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Comparison of guinea-pig, bovine and rat ac-adrenoceptor
subtypes
Rainer BUscher, *Caterina Heeks, *Katsunari Taguchi & "*Martin C. Michel
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1 To elucidate a possible role of species differences in the classification of a,-adrenoceptor subtypes, we
have characterized the al-adrenoceptors in guinea-pig spleen, kidney and cerebral cortex and in bovine
cerebral cortex using concentration-dependent alkylation by chloroethylclonidine and competitive
binding with 5-methylurapidil, methoxamine, (+)-niguldipine, noradrenaline, oxymetazoline, phentola-
mine, SDZ NVI-085, tamsulosin and (+)-tamsulosin. Rat liver alB-adrenoceptors were studied for
comparison. Chloroethylclonidine-sensitivity and (+)-niguldipine affinity were also compared at cloned
rat and bovine ala-adrenoceptors.
2 Chloroethylclonidine concentration-dependently inactivated a,-adrenoceptors in all five tissues. While
chloroethylclonidine inactivated almost all a,-adrenoceptors in rat liver and guinea-pig kidney and brain,
20-30% of a,-adrenoceptors in guinea-pig spleen and bovine brain were resistant to alkylation by 10 gM
chloroethylclonidine. With regard to concentration-dependency guinea-pig kidney and brain were
approximately 10 fold less sensitive than guinea-pig spleen or rat liver.
3 In rat liver, all drugs tested competed for [3H]-prazosin binding with steep and monophasic curves.
Drug affinities were relatively low and resembled most closely those of cloned rat alb-adrenoceptors.
4 In guinea-pig spleen, all drugs tested competed for [3H]-prazosin binding with steep and monophasic
curves. Drug affinities were relatively low and resembled most closely those of cloned rat alb-
adrenoceptors.
5 In guinea-pig kidney most drugs tested competed for [3H]-prazosin binding with steep and
monophasic curves and had relatively low drug affinities close to those of cloned rat alb- and a d-
adrenoceptors. However, noradrenaline and tamsulosin had consistently biphasic competition curves
recognizing 36-39% high and 61-64% low affinity sites.
6 In guinea-pig cerebral cortex, all drugs tested competed for [3H]-prazosin binding with shallow and
biphasic curves. While most drugs recognized approximately 25% high affinity sites, tamsulosin and
noradrenaline recognized approximately 50% high affinity sites. Drug affinities at the high and low
affinity sites except those for tamsulosin and noradrenaline resembled those at cloned ala- and Xlb-
adrenoceptors, respectively.
7 In bovine cerebral cortex all drugs tested except for noradrenaline competed for [3H]-prazosin
binding with shallow and biphasic curves. All drugs recognized approximately 70% high affinity sites.
Drug affinities at the high and low affinity sites resembled those at cloned ala- and alb-adrenoceptors,
respectively. Noradrenaline competition curves in bovine cerebral cortex were steep and monophasic.
8 When cloned rat and bovine CXla-adrenoceptors transiently expressed in COS cells were studied in a
direct side-by-side comparison, both species homologues had similar chloroethylclonidine-sensitivity and
(+ )-niguldipine affinity.
9 We conclude that properties of bovine aIA- and ClB-adrenoceptors are very similar to those of other
species such as rat. a,-Adrenoceptor subtypes in guinea-pigs resemble LIA- and xlB-adrenoceptors in
other species but chloroethylclonidine sensitivity and competition binding profiles of noradrenaline and
tamsulosin are not compatible with previously established a,-adrenoceptor subtype classification.

Keywords: a,-Adrenoceptor subtypes; rat, guinea-pig, bovine-adrenoceptors; chloroethylclonidine; (+)-niguldipine; noradrena-
line; tamsulosin

Introduction

a,-Adrenoceptors were originally subclassified according to alA-adrenoceptors (previously designated a c)xaB-adrenocep-
pharmacological criteria into two subtypes, (ZA and aIB tors and axD-adrenoceptors (previously designated aCa- or Ia/d-
(Minneman, 1988). In receptor cloning studies three distinct adrenoceptors) are recognized; this nomenclature will be used
cDNAs encoding ax-adrenoceptor subtypes have been detected throughout this manuscript; tissue and cloned oxl-adrenoceptor
(Cotecchia et al., 1988; Schwinn et al., 1990; Lomasney et al., subtypes will be referred to by upper case and lower case
1991). Human homologues of these subtypes have also been subscripts, respectively.
cloned (Forray et al., 1994; Schwinn et al., 1995). The align- Some of the controversy about ol-adrenoceptor subtype
ment of pharmacologically defined and cloned subtypes has nomenclature resulted from the fact that the original cloning of
been controversial for some time (for review see Michel et al., theala-, 0alb- and Old-adrenoceptors was achieved from different
1995). Based on a proposal by Ford et al. (1994) it has now species, i.e. hamster, cow and rat (Cotecchia et al., 1988;
been agreed by the IUPHAR nomenclature committee that Schwinn et al., 1990; Lomasney et al., 1991). In particular the

original description of the bovine aa-adrenoceptor contained a
surprisingly low affinity for the most axA-adrenoceptor-selec-

'Author for correspondence at: Nephrol. Lab. IG 1, Klinikum, tive antagonist, (+)-niguldipine, and a surprisingly high sen-
Hufelandstr. 55, 45122 Essen, Germany. sitivity to alkylation by chloroethylclonidine (Schwinn et al.,
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1990; Schwinn & Lomasney, 1992). Moreover, the a,-adreno-
ceptors in guinea-pig liver had characteristics similar to aIA-
adrenoceptors, but mRNA prepared from this tissue hy-
bridized to a probe prepared from the rat ald- but not the
bovine ala- or hamster alb-adrenoceptor (Garcia-Sainz et al.,
1992). These were the main reasons why the bovine clone was
not originally recognized to encode an aIA-adrenoceptor.

