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INVESTIGATION OP MYOCARDIAL RECEPTORS BY PET IN BEART DISEASES 

André SYROTA, 

Service Bospitalier Frédéric Joliot, Département de Biologie du 
Commissariat à l'Energie Atomique, Orsay, France. 

Changes in number and/or affinity of cardiac 
neurotransmitter receptors have been associated with myocardial 
ischemia and infarction, congestive heart failure, cardiomyopathy, 
as well as diabetes or thyroid-induced heart muscle disease. These 
alterations of cardiac receptors have been demonstrated in vitro 
on membrane homogenates from samples collected mainly during 
surgery or post mortem. The disadvantage of these in vitro binding 
techniques is that receptors lose their natural environment and 
their relationships with the other components of the tissue. 
With the advent of Positron Emission Tonography (PET) it is now 
possible to obtain noninvasively quantitative determination of 
regional biochemical processes in the heart. 

The feasibility of characterizing muscarinic acetylcholine 
receptors, beta-adrenergic receptors and a.-adrenergic receptors 
has been shown in animals and in man . The receptor PET technique 
begins to be applied to clinical investigation. 
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A. Criteria for identification of ligand-receptor interaction in 
the ayocardiua by PET 

Receptor-mediated localization of a ligand in the myocardium 

•ust be validated in vivo by the same criteria as those for in 
2 vitro binding studies . 

1. Saturability of the ligand-receptor complex can be 
demonstrated by two kinds of experiments. In the displacement 
experiments an excess of cold agonist or antagonist is 
intravenously injected some time after injection of the labeled 
ligand. The radioactive concentration then rapidly decreases with 
time because of the competitive inhibition between the tracer and 
the excess of unlabeled ligand. 

The receptor sites can also be blocked by an excess of unlabeled 
ligand injected prior to the radioligand. In this case the tracer 
radioactive concentration in the tissue is lower than that 
measured in the absence of injection of the cold molecule. 

2. Stereoselectivity is a powerful proof for receptor 

binding. If two stereoisomers are available, one with and the 

other without pharmacologic activity, the displacement must be 

obtained only with the active isomer. The stereospecificity of the 

binding of the muscarinic antagonist C-HQNB was proved : only 

the pharmacologically active isomer of benzetimide (dexetimide) 
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could displace C-MQNB, the inactive isomer (levetimide) being 
ineffective . 

3. Correlation between the binding and a biological effect 

is essential for distinguishing between a displaceable binding 

site with no signal transmission and a receptor binding site which 

is related to physiological responses. A correlation between 

receptor binding and biological effect was shown with 
UC-Pindolol, 1 XC-CGP 12177 and 1 1C-HQNB. The percentage of 
C-MQNB or C-CGP 12177 displaced by various aaounts of 

unlabeled atropine or propranolol was proportional to the decrease 
or increase in heart rate. 

4. Complementary criteria must also be validated such as the 

specific regional distribution of the receptors and the high 

affinity of receptor sites for the radioligand. 

B. Characterization of cardiac adrenergic receptors by PET 

Catecholamines, acting through alpha and beta-adrenergic 
receptors, modulate a variety of physiological responses in the 
heart ; the most important being an increase in the rate and force 
of cardiac contraction. The two typ<?s of adrenergic receptors, a 
and 6, can be classified into two subtypes termed a*, a~ and 9., 

4 5 6- using both pharmacological and anatomical criteria ' . 

1. In vivo demonstration of beta-adrenergic receptors 
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Both p.- and ^-adrenergic receptors are present in the mammalian 

heart. Basically, 8.-receptors exhibit equal affinity for both 

epinephrine and norepinephrine, whereas B.-receptors exhibit a 

higher affinity for epinephrine than for norepinephrine . 

^-adrenergic receptors are the predominant B-adrenergic 

receptors . However, a relatively high proportion of fi2~receptors, 

up to 50%, is found in the human heart, especially in the 

atria 8. 

2. PET 

Four antagonists, propranolol, practolol, pindolol, and CGP 12 177 

have been labeled with C. They differ for affinity, 

liposolubility and subtype-selectivity. C-propranolol a 

lipophilic, nonselective antagonist cannot be used for studying 

the 6-adrenergic receptor with PET because it accumulates in the 

lungs after i.v. injection during the time of PET scanning. 

