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Abstract

Changes in autonomic receptor systems (a- and R-adrenoceptors and muscarinic receptors) were compared in the aging and failing human
heart. In both settings responsiveness of 3-adrenoceptors and all other receptor systems that evoke their effects via cyclic AMP accumulation
was diminished. Muscarinic receptor function, on the other hand, was decreased in the aging, but unchanged in the failing heart; in contrast,
G protein-coupled receptor kinase activity was increased in the failing, but unchanged in the aging heart. a-Adrenoceptor function was
unchanged or slightly decreased in the failing heart. However, nothing is known on a-adrenoceptor changes in the aging heart. These results
indicate that in the failing human heart all autonomic receptor systems appear to be altered in the direction to attenuate B-adrenoceptor
responses to sympathetic (over)stimulation while in the aging human heart autonomic receptor systems appear to be altered in a direction that
protects the heart against too pronounced reduction in R-adrenoceptor responsiveness.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In the human heart there are several receptor systems that
are involved in regulation of contractility and/or heart rate.
Among these there are receptors coupled to the G¢-protein
(B-adrenoceptors, histamine (H)- and serotonin (5-HT)
receptors) that mediate their effects by increases in the
intracellular level of cyclic AMP; receptors coupled to the
G; protein (muscarinic (M)-receptors, adenosine (A) recep-
tors) that lead upon stimulation to decreases in the
intracellular level of cyclic AMP and receptors that mediate
their effects independent of cyclic AMP via the Gg1/
phospholipase C/diacylglycerol/inositoltrisphosphate/pro-
tein kinase C pathway (a;-adrenoceptors, endothelin (ET)-
and angiotensin (AT)-receptors) (Fig. 1). The aim of this
overview was to compare changes in autonomic receptors in
the aging and failing human heart.

2. Autonomic receptors in the human heart
2.1. B-Adrenoceptors

At present, three P-adrenoceptor subtypes have been
identified in mammals, 3;-, 3,- and Ps-adrenoceptors (for
recent reviews, see Brodde and Michel, 1999; Lohse et al.,
2004; Leineweber et al., 2004). In the human heart both B;-
and P,-adrenoceptors coexist, whereby (3;-adrenoceptors
predominate (P;:P,-adrenoceptors ratio, about 70:30%).
Both pB-adrenoceptor subtypes couple to Gg, thereby
elevating the intracellular level of cyclic AMP and cause
positive inotropic and chronotropic effects, in vitro as well

as in vivo. However, in contrast to the p;-adrenoceptor B,-
adrenoceptors can also couple to G; protein, at least in
murine and rat cardiomyocytes (Xiao et al., 1999; Steinberg,
1999). Whether this holds true also for the human heart has
to be elucidated.

Similarly, it is still an open question whether or not ;-
adrenoceptors might exist in the human heart. Several
groups did not find any evidence for (3-adrenoceptor
mediated effects whereas Gauthier and associates recently
found in ventricular endomyocardial biopsy samples of
heart transplant recipients (s;-adrenoceptors that obviously
couple to a Gy/mitric oxide (NO) pathway and mediate
negative inotropic effects (for reviews, see Brodde and
Michel, 1999; Gauthier et al., 2000; Lohse et al., 2004).

2.2. o;-Adrenoceptors

At present three oj-adrenoceptor subtypes have been
identified: a;s-, a;p- and o p-adrenoceptors (Hieble et al.,
1995; Michel et al.,, 1995; Calzada and De Artinano,
2001). oj-Adrenoceptors in the human heart have been
identified at the mRNA level, at the protein level and in
functional studies (for recent reviews, see Brodde and
Michel, 1999; Benfey, 1993); the density of «;-adreno-
ceptors, however, is only 10-15% of that of -adrenocep-
tors. In addition, the subtype(s) of «o;-adrenoceptors
present in the human heart is not well characterized. At
the mRNA level all studies agree that the aa-adrenocep-
tor is the most abundant o;-adrenoceptor subtype, but
mRNA for «;g-adrenoceptors and o;p-adrenoceptors has
been also demonstrated in some but not all studies.
Moreover, on a protein level and in functional studies
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nothing is known on the subtype of «;-adrenoceptors in
the human heart.