The alignment of pharmacologically defined and cloned al-
adrenoceptor subtypes was mainly facilitated when all three
subtypes were cloned within a species, i.e. rat (Forray et al.,
1994) and man (Laz et al., 1994; Schwinn et al., 1995).
Nevertheless it has remained unclear whether the original
discrepancies with data obtained in guinea-pigs and in cows
are due to species differences of al-adrenoceptor subtype
characteristics. Therefore, we have studied al-adrenoceptor
binding properties of bovine cerebral cortex and guinea-pig
spleen, kidney and cerebral cortex using [3H]-prazosin com-
petition binding studies. For this purpose a panel of nine
subtype-selective drugs was used which we have previously
characterized using identical methods in rat tissues (Buscher et
al., 1994; Michel et al., 1993a; 1994) and with cloned subtypes
(BUscher et al., 1994; Michel & Insel, 1994). Additionally the
quantitative sensitivity of guinea-pig and bovine al-adreno-
ceptors to alkylation by chloroethylclonidine was determined.
Some of our data prompted us to perform similar experiments
in a well defined model of homogeneous alB-adrenoceptors, rat
liver (Gross et al., 1988; Minneman et al., 1988; Han & Min-
neman, 1991), and to investigate cloned rat and bovine al.-
adrenoceptors transiently expressed in COS cells with regard
to (+)-niguldipine affinities and chloroethylclonidine sensi-
tivity.

Methods

Tissue preparation

Male Wistar rats (150-250 g) and guinea-pigs (200-300 g)
were obtained from Lippische Versuchstierzucht (Exertal,
Germany). Bovine brains were obtained from the local
slaughterhouse. Rat and guinea-pig tissues were macro-
scopically freed from surrounding connective tissue, rapidly
frozen in liquid nitrogen, stored at -70'C, and membranes
were prepared on the day of the experiment. Membranes from
bovine cerebral cortex were prepared freshly, and the mem-
brane preparation was frozen in liquid nitrogen and stored at
- 70'C. Bovine and guinea-pig brain tissue was homogenized
with 10 strokes at 1500 r.p.m. in a motor-driven glass homo-
genizer with a teflon pestle in ice-cold 20 mM NaHCO3 solution.
Rat liver and guinea-pig spleen and kidney were homogenized
with an Ultra-Turrax once for 10 s at full speed and thereafter
twice for 20 s each at 2/3 speed. The homogenates were cen-
trifuged twice for 20 min each at 50,000 g at 40C, and the final
pellets were resuspended in binding buffer (see below) at protein

concentrations of 2-3 mg ml-' (rat liver, guinea-pig and bo-
vine cerebral cortex) or 3 -5 mg ml-' (guinea-pig kidney and
spleen). Protein concentration was determined by the method of
Bradford (1976) with bovine IgG used as the standard.

ac-Adrenoceptor transfection

The plasmid pBCalc which contains the entire coding region of
the bovine ala-adrenoceptor (Schwinn et al., 1990) was ob-
tained from Dr S. Cotecchia (Lausanne, Switzerland). The
plasmid pMT2'axc which contains the entire coding region of
the rat al.-adrenoceptor (Perez et al., 1994) was obtained from
Dr R.M. Graham (Sydney, Australia). Both constructs were
transfected into COS-1 cells for transient expression using the
DEAE-dextran method with addition of chloroquine and di-
methylsulphoxide steps as described previously (Suryanar-
ayana & Kobilka, 1991; Michel & Insel, 1994). Four days after
transfection, cells were harvested, resuspended in ice-cold
buffer A and homogenized by a Tissuemizer for 10 s at full
speed followed twice for 20 s at 2/3 speed. The homogenate
was centrifuged for 20 min at 50,000 g and the resulting pellet
was resuspended in binding buffer A at a concentration of
0.6-2 mg ml-'.

Radioligand binding

Radioligand binding with [3H]-prazosin as the ligand was
performed as previously described (Michel et al., 1993a).
Briefly, aliquots of the membrane suspensions (100 pl) were
incubated in a total volume of 1000 yl of binding buffer
(50 mM Tris, 0.5 mM EDTA at pH 7.5) for 45 min at 25°C. In
competition binding experiments with agonists 100 pM GTP
was always added to prevent GDP-dependent formation of
agonist high-affinity states. The incubation was terminated by
rapid vacuum filtration over Whatman GF/C filters, and each
filter was washed twice with 10 ml binding buffer. Following
drying of the filters for 1 h at 60°C, 4 ml scintillator (Quicks-
zint 1, Zinsser, Frankfurt, Germany) was added to each filter,
and after vigorous shaking of each sample, radioactivity on the
filters was quantified in a scintillation counter at 42% effi-
ciency. Non-specific binding was defined as binding in the
presence of 10 pM phentolamine. In some experiments mem-
brane preparations were treated with the indicated con-
centrations of chloroethylclonidine or vehicle for 30 min at
37°C followed by two washout centrifugations prior to in-
cubation with the radioligand.

Chemicals

Dye reagent for the protein assay was purchased from BioRad
(Munich, Germany), oxymetazoline HCl, methoxamine HCO
and (-)-noradrenaline bitartrate from Sigma (Munich, Ger-
many), chloroethylclonidine HCl from Research Biochemicals
Inc. (Natick, MA, U.S.A.) and [3H]-prazosin (specific activity
80 Ci mmol-') from New England Nuclear (Dreieich, Ger-

Table 1 [3H]-prazosin saturation binding parameters

Tissue

Rat liver
Guinea-pig spleen
Guinea-pig kidney
Guinea-pig cerebral cortex
Bovine cerebral cortex

n

3
4
4
3
3

Kd (pM) (fmol mg protein)

244 + 24
81±7
114±34
215 ±20
103±1

106±4
47±4
12±3
129±21
89±8

Data are derived from [3H]-prazosin saturation binding experiments with 6 ligand concentrations. Non-specific binding was calculated
in each experiment at the ligand concentration closest to the calculated Kd value. Data are mean ± s.e.mean of the indicated number (n)
of experiments.

