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INTRODUCTION 

A number of cardiovascular adaptations have been shown to occur in healthy 

individuals as a result from regular, chronic exercise training. These changes include, but 

are not limited to, a lower resting heart rate, a lower heart rate at any given submaximal 

workload, an increase in stroke volume, an increase in maximal cardiac output due 

primarily to an increase in contractility, a decreased peripheral vascular resistance 

(increased peripheral vascular conductance), an overall increase in vascularity, an 

increase in left ventricular mass, and an increase in total body oxygen extraction (Raven, 

1994). Some of these adaptations are also known to commonly occur in patients with 

coronary artery disease enabling them to increase their total work capacity. Therefore, 

exercise apparently adapts the heart to better cope with the adverse effects of coronary 

artery disease and helps to prevent the aforementioned disease from developing in 

healthy individuals. 

The beta-adrenergic receptor (P-AR) is essential for the activation of many 

aspects of the cardiovascular system during dynamic exercise (I). The catecholamines 

epinephrine and norepinephrine are released from the adrenal medulla and postganglionic 

fibers of the sympathetic nervous system respectively in response to dynamic exercise. 

Epinephrine and other beta-adrenergic receptor agonists bind and activate the P-AR on 

the cell membrane thus allowing it to couple with the stimulatory GTP-binding regulatory 

protein Gs. This step initiates the activation of adenylate cyclase and the synthesis of 

cyclic adenosine 3' ,5' monophosphate (cyclic AMP), a key intracellular second 



messenger. Cyclic AMP ultimately activates cyclic AMP-dependent protein kinase 

(PKA), an enzyme that phosphorylates a number of different intracellular proteins that 

subsequently influence cell metabolism and function. 

Alterations in the activity of the adrenergic system seen in several clinical and 

physiological situations, including exercise, are directly associated with changes in 

lymphocytic (3-AR density or function (2). Moreover, it has been suggested that the 

changes in receptor density on lymphocytes correlate closely with cardiovascular 

responsiveness to catecholamines in humans (3-6). Additionally, changes in 

catecholamine concentration within the physiological range have a regulatory effect on 

(3-AR density and function (7). One particular study established an inverse relationship 

between plasma and urine catecholamine concentrations and lymphocytic (3-AR density 

inman (8). 

It is the intent of this review to describe some of the cardiovascular adaptations 

that occur as a result of chronic exercise and how these changes could be caused by 

alterations in (3-AR density and responsiveness. Additionally, the comparisons and 

contradictions between chronic heart failure and chronic exercise will be made. The role 

of the beta-adrenergic system in mediating the effects of exercise will be introduced. The 

structure of the (3-AR will be described and how its molecular structure dictates its 

function. A brief synopsis will be presented on the mechanism in which (3-AR operates 

subsequent to ligand binding. Alterations of the (3-AR, particularly its overexpression in 

the heart, through transgenics will then be reviewed to show how this receptor could be 

responsible for some of the aforementioned adaptations to chronic exercise. In this, some 
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of the differences between the~~- and ~2-AR will be described as well as some of the 

therapeutic implications that could result from overexpression of the ~-AR. Following 

this, alterations in the density of the ~-AR after both short-term and long-term exposure 

to catecholamines will be examined. Included in this section will be the detailed 

description of the mechanism of receptor desensitization that precedes receptor down

regulation. A brief review will then be given on the effects of chronic exercise on ~-AR 

density. The use of human lymphocytes as model cells will then be described. Binding 

theory will be explained as it will be the basis of methodology used in any subsequent 

studies. Along with this, [125 Iodo] cyanopindolol (1251-CYP) will be introduced and its 

advantages and disadvantages as a P-AR ligand probe will be discussed. 
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CARDIAC ADAPTATIONS TO CHRONIC EXERCISE 

Several cardiovascular changes occur as the result of regular exercise training. 

In addition, similar cardiovascular changes are also observed in patients with chronic 

heart failure. Below, some of the mechanisms underlying these adaptations will be 

explored as well as whether or not the changes in ~-adrenergic responsiveness that may 

result from chronic exercise could be a regulator of some of these adaptations. 

Heart Rate 

Although the heart beat is intrinsic in nature and does not require input from the 

central nervous system, an increase or decrease in heart rate is dictated by both the 

sympathetic and parasympathetic nervous system respectively. The sympathetic branch, 

through the ~-AR, increases the heart rate whereas the parasympathetic branch, through 

the vagus nerve, slows the heart. The majority of studies to date support the conclusion 

that the bradycardia that results from regular exercise training is due primarily to an 

increase in parasympathetic activity (Raven, 1994). Focusing on the sympathetic side of 

the autonomic nervous system, studies have shown that there is a decrease in the 

concentration of catecholamines released in trained individuals (95,96). This 

observation could be a contributing factor in the lower resting heart rate seen in athletes. 

In theory, a decrease in ~-adrenergic responsiveness, as seen with chronic exercise, could 

also be a factor in a lower resting heart rate. Also, transgenic overexpression of the 

P-AR results in faster heart rates in mouse models (97). 
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Cardiac Output 

Although maximum cardiac output is increased with training, at any submaximal 

workload, it is unchanged if not lowered slightly. To maintain cardiac output, stroke 

volume must increase in the trained individual to compensate for the decreased heart rate. 

The result is an increased "efficiency" of the heart at any submaximal workload as well 

as a decreased arterial pressure. Accordingly, an important benefit of chronic exercise 

training is the reduced work performed by the heart at any submaximal workload (98). 

Nearly all of the increase in maximal oxygen delivery (V02max) and maximal 

cardiac output that results from physical training is due to the increase in maximal stroke 

volume (99). Stroke volume can be increased by two cardiac adaptations an increase in 

chamber volume due to chronic exercise or an increase in contractility of the 

myocardium. Both are seen in the trained heart and the latter is dictated by the 

phosphorylation of myofilaments by a cyclic AMP-dependent protein kinase that is 

activated through the (3-AR (97). Phosphorylation events increase the availability of 

calcium to bind to troponin which then activate more cross bridges allowing for a greater 

contractile force. It is unclear if a decrease in J3-AR responsiveness has any effect on the 

contractile properties of the heart because in theory, a decrease in responsiveness of the 

beta-receptor would lead to a decreased availability of calcium to bind to the cardiac 

myofilaments causing a decrease in contractility. Therefore, it is probable that another 

event related to chronic exercise training is responsible for the increase in contractility of 

the heart. A recent study demonstrated that overexpression of the (3--AR 200 times the 

normal amount in the mouse heart increased contractility (97). The enhanced contractile 
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performance was present under basal, unstimulated conditions demonstrating that the 

P-AR has intrinsic activity when overexpressed (97). 

