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Abstract

Ž . Ž .Bovine pulmonary supernumerary arteries are more sensitive to 5-hydroxtryptamine 5-HT pD 6.43"0.25 than conventional2
Ž .arteries pD 5.32"0.16 . This study investigated receptors for 5-HT in ring segments of these arteries. The 5-HT receptor agonist, 2,52 2

Ž .dimethoxy-4-iodoamphetamine hydrobromide DOI constricts both arteries. The selective 5-HT receptor antagonist ritanserin produced2

insurmountable antagonism of 5-HT concentration–response curves in both arteries, whereas the 5-HT receptor antagonist1Br1D
w Ž . x X XŽ w xN- 4-methoxy-3- 4-methyl-1-piperazinyl phenyl -2 -methyl-4 5-methyl-1,2,4-oxadiazol-3-yl 1,1,-biphenyl -4-carboxamide hydrochloride

Ž .GR127935 produced much greater antagonism in supernumerary arteries. In rings preconstricted with 9,11-dideoxy-9,11-methanoepoxy
Ž . w w Žprostalagdin F U46619 and relaxed with the adenylyl cyclase activator forskolin, the selective 5-HT receptor agonist 2- 5- 3- 4-2a ID

. x x Ž .methylsulphonylamino benzyl-1,2,4-oxadiazol-5-yl -1H-indole-3-yl ethylamine L694247 reversed the relaxation. Concentration–re-
Ž .sponse curves for L694247-induced reversal of forskolin-relaxation were antagonised by GR127935 in supernumerary pK 8.6 andB

Ž .conventional pK 8.4 arteries, whereas concentration–response curves to 5-HT-were less sensitive to antagonism by GR127935T andB
Ž . Ž .this was more obvious in conventional pK 7.6 than supernumerary pK 8.1 arteries. Neither the selective 5-HT receptorB B 1D

Ž Ž . w Ž Ž . . x Ž .antagonist 1- 3-chlorophenyl -4- 3,3-diphenyl 2- S, R hydroxypropanyl piperazine hydrochloride BRL15572 nor the 5-HT receptor1B
Ž X w X X Ž . x w x Xantagonist 2,3,6,7-tetrahydro-1-methyl-5- 2 methyl-4 5- methyl-1,2,4-oxadiazol-3-yl biphenyl-4-carbonyl furo 2,3-f indole-3-spiro-4 -

Ž .piperidine hydrochloride SB224289 antagonised concentration–response curves induced by 5-HT or 5-HT -receptor-selective agonists.1

In addition to the 5-HT receptor, 5-HT activates a GR127935-sensitive and a GR127935-insensitive receptor in these arteries.2A

Supernumerary arteries have a greater proportion of GR127935-sensitive receptors, which display only some of the pharmacological
characteristics of the cloned 5-HT receptor. It is possible that the GR127935-sensitive receptor could be a species homologue of theID

human 5-HT receptor that is insensitive to SB224289. q 2000 Elsevier Science B.V. All rights reserved.1B

Ž .Keywords: Pulmonary supernumerary artery; 5-HT 5-hydroxytryptamine, serotonin ; 5-HT -like receptor1D

1. Introduction

The pulmonary circulation consists of two populations
of arteries: conventional arteries, which divide with and
accompany the airways, and supernumerary arteries, which
branch from the conventional arteries at 908 and are not
accompanied by an airway. Supernumerary arteries are
small, muscular arteries that represent a substantial part of

Žthe cross-sectional area of the arterial system Elliott and
.Reid, 1965; Shaw et al., 1999 . Pathological findings have

shown that supernumerary arteries, especially the region
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around their origin, are severely affected by prolonged
Žpulmonary hypertension Yaginuma et al., 1990; Ogata

.and Iijima, 1993 . This suggests that a greater understand-
ing of the role of supernumerary arteries and their parent
conventional arteries in pulmonary physiology is essential.

Excess productionrrelease of pulmonary vasoconstric-
Ž .tors such as 5-hydroxytryptamine 5-HT has been impli-

cated in the development of several forms of pulmonary
Ž .hypertension reviewed in MacLean, 1999 . We have pre-

viously reported that bovine supernumerary arteries are
much more sensitive than conventional arteries to the

Ž .vasoconstrictor 5-HT Bunton et al., 2000 . In contrast
both arterial populations display a similar sensitivity to the

Ž .thromboxane A mimetic U46619 Bunton et al., 2000 .2

The different sensitivities to 5-HT may be due to different
receptor classes in these arterial populations. The purpose

0014-2999r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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of the present study was to examine the receptor types for
5-HT, which are present in supernumerary arteries and
their parent conventional arteries, and to establish if differ-
ent receptors could account for the different sensitivities to
5-HT.

