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Abstract

The subtype of «;-adrenoceptor mediating the exogenous noradrenaline-induced vasopressor response in perfused rat hind limb was
determined by functional measurements and radioligand binding assays. The potencies (pA, values) of «,,-adrenoceptor-selective
antagonists, RS-17053 (N-[2-(2-cyclopropylmethoxy-phenoxy) ethyl]-5-chloro-o,a-dimethyl-1H-indole-3-ethanamine hydrochloride),
WB 4101 (2-(2,6-dimethoxyphenoxyethyl) aminomethyl-1,4 benzodioxane), 5-methyl-urapidil, and the o 5-adrenoceptor-selective
antagonist, BMY 7378 (8-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-8-azaspirol[4.5]decane-7,9-dione), to inhibit the noradrenaine-
induced vasopressor response determined by Schild plot were 9.47 + 0.21, 9.48 4+ 0.19, 8.10 4+ 0.27 and 6.66 + 0.14, respectively, with
no dope significantly different from unity. The affinities (K; values) of these antagonists were determined by displacement of 2.BE
2254 (2-B(4-hydroxyphenyl)-ethylaminomethyl)-tetralone) binding from the cloned o, a4, oj4-adrenoceptor, stably expressed in
human embryonic kidney (HEK) 293 cells. The p A, values of the above antagonists correlated well with the binding K; values only for
o 15-adrenoceptors (r = 0.93), but not for «,5-adrenoceptors (r = 0.51) and « ;,-adrenoceptors (r = 0.13). The concentration-vasopressor
response curve for noradrenaline was not significantly affected by pretreatment with 50 wM chloroethylclonidine for 30 min. The results
suggest that only o ;,-adrenoceptors mediate the noradrenaline-induced vasopressor response in perfused rat hind limb. © 1997 Elsevier

Science B.V.
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1. Introduction

o ,-Adrenoceptors can be found at numerous end organs
of the autonomic nervous system, especially vascular
smooth muscle. The clinical potencies of prazosin and
other «,-adrenoceptor antagonists as antihypertensive
drugs are evidence of the important physiological role of
peripheral «,-adrenoceptors in maintaining arterial pres-
sure in animals and humans.

