
Br. J. Pharmacol. (1993), 108, 484-489

The affinity of betaxolol, a 13-adrenoceptor-selective blocking
agent, for 13-adrenoceptors in the bovine trachea and heart
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Nagatomo
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1 The specificity of betaxolol, a P-adrenoceptor antagonist, for PI- and P2-adrenoceptors was compared
with that of other P-antagonists, atenolol, ICI-1 18551, butoxamine and ( ± )-propranolol, in the bovine
trachea and heart by competitive interaction with [3H]-CGP12177 as a radioligand.
2 The radioligand Kd values were 0.75 ± 0.12 and 1.60 ± 0.11 nM in the trachea and heart, respectively,
and the Bm,, values were 34.00±4.41 and 21.54 ± 2.94 fmol mg-' protein, respectively.
3 Using ICI-118551, we determined the ratio of PJ:2-adrenoceptors in the trachea and heart to be
approximately 29:71 and 56:44, respectively.
4 In the trachea, a p2-predominant tissue, betaxolol and atenolol were more selective for PI-
adrenoceptor binding sites than P2-adrenoceptor binding sites, whereas ICI-1 18551 and butoxamine were

more selective for P2-adrenoceptor binding sites.
5 The pI-selectivity of betaxolol was 2.2 and 2.7 fold higher than that of atenolol in the bovine trachea
and heart. These findings suggest that betaxolol may be useful in the treatment of hypertension, cardiac
arrhythmia and angina pectoris.
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Introduction Methods

PI- and P2-adrenoceptors coexist in various tissues; for exam-
ple, in the heart, where PI-adrenoceptors predominate (Hed-
berg et al., 1980; Heitz et al., 1983; Vago et al., 1984;
Tsuchihashi et al., 1989a; Bj0rnerheim et al., 1989) and in the
trachea, where P2-adrenoceptors predominate (Barnes et al.,
1983; Popovich et al., 1984; Davis et al., 1990; Henry et al.,
1990). 13-Adrenoceptor antagonists are useful drugs for the
treatment of hypertension, cardiac arrhythmias and angina
pectoris by blocking P,-adrenoceptors (Prichard et al., 1980),
whereas the p2-blocking action of these drugs aggravates the
condition of asthmatic patients (McNeill, 1964). Because of
these side effects, pI-selective adrenoceptor antagonists, such
as atenolol, have been developed in clinical therapeutic use.
The pI-selectivity of P-adrenoceptor antagonists has been
mainly determined by comparing the pA2 value against the
effects of P-agonists on cardiac muscle with that on tracheal
muscle (Boudot et al., 1979; Pringe et al., 1987; Rimele et al.,
1988; Bessho et al., 1990). On the other hand, the PI-
selectivity can also be assessed by comparison of pKi values
of P-adrenoceptor antagonists for specific binding of
radioligands to ,- and P2-adrenoceptors, and various P-
adrenoceptor antagonists have been compared in detail
(Engel et al., 1981; Tsuchihashi et al., 1989a; 1990).

In order to determine accurately the density of PI- and
P2-adrenoceptor binding sites and the Kd of radioligands for
these subtypes in tissues, quantitative analysis of the selec-
tivity of radioligands for subtypes was required (Neve et al.,
1986). We also demonstrated that determination of the
selectivity of radioligands was useful for assessment of the
selectivity of various unlabelled P-antagonists on the PI-
adrenoceptor predominant tissues, rat myocardium (Tsuchi-
hashi et al., 1989a) and cerebral cortex (Tsuchihashi et al.,
1990). To determine the PI- and p2-selectivity of P-
adrenoceptor antagonists in p2-predominant tissue such as
trachea, we have now examined the effects of five P-
antagonists on bovine trachea in comparison with their
effects on the bovine heart by the binding assay method.

'Author for correspondence.

