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BACKGROUND AND PURPOSE
Muscarinic acetylcholine receptors (mAChRs) and b-adrenoceptors in the airways and lungs are clinically important in chronic
obstructive pulmonary disease (COPD) and asthma. However, the quantitative and qualitative estimation of these receptors by
radioligand binding approaches in human airways has not yet been reported because of tissue limitations.

EXPERIMENTAL APPROACH
The regional distribution and relative proportion of mAChR and b-adrenoceptor subtypes were evaluated in human bronchus
and lung parenchyma by a tissue segment binding method with [3H]-N-methylscopolamine ([3H]-NMS) for mAChRs and
[3H]-CGP-12,177 for b-adrenoceptors. Functional responses to carbachol and isoprenaline were also analysed in the bronchus.

KEY RESULTS
The M3 subtype predominantly occurred in the bronchus, but the density decreased from the segmental to subsegmental
bronchus, and was absent in lung parenchyma. On the other hand, the M1 subtype occurred in the lung only, and the M2

subtype was distributed ubiquitously in the bronchus and lungs. b2-adrenoceptors were increased along the airways, and their
densities in the subsegmental bronchus and lung parenchyma were approximately twofold higher than those of mAChRs
in the same region. b1-adrenoceptors were also detected in lung parenchyma but not in the bronchus. The muscarinic
contractions and adrenoceptor relaxations in both bronchial regions were mediated through M3-mAChRs and
b2-adrenoceptors, respectively.

CONCLUSIONS AND IMPLICATIONS
From the present radioligand binding approach with intact tissue segments, we constructed a distribution map of mAChRs
and b-adrenoceptors in human bronchus and lung parenchyma for the first time, providing important evidence for future
pharmacotherapy and new drug development for respiratory disorders.

Abbreviations
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BJP British Journal of
Pharmacology

DOI:10.1111/j.1476-5381.2012.01881.x
www.brjpharmacol.org

1804 British Journal of Pharmacology (2012) 166 1804–1814 © 2012 The Authors
British Journal of Pharmacology © 2012 The British Pharmacological Society

mailto:muramatu@u-fukui.ac.jp


Introduction
Airways, including the lung, are innervated by autonomic
nerves and respiration is reciprocally regulated by parasympa-
thetic and sympathetic nerves. The autonomic receptors in
the airways are mainly muscarinic acetylcholine receptors
(mAChRs) and b-adrenoceptors, and both receptors are acti-
vated by neuronal acetylcholine and noradrenaline (Barnes,
1986; Roux et al., 1998; Gosens et al., 2006). Acetylcholine is
also synthesized in non-neuronal cells (bronchial epithelium
and inflammatory cells) (Kawashima and Fujii, 2000; Wessler
and Kirkpatrick, 2001; Gosens et al., 2004). As either an
increase in the cholinergic activity or a decrease in the adren-
ergic activity is directly associated with bronchoconstriction
and airway inflammation, both receptors are considered to be
important in pathophysiological mechanisms of chronic
obstructive pulmonary disease (COPD) and asthma (Gross and
Skorodin, 1984; Broadley, 2006; Gosens et al., 2006). Thus,
mAChR antagonists and b-adrenoceptor agonists are currently
used for the treatment of the symptoms of these conditions
(Goldie, 1990; Gosens et al., 2006; Barnes, 2007).

mAChRs and b-adrenoceptors are composed of distinct
homogeneous families of five (M1–M5) or three (b1–b3) sub-
types, respectively. The distribution of mAChRs and
b-adrenoceptors in the airways has been mapped by receptor
autoradiography and in situ hybridization (Spina et al., 1989;
Mak and Barnes, 1990; Johnson, 1992; Mak et al., 1992;
Hislop et al., 1998). The functional receptors in the airway
smooth muscle are mainly M3 mAChR and b2-adrenoceptors,
which are involved in bronchial constriction or dilatation,
whereas the b2-adrenoceptor in lungs plays an important role
in fluid clearance out of the alveolar airspace (Eglen et al.,
1996; Shore and Moore, 2003; Barnes, 2004; Mutlu and
Factor, 2008). Radioligand binding studies have also been
applied to membrane preparations of trachea and bronchus
isolated from large animals (dog, cow, horse and pig) (Barnes
et al., 1983; Roffel et al., 1988; Abraham et al., 2003;
D’Agostino et al., 2008) and to lung preparations from small
and large animals, including humans (Roffel et al., 1990;
Johnson, 1998). In bovine and horse tracheae, the majority of
mAChRs are the M2 subtype and the presence of the M3

