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Atypical p-adrenoceptors, different from fs-adrenoceptors and
probably from the low-affinity state of f;-adrenoceptors, relax the

rat isolated mesenteric artery
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1 We examined whether ;- and/or atypical f-adrenoceptors relax the rat isolated mesenteric artery.

2 Mesenteric arteries precontracted with phenylephrine were relaxed by f-agonists with the following
potencies (pD,): nonselective agonist isoprenaline (6.00)>nonconventional partial agonist cyano-
pindolol (5.45)> f,-agonist fenoterol (4.98) >nonconventional partial agonist CGP 12177 (4.19) > f35-
agonist ZD 2079 (3.72). The fS;-agonist CL 316243 1 mM relaxed the vessel only marginally.

3 The concentration—response curves (CRCs) for cyanopindolol, CGP 12177 and ZD 2079 were not
affected by the nonselective ff-antagonist propranolol 0.3 um, the f,-antagonist ICI 118551 1 um and
by CL 316243 60 uM, but shifted to the right by bupranolol (p4, 5.3-5.7), CGP 20712 (5.4) and SR
59230A (6.5-6.7) (the latter three drugs block atypical and/or f;-adrenoceptors at high
concentrations).

4 The CRC for isoprenaline was shifted to the right by propranolol (pA4, 7.0) but, in the presence of
propranolol 0.3 uM, not affected by SR 59230A 1 um. The CRC for fenoterol was shifted to the right
by propranolol (pA4, 6.9) and ICI 118551 (6.8).

5 Removal of endothelium diminished the vasorelaxant effects of cyanopindolol, CGP 12177 and
ZD 2079.

6 Fenoterol and cyanopindolol also relaxed (endothelium-intact) mesenteric arteries precontracted
with serotonin. The relaxant effect of cyanopindolol was antagonized by bupranolol to about the same
degree as in phenylephrine-contracted vessels.

7 In conclusion, f3,- and atypical -adrenoceptors (but not ff;-adrenoceptors) relax the rat mesenteric
artery. The atypical f-adrenoceptor, which is partially located endothelially, may differ from the low-

affinity state of the f§;-adrenoceptor.
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Introduction

During the last decade, it has been shown that, in addition to
p1- and p,-adrenoceptors, additional types of S-adrenoceptors
mediate cardiovascular effects, including the ff;-adrenoceptor
and one or even two additional types of f-adrenoceptors (for
review, see Kaumann & Molenaar, 1997; Brodde & Michel,
1999; Brahmadevara et al., 2003). The latter receptor(s) as
opposed to the ff;-adrenoceptor will be termed here ‘atypical /-
adrenoceptor(s)’.

In the heart, the presence of f;-adrenoceptors causing a
negative inotropic effect has been suggested (although the
evidence is not unequivocal; for review, see Kaumann &
Molenaar, 1997; Brodde & Michel, 1999). Atypical f-
adrenoceptors causing a positive inotropic and chronotropic
effect have been found in the heart of humans, rats, mice and
ferrets both under in vitro and in vivo conditions (for review,
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see Kaumann & Molenaar, 1997; Brodde & Michel, 1999). The
positive inotropic and chronotropic effects of an agonist at
this receptor, CGP 12177, although abolished in double
pi1-/Pr-adrenoceptor knockout mice, remained intact in
pr-adrenoceptor knockout mice, indicating an obligatory role
of the f;-adrenoceptor (Kaumann et al., 2001). Accordingly,
this cardiostimulant atypical -adrenoceptor is now frequently
referred to as the low-affinity state of the f;-adrenoceptor.
With respect to blood vessels, ff;-adrenoceptor mRNA has
been identified in rat aortic endothelial cells (Rautureau ez al.,
2002) and portal vein myocytes (Viard et al., 2000) and
vasorelaxant f;-adrenoceptors have been suggested to occur in
the isolated rat carotid artery (MacDonald ez al., 1999), rat
thoracic aorta (Trochu et al., 1999) and canine pulmonary
artery (Tagaya et al., 1999). Under in vivo conditions,
activation of f;-adrenoceptors causes peripheral vasodilator
effects in dogs (Shen et al., 1996) and mice (Rohrer et al., 1999)
and increases blood flow to the brown adipose tissue in rats
(Takahashi ef al., 1992). On the other hand, the occurrence of



4 H. Koztowska et al

Atypical p-adrenoceptors in rat mesenteric artery

vasorelaxant atypical f-adrenoceptors was proposed for the
following isolated vessels of the rat: aorta (Doggrell, 1990;
Oriowo, 1995; Shafiei & Mahmoudian, 1999; Brawley et al.,
2000a), mesenteric artery (branches with small diameter:
Torrens et al., 2002), carotid artery (Oriowo, 1994; 1995)
and pulmonary vessels (Dumas ez al., 1998). Moreover, both
fi-adrenoceptors and atypical f-adrenoceptors may contribute
to the relaxation of the human internal mammary artery
(Shafiei et al., 2000). In a study on the (phenylephrine-
constricted) rat aorta, Brahmadevara et al. (2003) reached the
conclusion that the vasorelaxant effects of a series of
pi-adrenoceptor agonists neither involve the f;-adrenoceptor
nor the low-affinity state of the f;-adrenoceptor. Although
Brahmadevara et al. (2003) reason whether the vasorelaxant
effects of the drugs might be due to an antagonism towards o;-
adrenoceptors, the possibility has to be considered that they
act via an atypical f-adrenoceptor different from the low-
affinity state of the f§;-adrenoceptor.

