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[3H]Quinuclidinyl benzilate binding to the human lung muscarinic receptor* 

(Received 29 April 1987; accepted 25 August 1987) 

The parasympathetic (cholinergic) nervous system is an 
important regulator of airway tone [l] and plays a major 
role in the diseases of hyperreactive airways. The human 
lung receives its parasympathetic innervation from the vagi 
which supply the bronchial tree to the level of the res- 
piratory bronchioles. Impulses from the postganglionic 
fibers are transmitted by acetylcholine which stimulates 
muscarinic receptors located on a variety of target cells 111. 
Stimulation of muscarinic receptors has been shown- to 
increase total luna cvclic GMP levels 121, increase the 
immunologic release of mast cell mediaio-m [2], increase 
mucus release from cultured human airways [3], and con- 
tract human airway smooth muscle (41. Target cell response 
begins with the number and affinity of the surface receptors 
for their neurotransmitter. Therefore, it is important to 
characterize the human lung muscarinic receptor system in 
order to understand the role of these receptors in peripheral 
lung responses and to ascertain whether binding parameters 
differ among patient populations. Using a computer 
modeling program which allowed us to combine and analyze 
radioligand binding data from multiple experiments, we 
determined that human peripheral lung contains a relatively 
low concentration of single-site, high-affinity muscarinic 
receptors. 

Materials and methods 

Reagents. Bovine serum albumin (BSAt), scopolamine, 
atropine, oxotremorine, methachohne chloride, carbachol, 
histamine diphosphate and D,L-isoproterenol were pur- 
chased from Sigma, St. Louis, MO; sucrose and magnesium 
chloride were purchased from the Fisher Scientific Co., Fair 
Lawn, NJ; Tris was purchased from Boehringer Mannheim 
Biochemicals, Indianapolis, IN; Dulbecco’s medium was 
purchased from Hazieton, Denver, PA; quinuclidinyl 
benzilate (ONB) was a eift from Hoffmann-La Roche. 
Nutley, NJ;mand’[3H]QNB (39.4 Ci/mmol) was purchased 
from New England Nuclear, Boston, MA. 

Preparation of human lung tissue. Human lung tissue 
was obtained at the time of resection for lung cancer. 
Macroscopically normal areas of peripheral lung tissue were 
dissected free of pleura, large bronchi (>3-5 mm) and large 
blood vessels, and were washed in Dulbecco’s medium. 
Tissue was frozen at -70” until use. 

Plasma membranepreparation. To determine the optimal 
lung plasma membrane preparation for the radioligand 

* Supported in part by a VA Merit Review Award. 
t Abbreviations include: BSA, bovine serum albumin; 

K,,, dissociation constant; N, ratio of nonspecifically bound 
to free ligand; QNB, quinuclidinyl benzilate; R, binding 
capacities; and RMS, root-mean square. 

binding assays, the specific binding of [3H]QNB to five 
different plasma membrane preparations was compared 
(Fig. 1). Specific binding was calculated as the difference 
in binding when 4 nM [3H]QNB was incubated at 37” for 
60 min in the absence or presence of 1 PM unlabeled QNB . 
The lung was minced, placed in ice-cold 10 mM Tris (pH 
7.4) containing 0.25 M sucrose and 0.5% BSA (10 ml/ 
g tissue), homogenized, gauze filtered, and centrifuged 
slowly. The resultant supernatant fraction was tested 
directly for specific binding or was centrifuged further at 
either 27,OUO g for 20 min or 40,000 g for 45 min. The pellets 
and supernatant fractions were then resuspended in the 
buffer used for the radioligand binding assays (50 mM Tris 
with 25 mM MgClr, pH 7.2), and analyzed for specific 
binding. As shown in Fig. 1, the lowest specific [3H]QNB 
binding occurred in the supematant fractions (<7 fmol/mg 
protein), whereas the highest specific [‘H]QNB binding 
occurred in pellet 3 (27.8fmol/mg protein). The specifii 
binding measured in pellet 3 was 88% of the total binding. 
Therefore, all subsequent radioligand binding studies us& 
the plasma membrane isolation procedure outlined for 
pellet 3 (Fig. 1). The protein content [5] of this plasma 
membrane preparation was adjusted to l-3 mg/ml with 
Tris MgCI, buffer. 