subtype is minimal (Roffel et al., 1988; Eglen et al., 1996;
D’Agostino et al., 2008), whereas b1- and b2-adrenoceptors
occur at a roughly 1:4 ratio in canine and equine trachea/
bronchus (Barnes et al., 1983; Abraham et al., 2003).
However, no quantitative or qualitative estimation of either
autonomic receptor from a radioligand binding approach is
yet available for human bronchus, due to the limitations of
tissue isolation from lobectomy specimens.

As the receptor density, as well as the relative proportions
of subtypes, may vary according to species and airway size
(Johnson, 1998; Roux et al., 1998), regional quantification of
mAChRs and b-adrenoceptors in human airways has been for
some time desired for pharmacotherapy and drug develop-
ment in respiratory disorders. Recently, a radioligand binding
method with tissue segments was developed in lieu of the
conventional binding method with membrane preparations
(Tanaka et al., 2004; Muramatsu et al., 2005). In this method,
with no homogenization or fractionation, it is not necessary
to consider yield loss of the receptors, and therefore, there is
no need to pool tissue samples from several individuals.

Here, for the first time, we applied this radioligand
binding assay to human bronchus and lung segments pre-
pared from lobectomy specimens and evaluated the mAChRs
and b-adrenoceptors. The results clearly show that subtype-
specific regional distribution of both mAChRs and
b-adrenoceptors is unique in the human bronchus, in con-
trast to airways from large animals.

Methods

The present study was performed after getting full informed
consent according to the guidelines of the Ethics Committee
of the University of Fukui. Human lung was obtained from 19
male and 8 female patients (age range 50–78 years) with lung
cancer who had undergone lobectomy or pneumonectomy.
The patients were non-smokers and it was confirmed that
they had not taken muscarinic or adrenergic drugs for at least
two months before their operation. We used normal regions
of the lung, confirmed by high-resolution computed tomog-
raphy before the operations and by macroscopic analysis after
isolation. The isolated lung and bronchi with cartilage (seg-
mental bronchus: about 10 mm in outer diameter; subseg-
mental bronchus: 1 to 4 mm in outer diameter) were cleaned
of connective tissue, as shown in Figure 1.

Histological experiments in human bronchus
and lung
Specimens prepared from the isolated human bronchus and
lung parenchyma were fixed in 10% neutral buffered forma-
lin for 24 h and embedded in paraffin. The sections were
stained with haematoxylin and eosin.

Tissue segment binding experiments using
[3H]-N-methylscopolamine ([3H]-NMS) and
[3H]-CGP-12,177
Radioligand binding experiments with intact tissue segments
were conducted to identify mAChRs and b-adrenoceptors.
Briefly, the isolated lung and bronchus were cut into small
pieces in modified Krebs-Henseleit solution composed of (in
mM): 120.7 NaCl, 5.9 KCl, 1.2 MgCl2, 2 CaCl2, 1.2 NaHPO4,
25.5 NaHCO3 and 11.5 glucose (pH 7.4) gassed with 95% O2

and 5% CO2, under a stereoscopic microscope. Usually, 150 or
more pieces from lung (piece size: approximately 3 ¥ 5 ¥
5 mm) and about 30 pieces from transversely cut bronchus
(piece size of segmental bronchus: approximately 3–5 ¥
5 mm, piece size of subsegmental bronchus: approximately
1–4 ¥ 2–4 mm) were prepared from a lobectomy specimen.
Each piece was incubated at 4°C in 1 mL of Krebs incubation
buffer with [3H]-NMS or [3H]-CGP-12,177 for 24 to 30 h to
identify mAChRs or b-adrenoceptors. The composition of the
incubation buffer was essentially the same as a modified
Krebs-Henseleit solution, except the NaHCO3 concentration
was reduced to 10.5 mM to adjust the pH to 7.4 in air.
In saturation experiments, 50 to 2000 pM [3H]-NMS or
[3H]-CGP-12,177 were used. In competition experiments,
500 pM of each radioligand was used. Binding in the presence
of 1 mM atropine or 100 mM bupranolol was defined as non-
specific binding of [3H]-NMS or [3H]-CGP-12,177, respec-
tively. After the incubation, the tissue pieces were gently
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blotted and rinsed by vortexing for 45 s with 1.5 mL incuba-
tion buffer at 4°C. Each piece or segment (with cartilage in
bronchus) was then blotted and dissolved in 1 mL of 0.3 M
NaOH solution. Then, 0.5 mL of the solution was used to
estimate the radioactivity, and 10 to 40 mL of the solution was
used to measure protein content. As the size of each segment
varied between preparations, the radioactivity in each solu-
tion was corrected to counts mg-1 protein before PRIZM analy-
sis (Muramatsu et al., 2005). The specific binding was
determined by subtracting the non-specific radioactivity
bound mg-1 protein from total radioactivity bound mg-1