With respect to the rat mesenteric artery (main vessel), in
which the three f;-adrenoceptor agonists ZD 2079, ZD 7114
and ICI 215001 elicited a propranolol-resistant vasorelaxant
effect (Sooch & Marshall, 1997), the receptor mediating these
effects is unclear. Although Sooch & Marshall (1997) conclude
that atypical f-adrenoceptors are involved, the view that the
three drugs act via f;-adrenoceptors would also be very
plausible. Hence, the goal of our study was to determine the
type of f-adrenoceptors involved in this preparation and to
study whether these receptors are located in the endothelium.
For determination of the receptor subtype, selective
fi-adrenoceptor agonists and nonconventional partial /-
adrenoceptor agonists (activating both fs-adrenoceptors and
atypical f-adrenoceptors) were used. In addition, f-adreno-
ceptor antagonists with potency at ff;-adrenoceptors and/or at
atypical f-adrenoceptors like SR 59230A, bupranolol and
CGP 20712 were examined.

Methods
Tissue preparation

Male Wistar rats (220—410 g) were killed by decapitation. The
mesenteric artery was isolated, removed carefully to prevent
endothelium damage, cleared of fat and connective tissue and
cut into 3mm rings. In some rings, the endothelium was
removed by gentle rubbing of the intimal surface with small
pincers. Then all rings were suspended on stainless-steel wires
in a 10ml organ bath containing Krebs solution composed as
follows (mm): NaCl, 118; KCl, 4.8; CaCl,, 2.5; MgSO,, 1.2;
NaHCOs, 24; KH,PO,, 1.2; glucose, 11; EDTA, 0.03. The bath
fluid (maintained at 37°C) was gassed continuously with 95%
0O, and 5% CO, and replaced every 20min. After 1h of
stabilization under a resting tension of 10mN, experiments
were performed. Muscle tension was recorded by a force—
displacement transducer (PIM 100RE, BIO-SYS-TECH,
Biatystok, Poland) and displayed on a computer.

Concentration—response curves
After the equilibration period, rings were constricted with

phenylephrine (1 uM) (S)). In some experiments, serotonin (5-
HT; 2 um), prostaglandin F,, (PGF,,; 10 uM) or the thrombox-

ane A, mimetic U44069 (0.1 um) were used as vasoconstrictor
agents. The functionality of the endothelium was checked by
the presence of at least 80% relaxation in response to
acetylcholine (1 um). In denuded rings, endothelium removal
was confirmed by the absence of acetylcholine-induced
relaxation. After washout, some rings were treated with an
antagonist while control tissues received the respective vehicle.
Since the maximal f-adrenoceptor-mediated relaxation cru-
cially depends on the level of the tone of the tissue (for review,
see Guimaraes & Moura, 2001) and since bupranolol, CGP
20712 and SR 59230A diminished the vasoconstrictor tone
induced by phenylephrine (see Results), these antagonists were
studied in tissues that displayed a relatively high response to
phenylephrine and/or the phenylephrine-induced contraction
was repeated once or twice in order to obtain the same level of
tone as in antagonist-free experiments. After 30min of
incubation with the antagonists, the rings were constricted
again with phenylephrine 1um or serotonin 2um (S,) and
cumulative concentration—response curves to agonists were
conducted. After washing, tissues were contracted with the
vasoconstrictor under study for the last time (S5) to check the
endothelium function by the presence of acetylcholine-induced
relaxation.

Drugs used

The drugs used were: phenylephrine, serotonin (creatinine
sulphate complex), U 44069 (9,11 -dideoxy-9«, 1la-epoxy-
methano-prostaglandin F,,), acetylcholine chloride, isoprena-
line bitartrate, propranolol hydrochloride, CGP 20712
(2-hydroxy-5(2-((2-hydroxy-3-4(1-methyl-4-trifluoromethyl) 1 H-
imidazole-2-yl)-phenoxy)propyl)amino)ethoxy)-benzamide
monomethane sulphonate), prazosin hydrochloride (Sigma,
Steinhein, Germany), prostaglandin F,, (free acid; ICN),
fenoterol (Boehringer Ingelheim, Ingelheim, Germany), CGP
12177 hydrochloride (+)-4-[3-[(1, 1-dimethylethyl)amino]-2-
hydroxypropoxy]-1,3-dihydro-2 H-benzimidazol-2-one hydro-
chloride, cyanopindolol  hemifumarate, BRL 37344
((R*,R*)-((%)-4-[2-[(3-chlorophenyl)-2-hydroxyethyl) amino]-
propyllphenoxyacetic acid), ICI 118551 (erythro-(+)-1-
(7-methylindan-4-yloxy)-3-isopropylaminobutan-2-ol) (Tocris,
Bristol, U.K.), ZD 2079 ((R)-N-(2-[4-(carboxymethyl)phenoxy]
ethyl-N-(f-hydroxyphenethyl) ammonium chloride) (Astra
Zeneca, Macclesfield, U.K.), CL 316243 ((R, R)-5-[2-[[2-
(3-chlorophenyl)-2-hydroxyethylamino]propyl]-1,3-benzodioxole-
2,2-dicarboxylate)  (American  Cyanamid  Company),
ketanserin tartrate (Janssen, Beerse, Belgium), bupranolol
(Schwarz Pharma, Monheim, Germany), SR 59230A (3-
(2-ethylphenoxy)-1-[(1S5)-1,2,3,4-tetrahydronaphth-1-ylamino]-
(25)-2-propanol oxalate) (Sanofi, Milan, Italy). Cyanopindolol
and ZD 2079 were dissolved in a mixture of water and dimethyl-
sulphoxide (DMSO), SR 59230A was dissolved in DMSO,
prazosin was dissolved in a mixture of DMSO and 0.01 m HCI,
ketanserin, PGF,, and U44069 were dissolved in ethanol and
serotonin was dissolved in 0.1~ HCI such that the final
concentration of the solvent in the organ bath was less than
0.1% vv~'. All other drugs were dissolved in distilled water.