Non-specific
binding

(% of total)

14±2
19±3
35±10
8±1
28±1
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many). The following drugs were gifts of the respective com-
panies: tamsulosin HCO ((-)-isomer, formerly known as YM
617) and its stereoisomer (+)-tamsulosin HC1 (Yamanouchi
Pharmaceutical Co., Tokyo, Japan), phentolamine HCl (Ciba
Geigy, Basel, Switzerland), 5-methylurapidil HCl and (+ )-ni-
guldipine (Byk Gulden, Konstanz, Germany), SDZ NVI-085
((-)-(4aR,lOaR)-3,4,4a,5,10,lOa-hexahydro-6-methoxy-4-me-
thyl-9-methyl- thio-2H-naphth 2,3,b-1,4-oxazine HCl) Sandoz,
Basel, Switzerland).

Data analysis

Data are shown as means+s.e.mean of n experiments. Sa-
turation binding experiments were analyzed by fitting rectan-
gular hyperbolic functions to the experimental data.
Competition binding experiments were analyzed by fitting
mono-, bi- and triphasic sigmoidal functions to the experi-
mental data; a two- or three-site fit was accepted only when it
resulted in a significant improvement of the fit compared to a
one- or two-site fit, respectively, as assessed by an F-test. Ki
values were calculated from the IC50 values in the binding and
functional experiments according to the equation

K; = IC50/1 + (L/Kd)

where L is the concentration of radioligand and Kd is its affi-
nity. All curve fitting procedures were performed using the
InPlot programme (GraphPAD Software, San Diego, Calif.,
U.S.A.). Statistical significance of differences was assessed by
two-tailed t tests using the InStat programme (GraphPAD
Software) and a P<0.05 was considered significant. Drug af-
finities determined in the tissues competition binding studies
were compared to those found previously with cloned aj-
adrenoceptor subtypes (Buscher et al., 1994; Michel & Insel,
1994) by correlation analysis; the slope factor and the squared
correlation coefficient (r2) of these analyses are given.

Results

[3H]-prazosin saturation binding and effects of
chloroethylclonidine treatment

Saturation binding experiments were performed in rat liver,
bovine brain, and guinea-pig spleen, kidney and brain mem-
branes. Specific [3H]-prazosin binding in all five tissues was
saturable and of high affinity with Kd values ranging between
80 and 250 pM (Table 1). al-Adrenoceptor density was greatest
in guinea-pig cerebral cortex and smallest in guinea-pig kidney
(Table 1). A small receptor density was associated with rela-
tively high percentages of non-specific binding in some tissues,
particularly in guinea-pig kidney (Table 1). Despite consider-
able efforts we were unable to detect quantifiable specific [3H]-
prazosin binding in membrane preparations from guinea-pig
liver (data not shown).

Chloroethylclonidine treatment concentration-dependently
reduced detectable al-adrenoceptor density in all five tissues
(Figure 1). Treatment with 10 gM chloroethylclonidine almost
completely inactivated al-adrenoceptors in rat liver and gui-
nea-pig kidney and cerebral cortex. In contrast, 20- 30% of al-
adrenoceptors in guinea-pig spleen and bovine brain were re-
sistant to inactivation by 10 gM chloroethylclonidine. For a
50% inactivation of al-adrenoceptors approximately 10 times
higher chloroethylclonidine concentrations were required in
guinea-pig kidney and brain compared to guinea-pig spleen
and rat liver. While Kd values for [3H]-prazosin could not re-
liably be calculated under conditions where almost all cx1-
adrenoceptors were alkylated, no major change of Kd values
was observed upon chloroethylclonidine treatment in the other
experiments (data not shown). Chloroethylclonidine treatment
also concentration-dependently reduced detectable density of
cloned a,.-adrenoceptors with rat and bovine receptors having
similar sensitivity (Figure 2).

[3H]-prazosin competition binding

In rat liver, 5-methylurapidil, methoxamine, (+ )-niguldipine,
noradrenaline, oxymetazoline, phentolamine, SDZ NVI-085
and tamsulosin and (+ )-tamsulosin competed for [3H]-prazo-
sin binding with steep and monophasic curves (Figure 3, Table
2). The affinities of all compounds at rat liver ax-adrenoceptors
were relatively low (Table 2) and correlated much better with
those at cloned Ilb-adrenoceptors (slope 1.02 + 0.09, r2 = 0.948)
than those at cloned OCla- or Old-adrenoceptors (slope
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Figure 1 Inactivation of tissue a,-adrenoceptors by chloroethylclo-
nidine. Rat liver (0) and bovine brain (U) (a) and guinea-pig spleen
(El), kidney (A) and brain (0) (b) membranes were treated with the
indicated concentrations of chloroethylclonidine for 30min at 37°C.
Following two washout centrifugations density (Bmax) of remaining
al-adrenoceptors was determined by [3H]-prazosin saturation experi-
ments. In some cases receptor alkylation by chloroethylclonidine was
too extensive to allow reliable Bmax determinations from fitting of the
saturation binding data; in these cases the amount of specific binding
at the highest [3H]-prazosin concentration was assumed to represent
Bmax. Data are expressed as % of control (see Table 1), i.e.
membranes which were treated identically in the absence of
chloroethylclonidine within the same experiment, and are means+
s.e.mean of 4-5 experiments. Chloroethylclonidine treatment had no
major effect on [3H]-prazosin affinities (Kd values) in any tissue in all
cases where saturation curves could be analyzed.
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Figure 2 Inactivation of cloned rat and bovine ala-adrenoceptors by
chloroethylclonidine. Membranes from COS cells transiently expres-
sing cloned rat (0) and bovine Ola-adrenoceptors (U) were treated
with the indicated concentrations of chloroethylclonidine for 30min
at 37°C. Following two washout centrifugations, density (Bmax) of
remaining a,-adrenoceptors was determined by [3H]-prazosin satura-
tion experiments. Data are expressed as % of control (3899 + 242 and
3599+326fmolmg-' protein for rat and bovine receptor, respec-
tively), i.e. membranes which were treated identically in the absence
of chloroethylclonidine within the same experiment, and are
means+ s.e.mean of 4 experiments (n =3 for the highest chloroethyl-
clonidine concentrations at the bovine receptor). [3H]-prazosin
affinities (Kd values) were not significantly changed by chloroethyl-
clonidine for either species homologue.
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1.03+0.22, r2=0.760 and slope 0.94+0.15, r2=0.848, respec-
tively), confirming the presence of a homogeneous population
of ClB-adrenoceptors in rat liver.