protein. Experiments were done in duplicate at each concen-
tration of radioligand for saturation experiments, or at each
concentration of competing ligand for competition experi-
ments. Radioactivity was counted in a liquid scintillation
counter using a scintillation fluid (ULTIMA GOLDTM, Packard
Bioscience, Groningen, the Netherlands). The protein con-
centration of each tissue segment in each tube was measured
with a Bio-Rad commercial protein assay (Bio-Rad, Hercules,
CA, USA).

Homogenate binding experiments using
[3H]-NMS and [3H]-CGP-12,177
In order to compare the radioligand-binding capacity
between intact tissue segments and homogenates, a part of
the lung and bronchial pieces that had been prepared for the
tissue segment binding experiments was homogenized in 10
volumes (v w-1) of the modified Krebs-Henseleit solution
using a polytron homogenizer at 4°C. The resulting homoge-

nates were directly (without fractionation) incubated with
2000 pM [3H]-NMS or [3H]-CGP-12,177 in 1 mL modified
Krebs-Henseleit solution for 5 h at 4°C. Non-specific binding
of [3H]-NMS or [3H]-CGP-12,177 was determined in the pres-
ence of 1 mM atropine or 100 mM bupranolol, respectively.
The assay was terminated by rapid filtration over Whatman
GF/C filters presoaked with 0.3% polyethyleneimine using a
Brandel cell harvester, and filters were rapidly washed with
5 mL aliquots of ice-cold modified Krebs-Henseleit solution.
The resulting filters were dried and the radioactivity retained
on the filter paper was measured by liquid scintillation count-
ing. The protein content of the homogenates was determined
with a Bio-Rad protein assay.

Functional experiments with human bronchus
The isolated segmental bronchus (approximately 10 mm in
outer diameter) was cut transversely, and small strips with
cartilage (3–4 mm in width and 7–10 mm in length) were
prepared. From the subsegmental bronchus (1–4 mm in outer
diameter), ring preparations (2 mm in length) were made.
Each preparation was placed at 37°C in an organ bath con-
taining a modified Krebs-Henseleit solution gassed with 95%
O2 and 5% CO2, and the tension changes were recorded
isometrically. After a 2 h equilibration, the preparations were
first exposed to 10 mM carbachol to confirm their reactivity.
Thereafter, in the experiments with muscarinic antagonists,
concentration–response curves for carbachol were obtained
twice at 2 h intervals in each preparation, and the amplitude
of the second concentration–response curve was normalized

Figure 1
Histological sections of specimens prepared from human segmental (A) and subsegmental (B) bronchi and lung parenchyma (C). Haematoxylin
and eosin staining. A part of each specimen was magnified. Insets show the whole specimens. Abbreviations: a, alveolar wall; bg, bronchial gland;
bv, blood vessel; c, cartilage; e, epithelium; i, interstitial tissue; sm, smooth muscle; st, subepithelial tissue. Scale bar: 100 mm.
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against the maximum amplitude of the contraction in the
first concentration–response curve (obtained in the same
preparation). Carbachol was applied cumulatively. A musca-
rinic antagonist was applied 40 min before and during the
second concentration–response curve. In parallel with this
experiment, a second concentration–response in the absence
of antagonist was conducted in other preparations and
was used as a time control. In the experiments with
b-adrenoceptor antagonists, the preparation was again con-
tracted with 10 mM carbachol 2 h after the first confirmation
of tissue reactivity, and at the plateau phase of the carbachol-
induced contracture, isoprenaline was applied cumulatively.
In these experiments, the antagonist was also applied 40 min
before and during the relaxation response. After the response
to 100 mM isoprenaline had been recorded, 100 mM papaver-
ine was added in order to detect the maximal relaxation,
which was defined as 100% relaxation in each preparation. A
time control was obtained from a parallel experiment
without antagonist.

