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Abstract 

The muscarinic receptor antagonist methyl-quinuclidinyl-benzylate decreased myocardial P-adrenoceptor density Bmax: 20.4 + 2.4 
pmol/ml tissue versus 33.3 + 4 pmol/ml tissue in control dogs (P < O.OOl>, as assessed by using [’ ‘C]CGP-12177 (((2Sl-4-(3-t-butyl- 
amino-2 hydroxypropoxyl-benzimidazol-2-one)) and positron emission tomography. In contrast, atropine did not induce any change in 
Bmax: 33.7 f 3.6 pmol/ml tissue. We hypothetized that methyl-quinuclidinyl-benzylate induced the release of norepinephrine from 
sympathetic nerve terminals, an effect which could be blocked by guanethidine. Guanethidine alone (10 mg/kg) did not change B,,,: 
35.5 k 6 pmol/ml tissue. Guanethidine + methyl-quinuclidinyl-benzylate did not induce any significant change in B,,: 31.5 + 5.1 
pmol/ml tissue. Therefore, it seems likely that methyl-quinuclidinyl-benzylate acts at the presynaptic level, probably inducing the release 
of norepinephrine which then causes a down-regulation of P-adrenoceptors. 
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1. Introduction 

The chronotropic function of atria1 muscarinic acetyl- 
choline receptors is well known. Ventricular muscarinic 
acetylcholine receptors are scarce compared to the atria1 
receptors (Nathanson, 1987) and their physiological func- 
tions remain unclear. Stimulation of muscarinic acetyl- 
choline receptors inhibits adenylate cyclase activity 
(Nathanson, 19871, but, acetylcholine, intracoronary in- 
jected, has no - or very little - effect on ventricular 
inotropism (Landzberg et al., 1994). Most ventricular mus- 
carinic receptors are located on myocytes but some are 
located on sympathetic nerve endings (Sharma and Baner- 
jee, 1978). The later regulate norepinephrine release (Lin- 
dmar et al., 1968). The impact of muscarinic agonist and 
antagonist administration on norepinephrine turnover has 
been extensively studied (Loffelholz and Muscholl, 1969; 
Starke, 1977; Muscholl, 1980; Vanhoutte and Levy, 1980). 
However, the impact on /3-adrenoceptor density has not 
been studied. To assess the density of muscarinic acetyl- 
choline receptors in vivo, we used as positron emission 
tomography (PET) ligand the muscarinic receptor antago- 
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nist [I’ Clmethyl-quinuclidinyl-benzylate (Maziere et al., 
198 1; Syrota et al., 1985). We observed that dogs given 
methyl-quinuclidinyl-benzylate always had a significantly 
lower density of myocardial P-adrenoceptors. Therefore, 
this unexpected effect of methyl-quinualidinyl-benzylate 
on /3-adrenoceptor density was in vivo compared to that of 
atropine using PET and the P,-P,-adrenoceptor antagonist 
[ l1 C]CGP- 12177 (((2S)-4-(3-t-butylamino-2 hydroxy- 
propoxy)-benzimidazol-2-one); Hertel et al., 1983; Staehe- 
lin and Hertel, 1983). The possible mechanism of action of 
methyl-quinuclidinyl-benzylate on P-adrenoceptor density 
was also investigated. Furthermore, the functional aspect 
of changes in /3-adrenoceptor density was assessed by 
studying the changes in the left ventricnlar inotropic re- 
sponse to the P,-&-adrenoceptor agonist dobutamine. 

2. Materials and methods 

Female beagle dogs (mean weight 11 kg) were main- 
tained in accordance with the guidelines of the Committee 
on Care and Use of Laboratory Animals of the Institute of 
Laboratory Animal Resources, National Research Council. 

Six dogs were used as controls for the determination of 
left ventricular P-adrenoceptor density. Five dogs were 
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pretreated with methyl-quinuclidinyl-benzylate 750 pg i.v. 
2 h prior to the PET experiment. This dose, which satu- 
rates more than 95% of the myocardial binding sites in 
beagle dogs of this size, was similar to that used for the 
PET determination of muscarinic acetylcholine receptor 
density (Delforge et al., 1990). 