In guinea-pig spleen all drugs tested also competed for [3H]-
prazosin binding with steep and monophasic curves, and the
calculated affinities were relatively low (Figure 4, Table 3). The
affinities of all compounds at guinea-pig spleen ax-adrenocep-
tors correlated much better with those at cloned xIb-adreno-
ceptors (slope 1.01+ 0.08, r2=0.954) than those at cloned O1a-
or ald-adrenoceptors (slope 1.04 + 0.20, r2= 0.798 and slope
0.91 + 0.16, r2= 0.825, respectively), indicating that guinea-pig
spleen also contains a homogeneous population of XIB-adre-
noceptors.

In guinea-pig kidney similar results were obtained for most
compounds (Figure 5, Table 4) but the overall data scatter was
greater than in the other tissues investigated, possibly due to
the smaller signal/noise ratio in this tissue (see above). How-
ever, noradrenaline and tamsulosin competed for [3H]-prazosin
binding with shallow and biphasic curves (Hill-slopes 0.65 and
0.63, respectively; Figure 5, Table 4). In such biphasic fits
approximately 36-39% of all guinea-pig kidney oel-adreno-
ceptors had high affinity for noradrenaline and tamsulosin
with remaining sites having low affinity (-log Ki high 7.4 and
9.4 and -log Ki IOw 4.8 and 7.5, respectively). The affinities of
all compounds (except for noradrenaline and tamsulosin) at
guinea-pig kidney ax-adrenoceptors correlated similarly well
with those at cloned alb-adrenoceptors (slope 1.10 + 0.19,
r' = 0.865) and ald-adrenoceptors (slope 0.87 + 0.14, r2 = 0.889),

but worse with those at cloned ala-adrenoceptors (slope
1.23 + 0.24, r2 = 0.786); overall the correlation with cloned Ilb-
or ald-adrenoceptor affinities generally was not as tight as that
found for rat liver or guinea-pig spleen. Thus, the ax-adreno-
ceptors in guinea-pig kidney are similar to but in some ways
distinct from classical alB-adrenoceptors.

In guinea-pig cerebral cortex membranes, all drugs com-
peted for [3H]-prazosin binding with shallow and biphasic
curves (Figure 6, Table 5). While most drugs recognized ap-
proximately 25% high affinity sites, noradrenaline and tam-
sulosin recognized approximately 50-51% high affinity sites.
Drug affinities (except for noradrenaline and tamsulosin) at the
high affinity sites of guinea-pig cerebral cortex correlated bet-
ter with those at cloned ala-adrenoceptors (slope 0.85+0.10,
r2= 0.938) than those at cloned alb- or (ld-adrenoceptors (slope
0.75+0.10, r2=0.918 and slope 0.49+0.17, r2=0.638, respec-
tively). In contrast drug affinities at the low affinity sites of
guinea-pig cerebral cortex (except for noradrenaline and
tamsulosin) correlated best with those at cloned alb-adreno-
ceptors (slope 1.03 + 0.09, r2 = 0.967) and less so with those at
cloned a1a- or ald-adrenoceptors (slope 1.12+0.15, r2=0.917
and slope 0.75+0.15, r2=0.843, respectively). Thus, guinea-
pig cerebral cortex appears to contain aIA- and alB-like adre-
noceptors but their interaction with noradrenaline and tam-
sulosin is distinct from those in most other tissues.

In bovine brain membranes all drugs except for nora-
drenaline competed for [3H]-prazosin binding with shallow and
biphasic curves in which approximately 70% of all sites had
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Figure 3 Competition binding in rat liver membranes. Competition
curves are shown for tamsulosin (0), phentolamine (A) (+ )-
niguldipine (0), noradrenaline (0), SDZ NVI-085 (A) and
methoxamine (El). Data are means+s.e.mean of 3 experiments. A
numerical analysis of these data is given in Table 2.

Table 2 Drug affinities in rat liver

Drug

5-Methylurapidil
Methoxamine
(+ )-Niguldipine
Noradrenaline
Oxymetazoline
Phentolamine
SDZ NVI-085
Tamsulosin
(+ )-Tamsulosin

n

3
3
3
3
3
3
3
3
3

10-12 l-10 1 -8 0-6 0-4-10 10-1 104 10~ 10-

[Competitor] M

Figure 4 Competition binding in guinea-pig spleen membranes.
Competition curves are shown for tamsulosin (0), phentolamine
(A), (+)-niguldipine (0), noradrenaline (0), SDZ NVI-085 (AL) and
methoxamine (El). Data are means+s.e.mean of 3 experiments. A
numerical analysis of these data is given in Table 3.

0.92±0.10
0.84+0.06
1.00+0.05
0.95 + 0.04
1.08 + 0.01

1.41 + 0.05
1.01 +0.02
1.04+0.01
1.10+0.06

pKi

6.28 ± 0.39
3.92±0.01
6.90+0.10
6.11 +0.01
6.55 +0.02
7.53 ± 0.03
4.88 ± 0.04
9.21 ±0.06
6.87 0.09

Data are derived from competition binding experiments with 21 narrowly spaced concentrations of competitor. Agonist competition
experiments were performed in the presence of 100Mm GTP. Data are mean+s.e.mean of the indicated number (n) of experiments. A
graphic representation of the competition binding data is given in Figure 3.
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Table 3 Drug affinities in guinea-pig spleen

Drug

5-Methylurapidil
Methoxamine
(+ )-Niguldipine
Noradrenaline
Oxymetazoline
Phentolamine
SDZ NVI-085
Tamsulosin
(+ )-Tamsulosin

n

4
3
3
3
3
3
3
3
3

1.22+0.15
1.09+0.04
1.38 +0.11
0.82+0.07
1.13 +0.34
1.27 +0.17
1.59+0.21
1.00+0.09
1.30+0.06

pKi
6.07 ±0.02
3.74 ±0.01
7.14±0.05
5.95 ± 0.08
6.59+0.11
7.69 + 0.05
4.99 +0.09
9.00+0.15
7.03 + 0.02

Data are derived from competition binding experiments with 21 narrowly spaced concentrations of competitor. Agonist competition
experiments were performed in the presence of 100uM GTP. Data are mean+ s.e.mean of the indicated number (n) of experiments. A
graphic representation of the competition binding data is given in Figure 4.