Data analysis
Binding data were analysed using PRISM (Version 5.01, Graph
Pad Software, La Jolla, CA, USA), as previously described
(Anisuzzaman et al., 2011). Briefly, the data from saturation
binding studies were fitted by a one-site saturation binding
isotherm (Binding-Saturation Equation in PRISM), and the KD

values and the binding capacity were then calculated. The
abundance of mAChRs and b-adrenoceptors is presented as
the maximum binding capacity mg-1 total tissue protein
(Bmax). For the competition studies, data were analysed
using the binding-competitive equation of PRISM. A two-site
model was adopted only when the residual sums of squares
were significantly less (P < 0.05) for a two-site fit to the data
than for a one-site fit by F-test comparison. To validate the
one-site and two-site model, Hill plot analyses were also
performed.

In functional studies, antagonist affinity (pKB value) was
estimated by a single concentration-ratio method (Furchgott,
1972). In the case of muscarinic antagonism, the
concentration-ratio was compared at the 50% level of the
maximum contraction in the first concentration–response
curve for carbachol. However, in the case of b-adrenoceptor
antagonism, the concentration-ratio was compared at the
40% level of the maximum relaxation induced by papaverine,
because the maximal relaxation induced by isoprenaline was
significantly less than that induced by papaverine in the same
preparation.

Data are shown as the means � SEM of a number of
experiments (n). Data were statistically analysed using Stu-
dent’s t-test, when needed. A probability of less than 0.05 was
considered significant.

Drug and molecular target nomenclature
The drug and molecular target nomenclature used conforms
to BJP’s Guide to Receptors and Channels (Alexander et al.,
2011).

Reagents
The following drugs were used in the present study: [3H]-NMS
chloride (specific activity 3.00 TBq mmol-1) and [3H]-(-)-CGP-

12,177 (specific activity: 46Ci mmol-1) (GE Health Care, Buck-
inghamshire, UK); atropine sulfate, carbachol, isoprenaline
hydrochloride (Nacalai Tesque, Kyoto, Japan) and piren-
zepine (Sigma-Aldrich, St. Louis, MO, USA); AF-DX 116, ICI-
118,551 and SR59230A (Tocris Cookson Ltd, Bristol, UK);
muscarinic toxin 3 (MT3, Peptide Institute, Osaka, Japan);
darifenacin (Ono Pharmaceutical Co. Ltd, Osaka, Japan);
andICI-89,406 (Imperial Chemical, Macclesfield, UK). Bupra-
nolol was kindly provided by Schwarz Pharma (Mannheim,
Germany).

Results

Histological observations of intact specimens
prepared from human bronchus and lung
Histological pictures of intact specimens prepared from
human isolated bronchus and lung are shown in Figure 1. In
the specimens of segmental bronchus, epithelium, subepithe-
lial tissue including inflammatory cells, smooth muscle and
bronchial glands presented with cartilage. Essentially, there
was no difference between segmental and subsegmental
regions, except that the muscle bundle was larger in segmen-
tal bronchus than in subsegmental bronchus (Figure 1A,B).
Contamination of lung parenchyma was minor or negligible
in the bronchial specimens used in the present study. In the
specimens of lung parenchyma, alveolar walls were predomi-
nantly present with interstitial tissue and blood vessel
(Figure 1C).

[3H]-NMS and [3H]-CGP-12,177 binding to
intact segments of human bronchus and lung
Before commencing the binding analysis with tissue seg-
ments, we preliminarily compared the binding capacities
between homogenates and intact segments. Figure 2 shows
specific binding at 2000 pM of [3H]-NMS and [3H]-CGP-
12,177 in both preparations from three airway regions (seg-
mental and subsegmental bronchus and lung) of humans. In
all three regions, the specific bindings in the homogenates
were significantly lower than those in the intact segments. In
particular, the decrease in binding was greater for [3H]-NMS-
binding (more than 10% reduction) than for [3H]-CGP-
12,177-binding sites (20–50% reduction) in the three regions.
This preliminary result implies that many airway samples
should be pooled in the case of homogenate binding, and
that homogenization causes a large loss in yield of airway
tissue receptors, similar to other tissues and radioligands
(Tanaka et al., 2004; Wang et al., 2011).