C-Practolol is a hydrophilic molecule that binds on homogenates 

to 6.-receptor. A few minutes after i.v. injection in man the 

heart was well visualized but the tracer concentration decreased 
1 1 ' i ' i l l 

rapidly with time even when C-practolol was injected at very 
q high specific activity . The percentage of bound tracer that could 

be displaced by injection of an excess of unlabeled antagonist 

(practolol, propranolol, atenolol, pindolol) 20 minutes later was 

also low. Both results can be explained by the relatively low 

affinity of practolol (high K D ) . 

C-pindolol and C-CGP 12 177 have in common a high 

affinity (low K D) and a low lipophilicity. 11C-CGP-12 177 presents 

the greatest advantages. It is a very potent hydrophilic 



nonselective betablocker which shows little nonspecific binding on 
membranes and little cellular uptake . It must be noted that 
CGP-12 177 also has a slight partial agonist effect. This 
hydrophilic 0-adrenergic ligand that is not taken up by cells is 
therefore an ideal probe to specifically measure in vivo the cell 
surface receptors, that is the "functionally active" beta 
receptors. 

A high myocardial uptake was measured after C-pindolol or 
C-CGP-12 177 injection and a displacement of both bound tracers 

was obtained after injection of an excess of cold pindolol 
Saturation of the beta adrenergic receptor was also demonstrated 
by a preinjection of an unlabeled betablocker a few minutes before 
the injection of C-CGP. The preinjection reduced the number of 
unoccupied receptor sites available for the binding of 
radiotracer. Compared to the control curve, the radioactive 
concentration measured in the ventricular myocardium was therefore 
lower. A correlation was observed between the tracer displacement 
and the decrease in heart rate induced by the displacing agent. 
The validation of this important critérium is a strong indication 
that receptor sites and not only binding sites are visualized. 
Myocardial beta-adrenergic receptor density has been found to 

differ among species : B - 152, 150 and 311 fmol/mg protein in 
3 12 

rat, rabbit and dog respectively using H-DHA as ligand 

Beta-adrenoceptor density has been also measured in biopsies of 

human left ventricle and found to vary between 30 fmol.mg" and 79 
-1 125 7 

fmol.mg using. I-cyanopindolol . Beta-adrenergic receptor 
density has been measured in the dog ventricular myocardium by 
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PET. B was found to be 113 pnol/g of tissue (unpublished data). 
The presence of 0-adrenergic receptors in the ventricles of all 
studied species is consistent with the findings that sympathetic 
nerve fibers innervate all regions of the heart. 

2. In vivo study of alpha-adrenergic receptor 
Alpha-adrenergic receptors have been also classified into 

4—6 two subtypes o. and a. . the a. receptors are the classical 
postsynaptic a receptors mediating smooth muscle contraction. 
Alpha 2 receptors are found in several locations, particularly on 
presynaptic nerve terminals, where they mediate feedback 
inhibition of norepinephrine release. The a.- and a*- receptors 
can be distinguished pharmacologically by their relative 
affinities for various agonists and antagonists. 
Prazosin, a selective a.-adrenergic blocker was labeled with C 
and injected to dogs . PET scans showed a high and homogeneous 
myocardial uptake with a much lower pulmonary uptake. However, the 
validation of criteria needed for the characterization of 
receptors could not be achieved probably because of a too high 
nonspecific binding (unpublished data). 

C. Characterization of cardiac muscarinic acetylcholine receptors 
by PET 

The neurotransmitters acetylcholine and norepinephrine exert 
their chronotropic and inotropic effects on the heart by an 
opposite coupling of the cholinergic and p-adrenergic receptors to 
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adenylate cyclase ; beta-adrenoceptors activate adenylate cyclase 

whereas muscarinic cholinergic receptors inhibit it. The 

cholinergic receptor was historically the first receptor in which 

subtypes were clearly delineated. However, many classifications 
14 have been proposed . Currently, the accepted scheme is that 

muscarinic receptors exist in two subtypes. The M. class is 

defined as those receptois exhibiting a high affinity towards the 
antagonist pirenzepine, whilst thp M-, subclass is defined as those 
receptors exhibiting a low affinity towards pirenzepine. The high 
affinity (M.) sites are thought to be primarily located in the 

central nervous system whilst the low affinity (M,) sites are 
thought to be mainly located on peripheral effector organs. 
However binding studies and functional assays indicate 

15 heterogeneity for muscarinic receptors in myocardium . Binding 
experiments with pirenzepine indicate that there is a population 

of muscarinic receptors in myocardium that could well be 

designated M. receptors. Chick myocardium has even a predominance 

of M- receptors in contrast to rat heart . 