Radioligand binding assays. Radioligand binding assays 
were done as described previously [6]. Aliquots (100 fi) of 
the plasma membrane preparations suspended in the Tris 
MgClr buffer were used in the binding assays in a final 
volume of 160 ~1. The assay mixtures were incubated at 37” 
for 60min with either increasing concentrations of the 
radioligand, [3H]QNB, or a fixed concentration of radio- 
ligand and different concentrations of various agonists and 
antagonists. Incubations were terminated by adding 4 ml 
of ice-cold incubation buffer followed by rapid vacuum 
filtration through Whatman GF/C Glass Microfibre Filters. 
The filters were washed immediately thereafter with 20 ml 
of ice-cold buffer, dried, and then assayed in a liquid 
scintillation system using a Beckman LS-7000 counter. All 
samples were run in duplicate to triplicate, and replicates 
differed from each other by less than 10%. 

Modeling and statistical evaluation of receptor binding. 
The binding data were analvzed using a weighted, nonlin- 
ear, least-squares curve fitting as provided in-the computer 
program LIGAND 171. The binding curves were first re- . I . - 

expressed in terms of bound [ ‘H]QNB concentration versus 
total concentration added, considering both the labeled 
and unlabeled ligand. Contrary to common custom for 
binding studies, nonspecific binding (N) was not measured 
for each individual concentration by use of a RIO-fold excess 
unlabeled ligand concentration. Rather, N was modeled 
directly as an extra, very low-affinity, nonsaturable class of 
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Determination of optimal lung 
membrane preparation 

Minced human peripheral lung 

I 

Homogenize at 22,OOD RPM x I min 

Gauze filter 

I 

8OOxg 
x IO min. 

Specific binding 
(frnol/mg protein) 

Supernatant I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.2 

2 . . . . . . . . . . . . . . .2.7 

/\ 

Pellet 2 . . . . . . . . . . . . . . . . . . . ._ . . . . . . . . . 21.6 

Supefnatant 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3 

Pellet 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27.8 

Fig. 1. Specific binding of [3H]QNB to five different human lung plasma membrane preparations. 
[3H]QNB (4 nM) and the human peripheral lung membrane preparations were incubated in the presence 

or absence of 1 PM unlabeled QNB for 60 min at 37” and specific binding was compared. 

receptors, and expressed as the ratio of nonspecifically 
bound to free ligand [7]. Equilibrium binding models with 
one and two classes of specific binding sites were fitted to 
the data, and the best-fitting model was chosen on the basis 
of the “extra sum-of-squares” F-test criterion [7]. Finally, 
values for the dissociation constants (&), binding capacities 
(R), and N for the chosen model were estimated, along 
with their standard errors. The predicted curve was then 
plotted superimposed on the data, and the goodness-of- 
fit was evaluated using a “number-of-runs” tests on the 
residuals and by evaluation of the root-mean-square @MS) 
residual error. 

Results and discussion 

Initial experiments were done to determine when 
[3H]QNB binding to human peripheral lung tissue reached 
equilibrium. Four nanomolar [3H]QNB was incubated for 
O-120 min at 37” in the presence and absence of 1 PM 
unlabeled QNB. The binding of [3H]QNB to lung plasma 
membranes occurred rapidly, reached equilibrium by 
60min, and remained stable for an additional 60min. 
Therefore, all subsequent radioligand binding assays 
employed a 60-min incubation. 

Experiments were then done to determine if incubation 
temperature influenced the amount of specific [‘H]QNB 
binding to human lung plasma membranes. Lung mem- 
branes were incubated with 0.1 nM [3H]QNB in the pres- 
ence and absence of 1 PM unlabeled QNB at 23” and 
37” for 60min. The specific binding of [‘H]QNB to lung 
membranes was 2.55 C 0.53 fmol/mg protein at 23”, and 
4.21 +- 0.47 fmol/mg protein at 37” (P < 0.05). Therefore, 
all subsequent radioligand binding assays were performed 
at 37”. It should be noted, however, that the lower specific 
binding observed at 23” may be due to non-equilibrium 
binding conditions. 