Currently, seven 5-HT receptor classes have been iden-
tified, designated as 5-HT to 5-HT receptor classes. Four1 7

5-HT receptor classes are known to be present on pul-
monary vascular smooth muscle of conventional arteries:

Ž . Ž5-HT MacLean et al., 1996 , 5-HT Frenken and Kau-1 2
. Ž .mann, 1984 , 5-HT -like Becker et al., 1992 and 5-HT4 7

Ž .Morecroft and Maclean, 1998 . The 5-HT and the 5-HT2 1

receptor classes mediate contractile responses. This study
used selective agonists and antagonists to investigate the
receptors for 5-HT on bovine conventional and supernu-
merary arteries. Since the 5-HT receptor class is nega-1

tively coupled to adenylyl cyclase we also investigated the
ability of agonists to reverse forskolin-induced relaxation
of preconstricted arteries.

2. Methods

2.1. Isolated arterial preparations

Bovine lungs were obtained from a local abattoir within
30 min of slaughter and transported on ice to the labora-
tory. Endothelium-intact ring segments of conventional

Ž .artery diameter 4–5 mm and their associated supernu-
Ž .merary arteries diameter 0.5–1 mm were dissected from

the lung and freed of surrounding connective tissue. The
vessels were then weighed and suspended between stain-
less steel hooks in 20-ml Linton vessel chambers in Krebs’

Ž . Ž . Ž .solution of composition mM : NaCl 140 , KCl 4.7 ,
Ž . Ž . Ž . Ž .NaCO 24.8 , MgSO 1.2 , KH PO 1.2 , CaCl 2.5 ,3 4 2 4
Ž .glucose 11.1 at 378C under a tension of 2 g for conven-

tional arteries and 1 g for supernumerary arteries and
Ž .gassed with a mixture of O :CO 95%r5%, vrv . Iso-2 2

metric tension was measured by attaching one of the hooks
Ž .via a thread to a UF1 dynamometer Pioden Controls , the

other hook being in a fixed position. The output from the
transducer was amplified and displayed on a Servogor 400
chart recorder.

2.2. Agonists and antagonists

The receptor-selective agonists and antagonists used in
this study are listed in Table 1.

2.3. Concentration–response curÕes

The tissues were allowed to equilibrate for 1 h before
each experiment. Agonists were added to the organ baths
cumulatively in 0.5 log units to construct cumulative con-
centration–response curves. For these studies, two consec-
utive concentration–response curves were constructed, the

Table 1
Receptor-selective agonists and antagonists used in this study

Receptor

1A 1B 1D 1E 1F 2A

Agonists
Ž .8-OH-DPAT ) Hoyer et al., 1994
ŽSumatriptan ) ) ) Humphrey et al., 1994;
Peroutka and
McCarthy 1989;

.Adham et al., 1993
ŽRU24969 ) Middlemiss and
Tricklebank, 1992;

.Hoyer et al., 1994
Ž .L694247 ) Beer et al., 1993
Ž .5-CT ) ) ) Hoyer et al., 1994
ŽDOI ) Glennon et al.,
1986, 1988;

.Dabire et al., 1989

Antagonists
Ž .Ritanserin ) Hoyer et al., 1994
Ž .methiothepin ) ) ) Hoyer et al., 1994
ŽGR127935 ) ) Clitherow et al., 1994;
Skingle et al., 1996;

.Pauwels, 1996
Ž .BRL15572 ) Price et al., 1997
Ž .SB224289 ) Gaster et al., 1998
Ž .Cyanopindolol ) ) Hoyer et al., 1994

Ž .first to 5-HT and the second to 5-HT time control or the
subtype-selective agonist under study. The data obtained
from the second concentration–response curve are ex-
pressed as a percentage of the maximum response to 5-HT
in the first concentration–response curve. For antagonist
studies, two consecutive concentration–response curves
were again constructed, the first to 5-HT and the second to

Ž .5-HT alone time control or 5-HT plus the antagonist
under study. Antagonists were incubated for 30 min. The
data from the second concentration–response curves are
expressed as a percentage of the maximum response to
5-HT in the first concentration–response curves.