Calculations and statistical analysis

Responses to agonists were calculated as percentage change in
the maximal tension of vessel rings after addition of the
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respective vasoconstrictor and expressed as mean+s.e.m. of n
experiments. Mean concentration—response curves to agonists
were analysed by fitting to a four-parameter logistic equation
(given below) using nonlinear regression (Graph Pad Prism):

(Top — Bottom)

Y = Bottom + 1 + 10(IogECsy—X)Hills slope

where X is the logarithm of the molar concentration of the
agonist and Y is the response. To assess the potency of the
p-adrenoceptor agonists, maximum responses (Ep.,) and pD,
values were obtained. pD, values were determined according to
the equation pD, = —log ECs, where ECs is the concentration
(M) of the agonist that produces 50% of its maximum
response. The potency of f-adrenoceptor antagonists (pA-)
was calculated from the equation: pA4,=1log(CR—1)—log[B],
where [B] is the molar concentration of the antagonist and CR
is the concentration ratio of the ECs, values in the presence
and absence of the antagonist.

Statistical analyses were performed using the r-test for
unpaired data. When two or more treatment groups were
compared to the same control, the one-way analysis of
variance (ANOVA) followed by the Dunnett test was used.
Differences were considered as significant when P<0.05.

Results
General

The vasoconstrictors under study, phenylephrine (0.001—
30 um), prostaglandin F,, (0.1-300 um), the thromboxane A,
mimetic U44069 (0.001—-10 um) and serotonin (0.01-100 um),
induced a concentration-dependent contraction of rat mesen-
teric artery rings (pD>=06.86+0.05, n=7; 4.78+0.05, n=3;
6.85+0.05, n=3; 6.19+0.07, n=3, respectively). For the
subsequent experiments, a single concentration of phenyleph-
rine — 1 uM, PGF,, — 10 um, U44069 — 0.1 um and 5-HT -
2 um were chosen, which produced a comparable degree of
contraction (about 4.1-4.7mN before administration of
p-adrenoceptor agonists). These concentrations were approxi-
mately equivalent to ECgy, ECs, EC5y and ECg, respectively.

Influence of antagonists on phenylephrine- and serotonin-
induced contraction

As shown in Table 1, the size of contraction induced by the
second administration of phenylephrine or serotonin (S.)
increased by about 15-20% compared to the first one (S)).
The nonselective p-adrenoceptor antagonist propranolol
0.3 um, the f,-adrenoceptor antagonist ICI 118551 1 um and
removal of endothelium had no effect on the phenyle-
phrine-elicited contraction. However, the nonselective
p-adrenoceptor receptor antagonist bupranolol 10 um, the
pi-adrenoceptor antagonist CGP 20712 10um and the
pi-adrenoceptor antagonist SR 59230A 1um diminished
the phenylephrine-evoked contraction by about 35, 20 and
10%, respectively (Table 1). In order to obtain a comparable
tone under all conditions, the three f-adrenoceptor antagonists
were studied in tissues exhibiting a relatively high response to
phenylephrine or phenylephrine 1 um-evoked contraction was
repeated once or twice more in those tissues. In this way, the
tone of the rings was about 4.4mN immediately prior to
administration of the f-adrenoceptor agonists in all experi-
mental groups contracted with phenylephrine (for S, values,
see Table 1). In rings preconstricted with serotonin, bupranolol
10 um did not affect the level of the contraction by itself
(Table 1). The «;-adrenoceptor antagonist prazosin 10 um
completely abolished the vasoconstriction induced by pheny-
lephrine without affecting that evoked by serotonin. The
serotonin-elicited constriction of the rat isolated mesenteric
artery was almost completely abolished by the 5-HT,4 receptor
antagonist ketanserin 300 nm (data not shown).

Influence of p-adrenoceptor agonists on phenylephrine-
induced contraction

Isoprenaline, the f,-adrenoceptor agonist fenoterol, the two
nonconventional partial agonists cyanopindolol and CGP
12177 and the fs-adrenoceptor agonist ZD 2079 produced a
concentration-dependent relaxation of phenylephrine-precon-
stricted isolated mesenteric arteries (Figure 1). Full relaxation
was elicited by fenoterol, cyanopindolol and CGP 12177; the
shape of the concentration—response curve of ZD 2079 also
suggests that this drug, which was studied up to 1 mm, causes

Table 1 Effects of f-adrenoceptor antagonists and of endothelium removal on contractile responses induced by

phenylephrine and serotonin in the rat mesenteric artery

Vasoconstricting agent Group n
Phenylephrine 1 um Control rings 86
Propranolol (0.3 um) 24
CGP 20712 (10 um) 20
ICI 118551 (1 um) 17
Bupranolol (10 um) 17
Control rings — DMSO 21
SR 59230A (1 um) 21
Denuded rings 17

Serotonin 2 um Control rings

Bupranolol (10 um)

[eX ke

Tension (mN)

S, before antagonist S, after antagonist S,/S; (%)
3.740.1 4.4+0.1 118.9+2.7
3.7+0.1 4.6+0.1 124.342.7
4.740.2 4.64+0.2 97.9 +4.3%**
3.7+0.2 4.240.2 113.5+54
5.0+0.2 4.14+0.2 82.0+4.0%**
3.7+40.2 4.540.2 121.6+54
4.240.1 4.6+0.1 109.542.4*
3.5+0.1 4.240.2 120.0+5.7
3.9+0.2 4.54+0.4 115.4410.3
4.14+0.3 4.840.1 117.1+24

Data are expressed as changes in isometric tension (mN) induced by phenylephrine or serotonin before (S;) and after addition of
p-adrenoceptor antagonists (S,) and as the percentage of S, over S,. Values are shown as mean+s.e.m. for n experiments *P<0.05;

***P<0.001 compared to the respective control rings.
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Figure 1 Effects of f-adrenoceptor agonists in rat mesenteric
artery. Results are expressed as percentage relaxation of tone
induced by phenylephrine. Means+s.e.m. of four to 25 tissues for
each curve. For many points s.e.m. is contained within the symbols.