Human cardiac «-adrenoceptors couple presumably via
Gg/11-protein to inositol phosphate formation (Bristow et al.,
1988) and mediate positive inotropic effects (for review, see
Terzic et al., 1993; Benfey, 1993; Li et al., 1997; Brodde and
Michel, 1999). The maximum positive inotropic effect
following «;-adrenoceptor stimulation, however, is by far
less than that evoked by B-adrenoceptor stimulation in the
human heart.

In addition, it should be mentioned, that stimulation of
cardiac «,-adrenoceptors can cause the development of a
hypertrophic phenotype, at least in neonatal and adult rat
cardiomyocytes (Simpson, 1983; Schltiter and Piper, 1999).
We have recently convincingly demonstrated that, in adult
rat cardiomyocytes, the aj-adrenoceptor subtype involved
in this hypertrophic response is the «js-adrenoceptor
(Ponicke et al., 2001). Whether or not activation of o;-
adrenoceptors in the human heart might also induce a
hypertrophic response is not known at present.

2.3. Muscarinic receptors

At present five different muscarinic receptor subtypes
exists: Mi-, M,-, M3-, My- and Ms-receptors (for reviews,
see Caulfield and Birdsall, 1998; Brodde and Michel, 1999;
Dhein et al., 2001). These muscarinic receptor subtypes are
subclassified into two large groups according to their
differential signal transduction mechanisms: “odd”-num-
bered muscarinic receptors (M;-, M3-, and Ms-receptors)
couple via a Gg; protein to the phospholipase C/
diacylglycerol/inositoltrisphosphate/protein kinase C path-
way; “even”-numbered muscarinic receptors (M,- and My-
receptors) couple via a Gy, protein to the adenylyl cyclase in
an inhibitory fashion.

In the human heart, the predominant muscarinic receptor
subtype is the M,-receptor (Dhein et al., 2001). Stimulation
of these muscarinic M,-receptors evokes negative inotropic
and chronotropic effects, in atria directly, in ventricles
indirectly (i.e., only after force of contraction is enhanced by
cyclic AMP elevating agents). Thus, in isolated electrically
driven human right atria carbachol decreased basal force of
contraction as well as force of contraction that had been
previously elevated by stimulation of B;-adrenoceptors, ;-
adrenoceptors, histamine H,-receptors and serotonin 5-HTy-
receptors (Wangemann et al., 2003), while in ventricular
preparations carbachol did not decrease basal force of
contraction, but did decrease only force of contraction that
had been activated by isoprenaline or forskolin (Caulfield,
1993; Brodde and Michel, 1999; Dhein et al., 2001).

Evidence had accumulated that, in the human heart, there
might exist another muscarinic receptor subtype. Thus,
expression of muscarinic M,- and M;s-receptors in the
human heart has been demonstrated (Hellgren et al., 2000;
Oberhauser et al., 2001). In addition, in vivo studies had
shown that low doses of atropine and the selective

muscarinic M;-receptor antagonist pirenzepine could evoke
negative chronotropic effects (Pitschner and Wellstein,
1988; Poller et al., 1997; Jakubetz et al., 2000) and it had
been speculated (see Brodde and Michel, 1999) that this
effect might be caused by inhibition of presynaptic
muscarinic autoreceptors thereby leading to enhanced
acetylcholine release; since these effects were achieved by
rather low pirenzepine doses (i.e., M;j-selective) this
autoreceptor could be of the M;-subtype. However, Ober-
hauser et al. (2001) recently demonstrated that, in human
right atria, the presynaptic muscarinic autoreceptor regulat-
ing the release of acetylcholine is of the M,-subtype.