To analyze the binding of QNB to human lung mem- 
branes over a wide range of QNB concentrations, it is 
necessary to combine data from many different experi- 
ments. Unlike traditional Scatchard analyses [8], the 
LIGAND program enables the investigator to pool and fit 
data from multiple experiments by providing normative 
correction factors that allow for proportional fluctuations 
in saturable and nonsaturable binding with constant Kd 
values [7]. Two types of experiments were performed. In 
the first type, various concentrations of labeled QNB (lo-” 
to lo-’ M) were incubated with lung membranes at 37” for 
60 min. In the second type, a fixed concentration of labeled 
QNB (4 nM) plus various concentrations of unlabeled QNB 
(10m9 to lo-’ M) were incubated with lung membranes at 
37” for 60 min. The combined data generated from seven 
different equilibrium binding experiments (60 points) on a 
single subject’s lung tissue using QNB concentrations of 
lo-” to 10e3 M were most compatible with a single high- 
affinity binding site with a Kd of 0.04 nM and a receptor 
concentration of 24 fmol/mg protein. The average scatter 
of a point around the fitted curve (Fig. 2) corresponded to 
only a 219% error in the value of [Bound/Total] for any 
given value of [Total]. The calculated Kd and R values had 
errors of only 17 and 8% respectively. The overall value for 
N was very well determined (?7%), as were the correction 
factors for experiments 2 through 7 (6-33%). The model 
involving a single class of high-affinity binding sites was 
significantly better than models involving multiple classes 
of binding sites. When the “extra sum of squares” principle 
was employed, the use of only a single class of binding sites 
decreased the RMS value with a corresponding Fvalue that 
was highly significant (P < 0.001). 

To measure the binding affinity of different drugs relative 
to the affinity of [3H]QNB for the muscarinic receptor, Kd 
values were calculated from competition binding studies. 
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Fig. 2. Equilibrium binding of QNB to human peripheral 
lung. Various concentrations of labeled and unlabeled 
QNB were incubated with lung membranes for 60 min at 
37”. The computer-generated curve plots the amount of 
[3H]QNB bound over the total QNB added versus the 
log of the total QNB concentration (considering both the 
labeled and unlabeled ligand). The data from seven experi- 
ments were combined and analyzed using the LIGAND 
program. The best fit curve has been superimposed over 
the data points. The calculated values for the binding 
parameters are: Kd = 0.04 C 0.01 nM; R = 24 + 2 fmol/mg 
protein; N = 1.4 + 0.1%; and RMS residual error = 19%. 

These experiments involved the displacement of 4nM 
[3H]QNB from the lung muscarinic receptor site by un- 
labeled drugs added in concentrations from 10eg to 10m3 M. 
This relatively high radiolabeled concentration (50- 
fold > Kd value) was used for these and the time course 
experiments because it enabled us to get higher counts 
with easily interpretable results using smaller lung tissue 
samples. The data were analyzed using the computer pro- 
gram LIGAND and are summarized in Table 1. The Kd 
values for the cholinergic antagonists were less than those 
for the choline@ agonists. The rank order of potency for 
displacement of [3H]QNB from the muscarinic receptor 
was QNB > scopolamine = atropine > oxotremorine > 
methacholine > carbachol. As expected, histamine and 
isoproterenol, which are not muscarinic agents, did not 
interact with the [‘H]QNB identified receptor. The affin- 

Table 1. Dissociation constants of various agents for human 
lung muscarinic receptors 

Agent & (nM) 

Cholinergic antagonists 
13H1QNB 
hNk 
Scopolamine 
Atropine 

Cholinergic agonists 
Oxotremorine 
Methacholine 
Carbachol 

Other 
Histamine 
Isoproterenol 

0.04 + 0.01 
0.06 f 0.06 
1.22 f 0.39 
1.63 f 0.48 

370 + 70 
870 * 380 

2653 2 1114 

No effect 
No effect 

Various concentrations of drugs were incubated with 
4 nM [3H]QNB, and the binding data were analyzed with 
the LIGAND program. Values represent the mean + SE; 
number of experiments varied from three to eight. 

ity of unlabeld QNB was the same as that of [3H]QNB, 
indicating that the addition of tritium to the molecule 
did not change its interaction with the receptor. 