The most commonly used radiolabeled muscarinic antagonicts, H-QNB 

(quinuclidinyl benzylate) and H-NMS (N-methylscopolamine) appear 

to recognize identical populations of muscarinic receptors. The 

presence of a population of specific, saturable, high affinity 

acetylcholine receptors in the mammalian heart was identified by 

the use of H-QNB . However, when the same ligand was used to 

label intact cells instead of membrane preparations a higher 

nonspecific binding suggested a trapping of the ligand within the 

cells presumably into the lysosomes. 
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These findings strengthen the choice of labeling MQNB with 
C to study the muscarinic acetylcholine receptor in vivo by 

PET'. MQNB is a hydrophilic antagonist that is not extracted by 
the lungs and that displays a high affinity for the cholinergic 
receptors in rat heart homogenates. All the criteria needed to 
characterize the Muscarinic receptor were validated in the baboon 
and in man with C-MQNB. The ventricular septum and the left 
ventricle contained high concentrations of C-MQNB, the 
radioactivity in the right ventricle was very low and the atria 
were never visualized. Saturation experiments showed that the 

highest concentrations were found in the septum (98 pmol/g of 
18 heart) and in the left ventricle (89 pmol/g) . It is reasonable 

to think that, although the receptor concentration could be higher 

in atria than in ventricles , because of their weight, ventricle 

and septum contain a higher percentage of acetylcholine receptors 

than atria. Although the existence of an abundant parasympathetic 

innervation of the atria is well known, that of the ventricles has 

been a subject of controversy. In the past decade numerous data, 

both chemical and physiological, have proved the existence of a 

direct parasympathetic innervation of the mammalian ventricle (see 

ref. 19 for review). The localisation of these receptors and their 

precise role in the modulation of biochemical and electrophy

siological events at the cellular level remains a subject of 

considerable interest. Saturability of the binding was 

demonstrated by saturation experiir.ents. After a bolus injection of 
1 1C-MQNB at a high specific activity, the UC-MQNB blood 

concentration fell very rapidly to a negligible value a few 
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minutes after i.v. injection. In contrast, the C-MQNB 

concentration increased rapidly in the myocardium to reach a 

maximum in 1-5 min and then remained constant for 70 min. The 

rapid i.v. injection of unlabeled atropine led to a rapid decrease 

(lasting a few minutes) in the septal C-MQNB concentration. This 

binding was stereospecific since dexetimide (the pharmacologically 

active isomer) but not levetimide could displace C-MQNB from its 

binding sites . A correlation between receptor occupancy and a 
18 physiological effect has also been demonstrated . A relationship 

between the percentage of MQNB found in 1 cm of septum after 
rapid i.v. injection in 12 subjects injected with comparable 

amounts of MQNB and the heart rate value recorded at the time of 
injection was observed. For a given subject, the MQNB 
concentration in the ventricular septum was higher when the heart 
rate was lower. A low frequency is related to a predominant vagal 

influence. The greater C-MQNB binding in the septum linked to 

vagal stimulation could be explained by an increase in either the 
number or the affinity of antagonist binding sites. In the 

physiologically active state, the agonist is released from the 
receptor in a low-affinity form, and more sites are available for 

C-MQNB binding . These findings suggest that PET allows the 

identification of the physiologically active conformation of the 
muscarinic receptor under sympathetic and parasympathetic 

18 physiological control 

D. Characterization of the peripheral-type benzodiazepine receptor 
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Specific high-affinity benzodiazepine binding sites have 
been demonstrated in several peripheral organs including the 

21 22 heart ' . The ligand specificity and affinity for the 
peripheral-type binding site is completely different from that of 