Moreover, it had been shown that, in the human heart,
carbachol can increase inositol phosphate formation (Bris-
tow, 1993). We very recently could demonstrate that this
effect of carbachol is mediated by activation of a muscarinic
Mj-receptor (Willmy-Matthes et al., 2003): thus, in human
right atrial slices carbachol-induced increase in inositol
phosphate formation was antagonized by atropine (indicat-
ing that it is mediated by muscarinic receptors) and by the
selective muscarinic Ms-receptor antagonist darifenacin, but
was not affected by the muscarinic M;-receptor antagonist
pirenzepine or the muscarinic M,-receptor antagonist
himbacine. The functional role of these muscarinic Ms-
receptors in the human heart remains, however, to be
investigated.

3. Changes of autonomic receptors with aging

Human aging is associated with an increase in the
activity of the sympathetic nervous system. This has been
first proposed from the fact that plasma noradrenaline levels
(that are often taken as an indirect index for sympathetic
activity; Esler et al., 1979; Folkow et al., 1983; Goldstein,
1988) are higher in old vs. young people (Ziegler et al.,
1976; for reviews, see Esler et al., 1990; Folkow and
Svanborg, 1993; Lakatta, 1993), and has been subsequently
confirmed directly by microneurographic recordings of
post-ganglionic sympathetic nerve activity to skeletal
muscle (Sundlof and Wallin, 1978; Ng et al., 1993; for
further references, see Seals and Esler, 2000). Thus, there
can be no doubt that sympathetic nervous activity increases
with age; this is, however, a mild increase in sympathetic
activity that develops slowly (plasma noradrenaline levels
increase only 10—15% per decade, Seals and Esler, 2000).
Nevertheless, in this setting cardiac adrenoceptors are
exposed to chronic stimulation; hence, a desensitization of
cardiac B-adrenoceptors with age could be expected.

3.1. B-Adrenoceptors

Numerous studies in animals have shown that with
increasing age cardiac 3-adrenoceptor responses decrease.
While assessment of P-adrenoceptor density in aging
myocardium did not result in consistent results (decrease,



170 O.-E. Brodde, K. Leineweber / European Journal of Pharmacology 500 (2004) 167-176

increase, no change with aging) a general finding was that
coupling of the R-adrenoceptor to the G protein and to the
catalytic unit of the adenylyl cyclase is impaired with aging
(for references, see Docherty, 1990; Lakatta, 1993; Ferrara
et al., 1997).

Only a few studies on age-dependent changes of -
adrenoceptors in the human myocardium ex vivo exist.
Davies et al. (1996) could show that, in isolated ventricular
myocytes from nonfailing hearts, the maximal contractile
response to isoprenaline was significantly reduced in the
elder patients, whereas the ECs, values for isoprenaline
were in the elder patients nearly twice as high as in young
patients. White et al. (1994) studied ventricular -adreno-
ceptors in explanted nonfailing human hearts. They found a
decrease in 3;-adrenoceptors, a reduction in agonist-evoked
induction of the high affinity state of the B-adrenoceptor
(i.e., impaired coupling to the Gy protein), and a diminished
activation of the adenylyl cyclase by the P-adrenoceptor
agonist isoprenaline as well as by the P,-adrenoceptor
agonist zinterol. Moreover, activation of adenylyl cyclase by
Gpp(NH)p, NaF and forskolin was attenuated with age, as
was the maximal positive inotropic effect of isoprenaline on
isolated electrically driven right ventricular trabeculae
decreased and the ECsq value for isoprenaline significantly
increased. In this study, G; protein was unchanged, while G
protein was decreased (when assessed by cholera toxin
induced ADP ribosylation) or unchanged (when assessed by
Western blotting).

Rather comparable data have been found by our group
(Brodde et al., 1995b). We have investigated right atria from
patients of different ages who were undergoing coronary
artery bypass grafting. We found only the tendency of a
decrease of P-adrenoceptors with age, but activation of
adenylyl cyclase by isoprenaline, terbutaline (a p,-adreno-
ceptor agonist), GTP, NaF, and forskolin was significantly
diminished with age; moreover, there was a significant
negative correlation for each parameter with age. However,
in contrast to the White et al. (1994) paper we found a
decreased Mn?*-induced adenylyl cyclase activation, indi-
cating that with age the activity of the catalytic unit of the
adenylyl cyclase declines. Gy protein (as assessed by
Western blotting) was unchanged, while G; protein showed
a slight but significant increase with age. Interestingly, in
our study activation of adenylyl cyclase by serotonin (via
serotonin 5-HT, receptors) and histamine (via histamine H,
receptors) was also diminished in aging. Taken together, in
the aging human heart responses to all receptors that involve
increases in the intracellular level of cyclic AMP appear to
be diminished.