Table 4 Drug affinities in guinea-pig kidney

Drug

5-Methylurapidil
Methoxamine
(+ )-Niguldipine
Noradrenaline
Oxymetazoline
Phentolamine
SDZ NVI-085
Tamsulosin
(+ )-Tamsulosin

n

3
4
4
8
3
3
3
S
3

1.80+0.08
1.38 + 0.47
1.58 + 0.27
0.73 +0.14
1.15 +0.34
1.33 + 0.46
1.33 +0.15
0.63 + 0.09
1.09+0.20

pKi high

6.18 +0.07
4.05 + 0.21
6.78 +0.11
7.37 + 0.35
6.28 +0.13
7.79 +0.19
5.35 + 0.09
9.43 +0.19
7.31 +0.05

pKi low

4.81 + 0.05

7.53 + 0.33

% high

36 + 7

39 + 9

Data are derived from competition binding experiments with 21 narrowly spaced concentrations of competitor. Agonist competition
experiments were performed in the presence of 100 gM GTP. Pseudo-Hill slopes (nH) refer to data collected for a monophasic fit. When
a two-site model explained the data significantly better this was accepted and data for pKi high, pKi low and percentage of high affinity
sites (% high) were calculated. Data are mean + s.e.mean of the indicated number (n) of experiments. A graphic representation of the
competition binding data is given in Figure 5.
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Figure 5 Competition binding in guinea-pig kidney membranes.
Competition curves are shown for tamsulosin (-), phentolamine
(A), (+ )-niguldipine (0), noradrenaline (O), SDZ NVI-085 (A) and
methoxamine (LI). Data are means+ s.e.mean of 3-8 experiments. A
numerical analysis of these data is given in Table 4.

high affinity for the test compounds (Figure 7, Table 6). In
contrast noradrenaline competition curves were steep and
monophasic with relatively low affinity (Figure 7, Table 6). The
drug affinities (except for noradrenaline) at the bovine brain
high affinity sites correlated better with those at cloned ala-
adrenoceptors (slope 1.03+0.12, r2=0.921) than those at
cloned ald-adrenoceptors (slope 0.91 + 0.17, r2= 0.831); corre-
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Figure 6 Competition binding in guinea-pig cerebral cortex
membranes. Competition curves are shown for tamsulosin (40),
phentolamine (A), (+ )-niguldipine (0), noradrenaline (-), SDZ
NVI-085 (AL) and methoxamine (El). Data are means+s.e.mean of
3 - 8 experiments. A numerical analysis of these data is given in Table
5.

lation with affinities at the cloned (lb-adrenoceptors (slope
1.01+ 0.04, r2=0.993) was at least as good as that with the ala-
adrenoceptors but affinities were generally 1.5 log units lower
at the cloned alb-adrenoceptor than at the high affinity sites in
bovine cerebral cortex. Drug affinities at the low affinity sites in
bovine cerebral cortex correlated better with those at the
cloned alb-adrenoceptor (slope 1.12+0.07, r2=0.982) than
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Table 5 Drug affinities in guinea-pig cerebral cortex

Drug

5-Methylurapidil
Methoxamine
(+ )-Niguldipine
Noradrenaline
Oxymetazoline
Phentolamine
SDZ NVI-085
Tamsulosin
(+ )-Tamsulosin

n

5 0.63 ± 0.06
5 0.57±0.08
3 0.54±0.13
9 0.75 ±0.05
4 0.82±0.11
4 0.77±0.02
4 0.83 ±0.03
8 0.78 ±0.06
4 0.69±0.08

Data are derived from competition binding experiments with 21 narrowly spaced concentrations of competitor. Agonist competition
experiments were performed in the presence of I00 M GTP. Pseudo-Hill slopes (nH) refer to data collected for a monophasic fit. When
a two-site model explained the data significantly better this was accepted and data for pKi high, pKi low and percentage of high affinity
sites (% high) were calculated. Data are mean ± s.e.mean of the indicated number (n) of experiments. A graphic representation of the
competition binding data is given in Figure 6.
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Figure 7 Competition binding in bovine cerebral cortex membranes.
Competition curves are shown for tamsulosin (0), phentolamine
(A), (+ )-niguldipine (0), noradrenaline (N), SDZ NVI-085 (AL) and
methoxamine (El). Data are means+ s.e.mean of 3-10 experiments.
A numerical analysis of these data is given in Table 6.

those at the cloned cai- or Olxd-adrenoceptor (slope 1.11 ±0.18,
r2=0.869 and slope 1.03±0.16, r2=0.869, respectively). Thus,
bovine cerebral cortex appears to contain typical (XA- and aIXB-
adrenoceptors.

In membranes from COS-1 cells expressing cloned rat or
bovine a,.-adrenoceptors (+)-niguldipine competed for [3H]-
prazosin with high affinity (-log Ki 9.79±0.10 and
10.25 + 0.06; n = 4; Figure 8) indicating the absence of major
species differences with regard to (+ )-niguldipine affinity.