We did not ascertain which lung cells possess the ident- 
ified receptors. Since our data were most compatible with 
a single affinity binding site, it is likely that the muscarinic 
receptors on the various lung cells have similar affinities 
for muscarinic ligands. Autoradiographic studies on mam- 
malian lung indicate that the density of these receptors 
is greatest in large airways, tracheal smooth muscle and 
exocrine glands, less in bronchiolar smooth muscle, airway 
epithelium and vascular smooth muscle, and least in alveoli 
[9,101. 

Using computer analyses of equilibrium binding experi- 
ments, we determined the binding parameters for [‘H]QNB 
to lung tissue from twenty-five different subjects. Twenty- 
two subjects were between the ages of 50 and 70, twenty- 
three were cigarette smokers, and all but three had lung 
cancer. The Kd values ranged from 0.01 to 0.16 nM with the 
geometric mean = 0.06 nM. The receptor concentrations 
ranged from 7 to 72fmol/mg protein with the geometric 
mean = 24 fmol/mg protein. The RMS residual errors for 
the experiments ranged from 6 to 53%, indicating good 
fits for each data set. When binding experiments were 
repeated, estimated binding parameter values between 
experiments usually agreed within 30% of each other. We 
did not find a significant difference in binding parameters 
obtained for the subjects based on age, sex or pack years 
of smoking. 

Using somewhat different techniques, Raaijmakers and 
co-workers 1111 studied the binding of I’HlQNB to human 
lung tissue ‘from eight normals land ‘four-subjects with 
chronic obstructive lung disease. These investigators found 
that the two groups of subjects had similar Kd values (0.09 
and 0.12nM respectively), but different receptor con- 
centrations (83 and 26 fmol/mg protein respectively). Of 
the twenty-five subjects in our study, six were found to 
have no evidence of chronic obstructive lung disease by 
chart review (no chronic lung medications, no history of 
respiratory difficulties, and pulmonary function 
tests > 80% of predicted). When we compared this group 
of six normal subjects to the other nineteen subjects in our 
study, the two groups were not found to have significant 
differences in either the Kd (0.06 * 0.01 and 0.07 f 0.01 nM 
respectively) or receptor concentration values (21 f 5 
and 29 ‘2 4 fmol/mg protein respectively). Thus, unlike 
Raaijmakers and co-workers, we did not find the normal 
subjects in our study to have a greater lung muscarinic 
receptor density. Since receptor concentrations are depen- 
dent upon the degree of membrane purification [12], dif- 
ferences in methodology between these two studies make 
direct comparisons of calculated binding parameters some- 
what difficult. However, our data suggest that caution 
should be used when comparing estimated binding par- 
ameters between study groups. Large numbers of subjects 
are required for meaningful conclusions since there appears 
to be a range (>l log) for Kd and receptor concentration 
values for muscarinic receptors on human lung. 

In summary, we have determined that human peripheral 
lung tissue contains a single high-affinity [3H]QNB binding 
site of moderately low concentration. The calculated 
[3H]QNB binding parameters to twenty-five different lungs 
were found to differ by up to 1 log, but these differences 
did not appear dependent upon the clinical or demographic 
characteristics of the subjects studied. The methodologies 
employed herein will allow the accurate determination of 
receptor density and the affinity of the receptors for various 
drugs and hormones using small amounts (<l g) of tissue 
samples. Thus, direct and meaningful comparisons of these 
parameters between large patient groups and in response 
to experimental manipulations can be done. These future 
studies should provide much information on the effect of 
many important clinical parameters such as age, smoking 
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Inhibition by HI-antihistamines of the uptake of noradrenaline and 5HT into rat 
brain synaptosomes 

(Received 5 August 1987; accepted 6 October 1987) 