In addition, we have recently found that in right atria
from patients of different ages undergoing coronary artery
bypass grafting without apparent heart failure, density and
activity of the neuronal noradrenaline re-uptake transporter
(uptake,) significantly decreased with increasing age (Lei-
neweber et al., 2002); in contrast, in right atria of a very
similar group of patients the activity of the G-protein

coupled receptor kinase (GRK), a kinase that is involved in
desensitization of (-adrenoceptors, is not changed with
aging (Leineweber et al., 2003). That is in good agreement
with a recent study in aged myocardium of rats where GRK
was also found to be unaltered (Xiao et al., 1998).

3.2. o;-adrenoceptors

To the best of our knowledge, nothing is known on
possible age-dependent changes of «;-adrenoceptors in the
human heart.

3.3. Muscarinic receptors

In aging parasympathetic activity appears to be reduced
(Pfeifer et al., 1983; Fouad et al., 1984; O’Brien et al.,
1986). However, animal data on changes in number and
functional reponsiveness of cardiac muscarinic receptors are
controversial: some studies indicate an increase while others
show a decrease (for references see Docherty, 1990; Brodde
and Michel, 1999; Dhein et al., 2001).

In the human heart, only a very few studies have been
performed to assess changes of muscarinic receptors with
aging. We (Brodde et al., 1998a) have recently shown that,
in right atria from patients undergoing coronary artery
bypass grafting, the density of muscarinic receptors
decreased with age; this decrease was accompanied by a
diminished ability of carbachol to inhibit forskolin-activated
adenylyl cyclase and forskolin-stimulated force of contrac-
tion in isolated electrically driven right atrial trabeculae
(Giessler et al., 1998).

This decrease in muscarinic receptor function is con-
sistent with recently published data by Oberhauser et al.
(2001) who demonstrated that the electrically stimulated
release of acetylcholine from atrial tissue decreased with
increasing age of the patients. Furthermore, the bradycardic
effect of low dose pirenzepine on basal as well as on
isoprenaline-stimulated heart rate is significantly attenuated
in elder people (Poller et al., 1997; Brodde et al., 1998a).

And finally, in about 400 healthy subjects of different
ages Liu et al. (1999) found antibodies against the
muscarinic M,-receptor; interestingly the frequency of
occurrence of these antibodies increased with increasing
age in these volunteers. Thus, taken together in the aging
human heart number and functional responsiveness of
muscarinic M,-receptors appears to be reduced. Whether
cardiac muscarinic Mj-receptors, that have been recently
demonstrated in the human heart (see above), may be
affected by age is not known at present.

4. Changes of autonomic receptors in heart failure
In heart failure sympathetic activity is increased. This

has been directly demonstrated by studies with peroneal
nerve recordings of sympathetic nerve traffic in patients
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with chronic heart failure (Leimbach et al., 1986). In
addition, numerous studies have shown that plasma
noradrenaline levels are elevated in patients with chronic
heart failure (Francis and Cohn, 1986; Cohn, 1990). The
increase in plasma noradrenaline levels, that has been taken
as a guide to prognosis for these patients (Cohn et al.,
1984; Rector et al., 1987), is by higher and more rapid than
that observed in aging (see above), and is caused by an
enhanced cardiac noradrenaline spillover due to the
increased sympathetic drive to the heart (for review, see
Esler et al., 1997) and a decreased activity and density of
the neuronal noradrenaline re-uptake transporter (uptake;)
(Petch and Nayler, 1979; Béhm et al., 1995; Eisenhofer et
al., 1996). Accordingly, myocardial catecholamine stores
are depleted in patients with chronic heart failure (Chidsey
and Braunwald, 1966). Thus, in chronic heart failure
cardiac -adrenoceptors are chronically activated by the
increased sympathetic activity (i.e., increased catechol-
amine concentrations) thus leading to a decrease in cardiac
p-adrenoceptors, the most powerful physiologic mecha-
nism to acutely augment contractility (and heart rate) in the
human heart (Brodde et al., 1995a).