a,-Adrenoceptors have been classified on the basis of
pharmacological evidence into three subtypes termed o 4 -,
a,5-, and a,p-adrenoceptor subtypes mainly because of
differential affinities to subtype-selective antagonists. Se-
lective «,,-adrenoceptor antagonists include WB 4101
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(Morrow et a., 1985; Morrow and Creese, 1986), 5-
methyl-urapidil (Gross et a., 1988; Hanft and Gross,
1989), (+)-niguldipine (Boer et al., 1989), and RS-17053
(Ford et al., 1996). BMY 7378 appears to preferentialy
antagonize «,p-adrenoceptors (Goetz et al., 1995).
Chloroethylclonidine is an akylating antagonist that irre-
versibly inactivates the o,5- and o,p-adrenoceptor, but
not the «,,-adrenoceptor subtype (Perez et a., 1991;
Forray et a., 1994; Han et a., 1987; Minneman et a.,
1988). The heterogeneity of «-adrenoceptors is further
supported by results of receptor gene cloning studies which
show that three molecular subtypes (o .-, o qy-, o 4-adren-
oceptor) exist and correspond directly to the receptors
expressed in intact tissues (Ford et a., 1994). One of the
most useful approaches for characterizing subtype distribu-
tion in atissue is to determine correlations between poten-
cies of antagonists obtained in functional experiments with
the tissue and affinities obtained from radioligand binding
assays with cloned o ,-adrenoceptor subtypes.
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Investigations employing functional, radioligand bind-
ing and molecular methods have demonstrated the exis-
tence of multiple o,-adrenoceptor subtypes in vascular
smooth muscle of isolated rat, rabbit, dog, and human
blood vessels, such as aorta (Buckner et a., 1996), rena
artery (Han et al., 1990; Piascik et al., 1994), and mesen-
teric artery (Han et al., 1990; Piascik et al., 1994), etc.
These arteries essentially function as conduit vessels which
direct blood flow into organs; the contractile properties of
these vessels have a minor influence on the regulation of
vascular resistance. It is more important to determine the
distribution and function of « ;-adrenoceptor subtypesin a
resistance vascular bed. In the rat perfused mesenteric
arterial bed, noradrenaline-induced increases of perfusion
pressure are mainly mediated by the activation of o ,-
adrenoceptors based on the high affinities for 5-methyl-
urapidil (pA, 9.0-9.2) and WB 4101 (pA, 9.6, Kong et
al., 1994; Cunningham et al., 1994; Williams and Clarke,
1995) and the lack of affinity for chloroethylclonidine
(Williams and Clarke, 1995). The «,-adrenoceptor in the
rat kidney vascular bed has also been characterized as an
a1, -adrenoceptor subtype (Eltze et al., 1991; Blue et al.,
1991, 1992, 1995). A consistent observation in isolated
perfused kidney studies is the weak inhibitory effect of
chloroethylclonidine on the vasopressor response to o ;-
adrenoceptor stimulation. In addition, the potencies of
several subtype-selective antagonists on the noradrena-
line-induced vasocontractile response in the isolated rat
perfused kidney correlated significantly with their binding
affinity in the cloned o, -adrenoceptor (r = 0.85). In con-
trast, correlation with binding affinity for the cloned o -
adrenoceptor (r = 0.02) or «,4-adrenoceptor (r = 0.12) is
poor (Blue et al., 1995). Those results confirm that the
a5 -adrenoceptor is the major subtype in rena resistance
arterioles. Other reports show that, in isolated perfused rat
mesentery or kidney, sympathetic nerve stimulation pro-
vokes vasoconstriction which is extremely sensitive to low
concentrations of o, -adrenoceptor antagonists and non-
sensitive to chloroethylclonidine (Kong et al., 1994; Blue
et a., 1991, 1992). Therefore, o ,,-adrenoceptors may be
located at the neurovascular synapses where they receive
direct sympathetic nerve innervation (Kong et a., 1994;
Williams and Clarke, 1995; Eltze et al., 1991; Blue et al.,
1992).

The distribution of «,-adrenoceptor subtypes in other
resistance vasculature has not been reported yet. Skeletal
muscle is the largest organ in the body, comprising an
estimated 35—-45% of body weight in non-obese individu-
als. The muscle resistance vessels have a key role in
regulating the total systemic vascular resistance and hence
arterial blood pressure. In the present study, we character-
ized subtypes of the «o,-adrenoceptor distributed in the
resistance vasculature of skeletal muscle by determining
functional potencies of o ,-adrenoceptor subtype-selective
antagonists and comparing them with binding affinities at
cloned «,-adrenoceptor subtypes.

2. Materials and methods
2.1. Isolated perfused rat hind limb

2.1.1. Preparation of isolated perfused rat hind limb

The animals were anesthetized with pentobarbital
sodium (60 mg/kg, i.p.). Surgery was performed as de-
scribed by Colquhoun et al. (1990). Flow was restricted to
two hind limbs by cannulation with PE-50 polyethylene to
two lateral common iliac arteries. Perfusion was performed
in a temperature-controlled cabinet, and the arterial perfu-
sion medium was temperature-equilibrated by passage
through a heat exchanger. The perfusion Krebs solution
contained the following (mM): NaCl, 118; KCl, 4.7; CaCl,,,
1.27; MgSO,, 1.2; KH,PO,, 1.2; NaHCO,, 25; glucose,
8.3, and 2% hydroxyethyl starch, pH 7.4 at 28°C. To
ensure that the perfusion buffer was particle-free, the
buffer was filtered under pressure through a 0.45-p.m pore
filter before use. The perfusion solution was saturated with
amixture of 95% 0O,-5% CO,. The perfusion pressure was
monitored through a junction located as close as practica
bleto theiliac canal, using a pressure transducer connected
to a polygraph. Desmethylimipramine 1 pM,
normetanephrine 1 wM (to block neuronal and extraneu-
ronal uptake of noradrenaline, respectively), indomethacin
10 wM (to inhibit prostanoid production), propranolol 10
M (to block B-adrenoceptors) and yohimbine 0.1 uM (to
block « ,-adrenoceptors) were also included in the perfu-
sion solution except where described otherwise.