To elucidate the possible effect of methyl-quinu- 
clidinyl-benzylate on myocardial catecholamine release, 
the same five dogs were pretreated with guanethidine 2 
weeks later. Guanethidine (10 mg/kg i.v.; Gaffney et al., 
1962) was administered on each of the 2 days prior to the 
PET study. To verify the blocking action of guanethidine 
on the release of norepinephrine, dogs were i.v. injected 
with tyramine (100 pg/kg over 60 s> at the end of the 
PET study with continuous monitoring of intra-arterial 
pressure (femoral catheter) and heart rate. Tyramine did 
not induce significant changes (Deitchman et al., 1980). 

Two to four weeks later, the same five dogs were 
pretreated with both guanethidine and methyl-quinuc- 
lidinyl-benzylate (as above) and underwent the PET mea- 
surement of /3-adrenoceptor density. At the end of the PET 
study, the same tyramine test was performed; tyramine did 
not induce any significant change. 

Five other dogs were pretreated with atropine (500 pg 
i.v. four times, 30 min apart, the first dose being adminis- 
tered 2 h before the PET experiment). This dose was 
chosen because, in pentobarbital anaesthetized dogs, the 
adequacy and duration of muscarinic blockade was similar 
to that elicited by methyl-quinuclidinyl-benzylate (750 pg), 
as shown by the absence of tachycardia and hypotension 
following acetylcholine 10 pg/kg i.v. (Vatner et al., 
1979). 

In order to assess the functional changes induced by 
methyl-quinuclidinyl-benzylate or atropine, the same two 
groups of dogs underwent two gated blood pool studies 
(control and the muscarinic receptor antagonist in random 
order), l-2 weeks apart. The changes in response of left 
ventricular function to dobutamine infusion were mea- 
sured. 

2. I. PET studies 

The pharmacologically active enantiomer (2s) CGP- 
12177, ((2S)-4-(3-t-butylamino-2 hydroxypropoxy)-benz- 
imidazol-2-one) was synthetized and labeled with “C as 
previously described (Hammadi and Crouzel, 1991). The 
enantiomeric excess was greater than 98%. [“CICGP- 
12177, in the S form, was obtained with a specific radioac- 
tivity ranging from 350 to 1200 mCi/pmol. 

2.1.1. PET experimental protocol 
Dogs were anesthetized with pentobarbital, intubated 

and artificially ventilated. They were positioned in the 
TN01 time-of-flight PET scanner (LETI, CEA, Grenoble, 
France). Each slice was 13 mm thick and spatial transverse 
resolution was 12 mm. Transmission scans were obtained 

with a rotating @Germanium source and used for attenua- 
tion correction of the emission scans. 

The graphical method used for the determination of 
P-adrenoceptor density (Delforge et al., 1991) is based on 
a specific experimental protocol related to the kinetics of 
CGP- 12177. The receptor concentration was estimated by 
using two experimental myocardial concentration values 
calculated from the PET time-concentration curve. The 
protocol included two i.v. injections: a trace dose of 
[I’ C]CGP-12177 (3-5 nmol) at the beginning of the exper- 
iment and, 30 min later, a mixture of labeled (6-8 nmol) 
and unlabeled (35 nmol) CGP-12177. The PET examina- 
tion lasted 70 min. The dynamic series consisted of 66 
frames (18 X 10 s, 7 X 1 min, 5 X 2 min, 2 X 5 min, 
18 X 10 s, 7 X 1 min, 5 X 2 min, 4 X 5 min images). 

2.1.2. PET data processing 
The myocardial time-concentration curve was measured 

from a region of interest encompassing the left ventricular 
myocardium. [I’ CICGP- 12 177 concentrations were ob- 
tained after correction for ’ ’ C decay and expressed as 
pmol/g after normalization by using the specific radioac- 
tivity measured at the beginning of the PET experiment. 
Data were corrected for a partial volume effect by using 
post-mortem measurements of left ventricular wall thick- 
ness (four dogs) and a recovery factor measured on a heart 
phantom. The ratio of true-to-measured concentrations was 
equal to 0.45 for a thickness of 12 mm in the phantom 
calibration experiment performed on the TWO1 PET sys- 
tem (12 mm is the mean myocardial thickness of a beagle 
dog weighing lo- 11 kg). Therefore, true concentrations 
were obtained by dividing the measured concentration 
values by this 0.45 coefficient. 