4.1. -Adrenoceptors

Since the original findings of Bristow et al. (1982) that in
the severely failing human heart (-adrenoceptors are
decreased, numerous studies on alterations of the p-
adrenoceptor system in the failing human heart have been
performed. It is now generally accepted that, in the failing
human heart, B;-adrenoceptors are decreased, (,-adreno-
ceptors may or may be not decreased but are uncoupled
form the effector system adenylyl cyclase, the amount and
activity of G protein is unchanged, the amount and activity
of G protein is increased as is the amount and activity of the
GRK, while activities of adenylyl cyclase and protein kinase
A are unchanged (for reviews, see Brodde, 1993; Brodde
and Michel, 1999; Port and Bristow, 2001; Lohse et al.,
2004). The consequence of these changes is a reduction in
cardiac p-adrenoceptor functional responsiveness. However,
in heart failure not only functional responsiveness of {3-
adrenoceptors but also that of all receptors coupled to the G
protein (histamine H,-receptors, serotonin 5-HT,4-receptors)
is diminished (Ndbauer et al., 1988; Brodde et al., 1998b)
presumably by the increase in the inhibitory G protein G,
that might impair cyclic AMP formation. In fact, it has
recently been shown that increases in Gj; protein can
suppress receptor-mediated activation of adenylyl cyclase
(for references, see El-Armouche et al., 2003). Taken
together, in the failing human heart responses to all
receptors that involve increases in the intracellular level of
cyclic AMP appear to be diminished.

Finally, it should be noted that evidence has accumulated
that cardiac P-adrenoceptor stimulation can evoke pro-
grammed cell death (apoptosis) with (3;-adrenoceptors (via
the G protein) inducing proapoptotic effects and P,-

adrenoceptors (via the G; protein) inducing antiapoptotic
effects, at least in rat cardiomyocytes (Communal et al.,
1999; Chesley et al., 2000; Ponicke et al., 2003). Whether
this holds also true for the human heart remains to be
elucidated. However, it should be mentioned that in the
failing human heart G; is increased. One can speculate,
therefore, that this increase in G; would be protective to the
human heart because it would enhance the antiapoptotic
effects of (3,-adrenoceptor stimulation.

4.2. a;-Adrenoceptors

Several studies on changes of «;-adrenoceptors in the
failing human heart have been published. From the data it
appears that, in the failing heart, the density of «;-
adrenoceptors is somewhat increased (Vago et al., 1989;
Steinfath et al., 1992; Hwang et al., 1996; Yoshikawa et al.,
1996) although unchanged a;-adrenoceptor density has also
been found (B6hm et al., 1988; Bristow et al., 1988; Hwang
et al., 1996). The changes in «;-adrenoceptor density were,
however, accompanied by an unchanged amount of immu-
nodetectable Gg11, the G protein that couples «;-adreno-
ceptors to the phospholipase C (Ponicke et al., 1998) and by
an unaltered inositol phosphate formation (Bristow, 1993).
Moreover, «o;-adrenoceptor mediated positive inotropic
effects in isolated ventricular preparations from failing
hearts were either unaltered (Bohm et al., 1988) or even
decreased (Steinfath et al., 1992).

Interestingly, this pattern of o;-adrenoceptor changes in
the failing human heart very closely resembles that of
alterations of another cardiac Gg/;-coupled receptor in the
failing human heart, the endothelin (ET)-receptor: density of
ET-receptors is increased (Ponicke et al., 1998; Pieske et al.,
1999; Zolk et al., 1999; Serneri et al., 2000; Walker et al.,
2001; Asano et al., 2002), ET-1 induced inositol phosphate
formation is unchanged (Ponicke et al., 1998) and the
positive inotropic effect of ET-1 on isolated human ven-
tricular preparations is rather decreased (Pieske et al., 1999).