Table 2 Potencies of f-adrenoceptor agonists for
their relaxant effect on phenylephrine-preconstricted
rat mesenteric artery

Agonist n E,x (%) pD;

Isoprenaline 13 81.3+5.5 6.00+0.09
Fenoterol 8 103.8+1.3 4.984+0.09
Cyanopindolol 14 106.5+1.8 5.4540.07
+DMSO 5 103.6+1.2 5.35+0.04
CGP 12177 23 102.74+1.0 4.1940.04
+DMSO 8 101.3+3.6 4.06+0.08
ZD 2079 25 99.4+1.7* 3.72+0.04
+DMSO 5 99.843.9* 3.62+0.12
BRL 37344 4 752+11.2% -b

CL 316243 4 42+2.8* _b

Values are shown as meanz+s.e.m. for n experiments.
aRelaxant effect at 1mm.’pD, value cannot be given since
the maximum effect was not reached at 1 mm.

full relaxation (Figure 1; Hill slopes: fenoterol — 0.7740.04;
cyanopindolol — 1.074+0.05; CGP 12177-1.01+0.05; ZD
2079-1.06+0.07). In the case of isoprenaline, the maximal
relaxation was by about 20% lower than that of fenoterol,
cyanopindolol and CGP 12177; isoprenaline differs from the
latter three drugs and from ZD 2079 also with respect to the
particularly low steepness of its concentration—response curve
(Figure 1; Hill slope for isoprenaline — 0.62+0.03). On the
basis of their pD, values, the following rank order of potencies
was obtained: isoprenaline > cyanopindolol > fenoterol > CGP
12177>7ZD 2079 (Table 2). Another two [f3-adrenoceptor
agonists, BRL 37344 and CL 316243, showed weak potency
and efficacy in relaxing rings of the mesenteric artery. The
relaxation at 1 mm (the highest concentration tested) was by
about 75 and 5%, respectively (Table 2, Figure 1). For these
reasons, the relaxant effects of the latter two compounds were
not considered in our further studies.

Influence of S-adrenoceptor antagonists on relaxation
induced by isoprenaline and fenoterol in phenylephrine
preconstricted rings

The nonselective f-adrenoceptor antagonist propranolol
0.3 um shifted the concentration—response curve of isoprena-

a

-O-control
1004 - PRO
-®-PRO - DMSO
80- -6-PRO - SR 59230A 1 uM
c
Kl
< 60
K]
o
2 401
20
0-
8 7 -6 5 -4
Log [Isoprenaline] (M)
b -O-control
—4-ICI 118551 1 uM
80 -
[=
2
S 60 A
K]
[
2 40 1
20 4
0 -

-7 -6 -5 -4 -3
Log [Fenoterol] (M)
Figure 2 Influence of f-adrenoceptor antagonists on relaxation
induced by isoprenaline and fenoterol in the rat mesenteric artery
preconstricted with phenylephrine. Results are expressed as percen-
tage relaxation of tone induced by phenylephrine. PRO -
propranolol 0.3 um. Means+s.e.m. of four to 13 tissues for each
curve. For many points s.e.m. is contained within the symbols.

line to the right by a factor of 4.5, without affecting the
maximum relaxation (Figure 2a, for pA, value, see Table 3).
The shift was greater at the lower concentrations of isoprena-
line; following administration of propranolol the steepness of
the concentration—response curve of isoprenaline was in-
creased (Figure 2a; Hill slopes: control — 0.62+0.03;
propranolol — 0.95+0.05; ***P<0.001). Additional adminis-
tration of the f;-adrenoceptor antagonist SR 59230A 1 um did
not affect the concentration—response curve of isoprenaline
obtained in the presence of propranolol and DMSO, the
vehicle of SR 59230A (Figure 2a, for pA, value, see Table 3).
Figure 2b shows that the concentration—response curve for
fenoterol was shifted 4.0- and 7.9-fold to the right by
propranolol 0.3 uM and the f,-adrenoceptor antagonist ICI
118551 1 um, respectively, with no reduction in the maximum
response (for pA, values, see Table 3). Both f-adrenoceptor
antagonists also produced a significant steepening of the
fenoterol concentration—response curve (Hill slopes: control —
0.7740.04; propranolol — 0.94+0.03; **P<0.01; ICI 118551
- 0.964+0.03; **P<0.01).

British Journal of Pharmacology vol 140 (1)
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Table 3 Potencies of f-adrenoceptor antagonists for their antagonistic effect against the relaxant effects of f-
adrenoceptor agonists in phenylephrine-preconstricted rat mesenteric artery

Propranolol CGP 20712
Agonist (0.3 um) (10 um)
Isoprenaline 7.0 ND
Fenoterol 6.9 ND
Cyanopindolol <6.5 5.4
CGP 12177 <6.5 5.4
ZD 2079 <6.5 5.4

“Obtained in the presence of propranolol 0.3 um. ND, not determined.