2.4. ReÕersal of forskolin-induced relaxation

In these studies, tissues were equilibrated for 1 h as
before. With the exception of the studies using the 5-HT2A

Ž .receptor agonist DOI, ritanserin 100 nM was added for
the final 30 min of the equilibration period. The tissues

Žwere then constricted with U46619 100 nM, approx.
. ŽEC80 . Once the contraction had stabilised, forskolin 1

.mM was added producing a full relaxation. Concentra-
tion–response curves for contraction to 5-HT or the 5-HT1

receptor agonists were constructed. For antagonist studies,
paired tissues were used where one tissue received the
antagonist under study, and the other acted as the time
control and received the drug vehicle. Antagonists were
incubated for 30 min.
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Fig. 1. Concentration–response curves for vasoconstriction to 5-HT in
Ž .bovine isolated pulmonary supernumerary I; ns17 and conventional

Ž .l; ns12 artery rings.

2.5. Data analysis

Contractile responses to 5-HT and 5-HT receptor-selec-
tive agonists were expressed as a percentage of the maxi-
mum control response obtained for 5-HT. For experiments
measuring agonist-induced reversal of forskolin-relaxation,
agonist responses were expressed as a percentage re-

�versal of the maximum relaxation to forskolin. pD y2
w Ž .x4log EC M values were calculated for individual con-50

centration–response curves from which mean pD values2

were obtained. Comparisons of data sets were carried out
using Student’s t-test; paired when two concentration–
response curves were conducted in the one preparation, or
unpaired when concentration–response curves were taken
from different preparations. A p-value of less than 0.05
was considered significant. pK values were estimated forB

each of the antagonists according to the equation pK sB
Ž . w x Žlog CRy1 y log B , where CRsantilog pD antago-2

. w xnistypD control and B is the antagonist concentration2
Ž .M .

2.6. Chemicals

Ž .5-hydroxytryptamine creatinine sulphate 5-HT ,
Ritanserin tartrate, 2,5 dimethoxy-4-iodoamphetamine hy-

Ž .drobromide DOI were from Sigma-Aldrich. 5-carbo-
Ž .xamidotryptamine maleate 5-CT , methiothepin maleate,

ŽŽ w Žsumatriptan succinate, GR127935T N- 4-methoxy-3- 4-
x X XŽmethyl-1-piperazinyl0phenyl -2 -methyl-4 5-methyl-1,2,

w x4-oxadiazol-3-yl 1,1,-biphenyl -4-carboxamide hydrochlo-
.ride monohydrate, were gifts from GlaxorWellcome ,

Ž Ž . w Ž Ž .BRL15572 1- 3-chlorophenyl -4- 3,3-diphenyl 2- S, R
. xhydroxypropanyl piperazine hydrochloride and SB224289

Ž X w X X Ž2,3,6,7-tetrahydro-1 -methyl-5- 2 methyl-4 5- methyl-
. x w x1,2,4-oxadiazol-3-yl biphenyl-4-carbonyl furo 2,3-f in-

dole-3-spiro-4X-piperidine hydrochloride were gifts from
. Ž ŽSmithKline Beecham , 8-OH-DPAT 8-hydroxy-2- di-n-

. . Ž Žpropylamino tetralin , RU24969 5-methoxy-3- 1,2,3,6-te-

Table 2
Ž . Ž .Agonist pD values and maximum responses in a conventional and supernumerary arteries, b conventional and supernumerary arteries preconstricted2

Ž . Ž . Ž . Ž .with U46619 100 nM and relaxed with forskolin 1 mM . Maximum responses in a are expressed as percentage of 5-HT maximum and in b as
percentage of reversal of the forskolin relaxation. Values are means"SEM from n experiments

Agonist Conventional Supernumerary

pD Maximum n pD Maximum n2 2

( )a
a5-HT 5.32"0.16 100"0 12 6.43"0.25 100"0 17

5-CT NE 4 7.19"0.10 14"3 8
8-OH-DPAT NE 4 – NA 8
RU24969 NE 4 6.23"0.08 16"5 6
L694247 NE 4 8.19"0.10 28"3 8
Sumatriptan NE 4 5.90"0.19 14"4 10
DOI 8.0"0.17 56"11 8 8.12"0.11 68"9 8