Peripheral Vascular Resistance 

An increase in vascular conductance is seen with endurance training and is 

affected by a reduced peripheral resistance during submaxirnal and maximal exercise 

(Raven, 1994). This decrease in vascular resistance allows the endurance athlete to 

obtain a much higher cardiac output than the untrained individual. Although the 

mechanism responsible for the decreased resistance is unclear, the increase in overall 

vascularity seen with chronic exercise training is an important factor. Also, beta

adrenergic receptors, PrAR specifically, found on smooth muscle cells of blood vessels 

increase the levels of intracellular cyclic AMP causing a vasodilation of the vessels. A 

decrease in density of the P-AR that could result from chronic exercise, a topic that will 

be reviewed later, could not explain this vasodilation since a decrease in receptor number 

would be expected to lead to a decreased intracellular cyclic AMP level. 

Coronary Blood Flow 

Trained animals show a greater capillary-to-fiber ratio than untrained animals and 

this adaptation could be an important means of delivering more oxygen to myocardial 

cells. One study found that when heart rate, afterload and perfusion pressure were all 

held constant in isolated rat hearts, coronary blood flow was much greater in the hearts of 

trained animals probably due to an increase in overall myocardial vascularity (98). 
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Whether or not training has any effect on coronary blood flow in humans is not known. 

Angiogenesis, the growth of new vessels, is thought to be responsible for the increased 

vascularity seen in the trained heart. There is no current evidence that links alterations in 

13-AR density or responsiveness to angiogenesis. 

Left Ventricular Mass 

An increase in left ventricular mass is seen in endurance trained athletes with a 

concomitant increase in chamber size. This type of hypertrophy, termed eccentric 

hypertrophy, is distinct from the hypertrophy seen in diseased hearts in that while the 

diseased heart shows an overall increase in left ventricular mass, the chamber size does 

not increase. The increase in maximal stroke volume seen in chronic exercise training is 

directly correlated with the increase in left ventricular chamber size. It is not known 

whether or not the 13-AR and its alterations in the trained individual have any effect on 

the hypertrophy of the left ventricle. One particular study demonstrated that the 

overexpression of the 13-AR in the heart resulted in delayed cardiomyopathy and cardiac 

hypertrophy (1 00). Therefore, a down-regulation of the 13-AR as a result of chronic 

exercise could not explain the enlarged heart seen in the trained athlete. 

The increase in ventricular mass is most probably caused by cardiomyocyte 

hypertrophy as opposed to cardiomyocyte hyperplasia since adult ventricular cells are not 

thought to possess the ability to undergo cell division (119,120). Endurance exercise 

training elicits longitudinal myocyte hypertrophy in the absence of changes in intrinsic 

sarcomere length in the rat (121). It has also been suggested that in response to exercise 
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training, epicardial myocyte hypertrophy is greater than endocardial myocyte 

hypertrophy (122). The observation that whole cell capacitance, a measure of cell 

membrane surface area, is increased by endurance training further supports the concept 

that training promotes cardiomyocyte growth (123). 

Myocardial Oxygen Consumption 

Although the cardiac output remains relatively the same in the trained individual, 

heart rate decreases and stroke volume increases which equates to less work performed 

by the heart. One could then predict that the myocardial oxygen consumption would 

decrease with chronic exercise training. Catecholamines, such as epinephrine, are 

known to make the heart a less efficient organ and since catecholamine release is 

decreased with training (95,96), then one could predict a decrease in myocardial oxygen 

consumption with training. 

P-ARs and Heart Failure 

As stated previously, many of the same adaptations of the cardiovascular system 

to chronic exercise are seen in the failing heart. Although the trained heart and the 

diseased heart show many of the same adaptations, they are the antithesis of each other in 

efficiency. For example, the increase in exposure of ~-ARs to epinephrine fuels the 

efficient heart whereas increased plasma catecholamines seen in chronic heart failure 

attempt to compensate for the failing heart. It is now generally accepted that chronically 

elevated stimulation of the cardiac ~adrenergic system is toxic to the heart and may 
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contribute to the pathogenesis of heart failure. Administration of f3-adrenergic agonists 

as therapy for patients with heart failure has been shown to decrease survival of the 

patients even though they produce immediate and long-term cardiovascular benefits 

(101). Moreover, in human heart failure, elevated circulating catecholamines lead to 

decreased levels and functionality of cardiac J31-ARs and thus to desensitization of the 

heart to sympathetic stimulation (101). As seen later in this review, cardiac J32-ARs do 

not appear to undergo down-regulation in human heart failure. 

The desensitization ofthe f3-AR, which will be discussed in detail later in this 

review, involves phosphorylation of the receptor by a kinase specific to G protein

coupled receptors, (GRK.)(homologous desensitization) or by the cyclic AMP-dependent 

protein kinase (heterologous desensitization). It is widely believed that the mechanism of 

desensitization protects the heart from the negative effects of beta-adrenergic therapy, 

including the weakening of the contractile properties of the heart. The success of 

J3-blockers in the treatment of chronic heart failure is explained by their ability to 

attenuate the negative effects of chronic endogenous sympathetic stimulation seen in the 

failing heart (101). Therapeutic strategies involving the overexpression of the 

J3-adrenergic-coupled system seem counterproductive since current therapies involve 

blocking basal levels of receptor. However, as seen later in this review, expression of the 

J32-AR or an inhibitor peptide for the GRK. enzyme at moderate levels in the heart can 

increase cardiac performance through increased contractility. Additionally, 

overexpression of J3-ARs, as well as the a-subunit of the Gs protein, has produced a 

cardiomyopathic phenotype in some mouse models (100,102,103). 
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EXERCISE AND THE STRUCTURE AND FUNCTION OF THE ~-AR 

Catecholamines, primarily epinephrine, play an essential role in the activation of 

the cardiovascular system and in the regulation of energy metabolism during physical 

exercise (78). Many of these effects are mediated through P-ARs located on the cell 

membranes of many types of cells. Many studies have focused on physiological changes 

in the beta-adrenergic system during, or as a result from, acute or prolonged physical 

exercise as well as receptor adjustments in heart failure (78). Changes in P-AR levels 

and functioning have been observed in a variety of clinical conditions (1,2). To further 

understand the P-AR and how it mediates cellular functioning, its structure and 

molecular mechanism of action must be described. Below, the molecular structure of the 

(3-AR will be reviewed as well as the mechanism of receptor activation subsequent to 

ligand binding and how this mediates the responses of the cardiomyocytye to exercise. 