There are a number of reports that a range of structurally 
diverse HI-receptor antagonists can interfere with the reup- 
take of the two biogenic amine neurotransmitters, nor- 
adrenaline and 5-hydroxytryptamine (5-HT), into 
presynaptic nerve endings in both the peripheral and central 
nervous system [l-4]. Isaac and Goth [l] first showed 
that diphenhyramine and chlorpheniramine potentiated the 
cardiovascular responses of noradrenaline by reducing the 
neuronal uptake of this neurotransmitter. Similar in vitro 
[2-6] and in vivo [2] studies have shown that mepyramine, 
diphenhyramine and chlorpheniramine can inhibit the 
neuronal uptake of noradrenaline and 5-HT in the mam- 
malian central nervous system. Few studies, however, have 
attempted to quantify the effectiveness of H,-receptor 
antagonists as inhibitors of the different neurotransmitter 
reuptake processes. In those studies that have been made, 
there is an indication that mepyramine [4,5] and diphenhy- 
ramine [4,6] can discriminate between the high affinity 
transport systems for noradrenaline and 5-HT. The present 
study was undertaken to quantify and compare the speci- 
ficity of seven representative Hi-receptor antagonists as 
inhibitors of noradrenaline and 5-HT uptake. 

Materials and methods 

Measurement of uptake. A crude synaptosomal prep- 
aration of rat (Wistar, males, 250g) cerebral cortex was 
prepared as described by Kellar et al. [7]. Aliquots (100~1) 
of the synaptosomal suspension were added to incubation 
tubes containing H,-receptor-antagonist in 660 ~1 of Krebs- 
Tris-Ringer medium (mM concentrations: NaCI, 118; KCI, 
4.7; KH2P04, 1.2; MgSO,, 1.2; CaCI,, 2.5; Tris base, 50.4; 
glucose, 0.07; pargyline, 0.05, pH 7.4), gassed with O,/ 
CO1 (95:5) and incubated at 37” for IOmin. [‘HInor- 
adrenaline or [jH]5-HT was then added in 40 ~1 of Krebs 
medium, to give a final concentration of 1OnM 
[3H]noradrenaline or 2 nM [3H]5-HT, and the incubation 
continued for a further 5 min. Incubations were terminated 
by addition of 4ml of ice-cold 0.9% saline and filtered 

immediately through Whatman GF/B glass fibre filters 
under vacuum. The tubes were rinsed and the filters washed 
twice with 4 ml 0.9% saline and tritium was determined by 
liquid scintillation counting. Triplicate measurements were - _ 
made at each incubation condition. The extent of the non- 
specific transoort of 13Hlnoradrenahne and r3H15-HT into . _ L 1 

rat brain synaptosomes was determined to be the uptake 
measured in the presence of 10 PM imipramine. Inhibitor 
constants (Krs) for blockade of monoamine uutake were 
calculated ‘from the concentration of drug (&) required 
for 50% inhibition of the imioramine-sensitive transoort of 
noradrenaline or .5-HT using;he relationship Kr = &/(A/ 
K, + 1) where A is the concentration of [3H]monoamine 
and K, is its transport constant (i.e. the concentration at 
one half maximal imipramine-sensitive transport). K,values 
were calculated from curves of inhibition of [‘HImono- 
amine uptake by the corresponding nonradioactive mono- 
amine (added simultaneously with the radioactive ligand) 
according to the expression K, = ICY” - A. 

Materials. [3H]5-HT creatinine sulphate (20 Ci/mmol) 
and [‘Hlnoradrenaline hydrochloride (13.5 and 15 Ci/ 
mmol) were purchased from Amersham International. 
Mepyramine maleate, 5-HT creatinine sulphate, nor- 
adrenaline hydrochloride and methapyrilene hydrochloride 
were obtained from Sigma. Gifts of (+)-chlorpheniramine 
maleate (Schering), imipramine hydrochloride (Courtin & 
Warner), diphenhydramine (Parke Davis), promethazine 
hydrochloride (May & Baker), triprolidine hydrochloride 
and chlorcyclizine hydrochloride (Wellcome) are gratefully 
acknowledged. 

Results and discussion 

The transport constants (K,) for [3H]noradrenaline and 
13H15-HT (0.17 and 0.09 uM resoectivelv. Table 11 in the 
present study agreed weil with ihose reported previously 
[6]. The antidepressant drug imipramine inhibited the 
uptake of both monoamines in a dose related fashion yield- 
ing similar inhibitor constants (K,) of 0.04 and 0.11 PM for 