( )b ReÕersal of forskolin-relaxation
a5-HT 5.75"0.08 113"9 6 6.27"0.07 97"14 9

5-CT 7.38"0.26 126"19 6 7.30"0.02 137"18 17
8-OH-DPAT 5.81"0.10 93"15 6 5.71"0.19 67"15 6
RU24969 6.25"0.11 78"8 6 6.53"0.11 68"14 7
L694247 7.93"0.30 64"11 6 8.31"0.07 69"16 7
Sumatriptan 6.32"0.10 92"7 6 5.93"0.12 123"20 6
DOI NE – 4 NE – 4

NE, no effect; NA, not achieved.
aP)0.001.
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Fig. 2. Concentration–response curves for vasoconstriction to the 5-HT receptor selective agonists I, 8-OH-DPAT; l, RU24969; `, 5-CT; ', L694247;
Ž . Ž .B, Sumatriptan; v, DOI in isolated pulmonary supernumerary A and conventional B artery rings. With the exception of DOI all agonist responses

Ž .were conducted in the presence of ritanserim 100 nM . Results are means"SEM of six to eight experiments.

. . Ž w w Žtrahydro-4-pyrindinyl -1H-indole , L694247 2- 5- 3- 4-
. xmethylsulphonylamino benzyl-1,2,4-oxadiazol-5-yl -1 H-

x .indole-3-yl ethylamine , cyanopindolol hemifumarate,
Ž . ŽTocris Cookson . U-46619 9,11-dideoxy-9a ,11ametha-

.noepoxy prostaglandin F was from Biomol Research2 a

Laboratories. Ritanserin and U46619 were dissolved in
ethanol. BRL15572, L694247 and SB224289 were dis-

Ž .solved in dimethoxy sulfoxide DMSO and diluted in
H O. GR127935 was dissolved in DMSO and diluted in2

DMSO. All other drugs were dissolved in H O.2

Table 3
Ž . Ž .Agonist pD values and estimated pK values for antagonists in a conventional and supernumerary arteries, b conventional and supernumerary arteries2 B

Ž . Ž .preconstricted with U46619 100 nM and relaxed with forskolin 1 mM

Ž .a Agonist Antagonist Control pD pD Estimated2 2
Ž .pK nB

Ž . Ž .5-HT SA Ritanserin 100 nM 6.34"0.14 6.14"0.24 NS 7
Ž . Ž .CA Ritanserin 100 nM 5.61"0.08 4.46"0.09 NS 7

aŽ . Ž .SA GR127935T 100 nM 6.89"0.06 6.12"0.11 7.9 17
Ž . Ž .CA GR127935T 100 nM 5.60"0.10 5.12"0.02 NC 12

Ž . Ž .SA BRL15572 100 nM 6.37"0.09 6.36"0.16 NE 5
Ž . Ž .CA BRL15572 100 nM 5.88"0.22 6.02"0.29 NE 5
Ž . Ž .SA SB224289 100 nM 6.48"0.14 6.52"0.14 NE 5
Ž . Ž .CA SB224289 100 nM 5.88"0.22 5.94"0.24 NE 5

Ž .SA SB224289qBRL15572 6.26"0.31 6.27"0.16 NE 5

Ž .b Reversal of forskolin-relaxation
aŽ . Ž .5-HT SA GR127935T 100 nM 6.21"0.08 5.00"0.06 8.1 12
aŽ . Ž .CA GR127935T 100 nM 5.66"0.01 4.96"0.03 7.6 4
aŽ . Ž .SA Methiothepin 100 nM 6.01"0.42 4.79"0.13 8.4 6
aŽ . Ž .CA Methiothepin 100 nM 5.69"0.22 4.73"0.07 7.9 6

Ž . Ž .SA BRL15572 100 nM 6.25"0.10 6.40"0.07 NE 8
Ž . Ž .CA BRL15572 100 nM 5.81"0.31 5.70"0.31 NE 4
Ž . Ž .SA SB224289 100 nM 6.44"0.15 6.39"0.23 NE 4
Ž . Ž .CA SB224289 100 nM 6.13"0.12 6.10"0.17 NE 4

Ž . Ž .SA Cyanopindolol 1 mM 6.44"0.15 6.50"0.19 NE 4
Ž . Ž .CA Cyanopindolol 1 mM 5.57"0.21 5.32"0.26 NE 4

aŽ . Ž .L-694247 SA GR127935T 100 nM 8.01"0.12 6.44"0.18 8.6 6
aŽ . Ž .L-694247 CA GR127935T 100 nM 7.92"0.26 6.52"0.14 8.4 5