Next, binding experiments with intact segments of two
bronchus regions (segmental and subsegmental bronchi) and
lung were conducted. Figure 3A–C shows representative satu-
ration curves for [3H]-NMS in the three regions, which
were obtained from the same patient (male, 67 years old).
[3H]-NMS (50–2000 pM) bound to the tissue segments in a
concentration-dependent manner at 4°C for 24 to 30 h incu-
bation. Non-specific binding of 1000 pM [3H]-NMS in the
presence of 1 mM atropine was less than 20% of the total
binding, indicating a clear estimation of specific binding of
[3H]-NMS. The saturation curves fitted to a one-site model,
and the calculated binding parameters are listed in Table 1.
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The KD values for [3H]-NMS were not much different among
the three regions, but the mAChR density in the subsegmen-
tal bronchus was significantly lower than those in the seg-
mental bronchus and lung parenchyma.

[3H]-CGP-12,177 also bound to the intact segments of the
three regions. Although the non-specific binding was slightly
higher than that in the [3H]-NMS binding experiment, spe-
cific binding was clearly detected (Figure 3D–F). Computer

Figure 2
Specific binding of [3H]-NMS (A) and [3H]-CGP-12,177 (B) in the segments and homogenates prepared from human segmental and subsegmental
bronchi and lung parenchyma. The binding of both radioligands was examined at 2000 pM. The specific binding was determined by subtracting
the amount of [3H]-NMS or [3H]-CGP-12,177 bound in the presence of 1 mM atropine or 100 mM bupranolol, respectively. Mean � SEM binding
data from four individual samples are presented. *Significantly different from the binding in the segments (P < 0.05).

Figure 3
Representative saturation curves of [3H]-NMS and [3H]-CGP-12,177 binding to intact segments of segmental (A,D) and subsegmental (B,E)
bronchi and lung parenchyma (C,F) prepared from human lobectomy specimens. The ordinate represents the level of [3H]-NMS or [3H]-CGP-
12,177 binding mg-1 tissue protein. Specific binding was determined by subtracting the non-specific binding from the total binding. Each point
represents the mean of duplicate determinations in a representative experiment.

BJP T Ikeda et al.

1808 British Journal of Pharmacology (2012) 166 1804–1814



analysis indicated a single set of [3H]-CGP-12,177 binding
sites in the three regions (Table 1). The b-adrenoceptor
density increased in peripheral tissues without changing the
binding affinity for [3H]-CGP-12,177.

Effects of various ligands on [3H]-NMS
and [3H]-CGP-12,177 binding sites
The pharmacological properties of mAChRs identified by
[3H]-NMS were first examined by three subtype-selective
ligands (pirenzepine for M1-subtype, AF-DX 116 for M2 and
M4-subtypes, and darifenacin for M3-subtype). Pirenzepine
competed with 500 pM [3H]-NMS binding biphasically in
lung parenchyma, better fitting a two-site model in computer
analysis (Figure 4C). Thus, high affinity sites for pirenzepine
(pKi = 8.5) were detected in lung parenchyma (Table 2). In
contrast, competition curves for pirenzepine in two regions
of the bronchus were monophasic, resulting in low affinity
estimates (pKi ~7) (Figure 4A,B). AF-DX 116 showed shallow
curves in all three regions, with high and low affinity sites
being detected (Figure 4A–C, Table 2). On the other hand,
darifenacin competed for [3H]-NMS binding biphasically in
the bronchus but not in lung parenchyma. MT 3 (a specific
antagonist for the M4-subtype) failed to inhibit [3H]-NMS
binding (data not shown).