Preparation of the membrane-enrichedfractions

Membrane-enriched fractions from bovine trachea and heart
were prepared by the following method. Bovine trachea and
heart were obtained from a local abattoir. In the laboratory,
the tracheae were split longitudinally and the trachealis mus-
cle dissected free. The myocardium was dissected from the
heart. The trachealis muscle amd myocardium were frozen in
liquid nitrogen, and stored at - 80C until use. The
trachealis muscle and myocardium (approx. 2 g) were minced
with a small pair of scissors in 20 ml of 10 mM Tris-HCl,
250 mM sucrose buffer (pH 7.4) and then homogenized in a
Polytron homogenizer, twice for 10 s at setting 8. The
homogenate was filtered through 4 layers of gauze. The
filtrate was centrifuged at 40,000 g for 30 min, and the resul-
tant pellets were rinsed once; then they were homogenized
with a Polytron homogenizer, twice for 10 s at setting 8, in
20 ml of 120 mM Tris-HCl, 40mM MgCl2 buffer (pH 7.4).
The membrane-enriched fraction was frozen in liquid nit-
rogen, stored at -80C and diluted to appropriate concent-
rations immediately before use. Protein concentrations were
determined by Lowry's methods (Lowry et al., 1951) with
bovine serum albumin as the standard.

Binding assays

(a) Saturation binding assays were carried out in duplicate
with [3H]-CGP12177 in the presence (non-specific) and
absence (total) of 10 tiM (- )-propranolol. In brief, 0.25 ml
of membrane suspension (0.15-0.2mg of protein) was
incubated for 45min at 23°C with various concentrations
(0.05-10 nM) of [3H]-CGP12177 in a total volume of 0.5 ml
containing 60 mM Tris-HCl and 20 mM MgCl2 (pH 7.4).

(b) Displacement experiments were done in the presence of
various concentrations of ICI-1 18551 in duplicate with
various concentrations (trachea: 0.06, 0.6 and 12 nM, heart:
0.26, 1.4 and 20 nM) of [3H]-CGP12177. All displacement
experiments except those with ICI-1 18551 were carried out
with a single concentration (trachea: 0.6 nM, heart: 1.4 nM) of
[3H]-CGP12177. At the end of the incubation period, the
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incubation medium was immediately filtered through a GF/C
glass fibre filter by the method described by Tsuchihashi et
al. (1985). The radioactivity was counted with a scintillation
counter (Aloka ALC-500). The difference in mean values
between the total and non-specific binding was taken as the
specific binding.

Drugs

Betaxolol hydrochloride (Mitsubishi Kasei, Japan) was syn-
thesized. Atenolol hydrochloride, ICI-1 18551 (erythro-DL-1-
(7-methylindan-4-yloxyl)-3-(isopropylaminobutan-2-ol) hydro-
chloride), ( ± )-propranolol, (- )-propranolol were kind gifts
from ICI Pharma (Japan). Butoxamine (Burroughs Wellcome
Co., U.S.A.) and (- )-[3H]-CGP12177 ((-)-4-(3-t-butylamino-
2-hydroxypropoxy)-[5,7-3H] benzimidazol-2-one hydrochlor-
ide; Amersham, Japan) were purchased from each company.
All drugs were dissolved in distilled water.

Kinetic analysis

All kinetic analyses were carried out on an NEC PC-9801
computer system that performs iterative non-linear regression
as described previously (Tsuchihashi & Nagatomo, 1987a,b,c;
Tsuchihashi et al., 1989b), based on the theory of Munson &
Rodbard (1980). Estimates of the dissociation constants (Kd)
and maximum binding capacity (Bm.) of specific [3H]-
CGPl2177 binding were obtained by Scatchard analysis. In
displacement experiments, using various concentrations of
the radioligand, parameters describing the competition of
ICI-118551 with specific [3H]-CGP12177 binding at two sites
(IC5o values at PI- and P2-adrenoceptors, %pi and %P2) were
estimated by non-linear regression analysis of data which
were fitted to a 2-site binding model compared with a 1-site
binding model. Then IC50 values for various radioligand
concentrations (L) were fitted by linear regression using the
modified equation of Cheng & Prusoff as follows:

IC50 = L-Ki/Kd+ Ki

The Ki values of ICI-118551 for specific [3H]-CGP12177 bin-
ding at PI- and P2-adrenoceptors were obtained from the
intercepts of the line, and K, values of [3H]-CGP12177 for PI-
and P2-adrenoceptors were calculated from the slope of the
lines. The relative proportion of PI- and P2-adrenoceptors
within a tissue compartment was derived as %PI- and %P2-
adrenoceptors obtained by use of high concentrations (L/
Kd> 10) of radioligands. An overall estimate of the Ki values
of various drugs using displacement analysis was determined
by the use of general models with an appropriate concentra-
tion of the free radioligand (L) as in the following equation
(equation 1):

B,/BO = [L-R1/(L + Kd,(l + x/Ki)) + L-R2/(L + Kd2(l + X/Ki2))]/
(L.R1/(L + Kd) + L-R2/(L + Kd2))

where either B1 or Bo is the concentration of the radioligand
bound with or without the cold ligand, x is the cold ligand
concentration; L is the concentration of free radioligand
used. R1 and R2 are the proportional ratio of receptors 1 and
2 (R1 + R2= 1), and Kd, and Kd2 are the dissociation con-
stants between a radioligand and receptors 1 and 2. The
values of R1, R2, Kd, and &d2 were preliminarily determined
by the above-mentioned methods and the determined values
were substituted in equation 1. By means of these substitu-
tions, the Ki values for two receptor sites can be directly
determined by equation 1. In these non-linear or linear
regression analyses, the parameter fitting method, termina-
tion of iteration, and justification of the models were carried
out by previously described methods (Tsuchihashi &
Nagatomo, 1987a,c).
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Figure 1 The saturation experiment data and Scatchard plots of
[3H]-CGPI2177 binding to the bovine trachea (a,c) and the heart
(b,d). Specific binding (-) is the difference between the total binding
(U) and the binding (A) in the presence of 10 LM (-)-propranolol
(non-specific binding) at PH]-CGPI2177 concentrations between 0.05
and 10 nm. The insets in (a) and (b) show the data points around the
Kd values. The data shown are those from a single experiment which
is representative of six such experiments in the bovine trachea and
the heart, respectively.
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Results

Yields of membrane protein per g wet weight of bovine
trachea and heart were 6.94 ± 2.45 (n = 6) and 7.56 ± 0.58
(n = 6) mg protein g- tissues, respectively. Figures la and b
show saturation experiments for [3H]-CGP12177 binding to
13-adrenoceptors in bovine trachea and heart, respectively.
When Scatchard analyses were carried out in the absence
(total) and presence (non-specific binding) of 10 M (-)-
propranolol, the curves for specific binding were uniphasic in
character (Figure Ic and d). Table 1 summarizes the Kd and
Bma values in the trachea and heart.

Figure 2 shows the biphasic displacement curves of specific
[3H]-CGP12177 binding to the bovine trachea and heart by
the 32-selective antagonist, ICI-118551, using three different
concentrations of radioligand. From these results, the values
of Kd and Br, (%) for [3H]-CGP12177 to the 1I- and P2-
adrenoceptor sites in the trachea and heart were obtained
from the modified equation of Cheng & Prusoff (Table 2).
[3H]-CGP12177 was 1.5 fold more selective for 12-adreno-
ceptors than 131-adrenoceptors in both tissues, while the
proportional percentage of Bm. of these two binding sites
(pi- and P2-adrenoceptors) for [3HJ-CGP12177 in the trachea
and heart were approximately 29:71 and 56:44, respectively.

Displacement curves for five unlabelled ligands, atenolol,
betaxolol, butoxamine, (± )-propranolol and ICI-118551

Table 1 K4 and Bmw. values of [3H]-CGPI2177 binding to
bovine trachea and heart

Kd (nM)
Bn (fmolmg-' protein)

Data are the means ± s.e.