Ž . Ž .L-694247 SA BRL15572 1 mM 7.49"0.38 7.74"0.30 NE 5
Ž . Ž .RU24969 SA SB224289 1 mM 5.76"0.25 5.66"0.13 NE 5

NS, nonsurmountable; NC, noncompetitive; NE, no effect.
aP-0.001.
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3. Results

3.1. Effect of 5-HT on contractile responses of supernu-
merary and conÕentional artery rings

5-HT produced concentration-dependent contractions in
Ž .supernumerary and conventional artery rings Fig. 1 . Su-

Ž .pernumerary arteries 10 nM–100 mM were significantly
Žmore sensitive to 5-HT than conventional arteries 100

. Ž .nM–100 mM Table 2 .

3.2. Contractile responses to 5-HT receptor-selectiÕe ago-
nists in supernumerary and conÕentional artery rings

pD values and maximum responses of agonists are2

given in Table 2.

ŽThe 5-HT receptor-selective agonist, DOI 1 nM–12
.mM produced similar concentration-dependent contrac-

Žtions in supernumerary and conventional artery rings Fig.
.2 . In supernumerary arteries, the 5-HT receptor-selective1

Ž .agonists all 0.1 nM–50 mM produced small contractile
responses. The rank order of potencies were: L694247)

5-CT) RU24969)sumatriptan)8-OH-DPAT. No con-
tractile responses were obtained with 5-HT receptor ago-1

nists in conventional arteries.

3.3. Effect of ritanserin and GR127935 on the 5-HT con-
centration–response curÕe in supernumerary and conÕen-
tional arteries

pD values and estimated pK values are given in2 B

Table 3.

Ž . Ž . Ž .Fig. 3. Effect of increasing concentrations of ritanserin A and GR127935T B on concentration–response curves to 5-HT I in isolated supernumerary
Ž . Ž .SA and conventional CA artery rings. Antagonist concentrations: ', 0.1 nM; v, 1 nM; l, 10 nM; `, 100 nM; B, 1 mM. Results are means"SEM
of 8–10 experiments.
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Ž .In supernumerary arteries ritanserin 1–100 nM pro-
duced a concentration-dependent depression of the maxi-
mum contractile response without any rightward shift in

Ž .the 5-HT concentration–response curve Fig. 3A . The
maximum inhibition by ritanserin was achieved at 10 nM,
which reduced the maximum contraction by approximately
75%, leaving a ritanserin-resistant component. In conven-

Ž .tional arteries ritanserin 1–100 nM produced a concentra-
tion-dependent depression of the maximum contractile re-
sponse and also produced a small rightward shift in the

Ž .5-HT concentration–response curve Fig. 3A .
ŽIn supernumerary vessels GR127935 100 nM and 1

.mM produced parallel rightward shifts in the 5-HT con-
Ž .centration–response curve Fig. 3B . In conventional artery

Ž .rings GR127935 100 nM produced a small threefold
rightward shift of the 5-HT concentration–response curve
Ž .Fig. 3B . The addition of a higher concentration of

Ž .GR127935T 1 mM did not cause any further shift in the
5-HT concentration–response curve.

In supernumerary arteries, the combination of ritanserin
Ž . Ž .100 nM and GR127935 100 nM abolished the contrac-

Ž .tile response to 5-HT data not shown .

3.4. Effect of BRL15572, SB224289 and cyanopindolol on
the 5-HT concentration–response curÕe in supernumerary
and conÕentional artery rings

In supernumerary and conventional arteries BRL15572
Ž . Ž . Ž100 nM , SB224289 100 nM , or cyanopindolol 10

.nM–1 mM did not alter the 5-HT concentration–response
Ž .curve Table 3 . In supernumerary arteries, the combina-

tion of BRL15527 and SB242289 did not alter the 5-HT
concentration–response curve.

3.5. Effect of 5-HT, 5-HT receptor-selectiÕe and 5-HT2 A 1

receptor-selectiÕe agonists on reÕersal of forskolin-in-
duced relaxation of preconstricted supernumerary and
conÕentional artery rings

pD values and maximum responses of agonists are2

given in Table 2.
Ž .The 5-HT receptor agonist DOI 1 nM–1 mM , in the2A

absence of ritanserin, did not reverse forskolin-relaxation
Ž .in either population Fig. 4 .