{I}cyp
4 CYP + PRO
1004{-EW-CYP+CL

<-CGP
80- --CGP + PRO
-9-CGP +CL

]-O-2D
601820 + PRO

-®-ZD +CL

% relaxation

-7 -6 -5 -4 -3
Log [Agonists] (M)

Figure 3 Influence of propranolol 0.3 um (PRO) and CL 316243
60 um (CL) on relaxation induced by cyanopindolol (CYP), CGP
12177 (CGP) and ZD 2079 (ZD) in the rat mesenteric artery
preconstricted with phenylephrine. Results are expressed as percen-
tage relaxation of tone induced by phenylephrine. Means +s.e.m. of
three to 25 tissues for each curve. For many points s.e.m. is
contained within the symbols.

Influence of p-adrenoceptor antagonists on relaxation
induced by nonconventional partial f-adrenoceptor
agonists and ZD 2079 in phenylephrine preconstricted
rings

As shown in Figure 3, propranolol 0.3 um failed to affect the
concentration—response curves for the nonconventional f-
adrenoceptor agonists cyanopindolol and CGP 12177 and the
fs-adrenoceptor agonist ZD 2079. The influence of ICI
118551, the f8;-adrenoceptor antagonist CGP 20712 (used here
at a high concentration, also known to antagonize atypical
p-adrenoceptors) and the nonselective -adrenoceptor antago-
nist bupranolol on the relaxation of mesenteric arteries elicited
by cyanopindolol, CGP 12177 and ZD 2079 is shown in Figure
4a, c, e, respectively (for pA, values, see Table 3). Thus, ICI
118551 1um did not affect the vasodilator responses to all
agonists, whereas CGP 20712 10 um and bupranolol 10 um
shifted their concentration—response curves to the right,
yielding pA, values of about 5.5.

We also examined the influence of the f;-adrenoceptor
antagonist SR 59230A on the vasodilator effect of cyanopin-
dolol (Figure 4b), CGP 12177 (Figure 4d) and ZD 2079
(Figure 4f) (for pA, values, see Table 3). Since SR 59230A was
dissolved in DMSO, we performed additional experiments, in
which we proved that DMSO had no effect on the concentra-
tion—response curves for these three agonists. SR 59230A 1 um
shifted the concentration—response curves for cyanopindolol,

PA;

IC1 118551 Bupranolol SR 592304
(1 um) (10 pum) (1 um)
ND ND <6a

6.8 ND ND
<6.0 5.7 6.7
<6.0 5.3 6.5
<6.0 5.3 6.7

a -O-control

o

- control
100 161118551 1 um 1004 -O-control - DMSO
-8-CGP 2071210 pM @SR 59230 1 pM
c - bupranolol 10 uM c
S 80 2
= =
© <
s e0 & s0f
g E
X 40d ® 40
204 201
o o-
P % : p) 5 % b )
Log [Cyanopindolol] (M) Log [Cyanopindolol] (M)
c d

100

@
S

% relaxation
B (=23
e 2
% relaxation

N
Lnd

<

5 5 4 3 6 5 2 3
Log [CGP 12177] (M) Log [CGP 12177] (M)

(1]
-

1004

80

60+

% relaxation
% relaxation

404

20

. )
Log [ZD 2079] (M) Log [ZD 2079] (M)

Figure 4 Influence of f-adrenoceptor antagonists on relaxation
induced by cyanopindolol (a, b), CGP 12177 (c, d) and ZD 2079 (e,
f) in rat mesenteric artery preconstricted with phenylephrine. Results
are expressed as percentage relaxation of tone induced by
phenylephrine. Note that for SR 59230A, which was dissolved in
DMSO, a separate control curve was determined. Means +s.e.m. of
three to 25 tissues for each curve. For many points s.e.m. is
contained within the symbols.

CGP 12177 and ZD 2079, respectively, to the right, yielding
pA, values of about 6.6.

Figure 4a and c also shows that CGP 20712 did not affect
the maximal response to cyanopindolol and CGP 12177. With
respect to the interaction of ZD 2079 with CGP 20712
(Figure 4e) and of each of the three agonists with bupranolol
(Figure 4a, ¢ and e) or SR 59230A (Figure 4b, d and f), a
depression of the maximal relaxation cannot be definitely
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excluded on the basis of our experiments since we did not use
concentrations of the agonists exceeding 0.1 mm (cyanopindo-
lol) and 1 mmM (CGP 12177 and ZD 2079). The shape of the
concentration—response curves, however, also strongly
suggests that in the latter cases the antagonists did not affect
the maximum relaxant response of the agonists. The Hill
slopes obtained for the concentration—response curves of the
three agonists in the presence of CGP 20712, bupranolol and
SR 59230A were close to unity (data not shown).

Influence of CL 316243 on relaxation induced by
nonconventional partial f-adrenoceptor agonists and ZD
2079 in phenylephrine preconstricted rings

In additional experiments, we examined the influence of a high
concentration of CL 316243 on the vasorelaxation evoked by
cyanopindolol, CGP 12177 and ZD 2079. We chose a
concentration of CL 316243 (60 um) which does not possess
any vasodilator action by itself (see Figure 1). As shown in
Figure 3, we did not observe any effect of this ff;-adrenoceptor
agonist on the concentration—response curves for all the three
agonists.