Next, the pharmacological profiles of b-adrenoceptors
were also examined. In lung parenchyma, ICI-89,406 (b1-
selective antagonist) and ICI-118,551 (b2-selective antagonist)
competed for 500 pM [3H]-CGP-12,177 binding biphasically,
whereas both antagonists showed a simple competition
with low affinity for ICI-89,406 and with high affinity for
ICI-118,551 in bronchus preparations (Figure 4, Table 2).
SR59230A (b3-selective antagonist) showed a single pKi

(approximately 6) in the three regions (data not shown).
From the total density of [3H]-NMS and [3H]-CGP-12,177

binding sites (Table 1), and the proportion showing different
affinities for competitors (Table 2), regional populations of
each subtype of mAChRs and b-adrenoceptors were calcu-
lated and are shown in Figure 5A and B, respectively.

Functional responses to carbachol and
isoprenaline in human bronchus
Carbachol produced concentration-dependent contractions
in the segmental and subsegmental bronchus (Figure 6A,B).
The EC50 values for carbachol were 0.42 � 0.05 mM and
0.50 � 0.11 mM in the segmental and sebsegmental bronchus,
respectively, with no significant difference between the two
regions. Darifenacin at 1 mM shifted the concentration–
response curves to the right, resulting in high pKB estimates
(Table 3). The same concentration (1 mM) of pirenzepine
slightly competed with the carbachol response, whereas inhi-
bition by 1 mM AF-DX 116 was negligible or minor in both
bronchial regions. The antagonist affinities estimated from
the functional assay were close to the binding affinities
(Tables 2 and 3).

Isoprenaline relaxed the bronchial strips or ring prepara-
tions that had been contracted by carbachol. The relaxation
was concentration-dependent (EC50 = 0.26 � 0.10 mM in
segmental bronchus and 0.48 � 0.13 mM in subsegmental
bronchus), but the maximum response was less than the
relaxation induced by papaverine for the same preparation
(Figure 6C,D). The relaxation responses to isoprenaline were
inhibited by 0.1 mM ICI-118,551, but not by 0.1 mM
ICI-89,406 (Table 3).

Discussion

In the present study, mAChRs and b-adrenoceptors in human
airways were quantified by radioligand binding assays with
airway segments for the first time. Regardless of the presence
or absence of cartilage, the airway segments were directly
incubated with radioligands in physiological solution. As epi-
thelial and muscle layers were not scraped from the cartilage,
and in contrast to a marked reduction of [3H]-NMS and
[3H]-CGP-12,177 binding in homogenates (Figure 2), the
present segment binding assay is less prone to loss of recep-
tors and to modification of the natural environment/
conformation of the receptors (Wang et al., 2011). However,

Table 1
Binding parameters of [3H]-NMS and [3H]-CGP-12,177 in human bronchus and lung

Region of the airway
Bmax (fmol·mg-1 of
protein) KD (pM)

[3H]-NMS binding sites Segmental bronchus 97 � 11* 220 � 28

Subsegmental bronchus 43 � 3* 105 � 26

Lung parenchyma 71 � 7* 130 � 14

[3H]-CGP-12,177 binding
sites

Segmental bronchus 47 � 9* 100 � 37

Subsegmental bronchus 90 � 10* 81 � 30

Lung parenchyma 320 � 26* 98 � 10

Saturation binding experiments with intact tissue segments were carried out at 4°C.
Bmax: binding density mg-1 total protein of the segments.
Data represent means � SEM of four to five experiments.
*Significantly different from the other regions (P < 0.05).
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Figure 4
Competition curves for muscarinic antagonists and b-adrenoceptor antagonists at [3H]-NMS (upper panels) or [3H]-CGP-12,177 (lower panels)
binding sites in segmental (A,D) and subsegmental bronchi (B,E) and lung parenchyma (C,F) prepared from human lobectomy specimens. The
concentration of [3H]-NMS and [3H]-CGP-12,177 used was 500 pM. Muscarinic antagonists: pirenzepine, AF-DX 116 and darifenacin.
b-Adrenoceptor antagonists: ICI-89,406 and ICI-118,551. Each point represents the mean of duplicate determinations from four to five
representative experiments.

Figure 5
Distribution map of mAChR subtypes (A) and b-adrenoceptor subtypes (B) in human segmental and subsegmental bronchi and lung parenchyma.
The population of each subtype was extrapolated from Bmax values (Table 1) and the subtype ratio (Table 2) in each airway region. Note the
different ordinate scales between (A) and (B).
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the airway segments used in the present study were hetero-
geneous tissues that included various types of cells, as shown
in Figure 1. Thus, it is likely that the quantification and
qualification obtained here reflect the inherent distribution/
property of both mAChRs and b-adrenoceptors in different
regions of human airways, although the cell types expressing
each receptor cannot be identified, unlike with autoradiogra-
phy (Muramatsu et al., 2005; Anisuzzaman et al., 2011).