The creation of complimentary DNA libraries from numerous species (9-12), 

including man (13-15), has allowed deduction of the primary amino acid sequence and 

structural analysis ofthe P-AR (Figure 1). As with all members ofthe G protein-coupled 

receptor superfamily of proteins, the (3-AR is composed of seven hydrophobic 

transmembrane domains arranged in an alpha-helical nature. Extensive research suggests 

that the seven transmembrane domains are involved in ligand binding, while the 

cytoplasmic regions of the protein interact with the Gs-protein (16). 
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Extracellular Domains of the P-AR 

Upon treatment with specific proteases, it has been deduced that theN-terminus 

of the receptor faces the extracelluar side of the plasma membrane (17). It has been 

proposed that theN-terminal amino acid sequence of the f}-AR is the site of specific N

linked glycosylation (17). For many cell surface proteins, glycosylation has been linked 

to the appropriate functioning and cellular distribution of the protein (18,19). Current 

data suggests that the carbohydrate chains on theN-terminus of the P-AR are needed for 

the transport of the receptor to the cell membrane. However, the glycosylated amino acid 

residues play no obvious role in ligand binding, coupling to the G-protein or activation of 

adenylate cyclase (20-22). 

Hydrophobic Transmembrane Domains 

Genetic and biochemical data through mutational analysis suggest that the amino 

acid residues found within the plasma membrane are crucial for ligand binding (17). The 

regions most likely involved in ligand binding are the second, third and seventh 

transmembranous segments of the human P-AR (24-27). Experiments focusing on the 

binding characteristics of the P-AR with the fluorescent antagonist carazolol have 

demonstrated that the ligand is bound to the receptor in a hydrophobic area that is buried 

deep within the core of transmembrane helices (28). Several studies involving the 

mutation of different areas of the hydrophobic transmembrane domain have revealed that 

the mutations lead to a substantial reduction in ligand binding (for review see ref. 16). 

Hydrophilic Intracellular Domains 
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Three hydrophilic loops of the P-AR are present that extend into the extracellular 

space. These loops, containing disulfide bonds, are thought to be involved in the specific 

ligand-receptor interaction. Further, the rearrangement of disulfide bonds during 

posttranslational modification may induce receptor folding which would produce a 

thermodynamically stable form conducive for ligand binding (23). 

Interaction of the P-AR with the Gs-protein occurs intracellularly subsequent to 

ligand binding (17). Data suggests that, of the three intracellular loops, theN- and C

terminal portions of the third loop are the primary regions responsible for the receptor-G 

protein interaction (16). Also, it is the third intracellular loop that must interact with 

other cytoplasmic domains, specifically the second intracellular loop, to obtain full 

efficiency and specificity in receptor-Gs protein coupling ( 16,27 ,29). Between the two 

major subtypes of p-AR, both the P1- and P2-AR require that the third intracellular loop 

act in concert with the second intracellular loop or theN-terminal portion of the 

cytoplasmic tail to obtain full efficiency and specificity in receptor-G protein coupling 

(16). Through mutational analysis it has been determined that a portion of the third 

cytoplasmic loop as well as numerous positions along the cytoplasmic tail of the P-AR 

are phosphorylated during the desensitization ofthe receptor (108). These intracellular 

sites must be phosphorylated by their appropriate kinases before the receptor can be 

desensitized, internalized and thus down-regulated. The mechanism of receptor 

desensitization and subsequent down-regulation will be discussed later in this review. 

The cyclic AMP signal transduction pathway (Figure 2) is one of the most 

important mechanisms for transmembrane signaling in virtually all mammalian cells (30). 
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[From Harper's Review of Biochemistry, ed. 20, 1985, pps 508, 510. Modified from AG 

Gilman: G proteins and dual control of adenylate cyclase. Cell1984; 36: 577. 

Copyright the Massachusetts Institute of Technology]. 

14 



Catecholamines bind to the P-AR which causes the receptor to undergo a conformational 

change. This change allows for the interaction of the receptor with the stimulatory G 

protein, Gs. Beta-adrenergic stimulation promotes the exchange of guanosine 

triphosphate (GTP) for guanosine diphosphate (GDP) on the alpha (ex) subunit of the Gs 

protein and causes Gs protein activation and dissociation of the a subunit from the beta 

(p) and gamma (y) subunits of the G protein trimeric complex. The ex subunit-GTP 

complex then binds to and activates the enzyme adenylate cyclase (AC) that converts 

adenosine triphosphate (ATP) to cyclic adenosine 3',5'- monophosphate (cyclic AMP). 

The increase in cyclic AMP leads to the activation of the cyclic AMP-dependent protein 

kinase (PKA) which subsequently regulates cellular functioning through a cascade of 

phosphorylation events. In the heart, for example, cyclic AMP-dependent protein kinase 

phosphorylates proteins located in the sarcolemma, in the membrane of the sarcoplasmic 

reticulum and in the myofibrils of cardiomyocytes which mediate the effects of 

catecholamines on the heart. Whereas phosphorylation of the sarcoplasmic membrane 

proteins, specifically termed phospholambans, leads to an increased intracellular calcium 

(Ca2
) level and sensitivity, phosphorylation of the thin filament regulatory protein, 

troponin I, leads to a decrease in sensitivity to Ca2
+. Together, these two phosphorylation 

events lead to the episodic contraction-relaxation action of catecholamines on the heart. 

This action is an important determinant of coronary perfusion and rapid diastolic filling 

of the ventricles and is also required for an increase in heart rate that is observed during 

AR stimulation. Effects of these phosphorylation events in other tissues include a P2-AR 

mediated relaxation of vascular and bronchial smooth muscle, glucose and free fatty acid 
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mobilization, stimulation of norepinephrine release from sympathetic terminals, as well 

as many other tissue-specific physiologic responses (78). In any given cell type, 

including lymphocytes, the cyclic AMP-dependent protein kinase is thought to also 

phosphorylate the ~-AR which leads to an attenuation of response termed heterologous 

desensitization. 
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TRANSGENIC OVEREXPRESSION OF f3-ARs 

As stated previously, the contractility of the heart is increased in the trained 

individual resulting in an increased stroke volume. In a recent study, investigators 

generated transgenic mice with up to 200 times the normal number of p2-adrenoceptors 

expressed on cardiomyocytes (97). Although the p2-adrenergic receptor is less abundant 

than the b 1-adrenergic receptor in the heart, it is much more sensitive towards the 

activation of the cyclic AMP transduction pathway than the P1-subtype (106). The 

transgenic animals had faster heart rates and increased rates of pressure development in 

the left ventricle, as well as an increased contractility. The increased contractile 

performance was present under basal conditions, i.e., in the absence of any stimulation by 

exogenous catecholamines. Apparently, the increase in P-AR density alone led to an 

increase in intracellular events which in turn caused the increase in heart rate and 

contractility (97). The reasoning for utilizing the P2-AR subtype in these types of studies 

is threefold. First, cardiac P2-adrenergic receptors do not appear to undergo down

regulation, or loss of receptor number, with clinical heart failure (104,105). Secondly, 

the p2-AR couples to adenylate cyclase with greater efficacy than the Pt-AR (106). 