4.3. Muscarinic receptors

In chronic heart failure patients activity of the para-
sympathetic nervous system appears to be attenuated
(Eckberg et al., 1971; Porter et al., 1990; La Rovere et al.,
1994). However, most studies have shown that the number
of cardiac muscarinic receptors in patients with chronic
heart failure is not altered (Bohm et al., 1990a,b; Fu et al.,
1992; Giessler et al., 1999); only an in vivo positron
emission tomography (PET) study has found a slight, but
significant increase in cardiac muscarinic receptors in
patients with chronic heart failure (Le Guludec et al.,
1997). Interestingly, also functional responsiveness of
cardiac muscarinic receptors (i.e., inhibition of adenylyl
cyclase and negative inotropic effects) were not altered in
atrial and ventricular preparations from patients with
chronic heart failure (Béhm et al., 1990a,b; Bristow, 1993;
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Ponicke et al., 1998; Giessler et al., 1999) although activity
of G; protein, the G protein coupling cardiac muscarinic M,-
receptors in an inhibitory fashion to adenylyl cyclase is
increased (see above). Thus, the role of the increase in G; in
heart failure is still a matter of debate. On the one side it
might be detrimental to the heart because it attenuates (via
inhibition of adenylyl cyclase) positive inotropic effects
brought about by stimulation of all receptors that involve
formation of cyclic AMP. On the other hand, it might be
protective to the heart because it could augment antiapop-
totic effects of B,-adrenoceptor stimulation (see above).
Moreover, studies in rats had shown that chronic treatment
with carbachol causes a decrease in muscarinic receptor
density and in G;j protein, and this was accompanied by a
marked increase in isoprenaline- or forskolin-evoked
arrhythmias (Eschenhagen et al., 1996). Similarly, inactiva-
tion of G; protein by pertussis toxin treatment in rats led to a
marked increase in the arrhythmogenic effect of isoprena-
line (Grimm et al., 1998). On the other hand, chronic
treatment of rats with isoprenaline caused decreases in 3-
adrenoceptors and increases in G; protein, and this was
accompanied by a marked decrease in isoprenaline- or
forskolin-induced arrhythmias (Eschenhagen et al., 1996).
Taken together, these data are in favor of the idea that the
increase in cardiac G; protein in patients with chronic heart
failure might protect the heart against catecholamine-
induced arrhythmias.

5. Conclusion

From the data presented in the two previous chapters, it is
clear that changes in autonomic receptors in the failing and
the aging human heart have some similarities (see also Fig.
1). In both settings, the function of all Gs-coupled receptors
is diminished; this holds true not only for (3;- and (-
adrenoceptors, but also for other Gg-coupled receptors such
as histamine H,-receptors and serotonin 5-HT4-receptors. In
the failing heart the reduction in 3-adrenoceptor function is
due to a decrease in receptor number [which automatically
leads—because the human heart has no spare receptors for
-adrenoceptors (Brown et al., 1992; Schwinger et al.,
1990)—to a reduction in functional responsiveness) and is
sustained (and possibly enhanced) by the increase in the
inhibitory G; protein (that inhibits cyclic AMP formation)
and the increase in GRKs (that phosphorylate agonist-
occupied receptors and, by this, uncouple them from the
effector system, adenylyl cyclase). Morever, in the failing
human heart neuronal uptake (uptake;) of catecholamines is
diminished. Since in chronic heart failure sympathetic drive
to the heart is increased this leads to increases of catechol-
amines in the synaptic cleft to concentrations that easily can
down-regulate -adrenoceptors.