Regional quantification of mAChR subtypes and
b-adrenoceptor subtypes is shown in Figure 5. As a whole, the
distribution maps clearly show that the total density of each
receptor and their subtype ratio varied according to airway
size and region. The mAChRs were more dense in the larger
than in the small bronchi, whereas the b-adrenoceptors were
increased in peripheral tissues: segmental bronchus < subseg-
mental bronchus < lung parenchyma. Thus, the total densi-
ties of b-adrenoceptors were approximately two- and fourfold
higher than those of mAChRs in subsegmental bronchus
and lung parenchyma, respectively, indicating that distal
airways and lungs may be predominantly regulated by
b-adrenoceptor activity (Table 1, Figure 5).

Among the subtypes of mAChRs, the M3-subtype is domi-
nant in human bronchus. This result is in contrast to the
major distribution of the M2 subtype (70 to 80% of the total
mAChRs) reported in bovine, horse and porcine bronchi
(Roffel et al., 1988; Eglen et al., 1996; Abraham et al., 2003;
2007; D’Agostino et al., 2008). Autoradiography studies have
demonstrated abundant distribution of mAChRs in the
smooth muscle of human bronchus, although mAChRs are
also localized to airway epithelium and submucosal glands
(Mak and Barnes, 1990; Roux et al., 1998; Barnes, 2004). The
high density of the M3 subtype in human bronchus supports
the hypothesis that human airway smooth muscle is mainly
contracted through the M3 subtype (Roffel et al., 1990; Eglen
et al., 1996; Barnes, 2004). In the present study, carbachol-
induced contraction in isolated human bronchus was also
more effectively inhibited by darifenacin (M3-antagonist)
than by pirenzepine (M1-antagonist) or AF-DX 116 (M2-
antagonist). A comparable amount of the M2 subtype in the
segmental bronchus further suggests that this subtype may be
particularly important in maintaining sustained contraction
in large airways (Haddad el and Rousell, 1998; Ehlert et al.,
1999).

In contrast to the bronchi, both M1 and M2 subtypes are
predominantly expressed in human lungs. A lack of the M3

subtype indicates that this subtype is not expressed in human
lungs and also suggests that possible contamination of the
bronchioles was negligible in the lung segments prepared in
the present study. Indeed, no contractile response to carba-
chol was observed in human lung strips (I. Muramatsu,
unpubl. obs.). The histological study showed that alveolar
walls were present in the lung parenchyma specimens
(Figure 1C). The presence of the M1 subtype was previously
reported in conventional binding assays with membrane
preparations of human lungs (Gies et al., 1989; Roux et al.,
1998; Gosens et al., 2006). Although the physiological roles
of mAChRs in lungs are not well known, it is interesting to
note that an anticholinergic drug, tiotropium bromide, mark-
edly reduces the functional decline of COPD patients
(Anzueto et al., 2005). As tiotropium bromide is a ‘kinetically
selective’ antagonist for M1 and M3 subtypes, it is possibleTa
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that, in addition to its inhibitory actions on bronchoconstric-
tion and bronchial mucus secretion, its antagonist activity at
the M1 subtype in lung parenchyma may be involved in its
clinical effect in COPD patients, suggesting that the M1

subtype might be an additional target for COPD or pulmo-
nary oedema therapy.

Topographical differences were also observed in the
distribution of b-adrenoceptor subtypes (Figure 5B). The

b2-adrenoceptor obviously increases in the distal regions in
human respiratory tissues. The exclusive existence of
b2-adrenoceptors in human bronchus is unique, because
the b1-adrenoceptor was shown to co-exist with the
b2-adrenoceptor in both the canine and equine bronchi
(Barnes et al., 1983; Abraham et al., 2003). Bronchodilatation
is mediated through the b2-adrenoceptor (present study, and
Shore and Moore, 2003; Barnes, 2004). Thus, the present