2.1.2. Determination of noradrenaline-induced vasopres-
sor responses and potencies of «,-adrenoceptor antago-
nists

Cumulative concentration-response curves were ob-
tained by infusion of each concentration of agonist for 5-6
min. After the highest concentration, the preparation was
allowed to recover to show reversibility. With the excep-
tion of those with chloroethylclonidine, all experiments
with antagonists were performed as follows. After control
noradrenaline concentration-response curves were made,
the hind limbs were perfused for 45 min with Krebs
solution containing antagonist (three different concentra-
tions with 0.5 log M increments) or vehicle. A second
curve for noradrenaline was then made in the presence of
antagonist or vehicle (time control). Perfusion pressure
was determined from a calibrated recorder trace, and con-
centration-response relationships were determined from
these readings, so that a graphical representation could be
made. EC5, was calculated by computer analysis using
non-linear regression. The pA, and slope for the antago-
nist were determined by Schild plot. In time control exper-
iments, the repeated response curves did not differ as to
ECs,, maximum response, and basal pressure (n= 5, data
not shown). Experiments with chloroethylclonidine were
performed in the following way. After a control concentra-
tion-response curve for noradrenaline, the hind limbs were
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perfused with chloroethylclonidine 50 wM for 30 min and
then with Krebs solution free of chloroethylclonidine for
30 min before the second concentration-response curves
for noradrenaline were made.

2.2. Radioligand binding assays

2.2.1. Cell culture

Subclones of HEK 293 (human embryonic kidney 293)
cells transfected with hamster o, bovine a,, or rat o4
cDNA were kindly provided by Dr. Kenneth P. Minneman.
Subclones were propagated in Dulbecco’s modified Eagle's
medium containing 10% calf serum, 4.5 g/I glucose, and
selective antibiotics (0.6 mg,/ml histidinol for pPREP8/a,,,
0.05 mg/ml hygromycin for pREP4/a,,, 0.15 mg/ml
geneticin for pREP9/a,y).

2.2.2. Membrane preparation

Cells were harvested by scraping confluent 75 cm?
flasks and pelleted by centrifugation at 500 X g for 5 min,
washed with 10 ml phosphate buffer solution (20 mM
Na,HPO, containing 154 mM NaCl, pH 7.6) and cen-
trifuged again. The cells were homogenized with a Poly-
tron (speed 6, 10 s) in 10 ml phosphate buffer solution.
The membranes were collected by centrifugation at 20000
X g for 10 min, resuspended in phosphate buffer solution
and centrifuged again. The membranes were then resus-
pended in phosphate buffer solution (one flask HEK 293
cell transfected with a,,/15 ml fina resuspension, one
flask HEK 293 cell transfected with o, or a,;4/10 ml
final resuspension).

2.2.3. Radioligand binding assays

BE 2254 was radioiodinated to a theoretical radioactiv-
ity of 2200 Ci /mmol as described by Engel and Hoyer
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(1981) and stored at — 20°C in methanol. Specific **°I-BE
2254 binding was measured by incubating the tissue prepa-
ration with *°I-BE 2254 in PBS in a final volume of 250
wl for 20 min at 37°C in the presence or absence of
competing drugs. After 20 min, the incubation was termi-
nated by adding 10 ml of 10 mM Tris-HCI (pH 7.4) and
the mixture was filtered under vacuum using a glass-fiber
filter. Each filter was washed with 10 ml of 10 mM
Tris-HCI, dried and its radioactivity (cpm) was measured.
Non-specific binding was less than 15%. To determine the
affinity of 5-methyl-urapidil, BMY 7378, RS-17053, pra-
zosin, and WB 4101 to «,-adrenoceptors, the potencies of
these antagonists for competing for the specific **°I-BE
2254 binding sites were determined by incubation of a
single concentration of 2°|-BE 2254 (40-50 pM) in the
presence or absence of 16 concentrations of the antagonist.
The ICg, values were determined as the x intercept on a
Hill plot, and K; values were calculated by the method of
Cheng and Prusoff (1973).