Furthermore, expression of myocardial Pt-ARs in transgenic mice has resulted in only 

moderate gene expression with no changes in contractility (1 07). 
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As seen later in this review, homologous desensitization of the 13-AR is due to the 

phosphorylation of the receptor by a P-AR kinase (PARK or GRK). Augmenting P-AR 

signaling through the overexpression of a PARK inhibitor enhanced P-AR-stimulated 

cardiac function (101). Additionally, overexpression of the a-subunit of the Gs protein 

also produced enhanced cardiac performance (102). These alterations, downstream of the 

P-AR, illustrate the importance of P-AR-Gs signaling efficiency in determining 

contractile function. Theoretically, genetic manipulation of the a subunit ofGs or GRK 

inhibitors could prove advantageous since signaling efficiency could be enhanced without 

altering the density of the P-AR. 

The enhanced cardiac function described thus far consists of overexpression of 

the P-AR at only moderate levels (60-200 times the normal level). A recent study has 

shown that overexpressing the P-AR up to 350 times the normal can have deleterious 

effects on the heart (100). Transgenic animals that overexpressed the P2-AR from 100 to 

350-times the normal level of receptor exhibited progressive ventricular dysfunction 

directly related in severity of progression to the level of P2-AR expression (1 00). At 

these high levels of expression, the P-AR exhibits ligand-independent signaling whereas 

at the low levels of expression, the P-AR requires binding from the appropriate ligand 

for stimulation. When P2-AR blockade was attempted with the P-selective antagonist 

propranolol, contractile function was normalized in the cell lines that overexpressed the 

P-AR 60-times normal whereas blockade had no effect on the P-ARs overexpressed 

350-times normal (100). Thus, expression of the P2-AR at a level that enhances the in 
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vivo response to agonists but does not cause the in vivo intrinsic, ligand-independent 

signaling may improve cardiac functioning without negative effects. 

Di.flerences in Signaling Mediated by P1· and PrARs 

The study cited above highlights several misconceptions and unfounded 

assumptions concerning the 13-AR and its signaling properties in the heart, specifically 

the contrasting aspects between 13t· and 132-ARs. The first erroneous assumption is that 

13t·ARs and I32-ARs are essentially equivalent in their signaling properties. 

Cardiomyopathy resulted from even low levels of transgenic overexpression of 13 1-ARs 

(5-fold). In contrast, transgenic overexpression ofi32-ARs up to 100-fold significantly 

increased cardiac contractile force without any cardiomyopathic consequences (100). 

Only at even higher levels of expression (350-fold) were pathological changes observed. 

The first study of transgenic overexpression of the 13-AR in the mouse heart (97) 

reported high levels (200-fold) of expression of the I32-AR. These animals had an 

elevated contractility that was unresponsive to further 13-adrenergic stimulation. Like the 

animal lines expressing the highest levels ofi3-AR expression in this more recent study, 

the influencing of cardiac muscle contractility is due to the constitutive activity of the 

highly expanded pool of receptors and could not be reduced with the administration of 

13-blockers, such as propranolol (101). Even at much lower levels of expression (15-

fold) of the f32-AR, marked potentiation of catecholamine-stimulated contraction of the 

heart was observed with no pathological consequences (111). 
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Other observations also indicate that the signaling properties of the (}1- and Jl2-

ARs are quite different. Although both activate adenylate cyclase through the 

stimulatory G protein, Gs, Jl2-ARs can also stimulate Gi, the inhibitory G protein. The 

consequences of this can be seen in the results above. For example, the cardiomyopathy 

seen in the overexpression of flt·AR is not seen with the (}2-AR because its activation of 

Gi limits the extent of the contractile response to overexpressed P2-ARs (101). Only 

when Gi proteins were inactivated by the administration of pertussis toxin did these 

overexpressed P2-ARs models fully stimulate contractility (112). 

As stated previously, p,-ARs appear to undergo downregulation, a phenomenon 

that will be discussed in detail later. In contrast, P2-ARs do not downregulate in the 

failing human heart (104,105). This differential regulation is paralleled by a reduction in 

the P1-AR inRNA levels but no changes in the Jl2-AR mRNA levels (105). The fact that 

only P1-ARs mRNA levels are reduced in failing myocardial tissue is consistent with the 

concept of an agonist-dependent process leading to reduced messenger RNA levels (113), 

since in the failing human heart, p,-ARs are probably stimulated to a greater extent by 

norepiniphrine released from sympathetic nerve endings than P2-ARs stimulated only by 

circulating epinephrine (114). 

Additionally, the efficacy of P1-ARs in the generation of cyclic AMP through the 

activation ofadenylate cyclase appears to be less than that ofthe P2-AR subtype (106). 

This study indicates that the extent to which a receptor may activate the AC system 

(efficacy) depends on the inherent nature of the receptor not on the specific cell type 
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(106). By coexpressing the two subtypes of receptors in the same cell type, the study was 

able to compare the ability of the~~- and ~2-AR to stimulate AC in a similar biochemical 

environment. When the numbers of the two subtypes of receptor were normalized, ~ 1-

AR stimulation of AC was always partial and nonadditive to the response elicited by the 

~rAR(106). 

Therapeutic Implications 

Thus, increased ~2-AR activity or reduced GRK activity can improve myocardial 

performance without causing apparent negative effects on the heart. These observations 

challenge the popular notion that increasing ~-adrenergic signaling in the heart will have 

deleterious consequences (101). Two general theoretical approaches have been proposed 

for the treatment of heart failure: the overexpression of the J32-AR and the 

overexpression of an inhibitory peptide of the GRK enzyme. Overexpressing the ~-AR 

at abnormally high levels produces a cardiomyopathic phenotype in mouse models. 

However, overexpression at moderate levels does promote an increase in cardiac 

performance through increased contractility. Thus, controlling the level of receptor 

expressionis a critical variable in this hypothetical therapeutic approach. 