In the aging human heart, the reason for the reduction in -
adrenoceptor function is, however, not completely under-
stood: in ventricular myocardium a decrease in ;-adreno-

ceptor density and in Gy protein appears to be responsible
(White et al., 1994) while in right atrial tissue the activity of
the catalytic unit of the adenylyl cyclase is reduced in aging
that leads to an attenuated cyclic AMP formation; this might
be accompanied by a slight increase in G; protein (that also
inhibits cyclic AMP formation; Brodde et al., 1995b).
However, independent from the underlying mechanism the
aging human heart exhibits diminished responses not only to
R-adrenoceptor stimulation but also to stimulation by all
receptors that evoke their effects via accumulation of cyclic
AMP. In addition, also in aging sympathetic activity is
increased and cardiac neuronal uptake (uptake,) of catechol-
amines is decreased. Thus, alterations in Gg-coupled recep-
tors in the failing and aging human heart are quite
comparable; however, one important exception is the fact,
that in the aging human heart activity of GRKs is not
altered—in contrast to the failing heart where it is increased
(see above).

The reason for the different behaviors of GRK in the
failing vs. the aging heart is not completely understood.
However, it should be considered that stimulation of -
adrenoceptors is a strong stimulus to activate GRK
(Iaccarino et al., 1999; Penn et al., 2000). In both settings,
heart failure and aging, sympathetic activity is increased
thus leading to chronic activation of P-adrenoceptors.
However, in aging the increase in sympathetic activity
develops slowly [plasma noradrenaline levels (an index for
sympathetic activity, see above) increase only 10-15% per
decade; Seals and Esler, 2000]. In heart failure, on the other
hand, sympathetic activity increases much more rapidly
(Francis and Cohn, 1986); in addition, increases in plasma
noradrenaline levels are by far higher and reach within short
time levels between 600 and 1300 pg/ml (Cohn et al., 1984).
Thus, the time course and intensity of increases in
sympathetic activity (as assessed by plasma noradrenaline
levels) differ markedly between aging patients and heart
failure patients, and these differences in time course and/or
intensity may be one explanation for the different changes in
GRK activity in the aging vs. failing human heart.

Striking differences, on the other hand, exist for
alterations of muscarinic receptors in the failing vs. aging
human heart (see also Fig. 1). In the failing human heart, the
density of muscarinic receptors is not different from that in
normal hearts; moreover, in the failing heart—despite the
increase in G; protein—carbachol-induced inhibition of
adenylyl cyclase and the indirect negative inotropic effect
of carbachol was nearly identical between failing and
normal hearts. In contrast, in the aging human heart density
of muscarinic receptors decreased with increasing age, and
there was a significant inverse correlation between muscar-
inic receptor density and age of the subjects. This decrease
in receptor density was accompanied by a diminished
carbachol-induced inhibition of adenylyl cyclase and an
attenuation of the indirect negative inotropic effect of
carbachol with aging. Thus, alterations of Gj-coupled
(muscarinic M,) receptors appear to be quite different in
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the aging vs. the failing human heart: in the aging human
heart muscarinic receptor number and function declines,
while in the failing human heart it is unaltered.

Unfortunately, alterations in «j-adrenoceptors in the
aging human heart have not been investigated so far; thus,
no comparison with alterations in the failing human heart
can be made.

