine. N

Engl J Med 1995; 332: 186-7.
31. Ferguson SS, Downey WE 3rd, Calapietro AM, Barak LS, Menard L, Caron MG.

Role of beta-arrestin in mediating agonist-promoted G protein-coupled
receptor internalization. Science 1996;271:363-6.

32. Conner DA, Mathier MA, Mortensen RM, Christe M, Vatner SF, Seidman JG.
Beta-arrestin 1 knockout mice appear normal but demonstrate altered cardiac
responses to beta-adrenergic stimulation. Circ Res 1997; 81: 1021-6.

33. Johnson M. The beta-adrenoreceptor. Am J Respir Crit care Med 1998; 158 (5 Pt
3): S146-53.

34. Raymond JR, Hnatowich M, Lefkowitz RJ, Caron MG. Adrenergic receptors.
Models for regulation of signal transduction processes. Hypertension  1990; 15:
119-31.

35. Hadcock JR, Malbon CC. Down-regulation of β−adrenergic receptors: agonist-
induced reduction in receptor mRNA levels. Proc Natl Acad Sci USA 1988; 85:
5021-5.

36. Hadcock JR Malbon CC. Agonist regulation of gene expression of adrenergic
receptors and G proteins. J Neuro-Chem 1993; 60: 1-9.

37. Hadcok JR, Wang HY, Malbon CC. Agonist induced destabilization of β−
adrenergic receptor mRNA. J Biol Chem 1989; 264: 19928-33.

38. Cory RC, Grande RW, Houston ME. Role of sarcoplasmic reticulum in loss of load
sensitive relaxation in pressure overload cardiac hypertrophy. Am J Physiol
1994; 266: H68-78.

39. Gende AOG, Alzueta ADP, Cingolani HE. Effect of isoproterenol on the
relation between maximal rate of contraction and maximal rate of relaxation. Am J
Physiol 1977; 233: H404-9.

40. Le Peuch CJ, Haiech J, Demaille JG. Concerted regulation of cardiac sarcoplasmic
reticulum calcium transport by cyclic adenosine monophosphate dependent and
calcium-calmodulin-dependent phosphorylation. Biochemestry 1979; 18:
150-7.

41. Xiao RP, Spurgeon HA, O’Connor F, Lakata EG - Age associated changes in β−
adrenergic modulation on rat cardiac excitation coupling. J Clin Invest 1994;
94: 2051-9.

42. Wikman-Cofflet J, Parmley WW, Mason DT. The cardiac hypertrophy process.
Analyses of factors determining pathological vs physiological development.
Circ Res 1979; 45: 697-707.

43. Yuzo H, Shimizu G, Ishii K, Kusukawa J, Kita Y, Kawamura K. An assessment of
left ventricular systolic function in pressure and volume overload heart with two
shell compartment model of ellipsoid revolution. Jap Circ J 1990; 54: 547-53.

44. Takeda N, Okubo T, Nagano M. Altered myocardial contractility and energetics
in hypertrophied myocardium. Jap Circ J 1990; 54: 540-5.

45. Umemura K, Zierhut W, Quast U, Hof RP. Baroreflex and β−adrenoceptor
function are diminished in rat cardiac hypertrophy due to volume overload.
Basic Res Cardiol 1992; 87: 263-71.

46. Bristow MR. Changes in myocardial vascular receptors in heart failure. J Am Coll
Cardiol 1993: 22(suppl A): 61A-71A.

47. Gilbert EM, Olsen SL, Renlund DG, Bristow MR. Beta-adrenergic regulation
and left ventricular function in idiopathic dilated cardiomyopathy. Am J Cardiol
1993; 71: 23C-9C.

48. Bristow MR.  Pathophysiologic and pharmacologic rationales for clinical
management of chronic heart failure with beta-blocking agents. Am J Cardiol
1993; 71: 12C-22C.

49. Spech MM, Ferrario CM, Tarazi RC. Cardiac pumping ability following reversal of
hypertrophy in spontaneously hypertensive rats. Hypertension 1980; 2: 75-82.



656

Barros et al
Beta-adrenergic pathway in healthy and hypertrophied hearts

Arq Bras Cardiol
volume 72, (nº 5), 1999

50. Barros RA. Resposta do músculo cardíaco hipertrofiado, de ratos com hiperten-
são renovascular, à contração pós- pausa, elevação da concentração extracelular
de Ca 2+ e estimulação beta adrenérgica. (Master of Science) Thesis - Faculdade de
Medicina da Universidade Estadual Paulista, 1998: 49p.

51. Atkins FL, Bing OHL, Di Mauro BPG, Conrad CH, Robinson KG, Brooks W.
Modulation of left and right ventricular β−adrenergic receptors from sponta-
neously hypertensive rats with left ventricular hypertrophy and failure. Hyper-
tension 1995; 26: 78-82.