2.3. Drugs and chemicals

Drugs were obtained from the following sources: nor-
adrenaline, yohimbine, propranolol, desmethylimipramine,
normetanephrine, prazosin, indomethacin (Sigma, St
Louis, MO, USA); WB 4101 (2-(2,6-di-
methoxyphenoxyethyl) aminomethyl-1,4 benzodioxane),
5-methyl-urapidil, BMY 7378 (8-[2-[4-(2-methoxyphenyl)-
1-piperazinyl]ethyl]-8-azaspirol[4.5]decane-7,9-dione) (Re-
search Biochemicals International, Natick, MA, USA);
RS-17053 ( N-[2-(2-cyclopropylmethoxy-phenoxy) ethyl]-
5-chloro-a ,a-dimethyl-1 H-indole-3-ethanamine hydro-
chloride (Roche Bioscience, USA); BE 2254 (2-3(4-hy-
droxypheny!)-ethylaminomethyl)-tetralone) (Beiersdorf,
Hamburg, Germany); ['2°I]Na" (Beijing Ingtitute of
Atomic Energy, Chinese Academy of Science).
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Fig. 1. The antagonist effect of prazosin and yohimbine against noradrenaline-induced contractile response in rat perfused hind limb. (A) In the absence
(open circles, n= 11) and presence of prazosin: 3 nM (filled circles, n=5), 10 nM (open triangle, n = 5), 30 nM (cross, n = 5). (B) In the absence (open
circles, n=9) and presence of yohimbine: 1 uM (filled circles, n=5), 3 wM (open triangle, n="5), 10 wM (cross, n=5). Each point represents the

mean and S.E.M. The inset shows results of the Schild plot.
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Table 1

Comparison of the functional potencies (pA,) of o,-adrenoceptor subtype-selective antagonists to inhibit noradrenaline-induced vasopressor response in
perfused rat hind limb to the radioligand binding affinities (pK;) at cloned a4,-, a4, and «4-adrenoceptors

n pA, Slope Cloned a4, Cloned oy, Cloned a4
n  pKkK; Ny n  pkK; Ny n pKkK; Ny
Prazosin 5 904+012 085+013 4 934+010 067+004 4 916+008 092+002 4 969+016 0.78+0.01
WB 4101 5 948+019 082+010 4 928+013 075+005 5 729+017 085+010 4 842+0.08 055+0.10
RS17053 6 947+021 09+014 4 859+008 093+008 4 706+009 08+005 4 740+011 093+0.10
5-MU @ 5 810+027 108+023 5 824+011 085+010 5 640+013 075+012 4 676+014 085+0.15
BMY 7378 6 6.66+014 081+008 4 611+010 110+010 4 640+016 110+010 4 829+016 0.85+0.10

& 5-Methyl-urapidil.

2.4. Animal care

Experiments were performed with male, 180-200 ¢
hooded Wistar rats. The rats were housed in groups, at
room temperature (22—25°C) and provided with a conven-
tional diet and water ad libitum. Experiments were ap-
proved by the Committee on the Ethical Aspects of Re-
search Involving Animals of the Beijing Medical Univer-
sity.

2.5. Satistics

The results were expressed as means + S.E.M. Compar-
isons were made using an analysis of variance or paired
t-test, P values < 0.05 being considered as significant.

3. Reaults

3.1. pA, values of «a,-adrenoceptor subtype-selective an-
tagonists

Prazosin (3—30 nM in the absence of yohimbine) or
yohimbine (1-10 .M in the absence of prazosin) competi-
tively antagonized noradrenaline-induced vasoconstriction
(Fig. 1), with pA, vaues of 9.04 + 0.12 and 6.35 + 0.14,
and slope in the Schild plot of 0.85 + 0.13 and 0.86 + 0.06,
respectively. In the presence of 0.1 wM yohimbine to
block «,-adrenoceptors, prazosin (1-10 nM), RS-17053
(1-10 nM), WB 4101 (1-10 nM), 5-methyl-urapidil (10—
100 nM), and BMY 7378 (0.3—-3 M) produced parallel
shifts to the right of concentration-response curves for
noradrenaline and did not significantly reduce the maxi-
mum response. Schild regression analyses yielded lines
with slopes not significantly different from unity, and
showed high potencies for RS-17053, WB 4101 and 5-
methyl-urapidil, but a low potency for BMY 7378 (Table
1).