Influence of cyanopindolol and fenoterol on contraction
induced by various vasoconstrictors

As shown in Figure 5a, the extent of the vasorelaxant effect of
the nonconventional partial agonist cyanopindolol and the
pr-adrenoceptor agonist fenoterol is dependent on the vaso-
constricting stimulus. Cyanopindolol 0.1 mm and fenoterol

a 1404
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< 40
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204
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c 1004
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©
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s
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B
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-20- 10 gM 100 pM

cyanopindolol

Figure 5 Effects of cyanopindolol ((a) — 100puMm; (b) —10 and
100 um) and fenoterol ((a) — 1mm) in rat mesenteric artery
preconstricted with phenylephrine ((a, b); PHE; 1 um), serotonin
((a, b); 5-HT; 2 um), PGF,, ((a); PGF; 10 um) and U 44069 ((a);
0.1 um). Some experiments were performed in the presence of
bupranolol (b). Results are expressed as percentage relaxation of
tone induced by respective compound. Means +s.e.m. of three to 15
tissues. *P<0.05; **P<0.01 and ***P<0.001 compared to the
corresponding control.

I mm fully relaxed rings contracted with phenylephrine 1 uMm.
The relaxation evoked by the same concentrations of
cyanopindolol and fenoterol was less by about 20% in rings
preconstricted with serotonin 2 uM, and it was very small or
even undetectable in vessels constricted with PGF,, 10 um and
U44069 0.1 um. The vasorelaxant effect of cyanopindolol was
inhibited to a comparable degree by bupranolol 10 uMm in rings
preconstricted with phenylephrine and serotonin (Figure 5b).

Influence of endothelium removal on relaxation induced
by nonconventional partial agonists and ZD 2079 in
phenylephrine preconstricted rings

Removal of endothelium shifted the concentration—response
curves for both nonconventional f-adrenoceptors agonists and
ZD 2079 to the right (Figure 6). Since concentrations higher
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Figure 6 Influence of endothelium removal on relaxation induced
by cyanopindolol, CGP 12177 and ZD 2079 in rat mesenteric artery
preconstricted with phenylephrine. Results are expressed as percen-
tage relaxation of tone induced by phenylephrine. Means +s.e.m. of
five to 25 tissues for each curve. For many points s.e.m. is contained
within the symbols.
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than 0.1 mm (cyanopindolol) and 1 mm (CGP 12177 and ZD
2079) were not studied, the question whether endothelium
removal also depressed the maximal relaxant effect cannot be
answered. In order to obtain a rough parameter for the extent
of effect of endothelium removal, the negative logarithms of
the concentrations of the three agonists causing a relaxation of
endothelium-denuded arterial rings by 50% were determined
(pECso,) and compared to the pD, values obtained for the
control curves. The respective values were 4.40+0.16 (n=06)
and 5.45+0.07 (n=14) for cyanopindolol, 3.29+0.11 (n=5)
and 4.19+0.04 (n=23) for CGP 12177 and 3.09+0.09
(n=06) and 3.724+0.04 (n=25) for ZD 2079. In each case,
pD; and pECs., values were significantly (P<0.001) different.

Discussion

The aim of the present study was to determine the
pharmacological properties of the non-f};-/non-f,-adrenocep-
tors relaxing the rat mesenteric artery in terms of f;- or
atypical f-adrenoceptors and to study whether these receptors
are located endothelially.

Effects of p-adrenoceptor agonists

Our study was carried out with the nonselective f-adrenocep-
tor agonist isoprenaline, the f§,-adrenoceptor agonist fenoterol,
the selective f;-adrenoceptor agonists BRL 37344, CL 316243
and ZD 2079 and the nonconventional partial agonists CGP
12177 and cyanopindolol. The term ‘nonconventional partial
agonists’ encompasses drugs which activate ;- and atypical
p-adrenoceptors at concentrations much higher than those at
which they block f,- and/or f,-adrenoceptors. All f-adreno-
ceptor agonists caused a concentration-dependent relaxation
of isolated mesenteric arteries precontracted with phenyl-
ephrine. The rank order of potencies was: isoprenaline >
cyanopindolol > fenoterol >CGP 12177>ZD 2079=BRL
37344>>CL 316243. Full relaxation was induced by cyano-
pindolol, fenoterol, CGP 12177 and ZD 2079. In contrast,
isoprenaline relaxed rat mesenteric arteries maximally by
about 80% and the relaxation obtained for the highest
concentration of BRL 37344 (1mm) was about 75%. CL
316243, the most selective agonist at the rat f3-adrenoceptor
developed so far (Bloom et al., 1992), at concentrations up to
I mm was almost devoid of vasorelaxant activity.

The fact that f;-adrenoceptor agonists caused relaxation
might suggest the involvement of f;- rather than atypical
p-adrenoceptors in this effect. However, a detailed comparison
of the order of potencies rather argues for the contrary
conclusion. Since marked species differences have been
determined in the action of f;-adrenoceptor and partial
nonconventional f-adrenoceptor agonists (e.g. Cohen et al.,
1999; Gauthier et al., 1999), we are focusing on the rat. Thus,
for the f;-adrenoceptor-mediated relaxation of the colon, the
following rank order of potencies (pD, values in parentheses)
was determined: BRL 37344 (9.1)~CL 316243 (9.0)>SR
58611 (8.2)>ZD 2979 (7.0)~cyanopindolol (7.0)~CGP
12177 (6.9) (Kaumann & Molenaar, 1996; Brahmadevara
et al., 2003). CGP 12177 and cyanopindolol were only partial
agonists in this experimental model. Moreover, f§;-adrenocep-
tor agonists (CL 316243, BRL 37344 and/or SR 58611) were
also more potent than CGP 12177 in other f;-adrenoceptor

models including relaxation of ileum (Roberts et al., 1999),
distal colon (Oriowo, 1995) and stomach fundus (Cohen
et al., 1999), as well as lipolysis in white adipocytes (Galitzky
et al, 1997) or thermogenesis in brown fat cells both
in vitro (Zhao et al., 1998) and in vivo (Malinowska &
Schlicker, 1997).