Discussion

While a,-adrenoceptors were originally subclassified according
to pharmacological criteria into two receptor subtypes, a1A and
04B (Minneman, 1988), three distinct ax-adrenoceptor subtypes
have been cloned (Bylund et al., 1994). Extensive pharmaco-
logical characterization of expressed cloned subtypes and their
comparison with natively expressed subtypes within the same

species has now allowed the alignment of pharmacologically
defined and cloned subtypes. Thus, aIA-, alB- and alD-adre-
noceptors are now recognized (Ford et al., 1994; Michel et al.,
1995). This alignment, however, has remained controversial
for some time mainly due to data obtained with the cloned
bovine aza-adrenoceptor (Schwinn et al., 1990; Schwinn &
Lomasney, 1992) and with guinea-pig liver (Garcia-Sainz et al.,
1992). In particular it had been reported that the cloned bovine

Mia-adrenoceptor (previously designated a,c) had greater
chloroethylclonidine-sensitivity and at least 100 fold lower
(+)-niguldipine affinity (Schwinn et al., 1990; Schwinn &
Lomasney 1992; Goetz et al., 1994) than pharmacologically
defined alA-adrenoceptors in rats (Boer et al., 1989; Michel et
al., 1994). Moreover, the al-adrenoceptors in guinea-pig liver
had characteristics similar to alA-adrenoceptors in radioligand
binding studies, but mRNA prepared from this tissue hy-
bridized to a probe prepared from the rat Otld- but not the
bovine ala- or hamster alb-adrenoceptor (Garcia-Sainz et al.,
1992). Therefore, we have studied al-adrenoceptor binding
properties of guinea-pig spleen, kidney and cerebral cortex,
and of bovine cerebral cortex using concentration-dependent
alkylation by chloroethylclonidine and competition binding
with a panel of drugs we have previously characterized in rat
tissues and with cloned receptor subtypes (Michel et al., 1993a;
1994; Michel & Insel, 1994; Buscher et al., 1994); this panel
includes 5-methylurapidil, methoxamine, (+ )-niguldipine,
noradrenaline, oxymetazoline, phentolamine, SDZ NVI-085,
tamsulosin and (+)-tamsulosin. Additionally, rat liver was
studied as a well-defined model of alB-adrenoceptors and
comparisons of cloned rat and bovine IIa-adrenoceptors were
performed with regard to chloroethylclonidine sensitivity and
(+ )-niguldipine affinity.

Numerous previous studies have identified a homogeneous
population of alB-adrenoceptors in rat liver (Gross et al., 1988;
Minneman et al., 1988; Han & Minneman, 1991). In our study
all test compounds including the agonists noradrenaline,
methoxamine and SDZ NYI-085 (in the presence of 100,M
GTP) had steep and monophasic competition curves in rat
liver. The calculated affinities for all drugs were relatively low
and matched those previously reported from our lab for an-
other model system of homogeneous alB-adrenoceptors, rat
spleen (Michel et al., 1993a) and for cloned rat alb-adreno-
ceptor (Michel & Insel, 1994). Chloroethylclonidine treatment
concentration-dependently inactivated al-adrenoceptors in rat
liver, and full inactivation was achieved with 10 UM chlor-
oethylclonidine. Taken together our data confirm that rat liver
is a model system for a homogeneous alB-adrenoceptor po-
pulation.

Despite extensive efforts we were unable to label guinea-pig
liver al-adrenoceptors using [3H]-prazosin, and other in-
vestigators have also been unsuccessful in this respect (Min-
neman, personal communication). Therefore, we have studied
al-adrenoceptors in three other guinea-pig tissues, spleen,
kidney and cerebral cortex. In guinea-pig spleen all drugs
tested competed for [3H]-prazosin binding with steep and
monophasic curves indicating the presence of a homogeneous
population of receptors. The relatively low affinity of all
compounds resembled most closely those of cloned rat alb-
adrenoceptors (Michel & Insel, 1994) and were nearly identical

pKi high

8.27 ± 0.37
5.48 ±0.33
8.93 i 0.08
6.55 ±0.09
8.02±0.19
8.86±0.16
6.16±0.16
9.53 ± 0.45
8.49±0.17

pKi low

6.52±0.23
3.53 ± 0.06
6.86 ± 0.07
5.15±0.15
6.27 ± 0.03
7.50±0.03
4.68 ±0.02
7.83 ± 0.31
6.72±0.07

% high

31±4
23 ± 6
27 ± 9
50± 8
22± 3
25±4
21±7
51±10
19±4
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Table 6 Drug affinities in bovine cerebral cortex

Drug

5-Methylurapidil
Methoxamine
(+ )-Niguldipine
Noradrenaline
Oxymetazoline
Phentolamine
SDZ NVI-085
Tamsulosin
(+ )-Tamsulosin

n

7
3
3
10
3
3
3
4
4

0.67 ±0.09
0.70+0.01
0.67 i 0.03
0.91 00.03
0.73 i 0.02
0.74+0.04
0.62+0.02
0.80+0.11
0.69+0.04

pKi high

8.51 +0.28
5.38 + 0.06
9.27 +0.16
6.06+0.03
7.93 ± 0.04
8.97 ± 0.08
6.67 ±0.12

10.78 ± 0.09
8.56±0.27

pK, low

6.49±0.12
3.88 +0.19
7.06+0.13

6.21 +0.09
7.43 +0.27
5.09+0.12
8.78 +0.37
6.80+0.18

% high

66± 5
64± 5
77+1

81+1
78 ±4
59 ± 5
83 ± 3
67 ± 9

Data are derived from competition binding experiments with 21 narrowly spaced concentrations of competitor. Agonist competition
experiments were performed in the presence of 100yM GTP. Pseudo-Hill slopes (nH) refer to data collected for a monophasic fit. When
a two-site model explained the data significantly better this was accepted and data for pKi high, pKA low and percentage of high affinity
sites (% high) were calculated. Data are mean + s.e.mean of the indicated number (n) of experiments. A graphic representation of the
competition binding data is given in Figure 7.
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Figure 8 Competition binding of (+ )-niguldipine
bovine MIA-adrenoceptors. Experiments were per:
branes from COS cells transiently expressing ci

bovine UIlA-adrenoceptors (E). Data are means

experiments.

to those we have found in rat liver in the prese:
functional data (Eltze, 1994) also demonstrate

of guinea-pig spleen is mediated by an alB-adr
on experiments using chloroethylclonidinea
tagonists; the potencies (pKb values) for 5-metl

niguldipine, phentolamine and tamsulosin in

similar to the -log Ki values obtained in the

our study chloroethylclonidine was similarly;V
pig spleen and alB-adrenoceptors in rat liver (j
rat spleen (Michel et at., 1993b) but in contra

tissues a full inactivation was not achievedI
oethylclonidine. Thus, guinea-pig spleen appe

homogeneous population Of czlB-like -adreno4

are not as efficiently alkylated by chloroethy]
rat CXIB-adrenoceptor.