Experimentally, the issues concerning the use of the ~2-AR as a possible target for gene 

therapy can be approached in several ways. One is to cross animals overexpressing lh

ARs in the heart with genetically engineered lines of mice that develop heart failure 

(115, 116). Another approach is to transfer the fu-AR with adenoviral vectors in cultured 

cardiac myocytes (117). 
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ALTERATIONS IN RECEPTOR DENSITY INDUCED BY EXERCISE 

Epinephrine is released in significant amounts from the adrenal gland as an initial 

response to exercise. Acute physical exercise induces a 5 to 1 0-fold increase in plasma 

catecholamine levels (31-33). The increase in plasma catecholamine levels begins at the 

onset of exercise. During long-term aerobic exercise, concentrations of plasma 

catecholamines have been found to increase continuously until the exercise is stopped 

(Figure 3). Exercise, both long term and short term, influences membrane redistribution 

of ~-ARson human lymphocytes and myocardial tissue (6,34-44). Exposure to 

circulating epinephrine, as observed during exercise, or more practically, in vitro ~-AR 

agonists, have been shown to effect the membrane density of ~-ARs on human 

lymphocytes. Short-term, exhaustive exercise leads to an apparent initial increase in 

~-AR density on human lymphocytes (3,4,5,7,35,39,43,45-51) most likely due to the 

selective recruitment of lymphocytes high in ~-AR density. Long-term exposure to 

~-AR agonists, analogous to chronic exercise, leads to a decreased density of ~-ARs on 

human lymphocytes ( 46,52-70) due to down-regulation. 
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Value) During One Hour of Submaximal Bicycle Exercise [From Galbo, H., et al., 

Glucagon and plasma catecholamine responses to graded and prolonged exercise in man. 

Journal of Applied Physiology, 1975, 38: pp73] 
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Short Term Up-Regulation 

Acute, short-term activation of the sympathetic nervous system in response to 

dynamic exercise increases the apparent rl-AR density on circulating human 

lymphocytes. Receptor translocation from the intracellular space to the cell surface is a 

possible mechanism responsible for the rapid increase in receptor number (35, 76-79). 

Such an event would also enhance lymphocytic cell responsiveness during dynamic 

exercise. Another postulation is that receptors that were occupied with ligand become 

uncovered and able to bind free rl-AR agonists (80). However, this explanation is not 

very plausible given the rapid dissociation kinetics of agonist ligands. Another 

hypothesis is that lymphocytic rl-ARs can exist in several cellular compartments (81 ,82), 

and acute sympathetic stimulation may direct them to the cell surface from their 

previously sequestered state. A third possibility is based on data suggesting that 

circulating lymphocytes differ in their rl-AR density (47,62,83,84). Acute sympathetic 

stimulation may somehow selectively recruit more of the lymphocytes with a higher 

density ofrl-AR thus allowing for an increased density, and subsequently, an increased 

responsiveness to catecholamines during short-term, dynamic exercise. 

Long Term Desensitization and Down-Regulation 

It is well documented that long-term exposure of in vitro rl-AR agonists to the 

receptor leads to a decreased density of that receptor on human lymphocytes. More 

specifically, chronic exposure to sympathomimetic amines leads to decreased 

rl-adrenoceptor densities in animal tissue models and in human peripheral blood 
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lymphocytes. This phenomenon, known as receptor down-regulation, involves receptor 

sequestration from the cell membrane and is preceded by a process termed desensitization 

which involves covalent modifications that affect the functioning of the receptor and its 

guanine nucleotide regulatory proteins (108). 

Despite continuous stimulation of P-adrenoceptors by their appropriate agonists, 

the cellular responses that result soon begin to diminish. Termed desensitization, this 

phenomenon has been well documented in P-ARs and its mechanism involves an 

alteration in functioning ofthe receptor (108). Phosphorylation events acting on the 

P-AR by two distinct kinases (G protein-coupled receptor kinase or GRK and cyclic 

AMP dependent protein kinase) causes the receptor to uncouple from the stimulatory G 

protein Gs. Once uncoupled from the receptor, the Gs protein-receptor complex is much 

less efficient in activating adenylate cyclase resulting in a decreased amount of cyclic 

AMP production from intracellular A TP (Figure 4). 

Phosphorylation of the P-AR by the GRK family ofkinases is termed 

homologous desensitization and refers to the observation that the kinases can only 

phosphorylate receptors that are already occupied .by the appropriate ligand (1 08, 118). 

This strict agonist-binding requirement for GRK phosphorylation makes this mechanism 

strictly homologous in that only the stimulated receptor can be desensitized (125). 

Phosphorylation of receptors by kinases results in only minimal desensitization but this 

phosphorylation increases the affinity of the receptor for proteins called arrestins. 

Binding of the arrestin to the receptor then results in maximal homologous 

desensitization (125). This kinase rapidly (tur-20 seconds) phosphorylates agonist-
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CYTOPLASM EXTRACELLULAR 
SPACE 

Figure 4: Sequence of Events Involved in Desensitization and Down-Regulation of the 
J3-Adrenergic Receptor. Subsequent to the ligand binding to the receptor, adenylate 
cyclase is activated by the stimulatory Gs-protein. After agonist stimulation, the beta
adrenergic receptor kinase (f3-ARK) phosphorylates the receptor, which becomes 
uncoupled from the adenylate cyclase. Desensitization is reversed by dephosphorylation. 
[From Maki, T., et al., The beta-adrenergic response system in man: Physiological and 
pathophysiological response. Scandinavian Journal of Clinical Laboratory Investigation 
1990; 50, (Supp 201 ): pp30).] 
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occupied receptors in response to high levels of agonists and is independent of cyclic 

AMP levels (109,118). Phosphorylation by the cyclic AMP dependent protein 

kinase enzyme is responsible for heterologous desensitization which acts more slowly 

(tt/2-3.5 minutes). Heterologous desensitization, a more generalized form of uncoupling, 

can take place regardless of receptor occupancy and the kinase can be activated through a 

number of different receptors upstream other than the P-AR i.e., any receptor that 

stimulates elevated cyclic AMP levels and PKA activation. Unlike homologous 

desensitization, phosphorylation of the P-AR by the cyclic AMP protein-dependent 

kinase can be initiated by rather low concentrations of P-receptor agonists (1 08, 118). 

For example, prostaglandins acting on PG receptors activate the cyclic AMP second 

messenger pathway thus activating PKA, which can in turn phosphorylate the P-AR even 

though the P-AR was not responsible for the kinase activity and is not in the active 

conformation. 