On the other hand, responses mediated by the low-affinity
state of the f;-adrenoceptor are induced by nanomolar or low
micromolar concentrations of nonconventional S-adrenocep-
tor agonists, whereas micromolar concentrations of preferen-
tial f;-adrenoceptor agonists do not possess such an activity.
Thus, in the heart, CGP 12177 and cyanopindolol induced
positive chronotropic and inotropic effects (in vitro: pD, from
7.1 to 7.7; Kaumann & Molenaar, 1996; Cohen et al., 1999 and
in vivo: pEDs, 8.0 and 7.3, respectively; Malinowska &
Schlicker, 1997), whereas f;-adrenoceptor agonists (CL
316243, BRL 37344, ZD 2079 and/or SR 58611; at concentra-
tions up to at least 6 um or doses up to 10 umolkg™") were
devoid of an effect. Our agonist data only partially resemble
the properties of the low-affinity state of the f;-adrenoceptor;
there are at least three differences. (i) The agonistic effects of
CGP 12177 and cyanopindolol occur in a relatively high
concentration range. This was also previously shown for the
atypical f-adrenoceptors in the rat aorta (Shafiei & Mahmou-
dian, 1999; Brawley et al., 2000a; Brahmadevara et al., 2003),
carotid artery (Oriowo, 1994) and mesenteric artery (small
branches; Torrens et al., 2002). (ii) The order of potency for
the two nonconventional partial agonists (cyanopindo-
lol>CGP 12177) is opposite to that for the low-affinity state
of the ff;-adrenoceptor; the same has been shown for the
atypical vasorelaxant receptor in the rat aorta (Brawley et al.,
2000a; Brahmadevara et al., 2003). (iii) The potencies of some
of the selective fi;-adrenoceptor agonists are only slightly lower
than those of CGP 12177 and cyanopindolol. This is in
harmony with the findings for the atypical f-adrenoceptors in
the rat aorta (Brawley et al., 2000a; Brahmadevara ez al., 2003)
and carotid artery (Oriowo, 1994).

Interaction of B-adrenoceptor agonists and antagonists

First, experiments were performed to exclude the involvement
of f;- and f,-adrenoceptors in the relaxant effects of
cyanopindolol, CGP 12177 and ZD 2079 (BRL 37344 could
not be used for this purpose since a complete concentration—
response curve was not obtained with this agonist). The
nonselective f-adrenoceptor antagonist propranolol and the
selective f,-adrenoceptor antagonist ICI 118551 wused at
concentrations that antagonized the vasorelaxant effects of
isoprenaline and/or fenoterol indeed failed to affect the
vasorelaxant effects elicited by cyanopindolol, CGP 12177
and ZD 2079. The relatively low pA, values of propranolol and
ICI 118551 against isoprenaline and/or fenoterol may be
related to the fact that the concentration—response curves of
these agonists had a low steepness, possibly suggesting that
they interact with more than one receptor.

Next, we used three drugs known to possess antagonistic
effects at f;- and/or atypical f-adrenoceptors, that is,
bupranolol, CGP 20712 and SR 59230A. Unfortunately, only
one concentration of these drugs could be examined since they
relaxed the mesenteric artery by themselves excluding the use
of higher concentrations (for a more detailed discussion, see
below). Moreover, the effects of cyanopindolol, CGP 12177
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and ZD 2079 occurred at very high concentrations. Bupranolol
shifted the concentration—response curve of each of these
agonists to the right. The pA4, value is somewhat lower than
that obtained at the fi;- or the low-affinity state
pi-adrenoceptor in rat tissues (Kaumann & Molenaar, 1996),
and virtually identical to that obtained at the atypical
p-adrenoceptor mediating vasorelaxation of the rat aorta
(Brawley et al., 2000a).

High concentrations of CGP 20712 have been shown to
antagonize the positive chronotropic and inotropic action in
the rat heart (Kaumann & Molenaar, 1996; Malinowska &
Schlicker, 1996; 1997) and the relaxation of the rat aorta
(Brawley et al., 2000a), but failed to counteract or hardly
inhibited the f;-adrenoceptor-mediated relaxation of rat ileum
(Roberts et al., 1999) and colon (Kaumann & Molenaar,
1996), lipolysis in white adipocytes (Galitzky et al., 1997;
Carpéné et al., 1999) or thermogenesis in brown adipose tissue
in pithed rats (Malinowska & Schlicker, 1997). The antago-
nistic effect of CGP 20712 in our study suggests that atypical
p-adrenoceptors rather than f;-adrenoceptors are involved in
the vasorelaxant effects of cyanopindolol, CGP 12177 and ZD
2079.

Another argument speaking in favour of atypical
p-adrenoceptors rather than fi;-adrenoceptors are the findings
with the selective fi-adrenoceptor agonist CL 316243. CL
316243 showed a very slight vasorelaxant effect and the
possibility had to be considered that this drug is a partial
agonist at the f;-adrenoceptor. As a partial agonist, it should
antagonize the effects of the full agonists cyanopindolol, CGP
12177 and ZD 2079. This, however, was not observed. The
lack of an inhibitory influence of f;-adrenoceptor agonists (CL
316243, BRL 37344 or ZD 2079) on the activation of atypical
p-adrenoceptors by nonconventional partial f-adrenoceptor
agonists was also described previously in the rat aorta
(Oriowo, 1994) and heart (Kaumann & Molenaar, 1996;
Malinowska & Schlicker, 1996).