23 the central-type site . The demonstration of peripheral-type 
benzodiazepine binding sites was first made in vitro with 
3 21 
H-diazepam New ligands which only bind to peripheral-type 
sites and not to the classical central-type have been synthetized. 
RO 5-4864 and PK 11195 are almost inactive in binding inhibition 
of H-diazepam on its sites in the brain but have a very high 
affinity for peripheral sites . In vitro the PK 11195 binding 
sites in rat cardiac membranes are specific, saturable with a K D 

y A 

of 1.41 nM and a B m a x of 2250 pmol/g of protein . PK 11195 was 
labeled with carbon 11 at very high specific activity and injected 
intravenously in dogs and humans. An initial uptake of C 
PK-11195 was seen in the lung, followed by a high uptake in the 
heart. Benzodiazepine binding sites were uniformly distributed 
The amount of PR 11195 found in the heart was proportional to the 
quantity injected at values below 40 nmol/kg. Above 40 nmol/kg, 
however, the curve showed a plateau due to saturation of the 
benzodiazepine binding sites. This result agrees with the 
mathematical model of a ligand-receptor interaction studied in 
vivo . A similar curve was also obtained when studying the 18 muscarinic acetylcholine receptor . From the PK-11195 
concentration values, the number of benzodiazepine binding sites 
in the dog ventricular myocardium (B_ ) was found to be around 

* max 
6,000 pmol/cm of heart. Other criteria needed for identification 
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of a ligand receptor interaction by PET were validated. 

Saturability was demonstrated by coinjection or displacement 

experiments with unlabeled PK 11195 and other ligands which 

compete for peripheral-type sites such as RO 5-4864 and diazepam. 

Ligands that only bind to brain-type sites such as RO 15-1788 and 
25 clonazepam were ineffective . PK 11195 antagonizes the effects of 

several calcium channel blockers and of a calcium channel agonist 

in a guinea pig papillary muscle preparation. It also inhibits 

arrythmias induced by ischemia and abnormalities after reperfusion 
27 in the dog heart . A PET study of these receptors in man could 

thus be interesting in clinical situations. 

E. Future implications 

PET has only recently begun to be applied to the study of 
cardiac physiology and disease. It is the only methodology able to 

4 demonstrate the physiological regulation of receptors . Treataent 
of cells or animals with agonist or antagonists influence receptor 

number. Agonist treatment leads to down-regulation (decrease in 

receptor density) and antagonist treatment leads to up-regulation. 

Many cardiovascular drugs influence synaptic mechanisms to elicit 

their therapeutic effects. Treatment with beta blocking agents 

causes up-regulation of human myocardial beta receptor density. 

Among these agents, pindolol, a drug with intrinsic 
28 sympathomimetic activity, seems to favour up-regulation . 

Dysopyramide and quinidine exercise their anticholinergic effects 
by blocking cardiac muscarinic receptors in canine ventricular 
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myocardium . PET is thus a unique tool for studying the 

mechanisms of action of drugs in clinical pharmacology. 

PET could also be able to investigate changes in receptor number 

and/or affinity in cardiac diseases. Experimental studies have 

shown that coronary occlusion for 30 minutes to 1 hour is 

associated with an increase in the density of a- and 

6-adrenoceptors . Beta adrenergic receptor density increases 

during relatively early stages of injury in metabolically impaired 

myocytes and decreases subsequently . However, the mechanism 

mediating this up-regulation of receptors is unknown. During 

myocardial ischemia, 6-adrenergic receptors could be redistributed 
32 from intracellular vesicles to sarcolemnal membranes . 

Beta 1- and B^-receptor subtypes have been studied in congestive 
heart failure. Failing human ventricular myocardium shows a 
decrease in the 0. proportion and an increase in the 6., proportion 

due to selective down-regulation of 6. receptors 
PET is thus able to provide noninvasively information not 

only on cardiac receptor density and affinity but also on the 

physiologically active form of the receptor under physiological 
regulation in man. It shows the interactions between drugs acting 

on the heart and myocardial receptors. One can therefore 

anticipate its interest for the investigation of cardiac ischemia 

and cardiomyopathy in man. 

f\ 
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