Studies have shown that homologous and heterologous desensitization appear to 

be completely independent mechanisms. However, some recent studies on GRKs and 

arrestins have revealed that these proteins are regulated by the second messenger

dependent kinases (cyclic AMP protein-dependent kinase) that mediate heterologous 

desensitization. This phenomenon, loosely termed "cross talk", is dictated by the second 

messenger-dependent kinase mediating changes in the cellular expression and activity of 

GRKs and arrestins, thus determining the efficacy of the homologous desensitization 

apparatus (125). 
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Down-regulation, distinct from desensitization, involves a decrease in total 

receptor number due to sequestration from the cell membrane into the intracellular 

compartment (108). Whereas receptor desensitization occurs within seconds to minutes 

of agonist stimulation, sequestration and down-regulation of p-ARs require a greater 

duration of stimulation. Bridging desensitization to down-regulation are a group of 

cytosolic proteins called arrestins which through homologous desensitization (GRK

mediated receptor phosphorylation) bind to and further uncouple the receptor from the G 

protein (Figure 5). Arrestins are not thought to be involved in heterologous 

desensitization suggesting that down-regulation does not occur through the action of the 

cyclic AMP protein-dependent kinase. The phosphorylation events of the PARK enzyme 

that lead to desensitization are required before the arrestin protein can bind to the 

receptor. Once bound to the receptor, the arrestin-phosphorylated receptor complex 

promotes the mobilization of the receptor to clathrin coated vesicle-mediated endocytosis 

(124). Recovery, or resensitization, of the P-AR occurs within minutes after the removal 

of the desensitizing agonist (1 09). However, recovery from profound, long-term 

desensitization induced by prolonged exposure to agonist takes days and requires new 

protein synthesis (1 09). 

28 



( p 

{tarreat0) 

\ 
0ehnaltizatloo 

FIGURE 5: Proposed Role of~-Adrenergic Receptor Kinase (~ARK) and ~-Arrestin in 
Homologous Desensitization of the ~-Adrenergic Receptor [Lefkowitz R.J., H.A. 
Rockman, W.J. Koch. Catecholamines, cardiac ~:adrenergic receptors, and heart failure. 
Circulation. 101: 1634-1637. 2000.] 
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CHRONIC EXERCISE AND RECEPTOR DENSITY 

Rregulation by the sympathetic nervous system plays an important role in 

exercise training and in the development of cardiac fatigue as a result of overtraining. 

Receptor regulation and post-receptor mechanisms may be involved in the adaptation to 

exercise or responsible for the symptoms of overtraining. The hypothesis that alterations 

ip. the sympathetic nervous or sympathetic adrenal system may detrimentally affect 

cardiac function during prolonged exercise training is not new since it is one cornerstone 

of the pathophysiology of congestive heart failure (36). As seen below, comparing the 

trained heart with the diseased heart could provide useful information into the correlation 

between chronic exercise training and J3-AR density 

Although the up-regulation of J3-ARs during short-term exhaustive exercise has 

been well documented, less is known about the effects of long-term endurance training on 

beta-receptor density. Additionally, the long-term exposure of the J3-AR to exogenous 

agonists and its effect on receptor number has been well studied, but the data on 

endogenous catecholamine exposure is lacking. However, studying the diseased heart 

could help elucidate the relationship between chronic exercise and J3-AR density. 

Circulating plasma catecholamines are elevated in patients with chronic congestive heart 

failure much the same as with dynamic exercise (59). One could conclude, in theory, that 

the decreased density of J3-ARs seen in the failing heart could also be seen in the trained 

heart from agonist-induced desensitization followed by down-regulation of the receptor. 
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WHOLE LYMPHOCYTES AS MODEL CELLS 

Circulating lymphocytes containing a homogeneous population of ~J-ARs coupled 

to the adenylate cyclase system and are a frequently used model to study alterations in 

JJ-AR function in man (85). Human lymphocytic cell membranes contain 1000-2000 

~J-ARs per cell (86,87), and the receptors are predominantly of the JJ2-subtype (86). 

Whole lymphocytes not only possess exceptional durability, they are also very easily 

accessible from human whole blood by gradient centrifugation (88). Anatomically, the 

sympathetic nervous system and the immune system (lymphocytes) are linked by a dense 

innervation of the spleen and other immunological tissues ( 4 7). In these tissues, 

sympathetic nerve endings form extremely close contacts with lymphocytes containing 

receptors for sympathetic neurotransmitters making them susceptible to sympathetic 

stimulation ( 4 7). Additionally, studying lymphocytic P-AR responsiveness in humans 

allows correlation to cardiovascular (cardiac muscle cells) responses in humans due to the 

fact that the density and functionality of these two cell types are significantly related (3-

6,61,89). Although possible to measure and extrapolate data on receptor density using 

biopsy samples from myocardial tissue during surgery, such a practice is of little practical 

use. Since there is such a close correlation between myocardial and lymphopcytic Ji2-AR 

density and functionality, certain inferences concerning cardiac responses to exercise can 

be drawn by observing data from human lymphocytes. Although both P1-and Ji2-ARs 
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have been found to coexist in myocardial tissue, it has been suggested that changes in 

lymphocytic ~h-ARs mirror precisely 132-ARs changes in the human heart (89). 

It has been proposed that the initial increase in density of lymphocytic 13-AR 

during short term exercise is due to the fact that circulating lymphocytes increase in 

number as a physiological response to exercise (39,90). Recent studies, however, have 

convincingly shown that this hypothesis is not valid. It has been shown that the up

regulation of 13-ARs occurs even when there is no change in total lymphocyte count or in 

the distribution of different lymphocyte subpopulations ( 46,91 ). One particular study, 

through reverse transcription-PeR techniques, looked at 13-AR mRNA levels after short

term, dynamic exercise. This study concluded that dynamic exercise induced an increase 

in 13-AR number on human lymphocytes and this increase is accompanied with an 

increase in 13-AR mRNA levels (110). This rapid increase in receptor protein synthesis 

could be an early adaptive response to dynamic exercise. 
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BINDING THEORY AND rt25IODO]CY ANOPINDOLOL 

Radioligands provide probes that allow for the specific examination of the ligand 

(drug)-receptor interaction (92) and the use of stereospecific, radioactive ligands in the 

measurement of receptor density and functionality has been a commonly used 

pharmacological assay for three decades (Figure 6). The number of ligands radio labeled 

with either tritium eH) or iodide e251) ligands has increased tremendously resulting in a 

rapid expansion in the use of binding assays to characterize receptors and receptor 

subtypes (92). Before the widespread use of in vitro binding assays, the properties of 

receptors were studied from the measurement of certain biological responses (92). This 

approach has several shortcomings including varied tissue distribution of a drug, the 

metabolism of drugs before they interact with the receptor and the attenuation of response 

caused by feedback mechanisms. 