0

Trachea (n = 6)

0.75 ± 0.12
34.00 ± 4.41

Heart (n = 6)

1.60 ± 0.11
21.54 ± 2.94

a

b

11 9 7

-log [ICI-118551] (M)

Figue 2 Displacement curves of ICI-1 18551 for specific [3H]-
CGP12177 binding to bovine trachea (a) and heart (b) using three
different concentrations of radioligand: 0.06 (A, slope factor
(nH)= 0.62), 0.6 (0, nH= 0.67) and 12 nm (@, nH= 0.66) in the
trachea and 0.26 (A, nH = 0.67), 1.4 (0, nH = 0.65) and 20 nm (0,
nH = 0.69) in the heart. The typical data shown are those from single
experiments performed in duplicate and represent the results of three
to six such experiments at each radioligand concentration.

Table 2 The Kd and B. of the A,- and P2-adrenoceptor
binding site of [3H]-CGP12177 in the bovine trachea and
heart by displacement experiments using ICI-118551

Trachea Heart
(n= 3-6) (n= 3-6)

P-Adrenoceptor binding sites
Kd (nM) 1.286
B. (%) 29.18 ± 3.22

P2-Adrenoceptor binding sites
Kd (nM) 0.792
B=. (%) 70.82 ± 3.22

1.866
56.20 ± 2.16

1.315
43.80 ± 2.16

Kd values were calculated by the modified method of Cheng
& Prusoff, IC50= K, x L/Kd x Ki, using linear regression
analysis in which IC5o values and free radioligand (L)
at three concentrations were used (trachea; Kfi3, = 66.67 nm,
Kj132 = 0.792 nm, and heart; KjP1 = 681.4 nm, KA3 = 2.103
nM). B,,,,, values were obtained a high concentration of
radioligand (trachea; 12 nm, heart; 20 nM).

against the radioligand at a single concentration were
examined by the fitting method of comparison between a
1-site and a 2-site model in both trachea and heart (Figure
3). The displacement curves for atenolol, betaxolol and ICI-
118551 all appeared to fit a 2-site model, while those for
butoxamine and (± )-propranolol fitted a 1-site model. The
Ki values of these ligands were directly determined by equa-
tion 1, and these pKi values at 1I- and P2-adrenoceptors
against [3H]-CGP12177 binding in the trachea and heart, are
summarized in Tables 3 and 4. In both tissues, the PI-
selective antagonists (betaxolol and atenolol) had higher
affinity for the B.- than the P2-adrenoceptor binding sites,
whereas P2-selective antagonists (ICI-I 18551 and butoxamine)
had higher affinity for the P2-adrenoceptor binding sites.
There was no significant difference between the pKi values of
(± )-propranolol for I,- and for 32-binding sites. In the
trachea, betaxolol had an approximately 37 fold higher
affinity for I,-adrenoceptors than P2-adrenoceptors, and it
was about 2.2 fold more selective for I,-adrenoceptors than
was atenolol. Similarly in the heart, betaxolol was approx-
imately 2.7 fold more P,-adrenoceptor-selective than was
atenolol.

Discussion

The coexistence of 1,- and P2-adrenoceptors in trachea has
been reported in the dog (Barnes et al., 1983), pig (Popovich
et al., 1984), human (Davis et al., 1990) and mouse (Henry et
al., 1990), where the proportions of P2- relative to 3,-
adrenoceptors is between 60 and 90%. In the present study
we have also shown that P1- and P2-adrenoceptors coexist in
the bovine trachea at a P,- to 12-adrenoceptor ratio of
approximately 30:70. Thus, we found that bovine trachea is
also a 12-adrenoceptor predominant tissue.