3.2. pK; values of «;-adrenoceptor subtype-selective an-
tagonists

The «,-adrenoceptor subtype-selective antagonists, WB
4101, RS-17053, 5-methyl-urapidil and BMY 7378, inhib-
ited binding of *°I-BE 2254 t0 o y,-, & 5-, a;5-adrenoc-

eptors stably expressed in the HEK 293 cell line in a
concentration-dependent manner. Their K, values are
shown in Table 1.

3.3. Comparison between the functional potencies (pA,)
for «,-adrenoceptor subtype antagonists and the binding
affinities (pK;) at the cloned «,-adrenoceptor subtypes

The potencies (pA,) for the «,-adrenoceptor subtype-
selective antagonists on the contractile response to nor-
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Fig. 2. Correlations between the potencies (pA ,) of the «,-adrenoceptor
antagonists for inhibition of noradrenaline-induced vasopressor response
in rat perfused hind limb and binding affinities (pK;) at the cloned o, ,-
(A), ay- (B) and « 4-adrenoceptor (C).
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Fig. 3. The effect of chloroethylclonidine (50 wM) pretreatment on
noradrenaline-induced pressure response in perfused rat hind limb. Vehi-
cle, open circles; chloroethylclonidine (50 wM), filled circles. Each point
represents the mean, and the S.E.M. is shown by a vertica line.

adrenaline in rat perfused hind limb correlated well with
the binding affinities (pK;) at the cloned o, ,-adrenoceptor
(r =0.93, Fig. 2A). In contrast, the functional p A, values
correlated poorly with binding pK; values at cloned o -
(r =0.51, Fig. 2B) and «4-adrenoceptors (r = 0.13, Fig.
20).

3.4. Effect of chloroethylclonidine on concentration-re-
sponse curves for noradrenaline in rat perfused hind limb

Chloroethylclonidine 50 wM pretreatment for 30 min
did not change the concentration-response curves for nor-
adrenaline significantly. The EC, (2.10 + 0.19 vs. 3.19 +
0.65 wM, n=5) and maximum increase of perfusion
pressure (96 + 13 vs. 98 + 13 mmHg, n=5) were not
significantly different in the two groups (Fig. 3).

4. Discussion

The vasopressor responses induced by exogenous nor-
adrenaline or by sympathetic activity were mediated by
both o ,-adrenoceptor and « ,-adrenoceptor in cat and dog
hind limb vasculature (Gardiner and Peters, 1982; Kara
sawa and Koss, 1993). Medgett and Ruffolo (1988) re-
ported that o,- and o ,-adrenoceptors exist in the femoral
vascular bed of rat hind limb and that both mediate
exogenous noradrenaline-induced vasoconstriction. How-
ever, only the o ;-adrenoceptor was involved in neurogenic
vasoconstriction. The present study showed that, in per-
fused rat hind limb, the vasopressor response to exogenous
noradrenaline was antagonized by prazosin approximately
1000-fold more potently than by yohimbine. The pA,
values for prazosin (9.20 + 0.12 vs. 9.04 + 0.12) were not
significantly different in the absence and in the presence of
yohimbine at concentrations sufficiently high (0.1 wM) to
block «,-adrenoceptors possibly participating in nor-
adrenaline-induced vascular constriction. These results in-
dicate that the exogenous noradrenaline-induced vasopres-

sor response is predominantly mediated by «,-adrenocep-
tors in the perfused rat hind limb vasculature.