2.1.3. Calculation of P-adrenoceptor density 
The receptor concentration was estimated by using two 

experimental myocardial concentration values calculated 
from the PET time-concentration curve (Delforge et al., 
1991). This approach relies on differences in the radio- 
tracer kinetics when radiotracer injected alone or with an 
excess of unlabeled ligand. It is based on the following 
differential equation: 

dB(t) = (k+,/W&l, -W)W -k-,B(t) 

where B(t) and F(t) are the molar concentrations of bound 
and free ligand, respectively; V, is the volume of reaction 
for free ligand in tissue; k,, is the association rate con- 
stant; k_ , is the dissociation rate constant. The method is 
based on an uptake measurement where association of the 
tracer to the receptor dominates the kinetics and the small 
effect of dissociation (k_, B(t) in the equation) is ac- 
counted for in the analysis by exponential extrapolation. 

2.2. In vitro determination of /3-adrenoceptor density 

P-Adrenoceptor density was measured in three control 
dogs and three dogs pretreated with methyl-quinuclidinyl- 
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benzylate (750 pg iv.> injected 2 h before the animals 
were killed with an overdose of pentobarbital. The heart 
was rapidly removed and left ventricular samples (2-4 g) 
were stored in liquid nitrogen. [ 3 H]CGP- 12 177 (purchased 
from New England Nuclear; specific activity: 54 Ci/mmol) 
was used. Membrane preparation was performed as previ- 
ously described (Merlet et al., 1993). Membrane ho- 
mogenates (300 ~1) were prepared to a final volume of 2 
ml with buffer (50 mM Tris, 10 mM MgCl,, pH 7.41. 
Increasing concentrations of [ 3~]~~~- 12 177 (from 0.2 to 
3 nM) were added. The incubation conditions (37°C for 60 
min) ensured that equilibrium was reached between the 
receptors and the radioligand. The reaction was terminated 
by rapid vacuum filtration through Whatman GF/C filters. 
Filters were washed with a 15 ml excess of ice-cold buffer. 
These filters were then dried and placed into 5 ml scintilla- 
tion fluid (Insta-Gel, Packard). A liquid scintillation counter 
(Packard SL 2000, 80% efficiency) was used to determine 
the sample radioactivity. Non-specific binding was de- 
tected in the presence of 3 PM of propranolol and aver- 
aged lo- 15% of total binding. Maximum density and 
apparent affinity (K,) were assessed in each individual 
experiment using a non-linear least square regression pro- 
gram. Protein content was measured according to Lowry et 
al. (195 1). The mean value was 92 f 4 mg/g tissue. 

2.3. Gated blood pool studies 

Gated blood pool studies (l-2 weeks apart) were per- 
formed, in a random order, in basal conditions and after 
pretreatment with methyl-quinuclidinyl-benzylate (750 pg 
i.v., 2 h before the gated blood pool study) or atropine 
(500 pg i.v. four times, 30 min apart). Dogs were anes- 
thetized and artificially ventilated as during the PET exper- 
iments. Red blood cells were in vivo labeled with 25-30 
mCi Tc 99m. During each experiment, left ventricular 
function was assessed before and during dobutamine infu- 
sion at incremental doses of 2, 4 and 6 kg/kg/min. 
These doses were chosen to avoid marked changes in heart 
rate and blood pressure (Valette et al., 1992). Scintigraphic 
acquisition was started 3 min after the beginning of dobu- 
tamine infusion, thereby ensuring the stability of the hemo- 
dynamic parameters (heart rate and femoral artery pressure 
were continuously monitored). Gated acquisition lasted 
4-6 min in order to obtain 400 kcounts per frame (16 
frames per cardiac cycle, matrix format 64 X 64, pixel 
size = 4.5 mm). Scintigraphic data were processed with 
standard software (Standke et al., 1983). The measured 
parameters included heart rate, mean blood pressure, left 
ventricular ejection fraction. 

2.4. Plasma norepinephrine determination 

At the beginning of each PET study, venous blood 
samples were drawn. Plasma norepinephrine concentra- 

tions were determined by high-pressure liquid chromatog- 
raphy (Bove et al., 1984). 