The a1-adrenoceptor in guinea-pig kidney

characterize due to a small receptor number

signal/noise ratio. Our data indicate that it

adrenoceptor-like but distinct in some aspect

and guinea-pig spleen, 5-methylurapidil, mel

niguldipine, oxymetazoline, phentolamine, SE

(+ )-tamsulosin had steep and monophasic coj

indicating the presence of a homogeneous

population. The affinities of these drugs were

in rat liver, guinea-pig spleen or with cloned al
However, noradrenaline and tamsulosin surpri
for [3H]-prazosin binding with shallow and

indicating the possible coexistence of two sul

proximate 35-40/65 -60% ratio in guinea-pil

best of our knowledge, no subtype of ox1-adrenoceptors has
been proposed until now which differs from rat alB-adreno-
ceptors based on tamsulosin and noradrenaline affinities but is
not discriminated by 5-methylurapidil, methoxamine, (+ )-ni-
guldipine, oxymetazoline, phentolamine, SDZ NVI-085 and
(+)-tamsulosin. Moreover, 10 gM chloroethylclonidine in-
activated guinea-pig kidney a1-adrenoceptors as efficiently as
the xlB-adrenoceptors in rat liver (present study) or spleen
(Michel et al., 1993b); however, chloroethylclonidine was ap-
proximately 10 times less potent than in rat liver and spleen or
in guinea-pig spleen. Thus, the al-adrenoceptor in guinea-pig
kidney resembles an alB-adrenoceptor with regard to affinities
for most drugs but differs in noradrenaline and tamsulosin

10i i8-l affinity and chloroethylclonidine-sensitivity.
In guinea-pig cerebral cortex, all drugs exhibited shallow

and biphasic competition curves indicating the presence of at
for cloned rat and least two x1-adrenoceptor subtypes. Most compounds in-
^formed on mem- dicated that one of them represents approximately 25% of all
loned rat (0) or receptors and has drug affinities similar to the MlA-adreno-
ts.e.mean of 4-6 ceptors in rat cerebral cortex (Michel et al., 1993a; BUscher et

al., 1994) or cloned bovine iae-adrenoceptors (Buscher et al.,
1994; Michel & Insel, 1994). The other represents approxi-
mately 75% of all receptors and has drug affinities similar to
those at alB-adrenoceptors in guinea-spleen and rat liver (see

nt study. Recent above), rat spleen or cloned rat xlb-adrenoceptors (Michel et
that contraction al., 1993a; BUscher et al., 1994; Michel & Insel, 1994). How-
enoceptor based ever, tamsulosin and noradrenaline again behaved differently
and various an- from the other drugs. Thus, both drugs had similar biphasic
hylurapidil, (+)- competition curves but recognized approximately 55% high
that study were affinity sites. The aberrant behaviour of noradrenaline and
present study. In tamsulosin in guinea-pig brain also confirms that its biphasic
)otent in guinea- competition curves in guinea-pig kidney are not related to the
present study) or small signal/noise ratio in that tissue. Although 25% of the
st to the two rat receptors in cortex were alA-like, 10 gM chloroethylclonidine
by 10 gM chlor- caused an almost complete inactivation; in contrast this
ars to contain a chloroethylclonidine concentration had not inactivated aIA-
ceptors but they adrenoceptors in rat cerebral cortex or kidney (Michel et al.,
1clonidine as the 1993a). On the other hand, chloroethylclonidine was less po-

tent in guinea-pig cerebral cortex than in rat liver and spleen or
was difficult to guinea-pig spleen (see above). Thus, guinea-pig cerebral cortex
and thus small appears to express an aIA- and an alB-like -adrenoceptor in an

is generally aXB- approximate 25:75% ratio, but data with tamsulosin, nora-
ts: as in rat liver drenaline and chloroethylclonidine do not readily fit this
thoxamine, (+ )- concept.
)Z NVI-085 and Thus, the question exists why noradrenaline and tamsulosin
mpetition curves recognized an al-adrenoceptor subtype in guinea-pig kidney
al-adrenoceptor and cerebral cortex which is not recognized by a panel of seven
similar to those other subtype-selective drugs. While we do not have a defini-
[b-adrenoceptors. tive answer to this question, out data can exclude several ob-
isingly competed vious possibilities. Firstly, biphasic noradrenaline competition
biphasic curves, curves are unlikely to represent G-protein-dependent agonist
btypes in an ap- high and low affinity states because our experimental condi-
g kidney. To the tions routinely included a high concentration of GTP, and
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because under identical conditions noradrenaline competition
curves were steep and monophasic in rat spleen and cerebral
cortex (Michel et al., 1993a), rat liver and guinea-pig spleen
(present study). Moreover, methoxamine and SDZ NVI-085
did not show a distinct binding pattern despite being agonists,
and tamsulosin recognized a similar percentage of high affinity
sites as noradrenaline although it is an antagonist. Secondly,
noradrenaline is selective for cloned ald- relative to ala- or MIb-
adrenoceptors (Forray et al., 1994; Laz et al., 1994; Michel &
Insel, 1994; Schwinn et al., 1995) while tamsulosin is selective
for aXA- over CXIB-adrenoceptors and has similar affinity for ala-
and ald-adrenoceptors (Michel et al., 1993a; Michel & Insel,
1994). However, differential recognition of one of these sub-
types is unlikely to explain our observations since our panel of
test compounds included others which are also selective for ala-
and O1d- relative to Oxlb-adrenoceptors in our hands, such as

methoxamine, SDZ NVI-085 and (+)-tamsulosin (Michel &
Insel, 1994). Finally, noradrenaline also fails to discriminate
O1A- and (lB-adrenoceptors natively expressed in tissues such as
rat cerebral cortex, and tamsulosin and (+ )-tamsulosin exhibit
a similar al-adrenoceptor subtype profile in other models
(Michel et al., 1993a; Michel & Insel, 1994). Thus, further
studies possibly involving the cloning of guinea-pig homo-
logues of the knownal-adrenoceptor subtypes are necessary to
determine whether the receptors in this species display unusual
characteristics or whether an additional yet undefined subtype
exists. Before this question is resolved, the guinea-pig should
only be used with great caution as anal-adrenoceptor subtype
model system.