Figure 6
The concentration–response curves for carbachol (A,B) and for isoprenaline (C,D) in the absence or presence of antagonists in human segmental
(left) and subsegmental bronchi (right). Upper panels: as described in the Methods, the maximum contraction in the first concentration–response
curve for carbachol was taken as 100% in each preparation, and the antagonist was applied for 40 min before and during the second
concentration–response curve in the same preparation. Lower panels: papaverine (100 mM)-induced relaxation was taken as 100%. The
b-adrenoceptor antagonist was applied for 40 min before and during the concentration–response curve for isoprenaline in each preparation.
Control means time control without antagonist treatment, which was carried out in parallel with antagonist experiments. Means � SEM of four
to six preparations isolated from four individuals are presented.

Table 3
Functional affinities of various muscarinic receptor antagonists and b-adrenoceptor antagonists in human bronchus

pKB

Segmental bronchus
Subsegmental
bronchus

Carbachol-induced contraction

Pirenzepine (1 mM) 6.5 � 0.4 6.6 � 0.2

AF-DX 116 (1 mM) No inhibition 6.1 � 0.2

Darifenacin (1 mM) 8.4 � 0.2 8.3 � 0.1

Isoprenaline-induced relaxation

ICI-89, 406 (0.1 mM) No inhibition No inhibition

ICI-118, 551 (0.1 mM) 9.1 � 0.3 8.3 � 0.3

pKB values were calculated from the competition curves in the absence or presence of a single concentration of antagonist described in this
table, according to concentration-ratio method (Furchgott, 1972).
Results represent mean � SEM of 4–6 experiments.
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results strongly suggest that in human bronchus,
b2-adrenoceptor activation would be a powerful treatment for
asthma and COPD, where small airways are involved (Barnes,
2004; Broadley, 2006). Further, the high density of
b2-adrenoceptors in distal bronchi may either serve as a recep-
tor reserve or cause a lack of functional desensitization upon
repeated application of sympathomimetic bronchodilators
(Giembycz, 2009). Autoradiographic studies of human
airways have demonstrated that b2-adrenoceptors are widely
distributed, occurring not only in airway smooth muscle, but
also on other cells, such as epithelial cells and mast cells
(Johnson, 1998; Barnes, 2004).

In human lungs, b2-adrenoceptors are known to occur
predominantly in alveolar cells and to regulate fluid clearance
(Mutlu and Factor, 2008). Like previous membrane binding
assays with lungs from many species, including humans
(Roffel et al., 1990; Abraham et al., 2003; Broadley, 2006), the
present segment binding study also demonstrated that
the human lung parenchyma expresses abundant b1- and
b2-adrenoceptors, roughly in a 1:2 ratio. Predominant and
wide distributions of b2-adrenoceptors in human lungs have
been reported in autoradiographic mapping and in situ
hybridization studies (Carstairs et al., 1985; Hamid et al.,
1991). The minor but significant occurrence of the b1-subtype
in lungs suggests that this subtype might have a compensa-
tory function under pathophysiological conditions such as
COPD, asthma or pulmonary oedema. Given this, it is inter-
esting to note the change of function b-adrenoceptors in
remodelling of the heart, where the b2-subtype can work
alternatively as a main receptor when the function of the
b1-subtype declines in congestive heart failure (Nikolaev
et al., 2010). In human lungs and in contrast to the heart,
b2-adrenoceptors are usually dominant, but it is possible that
co-existing b1-adrenoceptors are also involved in the remod-
elling of the lung in COPD patients. This possibility should be
explored in future studies.

Another interesting finding in the present study was the
presence of a greater number of b-adrenoceptors in the lung as
compared with the bronchus (Figure 5B). As excess receptors
are known not only to act as physiological receptors, but also
to serve to buffer large amounts of transmitters or drugs
(Fukuroda et al., 1994; Carpenter et al., 2003), the abundance
of b-adrenoceptors in the lung may also function to bind
excess amounts of inhaled sympathomimetic bronchodi-
lators and then protect against systemic side effects such as
tachycardia.

In summary, we quantified mAChRs and b-adrenoceptors
in human bronchus and lung by a tissue segment binding
approach and constructed a distribution map of their recep-
tor subtypes. The unique distribution of both autonomic
receptors in human airways is obviously important for future
pharmacotherapy and new drug development for respiratory
disorders.
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