2.5. Statistical analysis 

All parameters are expressed as the mean value f 
standard deviation. The different /3-adrenoceptor densities 
obtained in the five conditions (baseline, pretreatment with 
methyl-quinuclidinyl-benzylate, atropine, guanethidine 
alone, both guanethidine and methyl-quinuclidinyl-benzyl- 
ate) were compared by using an analysis of variance and 
Bonferroni’s test. Parameters measured during gated blood 
pool studies were compared by using an analysis of vari- 
ance for repeated measures. A P < 0.05 was considered 
statistically significant. 

3. Results 

3. I. PET studies 

Left ventricular fi-adrenoceptor density was 33.3 + 4 
pmol/ml tissue in control dogs (Fig. 1). Following pre- 
treatment with methyl-quinuclidinyl-benzylate, there was a 
significant decrease in B,,, = 20.4 + 2.4 pmol/ml tissue 
(P < 0.001). In contrast, pretreatment with atropine did 
not induce any change in B,,, = 33.7 + 3.6 pmol/ml 
tissue (P = 0.2). Pretreatment with guanethidine alone or 
with guanethidine + methyl-quinuclidinyl-benzylate did 
not induce any significant change in B,,, = 35.5 + 6 
pmol/ml tissue (P = 0.2) and B,,, = 3 1.5 f 5.1 pmol/ml 
tissue (P = 0.11, respectively. Plasma norepinephrine con- 
centrations were similar in control, methyl-quinuclidinyl- 
benzylate-pretreated, atropine-pretreated, guanethidine-pre- 
treated and guanethidine + methyl-quinuclidinyl-ben- 
zylate-pretreated dogs (251 f 35 pg/ml, 232 f 38 pg/ml, 
258 & 32 pg/ml, 264 _t 42 pg/ml and 248 f 46 pg/ml, 
respectively, P > 0.1). 

” 

CONTROL MONB WA MONO + ‘WA *TROPINE 

Fig. 1. Changes in P-adrenoceptor densities in control dogs, in dogs 
pretreated with methyl-quinuclidinyl-benzylate (MQNB), atropine, 
guanethidine (GUA) and methyl-quinuclidinyl-benzylate + guanethidine 
(mean values + SD., n = 5 per group, except n = 6 for control group). 
* A significant difference versus control values. 



H. Valette et al. /European Journal of Pharmacology 306 (1996) 133-138 

1 ‘.. 

‘..... 
‘.., 

\ -... 
x, 

‘%., 
\.... --‘u ‘..... 

\.... 
‘..,. 

I 

CohTROL MONNB 

Fig. 2. Comparison of changes in Padrenoceptor densities measured in 
vivo and in vitro in control dogs and in dogs pretreated with methyl- 
quinuclidinyl-henzylate (MQNB; mean values+S.D., in vivo n = 5 per 
group, in vitro n = 3 per group). 

3.2. In vitro P-adrenoceptor density 

A statistically significant decrease in P-adrenoceptor 
density (Fig. 2) following treatment with methyl-quinu- 
clidinyl-benzylate was observed: B,,,,, control = 91 k 8 
fmol/mg protein, B,,, treatment = 5 1 * 7 fmol/mg pro- 
tein (P < 0.001). There was no change in affinity constant: 
K, control = 2.3 f 0.4 nM and K, treatment = 1.76 f 0.3 
nM (P=O.l). 

3.3. Gated blood pool studies and response to dobutamine 
infiuion 

There was no statistically significant difference in base- 
line parameters (Figs. 3-4) between control, methyl- 
quinuclidinyl-benzylate- and atropine-pretreated dogs. The 
lack of a significant change in heart rate was mainly due to 
the large standard deviation observed in anesthetized dogs. 
In fact, in methyl-quinuclidinyl-benzylate- or atropine-pre- 
treated dogs, the heart rate was most of the time higher 
than that measured under control conditions (155 + 30, 
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Fig. 3. Changes in mean arterial pressure (mean values f SD., n = 5 per 
group) during dobutamine infusion in control dogs, in dogs pretreated 
with methyl-quinuclidinyl-benzylate or atropine. * A significant differ- 
ence between control dogs and dogs pretreated with methyl-quinuc- 
lidinyl-benzylate (MQNB). 