In both supernumerary and conventional artery rings,
Ž .preconstricted with U46619 100 nM and relaxed with

Ž . Žforskolin 1 mM and in the presence of ritanserin 100
. Ž .nM , 5-HT and the 5-HT agonists all 0.1 nM–50 mM1

Ž .induced a concentration-dependent contraction Fig. 4 .
The rank order of potencies were: supernumerary, L69-
4247 ) 5-CT ) RU24969 ) 5-HT ) sumatriptan s 8-OH-
DPAT; conventional, L694247)5-CT)5-HTs suma-
triptansRU24969)8-OH-DPAT.

3.6. Effect of GR127935, methiothepin, BRL15572,
SB224289, cyanopindolol or BRL15572qSB224289A on
5-HT-induced reÕersal of forskolin-induced relaxation of
preconstricted supernumerary and conÕentional artery
rings

pD values and estimated pK values are given in2 B

Table 3.

Ž .Fig. 4. Concentration–response curves for reversal of forskolin relaxed rings by 5-HT I and the selective agonists 8-OH-DPAT, l; RU24969, `;
Ž . Ž .5-CT, v; L694247, '; Sumatriptan, B; DOI, %; in isolated pulmonary supernumerary SA and conventional CA artery rings. With the exception of

Ž . Ž .DOI all experiments were conducted in the presence of ritanserin 100 nM . Artery rings were preconstricted with U46619 100 nM and relaxed with
Ž .forskolin 1 mM ; thereafter, agonists were added in a cummulative manner. Results are means"SEM of six to eight experiments.
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Ž .Fig. 5. Concentrations–response curves for vasoconstriction to 5-HT in forskolin relaxed supernumerary artery rings in the absence I and presence of
Ž . Ž . Ž . Ž . Ž . Ž .A GR127935T; B methiothepin; C , BRL15572; D SB224289; E , cyanopindolol; F BRL15572qSB224289. Antagonist concentrations: 10 nM,

Ž .'; 100 nM, l; 1 mM, `. All artery rings were preincubated with ritanserin 100 nM alone or ritanserin plus one of the above antagonists for 30 min.
Ž . Ž .Each ring was then constricted with U46619 100 nM and relaxed with forskolin 1 mM ; thereafter, 5-HT was added in a cummulative manner. Results

are means"SEM of four to five experiments.



( )A.M. Shaw et al.rEuropean Journal of Pharmacology 408 2000 69–8276

Ž . Ž .Fig. 6. Concentrations–response curves for vasoconstriction to 5-HT in forskolin relaxed conventional artery rings in the absence I and presence of A
Ž . Ž . Ž . Ž .GR127935T; B methiothepin; C , BRL15572; D SB224289; E , cyanopindolol. Antagonist concentrations:10 nM, '; 100 nM, l; 1 mM, `. All

Ž .artery rings were pre-incubated with ritanserin 100 nM alone or ritanserin plus one of the above antagonists for 30 min. Each ring was then constricted
Ž . Ž .with U46619 100 nM and relaxed with forskolin 1 mM ; thereafter, 5-HT was added in a cummulative manner. Results are means"SEM of four to five

experiments.
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Ž . Ž .Fig. 7. Concentration–response curves for vasoconstriction to L-694247 in forskolin relaxed supernumerary SA and conventional CA artery rings in the
Ž . Ž . Ž .absence I and presence of A GR127935T. Antagonist concentration: 100 nM, l. All artery rings were preincubated with ritanserin 100 nM alone or

Ž . Ž .ritanserin plus GR127935 for 30 min. Each ring was then constricted with U46619 100 nM and relaxed with forskolin 1 mM ; thereafter, L-694247 was
added in a cummulative manner. Results are means"SEM of four to five experiments.

Ž .In supernumerary arteries GR127935 Fig. 5A and
Ž .methiothepin Fig. 5B produced rightward shifts of the

5-HT concentration–response curve. In contrast BRL15572
Ž . Ž .100 nM, Fig. 5C , SB224289 100 nM, Fig. 5D ,

Ž .cyanopindolol 1 mM, Fig. 5E or BRL15572qSB224289
Ž .both 100 nM, Fig. 5F did not alter the 5-HT concentra-
tion–response curve.

Ž .In conventional arteries, GR127935T 100 nM and
Ž .methiothepin 100 nM produced rightward shifts of the

Ž .5-HT concentration–response curve Fig. 6A and B .