The functional experiments of the present study showed
that the a,, -adrenoceptor-selective antagonists, RS-17053,
WB 4101 and 5-methyl-urapidil, inhibit the noradrenaline-
induced vasopressor response with high potencies, which
are consistent with the K; values reported from binding
assays (Michel et al., 1995; Ford et al., 1996). The a -
adrenoceptor aso has relatively high affinities for these
antagonists compared with those of the o ,5-adrenoceptor.
In contrast, BMY 7378 has an approximately 100-fold
higher affinity at o ,5- than at o;,- and o ,5-adrenoceptors
(Goetz et a., 1995). In accordance with this, the pA,
value for BMY 7378 aobtained in the present study is
consistent with its low affinity at o ,,-adrenoceptor. The
fact that opes of Schild plot for all antagonists mentioned
were not significantly different from unity also supports
the assumption that there is a single subtype of o,-adren-
oceptor existing in the rat hind limb vascular bed. Further,
we performed radioligand binding assays in subcloned
HEK 293 cells stably transfected with o,,-, a5- OF
a,p-adrenoceptor to measure K; values of these com-
pounds, and compared these K; values with the pA,
values obtained from the functional experiments. As ex-
pected, the results showed that the correlation was much
higher at cloned «,,- than at the cloned « - or o, 4-adren-
oceptor. Another strategy to determine o ,-adrenoceptor
subtypes in a tissue is to assess the ability of chloroethyl-
clonidine to irreversibly inactivate o ,-adrenoceptor-
specific binding or to block «,-adrenoceptor agonist-in-
duced responses. Both «,5- and «,,-adrenoceptors are
sengitive to chloroethylclonidine, while the o, -adrenocep-
tor is not. In the present study, preparations were pre-per-
fused with 50 wM chloroethylclonidine for 30 min, which
should block most responses induced by either o,g- or
o ,p-adrenoceptors according to other reports and our own
experience (Perez et al., 1991; Forray et al., 1994; Han et
al., 1987; Minneman et a., 1988). Under these conditions,
the noradrenaline-induced vasopressor response was not
changed significantly, indicating that the response was
mediated only by o ,,-adrenoceptors.

In conclusion, only the a,,-adrenoceptor contributes to
the exogenous noradrenaline-induced vasopressor response
in rat hind limb, since the potencies of four subtype-selec-
tive antagonists correlated well with their binding affinities
only for the «,,-adrenoceptors but not for o,z- and
o ,p-adrenoceptors, and the response was not influenced by
chloroethylclonidine pretreatment. Several questions need
to be answered by further experiments. Firstly, whether or
not neurogenic vasoconstriction in the rat hind limb is also
mediated only by « ,,-adrenoceptors. Secondly, whether or
not only o,,-adrenoceptors distribute in the hind limb
vasculature, or all subtypes of «,-adrenoceptor are present
but only o ,,-adrenoceptors play a functiona role in vaso-
congtriction. The latter is possible, as we have demon-
strated by means of RNase protection assays and solution
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hybridization that mRNAs for all three subtypes of «;-
adrenoceptor are expressed in rat aorta (Xu and Han,
1996), athough it is commonly accepted that only the
o ,p-adrenoceptor mediates the vasoconstriction response.
Finally, asin all three resistance vascular beds investigated
thus far, that is the rat renal (Eltze et al., 1991; Blue et al.,
1991, 1992, 1995), mesenteric (Kong et al., 1994; Cun-
ningham et al., 1994; Williams and Clarke, 1995) and hind
limb vasculature, only o,,-adrenoceptors mediate the
vasoconstriction response, it is speculated that this may be
the case in all resistance vasculature. If so, the o, -adren-
oceptor will be the major subtype involved in the regula
tion of systemic peripheral blood pressure. On the other
hand, based on the fact that mainly o,,-adrenoceptors
mediate noradrenaline-induced smooth muscle contraction
in the human prostate (Forray et al., 1994; Marshall et al.,
1995; Hatano et al., 1994), much effort has been put into
the search for «,,-adrenoceptor-selective antagonists to
develop drugs for the treatment of benign prostate hyper-
trophy. One of the a,,-adrenoceptor-sel ective antagonists,
tamsulosin, it still marketed. Orthostatic hypotension as a
side-effect seems less with tamsulosin in clinical trials (Na
et a., 1996), athough Kenny et al. (1996) have demon-
strated that in the anaesthetized dog, tamsulosin inhibits
phenylephrine-induced increases in prostatic and blood
pressure with similar affinity. Therefore further study in
vivo is essential to define if it is true that mainly o,,-
adrenoceptors are involved in the regulation of periphera
blood pressure.
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