!pgikglmln 4pglkglmin Guglkglmln 

Fig. 4. Changes in left ventricular ejection fraction (LVEF, mean values 
+S.D., n = 5 per group) during dobutamine infusion in control dogs, in 
dogs pretreated with methyl-quinuclidinyl-bcnzylate or atropine. * A 
significant difference between control dogs and dogs pretreated with 
atropine; + a significant difference between control or atropine pretreated 
dogs and methyl-quinuchdinyl-benzylate pretreated dogs. 

153 + 30 and 130 + 34 beats/min before dobutamine in- 
fusion, respectively). Dobutamine, even at the highest 
dosage, did not induce any significant change in heart rate 
(atropine: 165 f. 35 beats/min; methyl-quinuclidinyl-ben- 
zylate: 166 + 33 beats/min; control: 134 f 3 1 beats/min). 
Blood pressure also remained unchanged in controls or 
following methyl-quinuclidinyl-benzylate (Fig. 3). A sig- 
nificant (P = 0.006) decrease in the responsiveness of left 
ventricular function (Fig. 4) was observed in dogs pre- 
treated with methyl-quinuclidinyl-benzylate. In contrast, 
muscarinic blockade with atropine induced an increase in 
both left ventricular function (P = 0.002; Fig. 4) and blood 
pressure (P = 0.01; Fig. 3). 

4. Discussion 

In pentobarbital anesthetized dogs, acute administration 
of atropine had no detectable effect on P-adrenoceptor 
density, but increased the responsiveness to a P-adreno- 
ceptor agonist infusion, a result found by others (in dogs: 
Vatner et al., 1979; in humans: Landzberg et al., 1994). 

Methyl-quinuclidinyl-benzylate induced a decrease in 
surface-bound P-adrenoceptors. The reduction of P-adre- 
noceptor density was in a similar range whether deter- 
mined in vivo (reduction of 37%) or ex vivo (reduction of 
46%). A possible reason for this reduction is the elevation 
in myocardial interstitial norepinephrine concentration 
(Delehanty et al., 1994). In support of this is the effect of 
guanethidine, which combines the adrenergic neuronal 
blocking action of bretylium with the depleting action of 
reserpine (Maxwell, 1980). The dosage of guanethidine 
and the timing of administration were selected - after 
several PET experiments - to avoid the reserpine-like 
action of guanethidine which could per se modify the 
number of P-adrenoceptors. The blocking action of 
guanethidine on norepinephrine release was confirmed in 
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all dogs by the lack of chronotropic response to tyramine 
infusion. 

The PET method estimates the number of available 
P-adrenoceptors (and not the total number of receptors). It 
is unlikely that the decrease in P-adrenoceptor density is 
due to the occupancy of /3-adrenoceptor sites by an excess 
of norepinephrine following methyl-quinuclidinyl-benzyl- 
ate infusion, as the affinity of CGP- 12177 for the receptor 
is greater than that of norepinephrine (Staehelin and Her- 
tel, 1983). Furthermore, the absence of a significant in- 
crease in baseline left ventricular function after methyl- 
quinuclidinyl-benzylate administration makes this hypothe- 
sis unlikely. An effective change in the volume of reaction 
(V,) for CGP-12177 f 11 o owing treatment with methyl- 
quiniclidinyl-benzylate cannot be ruled out. This hypothe- 
sis is unlikely since pretreatment with guanethdine + 
methyl-quiniclidinyl benzylate did not induce any change 
in B,,,. 

To confirm the physiological importance of the de- 
creased number of P-adrenoceptors, the response to dobu- 
tamine was assessed. Radioligand binding and physiologic 
data suggest that dobutamine acts mainly on the p,-adre- 
noceptor, but also interacts with (Y,- and &-adrenoceptors 
(Deighton et al., 1992). However, dobutamine can induce 
load and heart rate changes that may interfere with the 
contractile response to the drug. In the present study, no 
significant changes of heart rate or blood pressure were 
noticed in control dogs. The changes in left ventricular 
ejection fraction do represent a coarse, but acceptable, 
method to assess in vivo /3-adrenoceptor-mediated respon- 
siveness. The contractile response to dobutamine infusion 
was markedly different after administration of both mus- 
carinic receptor antagonists. 