Ž . ŽBRL15572 100 nM, Fig. 6C , SB224289 100 nM, Fig.
. Ž .6D and cyanopindolol 1 mM, Fig. 6E did not alter the

5-HT concentration–response curve.

3.7. Effect of GR127935T on L694247-induced reÕersal of
forskolin relaxed supernumerary and conÕentional artery
rings

pD values and estimated pK values are given in2 B

Table 3.

Ž . Ž . Ž . Ž .Fig. 8. Concentration–response curves for A L-694247 in the absence I and presence of BRL15572 and B RU24969 in the absence I and
Ž .presence of SB224289. Antagonist concentrations: 100 nM, l; 1 mM, `. All artery rings were preincubated with ritanserin 100 nM alone or ritanserin

Ž . Ž .plus one of the above antagonists for 30 min. Each ring was then constricted with U46619 100 nM and relaxed with forskolin 1 mM ; thereafter,
agonists were added in a cummulative manner. Results are means"SEM of four to five experiments.
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In supernumerary and conventional arteries GR127935
Ž .100 nM , produced similar rightward shifts of the concen-

Ž .tration–response curve for L694247 Fig. 7 .

3.8. Effect of BRL15572 and SB224289 on L694247- and
RU24969-induced reÕersal of forskolin relaxed supernu-
merary artery rings

pD values are given in Table 3. In supernumerary2

arteries the concentration–response curve for L694247 and
ŽRU24969 were unaffected by BRL15572 100 nM and 1

. Ž . Ž .mM or SB224289 1 mM , respectively Fig. 8 .

4. Discussion

4.1. Agonist studies

ŽThe present study confirms a previous report Bunton et
.al., 2000 that bovine pulmonary supernumerary arteries

display a greater sensitivity to 5-HT than their parent
conventional artery.

That DOI produced similar maximum contractile re-
sponses in supernumerary and conventional arteries indi-
cates that a 5-HT receptor is present in both arterial2

populations. DOI displays selectivity for the 5-HT and2A

5-HT receptors; however, the 5-HT receptor has not2C 2C

been reported to be present on peripheral tissue indicating
a role for the 5-HT receptor. This is in agreement with2A

previous reports that the 5-HT receptor is important in2A

mediating contractile responses of pulmonary vascular
Žsmooth muscle Uma and Kayaalp, 1987; Le Roux and

.Syce, 1989; MacLean et al., 1994 . In both arterial popula-
tions the maximum response induced by DOI was less than
the maximum response produced by 5-HT. This may sug-
gest that activation of a 5-HT receptor alone may not2A

evoke the full contractile response. However, several stud-
ies report that DOI is a more potent agonist and displays a
higher binding affinity for the 5-HT receptors than 5-HT2

Žbut displays a lower efficacy than 5-HT Cohen et al.,
.1993; Dabire et al., 1989 . Therefore, DOI may simply

confirm the presence of the 5-HT receptor in these2A

vessels but may not truly reflect the contribution of the
5-HT receptors to the contractile response to 5-HT.2A

ŽThe 5-HT receptor-selective agonists in the presence1
.of ritanserin produced little or no contractile response in

conventional arteries, in agreement with MacLean et al.
Ž .1994 . In supernumerary arteries, these agonists produced
contractile responses that were generally less than 25% of
the maximum response to 5-HT. This would indicate that a
5-HT receptor mediating contraction is present in super-1

numerary arteries but not conventional arteries. Since the
selective 5-HT receptor agonist L694247 was the most1D

potent and efficacious of the 5-HT agonists, this may1

suggest that the 5-HT receptor is present on supernumer-1D

ary arteries.

4.2. Antagonist studies

Ritanserin caused insurmountable antagonism of the
5-HT concentration–response curve in both arterial popu-
lations, reducing the magnitude of the responses to 5-HT.
In supernumerary arteries, this occurred without changing
the tissue sensitivity to 5-HT, whereas in conventional
arteries there was also a rightward shift of the 5-HT
concentration–response curve. A ritanserin-resistant com-
ponent remained in supernumerary arteries accounting for
approximately 25% of the maximum response to 5-HT.
Since the ritanserin resistant component is similar to the
maximum response evoked by the 5-HT selective agonists1

and because this component was abolished by GR127935
Ž .data not shown , this suggests that the ritanserin-resistant
component is mediated by a 5-HT receptor. The in-1

hibitory action of ritanserin supports the view that the
5-HT receptor has an important role in the contractile2A

response to 5-HT in these arteries. Insurmountable antago-
nism has been reported previously for ritanserin in pul-