52. Vatner DE, Honcy CJ, Sit SP, Manders WP, Vatner SF. Effects of pressure overload
left ventricular hypertrophy on β−adrenergic receptors, and responsiveness to
catecholamines. J Clin Invest 1984; 73: 1473-82.

53. Taquini CM, Llambi HG, Mazzadi A, Fontan M, Gallo A. Improvement of cardiac
contractile response to β−adrenergic stimulation in normal and two-kidney, one
clip hypertensive rats treated with nitrendipine. J Cardiovasc Pharmacol 1991;
17(suppl 2): S175-8.

54. Cervoni P, Herzlinger H, Lai FM, Tanikella T. A comparison of cardiac reactivity
and β−adrenoreceptor number and affinity between aorta-coarcted hypertensive
and normotensive rats. Br J Pharmacol 1981; 74:517-23.

55. Mansier P, Chevalier B, Barnett DB, Swynghedauw B. Beta-adrenergic and
muscarinic receptors in compensatory cardiac hypertrophy of the adult rat.
Pflügers Arch 1993; 424: 354-60.

56. Saragoça M, Tarazi RC. Impaired cardiac contractile response to isoproterenol in
the hypertensive rat. Hypertension 1981; 3: 380-5.

57. Saragoça M, Tarazi RC. Left ventricular hypertrophy in rats with renovascular
hypertension: alterations in cardiac function and adrenergic responses.
Hypertension 1981; 3(suppl II): II171-6.

58. Suzuki Y, KuWajima I, Hoshino S. Cardiac performance in elderly hypertensive
patients with left ventricular hypertrophy: responses to isometric exercise and
β− agonists. J Cardiovasc Pharmacol 1991; 17(suppl 2): S129-32.

59. Schlieper HT, Moll M, Schmid B. Alterations of cardiac α and β−adrenoceptors
and inotropic responsiveness in hypertensive transgenic rats harboring the

mouse renin gene (TGR(mREN2)27). Clin Exper Hypertenion 1995; 17: 631-48.
60. Ayobe MH, Tarazi RS. Beta receptors and contractile reserve in the left ventricular

hypertrophy. Hypertension 1983; 5(suppl I): I192-217.
61. Limas CJ. Increased number of β−adrenergic receptors in the hypertrophied

myocardium. Biochim Biophys Acta 1979; 588: 174-8.
62. Foster KA, Hock CE, Reibel DK. Altered responsiveness of hypertrophied rat

hearts to alpha and beta-adrenergic stimulation. J Mol Cell Cardiol 1991; 23:91-
101.

63. Hilal-Dandan R, Khairallah PA. Cyclic AMP in myocytes isolated from
hypertrophied rat hearts. J Mol Cell Cardiol 1991; 23: 705-16.

64. Kumano K, Khairallah PA. Adenylate cyclase activity during development and
reversal of cardiac hypertrophy. J Mol Cell Cardiol 1985; 17: 537-8.

65. Kumano K, Khairallah PA. Adenylate cyclase activity during development and
reversal of cardiac hypertrophy. J Mol Cell Cardiol 1985; 17: 537-8.

66. Mondry A, Bourgeois F, Carre F, Swynghedauw B, Moalic JM. Decreased in beta
1 – adrenergic and M

2
 muscarinic receptor mRNA levels and unchanged

accumulation of mRNA (s) coding for G alpha i-2 and G alpha s proteins in rat
cardiac hypertrophy. J Mol Cell Cardiol 1995; 27: 2287-94.

67. Nakamura K, Ohynagi M, Shibuya J, Yamamoto J, Iwasaki T. The role of guanine
nucleotide binding proteins in hamsters with myocardial hypertrophy. J Recept
Signal Transduct Res 1996; 16: 225-42.

68. Holmer SR, Bruckschlegel G, Schunkert H, Rataj DB, Kromer EP, Riesger GA.
Functional activity and expression of the myocardial postreceptor adenilyl
cyclase system in pressure overload hypertrophy in rat. Cardiovasc Res 1996;
31: 719-28.

69. Böhn M, Flesh M, Schnabel P. Role of G-proteins in altered beta-adrenergic
responsiveness in the failing and hypertrophied myocardium. Basic Res Cardiol
1996; 91(supl 2): 47-51.

70. Barros RA, Okoshi MP, Padovani CR, Aragon FF, Georgete JC, Cicogna AC. Reno-
vascular hypertension alters the effects of exogenous calcium on cardiac inotro-
pism without β−receptor changes. J Am Coll Cardiol 1998; 31(suppl C): 153C.