In bovine cerebral cortex all drugs tested except for nora-

drenaline competed for[3H]-prazosin binding with shallow and
biphasic curves. All of these drugs detected a similar percen-
tage of high affinity sites. Since noradrenaline does not dis-
criminateOla andalb-adrenoceptors in rats or man (Forray et
al., 1994; Laz et al., 1994; Schwinn et al., 1995) and since the
affinities of the other test compounds at the high and low af-
finity sites were similar to those previously described in our lab
for clonedala- andalb-adrenoceptors (Michel & Insel, 1994),
we conclude that thea,-adrenoceptor subtypes found in bovine
cerebral cortex have similar pharmacological characteristics as

the 1A- andalB-adrenoceptors found in other species such as
rat or man. In particular, (+ )-niguldipine recognized the same

percentage of high and low affinity sites as the other subtype-
selective drugs, and its affinities are similar to those ataIA- and
CXlB-adrenoceptors in other species such as rat or man (Boer et
al., 1989; Hanft & Gross, 1989; Han & Minneman, 1991;
Michel etal., 1992). Thus, our data do not support the idea
that (+)-niguldipine affinities at bovineal-adrenoceptor sub-
types differ from those in other species.

In contrast it has been reported that (+)-niguldipine has
only low affinity for cloned bovinealca-adrenoceptors (Schwinn
& Lomasney, 1992; Goetz etal., 1994). On the other hand it
has been found that (+ )-niguldipine has high affinity at cloned
rat (Laz etal., 1994; Perez etal., 1994) or human (Forray etal.,
1994; Weinberg etal., 1994)ala-adrenoceptors. Therefore, we
have compared the affinity of (+)-niguldipine at cloned rat
and bovineala-adrenoceptors directly. Our data demonstrate
that the affinity of bovineala-adrenoceptors for (+)-niguldi-
pine is at least as high as that of its rat homologue. While we

are not aware of other direct comparisons between rat and
bovinexla-adrenoceptors, it should be noted that other recent
studies also have detected relatively high (+ )-niguldipine affi-
nities at bovine Cia-adrenoceptors (Testa etal., 1995). While we
cannot explain the discrepancies among reported (+ )-ni-
guldipine affinities at cloned bovineala-adrenoceptors, our

data do not support the idea that cows differ from other spe-
cies in this respect.

In bovine brain, chloroethylclonidine concentration-de-
pendently inactivated a1-adrenoceptors as it did in the other
tissues investigated. In bovine brain approximately 30% of
receptors remained unaffected by chloroethylclonidine when
tested at 10 piM, but its potency was less than in rat alB-adre-
noceptor tissues such as liver (present study) or spleen (Michel
et al., 1993b). In contrast the competitively acting drugs had
recognized approximately 70% high affinity sites (putative aIA-
adrenoceptors) in this tissue. Thus, the possibility exists that
the bovine CXA-adrenoceptor is more chloroethylclonidine-
sensitive than that of other species. To test this hypothesis
directly, we have quantitatively compared the chlor-
oethylclonidine sensitivity of cloned rat and bovine ala-adre-
noceptors. Our results suggest that this receptor has a very

similar chloroethylclonidine-sensitivity in both species. While
it has originally been assumed that axA-adrenoceptors are re-

sistant to the alkylating effects of chloroethylclonidine (Min-
neman et al., 1988), more recent data suggest that
chloroethylclonidine-sensitivity is a quantitative rather than a

qualitative feature ofa1-adrenoceptor subtypes among which
theala-adrenoceptor is the least sensitive (Forray et al., 1994;
Laz et al., 1994; Schwinn et al., 1995). While the degree ofa1a-
adrenoceptor inactivation is greater in our study than in pre-

vious reports (Forray et al., 1994; Laz et al., 1994; Schwinn et
al., 1995), it should be noted that we have used longer in-
cubation times than those authors and that the alkylating
chloroethylclonidine effects at a given subtype depend on time,
concentration and incubation temperature. Thus, our data
suggest that bovineaIA- and CXlB-adrenoceptors are pharma-
cologically similar to those in other species such as rat or man

with regard to the affinities of competitively acting drugs.
A general finding of our study was that chloroethylclonidine

sensitivity ofa1-adrenoceptor subtypes does not always cor-

respond to the presenceofO1A- and (xB-like adrenoceptors as

defined by competitively acting drugs. Thus, model systems
which appear otherwise similar (e.g. rat liver and spleen and
guinea-pig spleen and kidney) may differ with regard to the
efficiency and/or potency of chloroethylclonidine to cause in-
activation. This could partly result from the small signal/noise
ratio upon chloroethylclonidine treatment, particularly in tis-
sues with a low receptor expression density. Thus chlor-
oethylclonidine, particularly when used at a single
concentration, may give misleading information with regard to
a1-adrenoceptor subtype characterization. This problem is
further enhanced since chloroethylclonidine may also in-
activatea1A- andaID-adrenoceptors (Schwinn etal., 1995) and
a2A-anda2c-adrenoceptors (Michel etal., 1993b) under certain
conditions, and may also have competitive antagonistic effects
ata-adrenoceptor subtypes which are not alkylated (Michel et
al., 1993b).

Taken together our data demonstrate that the pharmaco-
logical characteristics ofa1-adrenoceptor subtypes are quite
similar in rats, cows and man, and that species differences are

not readily detectable among them. In contrast, data in guinea-
pigs are not fully explained by the currenta1-adrenoceptor
subtype classification. Clear differences are detectable for
noradrenaline and tamsulosin in competition binding studies
and for chloroethylclonidine sensitivity. While the reasons for
these differences are not clear, our data suggest that attention
should be paid to possible species heterogeneity in future stu-
dies, in particular when guinea-pigs are used.

This work was supported by a grant from the Deutsche Forschungs-
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providingala-adrenoceptor cDNA-containing plasmids.
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