In previous studies (Tsuchihashi et al., 1989a; 1990), we
reported the pKi values of several P-antagonists for 1I- and
P2-sites by use of a radioligand binding method. These values
correlated closely with the antagonist potencies (pA2 values)
of these 1-antagonists against the positive inotropic, chrono-
tropic (1,) and tracheal relaxant actions (12) of isoprenaline
(Tsuchihashi et al., 1989a). In the present study, we obtained
pKi values for 1-adrenoceptor antagonists at P1- and P2-sites
by the same method. In the bovine trachea, the order of
affinity for 3,-adrenoceptors was ( ± )-propranolol>> beta-
xolol, ICI-118551>>atenolol>butoxamine, whereas that
for 12-receptors was ICI-1 18551 = ( ± )-propranolol>>
betaxolol> butoxamine>> atenolol. Similar findings were
obtained in the bovine heart (present study), rat heart
(Tsuchihashi et al., 1989a) and cerebral cortex (Tsuchihashi
et al., 1990). However, the relationship between the affinities
of [3H]-CGP12177 (Kd value) for 3,-adrenoceptors and for
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Table 3 pKi values of P-antagonists in the bovine trachea

pKi values
PI-sites P-sites

Betaxolol (n = 8)
Atenolol (n = 7)
ICI-118551 (n = 6)
Butoxamine (n = 6)
( ± )-Propranolol (n = 6)

7.70 ± 0.21
5.64 ± 0.27
7.49 ± 0.07
4.82 ± 0.18
9.18±0.06

6.13 ± 0.12
4.41 ± 0.06
9.19± 0.06
5.43±0.06
8.95 ± 0.07

K,P,/Ki2
ratio

37.2**
17.0**
0.02***
0.25**
1 .70Ns

Data are the mean values ± s.e. These data were obtained
by the displacement analysis 0.6 nm PH]-CGP12177 and
calculated from equation 1.
Significance of difference between values of pKi for Pj- and
p2-sites was determined by Student's t test: **P<0.01;
***P<0.001 and NS: not significant.

Table 4 pKi values of P-antagonists in the bovine heart

pKi values
Pi-sites Prsites

Betaxolol (n = 6)
Atenolol (n = 6)
ICI-118551 (n = 5)
Butoxamine (n = 6)
( ± )-Propranolol (n = 7)

7.56 ± 0.14
5.94 ± 0.14
6.46 ± 0.21
4.29 ± 0.09
8.32 ± 0.12

5.82 ± 0.21
4.63 ± 0.12
9.05 ± 0.25
4.65 ± 0.13
8.03 ± 0.18

c

d

0 9

-log [Drugl(M)

Figure 3 Displacement curves of specific [3H]-CGPI2177 (0.6 and
1.4nM) binding to bovine trachea (a,c) and heart (b,d). (a and b)
Betaxolol (A), atenolol (0) and ICI-118551 (0); (c and d) (±)-
propranolol (@) and butoxamine (A). The slope factors of the plots
of P-antagonists were: betaxolol (0.73), atenolol (0.71), ICI-118551
(0.62), ( ± )-propranolol (1.06) and butoxamine (0.93) in the trachea,
and betaxolol (0.69), atenolol (0.75), ICI-118551 (0.71), (± )-
propranolol (1.01) and butoxamine (0.92) in the heart. The typical
data shown are those from single experiments performed in duplicate
and represent the results of six to eight such experiments.

Data are the mean values ± s.e. These data were obtained
by the displacement analysis 1.4 nM [3H]-CGP12177 and
calculated from equation 1.
Significance of difference between values of pKi for PI- and
P2-sites was determined by Student's t test: *P< 0.05;
**P<0.01; ***P<0.001 and NS: not significant.

P2-adrenoceptors differed between these studies. Thus the
affinity of [H]-CGP12177 for Pi-sites was higher than that
for P2-sites in rat heart, which was in apparent contrast to
that obtained in the bovine trachea and heart, where the
affinity was higher at P2-adrenoceptors. Similarly, the pKi
values for ( ± )-propranolol at Pi- and P2-adrenoceptors were
different. Furthermore, there were inconsistencies in the
relative affinities of atenolol and ICI-118551 for Pi-
adrenoceptor in various tissues: thus in bovine trachea, ICI-

118551>>atenolol (present study), bovine heart (present
study) and rat heart (Tsuchihashi et al., 1989a), ICI-