What are the consequences of the similar changes in 3-
adrenoceptors and different changes in muscarinic receptors
in the aging vs. failing human heart? In the human heart the
p-adrenoceptor-Gg—adenylyl cyclase system is the most
powerful physiologic mechanism to acutely augment
cardiac contractility (and heart rate; Brodde et al., 1995a).
One possibility to test the functional responsiveness of
human cardiac B-adrenoceptors is to measure the heart rate
response to isoprenaline infusion (McDevitt, 1989). Arnold
and McDevitt (1984) had shown that, in healthy volunteers,
the isoprenaline infusion-induced increase in heart rate is
markedly enhanced in the presence of the anticholinergic
drug atropine. This holds true not only for isoprenaline
(acting at ;- and B,-adrenoceptors), but also for terbutaline
infusion (acting at 3,-adrenoceptors) and bicycle exercise-
induced increase in heart rate (acting at {3;-adrenoceptors;
Bruck et al., 2003). This indicates that (1) in the human
heart P;-adrenoceptor and [3,-adrenoceptor stimulation
evoked increases in heart rate are composed of two
components: increases in heart rate due to (-adrenoceptor
stimulation and simultaneously decreases in heart rate by
(reflective) increases in vagal tone; and (2) the pure (-
adrenoceptor mediated increase in heart rate can be only
obtained if vagal tone is blocked. Recently, several studies
have shown that, in healthy volunteers of different ages,
infusion of isoprenaline resulted in increases in heart rate
that were not different between young and elder volunteers
(for references, see Brodde and Michel, 1999; see also Fig.
2). However, when these studies were repeated in the
presence of trimetaphan thus blocking compensatory
reflexes (White and Leenen, 1994; White et al., 1998) or
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in the presence of atropine (thus blocking vagal tone,
Brodde et al., 1998a) heart rate responses to isoprenaline
were significantly larger in young vs. elder volunteers (see
Fig. 2). Thus, in the aging human heart the attenuated
response to 3-adrenoceptor stimulation in vivo is masked by
the fact, that the counteracting effect of vagal tone (i.e.,
muscarinic receptor stimulation) is also diminished resulting
in an unchanged response when compared with that in
young subjects. This is in sharp contrast to the situation in
the failing human heart, where cardiac P-adrenoceptor
responses are reduced while cardiac muscarinic receptor
responses are unchanged. Under these conditions isoprena-
line infusion-induced increase in heart rate is markedly
attenuated because of the reduced B-adrenoceptor function
that is further enhanced by the maintained function of the
muscarinic receptors (Fig. 2).

Taken together, in the failing human heart autonomic
receptor systems are all altered in the direction to attenuate
p-adrenoceptor responses to sympathetic stimulation: -
adrenoceptors are down-regulated and/or uncoupled from
the effector system adenylyl cyclase, muscarinic receptors
are unchanged and can, therefore, further contribute to the
attenuated P-adrenoceptor response, GRK activity is
increased thus inducing further desensitization of the (-
adrenoceptors, and neuronal uptake (uptake;) of catechol-
amines is decreased thus leading to enhanced noradrenaline
levels in the synaptic cleft that induce B-adrenoceptor down-
regulation. In the aging human heart, however, it appears
that autonomic receptor systems are altered in a direction
that protects the heart against too pronounced reduction in
-adrenoceptor responsiveness: 3-adrenoceptors are desen-
sitized but muscarinic receptors are also desensitized thus
leading to an unaltered in vivo response of (-adrenoceptor
stimulation. In addition, GRK activity is not changed and
therefore does not contribute to (or exaggerate) R-adreno-
ceptor desensitization. On the other hand, neuronal uptake
(uptake;) of catecholamines is reduced in the aging human
heart; this leads to an impaired inactivation of sympatheti-
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Fig. 2. Heart rate response to intravenously applied isoprenaline (left) in 68 healthy volunteers (control) and 6—7 patients with congestive heart failure (CHF,
NYHA class III-1V). *¥P<0.001 vs. control. Data from Erne et al. (1988) with slight modifications, and (middle and right) in 6 young (age: 26 years) and 6
older volunteers (age: 61 years) in the absence ((A) Control) and presence ((B) Atropine) of atropine (15 pg/kg/body weight as bolus followed by i.v. infusion
of 0.15 pg/kg/min throughout the experiments).*P<0.05 vs. the corresponding values in young volunteers. Data from Brodde et al. (1998a) with modifications.
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cally released noradrenaline resulting in higher synaptic
cleft noradrenaline levels. Because in aging sympathetic
activity is by far less enhanced than in chronic heart failure,
the increase in synaptic cleft noradrenaline might be less
than in chronic heart failure. Under these conditions there
might be an increased noradrenaline concentration at the
cardiac P-adrenoceptor thus (at least partly) masking
reduced (-adrenoceptor response seen in the elderly.
Whether these increased synaptic cleft noradrenaline levels
might contribute to P-adrenoceptor desensitization is
difficult to estimate; however, it should be less than in the
failing human heart because GRK activity (that markedly
increases PB-adrenoceptor desensitization) is not changed in
the aging human heart (see above).
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