The use of the P-AR antagonist [1251]-iodocyanopindolol e251-CYP) as a 

radioligand was first described almost twenty years ago (86,93). The creation of this new 

radio ligand proved advantageous to researchers due to the ease of which it could be 

labeled, its unequivocal structure (Figure 7) and much improved binding properties to 

P-ARs (93). Compared to previously used ligands, the specific activity of 1251-CYP 

towards P-ARs was high, and the degree of non-specific activity was low and was 

reported to lack significant interaction with either a-adrenergic or serotonin-type 

receptors (94). 
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Figure 6: Graphical Representation ofRadioligand Binding Data: "Total" represents 

total radioligand bound to receptor and non-receptor sites. "Nonspecific" represents 

radioligand bound only to non-receptor sites and is determined by competing for binding 

sites with excess nonlabeled ligand. The difference between total and nonspecific 

binding is defined as "Specific" binding and is asswned to reflect receptor-specific 

radioligand binding. The inset shows the data transformed as a Scatchard plot. The 

equations at the bottom describe specific binding (B) at any given ligand concentration 

(L) to a binding site with affinity (Kd) and a maximal nwnber of binding sites (Bmax). 

[From Basic Neurochemistry: Molecular, Cellular and Medical Aspects, 4th ed., 

Quantitative aspects of drug-receptor interactions, Chapter 9, 1989, ppl87]. 
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Evidence presented a decade later (94), however, along with data from this 

laboratory, indicates that 1251-CYP may not be selective to just p-ARs but also exhibits 

reactivity towards specific non-P-adrenergic binding sites. When ritancerin, a selective 

ligand towards serotonin-type receptors, competes for 1251-CYP binding to myocardial 

membrane preparations. Thus, the apparent total P-AR binding is decreased 

significantly when these non-P-AR sites are taken into account. 
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EXPERIMENTAL DATA 

HYPOTHESIS 

It is not known if the density of P-ARs expressed in various tissues is increased, 

decreased, or unchanged as one of the many adaptive changes that occur in response to 

long-term, chronic exercise. However, studies involving patients with congestive heart 

. ·· failure, a condition in which there is compensatory increased sympathetic tone and in 

vitro assays that expose receptor to P-AR agonists, specifically epinephrine, over time 

reveal a decreased density of P-AR. The mechanism of receptor desensitization and 

down regulation have been well documented for the P-AR (2, 57, 101,108). 

Desensitization and down regulation are distinct from each other. Desensitization, or 

lack of responsiveness, occurs within seconds to minutes after exposure to agonists and 

shows no change in receptor number. In contrast, down regulation requires a longer 

exposure time to agonist and receptor number is decreased. It is hypothesized that with 

repeated exposure to epinephrine, as seen with chronic exercise, the P-AR is down 

regulated and thus the density of receptor is decreased in the endurance-trained athlete 

compared to untrained, sedentary control individuals. 

METHODOLOGY 

In addition to a review of the literature, a limited number of experiments were 

performed as a part of this project. These experiments served to establish the 
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methodology necessary to conduct larger scale studies. The hypothesis is that there is a 

measurable difference in the density of 13 -AR expressed in human lymphocytes between 

untrained individuals and athletes that have a documented record of long-term, high 

intensity endurance training. Lymphocytes were used as the model tissue since they are a 

recognized tissue source for analysis of 13-AR changes in humans (6). 

Study Subjects 

Six healthy, high fit individuals (four male and two female) and four average fit 

individuals (two male and two female) were recruited to voluntarily participate in the 

proposed study. The procedures, risks, and benefits involved in the study, and the rights 

of the research subjects were explained in an Informed Consent Document approved by 

the Institutional Review Board. 

All subjects were given a physical exam and questioned about their fitness level, 

training history, and activity level. Inclusion into either the high fit or average fit groups 

was determined by asking the test subjects to perform a treadmill run until exhaustion 

using a customized protocol of maximum oxygen U;tilization (V02max)(P.B. Raven, 

unpublished results). The criteria for inclusion in the high fit group was 

V02max>60ml/kglmin. Average fit V02max values were approximately 40ml!kglmin. 

Isolation of Lymphocytes 

Study subjects will be asked to fast from 8:00pm until a blood sample is drawn 

the following morning at approximately 8:00 to 9:00 am. After lying supine for 30 
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minutes, a 40 ml sample of whole blood will be drawn into four EDTA (0.5 mM) coated 

10 ml sterile syringes. An additional 3 ml blood sample will be drawn into an EDT A

coated vacuum specimen tube for standard Coulter mechanized complete blood count 

(CBC) analysis performed by the Department of Pathology. 

Leukocytes were separated from the whole blood sample by the method of 

Boyum (88). Gently and briefly, 10 ml of whole blood is layered onto a 20 mllayer of 

HistopaqueTM 1077 and centrifuged at 400 x g for 20 minutes at 20°C. The plasma 

· · ·fraction is aspirated and discarded and the "huffy coat" fraction containing both 

monocytes and lymphocytes was collected. An aliquot of this huffy coat fraction was 

saved for determination of cell count and differential count of each mononuclear 

leukocyte fraction by Coulter counter. The mononuclear leukocyte fraction was diluted 

with 15-20 ml of homogenization buffer (10 mM Tris-HCl, 2 mM MgC12, 0.5 mM DTT, 

0.1 mM EGTA, pH 7.4) and homogenized with a type PT 10/35 Polytron at a setting of 

"7" for four separate 10 second bursts at 4°C. The resulting cell lysate was centrifuged at 

40,000 x g at 4oC for 30 minutes. The pellet was resuspended in homogenization buffer 

to give approximately 6 x 1 06 cell equivalents/mi. Typical preparations yielded 96% 

lymphocytes by Coulter analysis. 

Binding Assay 

A modification of the methods of Engel, et al. (93) were used as follows. For 

determination of receptor density, washed crude pellet freactions from lysed lymphocytes 

(1.5-4.0 x 105 cell equivalents/ml) were incubated in a final volume of 0.25 ml of 10 mM 
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Tris-HCI, 0.154 M NaCl, pH 7.4 (TS Buffer) with increasing concentrations (5-200 pM) 

ofe251]-(-)-lodocyanopindolol e25I-CYP) (2200 Cilmmol; NEN Life Science Products) 

for 60 minutes at 3 7°C. A parallel set of tubes also contained 1 f.LM S (-)-propranolol 

(RBI/Sigma) for the determination of nonspecific binding. Competitive inhibition 

experiments were conducted in a similar manner except using 50 pM 1251-CYP in the 

presence or the absence of increasing concentrations of competing ligand. The binding 

reaction was terminated by rapid addition of 10 ml ice-cold TS Buffer followed by rapid 

filtration through glass fiber filters (Schleicher & Schuell, #30). The filters are washed 

with an additional! 0 ml of ice-cold TS Buffer and then filter-bound radioactivity was 

determined using a Packard Instruments Cobra scintillation spectrometer. All assays 

were conducted in triplicate. Nonspecific binding was defmed as filter-bound 

radioactivity in the presence of 1 f.LM S (-)-propranolol (93). 