The antagonistic effect of the fs;-adrenoceptor antagonist
SR 59230A against the vasorelaxant actions of the nonconven-
tional partial f-adrenoceptor agonists and ZD 2079 observed
in our experiments does not necessarily speak against the
involvement of atypical f-adrenoceptors. Thus, SR 59230A
also acts as a weak antagonist against atypical f-adrenoceptors
in the rat heart in vitro (Kaumann & Molenaar, 1996) and in
vivo (Malinowska & Schlicker, 1997) and in rat fat cells
(Galitzky et al., 1997). The fact that SR 59230A failed to affect
the vasorelaxant effect of isoprenaline studied in the presence
of propranolol might mean that atypical -adrenoceptors do
not contribute to the complex vasorelaxant effect of isoprena-
line. The reason why SR 59230A had an antagonistic effect at
the atypical f-adrenoceptor in the rat mesenteric artery but not
at the atypical f-adrenoceptor in the rat aorta (Brawley et al.,
2000a) is difficult to understand; this discrepancy is the more
surprising since the two receptors are very similar in many
other respects.

The vasoconstrictor tone — quantitative and qualitative
aspects

In most of the experiments of the present study, the
oy-adrenoceptor agonist phenylephrine was used to precon-
tract the mesenteric artery. As already mentioned, three
antagonists decreased the precontracted vessel by themselves.

The f-adrenoceptor-mediated relaxation crucially depends on
the level of the tone of the tissue (for review see Guimardes &
Moura, 2001). For this reason, we added the three antagonists
either to vascular specimens showing a relatively high
contraction in response to the first administration of pheny-
lephrine (S;), or we repeated the phenylephrine-induced
contraction once or twice more than in tissues used for
antagonist-free experiments. The latter procedure appears to
be justified since the concentration of phenylephrine used is
close to that producing the maximum effect. Since the vascular
tone was virtually identical in all tissues immediately before
giving the agonist under study (S,), we are convinced that the
argument that the antagonistic effects of the three antagonists
solely reflect unspecific effects due to the reduction of the
vascular tone is not very plausible.

In the study by Brahmadevara et al. (2003), cyanopindolol,
CGP 12177 and BRL 37344 failed to produce relaxation when
rat aortic rings were preconstricted with PGF,,. Therefore, the
authors concluded that the vasodilatory effects of these drugs
on phenylephrine-constricted aortic rings may be related to an
interference with the o;-adrenoceptor signalling pathway.
However, our results do not confirm this hypothesis for the
mesenteric artery. We found that the vasodilator effect of
cyanopindolol (and of fenoterol, examined in parallel) was
retained by 80% in rings preconstricted with serotonin. The
vasoconstrictor effect of this amine was resistant to the o;-
adrenoceptor antagonist prazosin, but was reduced by the 5-
HT,A receptor antagonist ketanserin. Bupranolol inhibited the
effect of cyanopindolol to a comparable degree both in
phenylephrine- and serotonin-preconstricted vessels and did
not relax mesenteric rings constricted with serotonin. The
latter finding also argues against the view that the antagonistic
effect of bupranolol against cyanopindolol is solely due to an
unspecific effect related to its slight vasorelaxant effect in
phenylephrine-constricted arteries.

Involvement of endothelium in the vasorelaxant effects of
atypical f-adrenoceptors

Removal of endothelium diminished the effects of cyanopin-
dolol, CGP 12177 and ZD 2079. Thus, we conclude that part
of the atypical f-adrenoceptors is located in the endothelium.
The degree of attenuation of the vasorelaxant effect appears to
differ between cyanopindolol (highest), CGP 12177 and ZD
2079 (lowest). This discrepancy markedly contrasts with the
virtually identical properties of the three agonists with respect
to their interaction with five f-adrenoceptor antagonists and
with CL 316243 and cannot be explained satisfactorily at the
moment. Similarly, Brawley er al. (2000b) found that the
removal of endothelium or the presence of L-NAME (NS-
nitro-L-arginine methyl ester; an inhibitor of the biosynthesis
of nitric oxide) diminished the vasorelaxant actions of
cyanopindolol and CGP 12177 in the rat isolated aorta
(preconstricted with noradrenaline) and only tended to do
that in the case of ZD 2079. In contrast, Brahmadevara et al.
(2003), in experiments also performed in the rat isolated aorta
(preconstricted with phenylephrine), did not determine any
influence of endothelium removal on relaxation to CGP 12177
and SR 58611A. Thus, further studies are required for
explanation of the exact role of endothelium for the
vasodilatory action of atypical f-adrenoceptors.
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Conclusions

The present study reveals that the non-f§;-/non-f,-adrenocep-
tor-mediated relaxation of the rat mesenteric artery does not
involve fi-adrenoceptors; moreover, the involvement of
unspecific effects or an interference with o,-adrenoceptors is
also unlikely. The receptors involved are partially located in
the endothelium and can be classified as atypical f-adreno-
ceptors that resemble the low-affinity state of the
pi-adrenoceptors in the heart in some respects (e.g. activation
by the nonconventional partial f-adrenoceptor agonists
cyanopindolol and CGP 12177 and blockade by high
concentrations of bupranolol and CGP 20712). However,
there are three differences with respect to the action of the
nonconventional partial f-adrenoceptor agonists when com-
pared to the cardiostimulatory f-adrenoceptor: (1) lower
potency; (2) opposite rank order of potency, that is,
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