18551> atenolol; and rat brain, ICI-1 18551 = atenolol
(Tsuchihashi et al., 1990). Furthermore, in a comparison
between the Ki values for PA- (rat salivary gland) and P2-
adrenoceptor predominant tissues (rat reticulocyte) (Wellstein
et al., 1986) using radioreceptor assay, and between
antagonistic potencies for the positive inotropic and chrono-
tropic effects on left and right atria of the guinea-pig, ICI-

118551 = atenolol (Tsuchihashi et al., 1989a). These findings
could suggest that the P-adrenoceptor conformation and/or
the receptor environment differed between species and tissues.
We have previously demonstrated that the environment of
the receptor site could indeed have a crucial role in ligand-
receptor interactions (Tsuchihashi & Nagatomo, 1985a,b,c).
The displacement curves for butoxamine were found to be

monophasic when the data were fitted to 1-site and 2-site
models in the present study, and the results showed that
butoxamine had P2-adrenoceptor selectivity as assessed by
equation 1. We have previously demonstrated that alprenolol
has an approximately 7 fold higher affinity for P2-

adrenoceptors than for PI-adrenoceptors in both rat heart
and brain, although it is generally known as a non-selective
antagonist, suggesting that the use of equation 1 to directly
determine K, values of ligands is useful for detecting the
selectivities of ligands with low affinity differences between
Pl- and P2-adrenoceptors (Tsuchihashi et al., 1989a; 1990).

P2-Adrenoceptor blockade has been reported to aggravate
asthma, whereas PI-adrenoceptor blockade appears to be less

a

b

K,P,/K.62
ratio

55.0***
20.4**
0.003***
0.44*
1 .95NS
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associated with this side-effect (McDevitt, 1983). In fact, it
has been reported that PI-selective agents are less likely to
worsen the condition of asthmatic patients than is prop-
ranolol, a non-selective 13-antagonist (Johnsson et al., 1975;
Singh et al., 1976; Palmiteri & Kaik, 1983). Therefore, PI-
selectivity is believed to be important in a P-adrenoceptor
antagonist used clinically for treating cardiovascular disease.
Betaxolol, like atenolol, exhibits a high P1-adrenoceptor selec-
tivity in isolated tissues (Boudot et al., 1979; Pringe et al.,
1987; Rimele et al., 1988; Bessho et al., 1990). However,
these tissues are thought to contain both P1- and P2-
adrenoceptors, and therefore these results may not reflect the
true PI-selectivity of the P-antagonists. The net PI-selectivity
of P-antagonists in various tissues has been examined by the
receptor binding assay method (Engel et al., 1981; Tsuchi-
hashi et al., 1989a; 1990). We previously reported that betax-
olol was a PI-selective antagonist in rat heart (Tsuchihashi et
al., 1989a) and cerebral cortex (Tsuchihashi et al., 1990) and
that the affinity for P1-adrenoceptors was 23 and 170 fold
higher than that for P2-adrenoceptors, respectively. In the
guinea-pig lung (Engel et al., 1981), a P2-predominant tissue,

the affinity of pI-sites was 200 fold higher than that for
$-sites. In the present study, betaxolol had a 37 fold higher
affinity for PI-adrenoceptors than for P2-adrenoceptors in the
trachea, and 55 fold higher affinity in the heart. Similarly,
atenolol was shown to be PI-selective in both bovine trachea
and the heart, but the selectivity was about 2 to 3 fold lower
than that of betaxolol. These findings are consistent with our
previous data (Tuschihashi et al., 1989a) and those obtained
in isolated tissues (Bessho et al., 1990). These findings
indicate that betaxolol and atenolol also have a PI-selective
profile in the trachea (P2-predominance) as well as heart
(pI-predominance).

In conclusion, the results of the present study using a
radioligand binding method indicate that A,- and P2-
adrenoceptors coexist in the bovine trachea and heart, and
that not only does betaxolol have a PI-selective profile in
both preparations, but it is more PI-selective than atenolol.
These findings suggest that betaxolol may be a useful drug
for the treatment of hypertension, cardiac arrhythmia and
angina pectoris.
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