Data Analysis 

Radio ligand saturation binding isotherm data weree fit to a model of mass action 

binding to a single population of binding sites using nonlinear least-squares regression 

analysis (TableCurve™, Jande! Scientific). Competitive ligand binding data were fit to 

one or two site models using the same software. Differences in receptor density between 

groups were analyzed by a two-tailed Student's t-test assuming unequal variances. 

RESULTS 

Pilot experiments were conducted to establish the methodology necessary to 

measure the density of (3-adrenergic receptors on human lymphocyte preparations. As 

40 



shown in Figure 8, specific 1251-CYP binding was saturable and was best fit to a model of 

binding to a population of sites with a single affinity. Estimates of the total number of 

receptor sites (Bmax) ranged from 0.8 to 1.4 pM or 600 to 1200 binding sites per cell. 

Kd values, a measure of receptor affinity for ligand ranged from 30 to 91 pM. These 

values are generally in agreement with published values (51, 53, 60). 

These preliminary experiments also established that so called "nonspecific" 

binding varied considerably from preparation to preparation. Based on published 

standard methods we chose to defme nonspecific binding as the filter bound radioactivity 

measured in the presence of 1 J.!.M propranolol. Additional experiments were performed 

to confirm that this was the appropriate definition of non-receptor or nonspecific binding. 

Competition binding experiments were conducted using the standard nonselective ~

receptor antagonist propranolol (Figure 9). Surprisingly, propranolol binding was best fit 

to a two site model of binding with approximately 40 % of the total sites displaying a low 

apparent affinity (ICSO value) of 1.9 x 10"5 M and the remaining 60% of the sites 

displaying a high apparent affmity of 5.8 X 1 0"7 M. 

Based other published reports of non-~-receptor binding of 1251-CYP (94), we also 

examined the ability of the serotoninergic antagonist ritanserin to compete for 1251-CYP 

binding sites. As shown in Figure 9, ritanserin effectively competed for 1251-CYP bindng 

over the concentration range of 1 OnM to 1 mM and displaced the radio ligand to same 

level as high concentrations (1 OJ.!.M) of propranolol. Ritanserin binding data, like that of 

propranolol, was best fit to a two site model with a high affinity component (IC50 = 8.5 x 

1-8M; 22% of the sites) and a low affinity component (IC50 = 1.0 x 104 M; 78% of the 
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sites). There was also a non-displaceable binding component that probably represents 

''true" nonspecific binding. 

DISCUSSION 

The use of the P-AR antagonist [1251]-CYP as a radioligand was first described 

almost twenty years ago (86,93). The creation of this new radioligand proved 

advantageous to researchers due to the ease of which it could be labeled, its unequivocal 

structure (Figure 7) and much improved binding properties to P-ARs (93). Compared to 

previously used ligands, the specific activity of 1251-CYP towards P-ARs was high, and 

the degree of non-specific activity was low and was initially reported not to interact with 

neither a-adrenergic or serotonin-type receptors (93). 

Evidence presented a decade later, however, along with data from this laboratory 

(Figure 9), indicates that 1251-CYP may not be as selective as once reported. This ligand 

exhibits reactivity towards non-P-adrenergic binding sites, including serotonin receptors 

(94 ). If human lymphocytes express significant levels of serotonin receptors, 

interpretation of 1251 -CYP binding data may be more difficult. 

Another limitation in the exploration of this hypothesis is the discrepancy in the 

population between the two major subtypes of beta-adrenergic receptors on lymphocytes 

and cardiac tissue. Lymphocytes contain only the P2-subtype while the heart contains 

approximately three times more p 1- than P2-ARs. It is not clear if any differences noted 

in the lymphocytic (3-AR of trained and untrained individuals will truly reflect the same 

regulatory phenomena that occurs in cardiac tissue (5). 
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Figure 8: 1251-CYP Saturation Binding to Human Lymphocytes. The data show 

specific 1251-CYP binding to a purified human lymphoctye preparation (average fit 

individual). The inset shows the same data transformed as a Scatchard plot. Each point 

represent the mean± S.D. of triplicate determinations. 
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Figure 9: Competitive Inhibition of 1251-CYP Binding to Human Lymphocytes by 

Propranolol (0) and Ritanserin (0). Lymphocytes were incubated with a fixed 

concentration of 1251-CYP (14 pM) with or without the indicated concentration of 

competing drugs. Each point is the mean± S.D. of triplicate determinations. 
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CONCLUSION 

Important cardiovascular responses to exercise are mediated through the beta

adrenergic receptor. Certain cardiovascular adaptations to chronic exercise, namely a 

decreased resting heart rate, could be due to the proposed down-regulation of ~-AR 

density as seen with chronic exercise. Although the trained heart and the diseased heart 

exemplify a large discrepancy in their efficiency, the ~-ARs in both are exposed to 

elevated levels of catecholamines. Although the decreased density and functionality of 

cardiac ~-ARs in human heart failure is well documented (101), studies on the effect of 

long-term chronic exercise on ~-AR density is lacking. It is well documented that long

term exposure of ~-ARs to exogenous beta-agonists leads to a decrease in receptor 

density on a number of different tissues including human lymphocytes. It has also been 

demonstrated that acute, short-term exercise leads to an increase in not only endogenous 

catecholamines released and circulating lymphocytes, but also in ~-adrenergic receptor 

density. These changes in J3-AR density have shown to be reciprocally related to the 

total amount or duration of exposure to circulating catecholamines. The alterations in 

J3-AR density with short-term exposure to catecholamines (analogous to short-term, 

exhaustive exercise), is proposed to take place through both intracellular translocation to 

the cell membrane along with selective recruitment of lymphocytes with higher densities 

of J3-ARs. Alterations in J3-AR density resulting from long-term exposure to agonist 
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(analogous to chronic exercise) is believed to take place through receptor desensitization 

and subsequent down-regulation. 

Human lymphocytes have shown to be a suitable model system for studying 

P-adrenergic receptors and in relating this information to cardiac responsiveness to 

exercise. Numerous studies have shown the correlation between the lymphocytic and 

myocardial P-ad.renergic receptor density and functionality. As stated previously, the 

majority of beta-receptors in the myocardium are of the P1-subtype whereas lymphocytic 

beta-receptors are primarily of the P2-subtype. However, changes in the composition of 

P2-ARs in the myocardium have been shown to mirror changes in lymphocytic P2·ARs. 

Future research needs to focus on lymphocytic P-ARs and their alterations, if any, 

in response to chronic long-term exercise. Until then, correlations can be made by 

exposing P-ARs to exogenous agonists in vitro but conclusions can not be made until 

alterations are seen in a living system. 
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