Methyl-quinuclidinyl-benzylate induced a rapid ( < 120 
min) ‘internalization’ of surface receptors. In fact, the loss 
of surface-bound P-adrenoceptors may be very rapid: a 
decrease by 50% after 10 min exposure to isoproterenol 
has been described (Limas and Limas, 1984). Following 
exposure to a P-adrenoceptor agonist, short-term desensiti- 
zation is triggered by two kinases (P-adrenoreceptor ki- 
nase or c-AMP-dependent protein kinase A; Lohse, 19921. 
There are no data concerning a possible action of mus- 
carinic receptor antagonists on these kinases. Therefore, 
we hypothetized that methyl-quinuclidinyl-benzylate was 
acting at the presynaptic level. Muscarinic acetylcholine 
receptors, although mainly located on myocytes, are also 
present on sympathetic nerve endings (Sharma and Baner- 
jee, 1978). Both presynaptic muscarinic acetylcholine re- 
ceptors and CY? mechanisms contribute to regional varia- 
tions in the rate constant of norepinephrine turnover 
(Schmid et al., 1986). 

There is a discrepancy between our findings and those 
obtained with atropine by Levy and Blattberg (1976). The 
ovefflow of myocardial norepinephrine induced by electri- 
cal sympathetic stimulation was reduced by a high dose (1 
mg/kg) of atropine that is supposed to block the mus- 

carinic effects of acetylcholine and to competitively antag- 
onize the action of acetylcholine on nicotinic receptors 
(Lindmar et al., 1968). 

No change in ventricular norepinephrine turnover was 
found by Schmid et al. (1986) in conscious guinea-pigs 
treated with quinuclidinyl-benzylate while yohimbine or 
quinuclidinyl-benzylate + yohimbine increased nor- 
epinephrine turnover although the dose of muscarinic re- 
ceptor antagonist was similar to that which we used (70-80 
pg/kg). This d’ iscrepancy may be due to inter-species 
differences, cold stress used in guinea-pigs to induce a 
significant increase in the release of norepinephrine, or to 
the different pharmacological properties of the two mus- 
carinic receptor antagonists. In fact, quinuclidinyl-benzyl- 
ate is lipophilic (Gossuin et al., 1984) and crosses the 
blood-brain barrier (Varastet et al., 1992). Therefore, a 
central effect could modify norepinephrine turnover. 
Methyl-quinuclidinyl-benzylate is hydrophilic and does not 
cross the blood-brain barrier (Maziere et al., 198 1). Gal- 
lamine, a selective M, muscarinic receptar antagonist with 
nicotinic properties (Stockton et al., 1983)~ does not induce 
desensitization of P-adrenergic receptors in myocytes free 
of innervation (Limas and Limas, 1984). In contrast, in a 
vein strip preparation, when norepinephrine release in 
response to nerve stimulation is first depressed by acetyl- 
choline, gallamine increases (50% above control levels) 
norepinephrine overflow (Verbeuren and Vanhoutte, 1976). 
In isolated rabbit or guinea-pig hearts, atropine adminis- 
tered after acetylcholine leads to a IO-fold increase of 
norepinephrine release (Lindmar et al., 1968). Lindmar 
suggested that atropine blocked the mechanism mediated 
by muscarinic receptors, resulting in a stimulation of nico- 
tinic receptors. All the above-mentioned results suggest the 
major role of parasympathetic-sympathetic balance and of 
intact sympathetic nerve terminals in the induction of 
desensitization by muscarinic receptor antagonists. 

In summary, in anesthetized dogs, some pharmacologi- 
cal properties of methyl-quinuclidinyl-benzylate differ from 
those of atropine. The proposed mechanism, which re- 
mains hypothetical, is that methyl-quinuclidinyl-benzylate 
may induce the release of norepinephrine, which provokes 
a rapid (< 2 h) decrease in the number of externalized 
myocardial /?-adrenoceptors. This unexpected effect may 
have clinical implications in PET studies. since methyl- 
quinuclidinyl-benzylate competes with acetylcholine at the 
post-synaptic level but also probably acts on norepineph- 
rine release and indirectly on myocardial @adrenoceptors. 
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