Ž .monary arteries Marwood, 1994 and in other tissues
Žespecially at the 5-HT receptor Leff and Martin, 1989;2A

.Frenken and Kaumann, 1984; Leff and Martin, 1986 .
There is no clear explanation for this phenomenon, how-
ever several theoretical suggestions have been proposed
ŽDe Chaffoy de Courcelles et al., 1986; Frenken and

.Kaumann, 1987a,b; Leff and Martin, 1989 .
In supernumerary arteries the 5-HT receptor an-1Br1D

tagonist GR127935 produced parallel rightward shifts of
the 5-HT concentration–response curve. In contrast, in

Ž .conventional arteries GR127935 100 nM produced a
small rightward shift which was not altered by the addition

Ž .of a higher concentration of GR127935 1 mM .
Since the selective 5-HT receptor agonist L6942471D

was much more potent than the 5-HT receptor agonist1B

RU24969, these observations suggest that a 5-HT recep-1D

tor is involved in mediating the contractile response to
5-HT. The greater antagonism of the 5-HT concentration–
response curve, by GR127935, in supernumerary arteries
suggests that this receptor is present to a greater extent in

Ž .these arteries. The pK 7.9 estimated for GR127935B
Ž .100 nM in supernumerary arteries is lower than the value

Ž .reported for the cloned receptors 8.6, Table 3 . One
explanation for the lower affinity of GR127935 in supernu-
merary arteries may be that a component of the 5-HT
concentration–response curve is mediated by the 5-HT2A

receptor.
In the presence of 1 mM GR127935 the sensitivities of

Ž .both arterial populations to 5-HT are similar Fig. 3B .
Based on the reported affinity at the 5-HT receptor this1D

concentration of GR127935 would be expected to occupy
greater than 99% of the 5-HT receptors. Therefore, the1D

response to 5-HT in the presence of 1 mM GR127935 can
be assumed to be mediated almost entirely by the 5-HT2A

receptor class. This would suggest that the 5-HT recep-2A

tor in conventional and supernumerary arteries exhibits a
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low affinity for the natural agonist compared with the
5-HT receptor. Under these conditions, 5-HT recep-1D 2A

tors appear capable of producing the maximum response,
despite being less sensitive to 5-HT. The fact that the 5-HT
concentration–response curves in supernumerary and con-
ventional arteries were approximately two log units and

Ž .one-half log unit respectively more sensitive than the
Žresponses of these arteries in the presence of GR127935 1

.mM would suggest that the greater sensitivity in the
absence of GR127935 is due to the presence of the 5-HT1D

receptor. The fact that the pD of the response to 5-HT in2

conventional arteries is closer to the apparent affinity of
the 5-HT receptor for 5-HT may suggest that the 5-HT2A

concentration–response curve in conventional arteries in-
volves predominantly 5-HT receptors. Therefore, it is2A

possible that the relative densities of the 5-HT receptor1D

might explain the difference in the sensitivity of these two
arterial populations to 5-HT.

4.3. Interaction between the 5-HT and 5-HT receptors2 A 1D

This explanation of a high affinity 5-HT receptor and1D

a low affinity 5-HT receptor is an over simplification2A

because it is apparent that ritanserin substantially reduced
the magnitude of the response to 5-HT in supernumerary

Žarteries over a concentration range of 5-HT Fig. 3A and
.B , which the previous argument suggests produces mini-

mal activation of the 5-HT receptors. It is also clear that2A
Ž .5-HT 1 mM , which normally produced 80% of the

maximum response to 5-HT in supernumerary arteries,
Žonly evoked approximately 20% in the presence of ri-

. Ž .tanserin and 10% in the presence of GR127935 of the
maximum response to 5-HT by independent activation of
the 5-HT and 5-HT receptors, respectively. These1D 2A

observations indicate that the contractile response pro-
duced by 5-HT is much greater than the response produced
by activation of the individual 5-HT or 5-HT receptors2A 1D

alone or the simple addition of their responses. This sug-
gests that there is some positive interaction between the
5-HT and the 5-HT receptors. We have reported previ-1D 2A

ously that sumatriptan and DOI display synergy in super-
Ž .numerary arteries Bunton et al., 1997 . Because activation

of the 5-HT receptors alone can, at high concentrations,2A

produce a maximum response, whereas activation of the
5-HT receptors alone can only produce a small contrac-1D

tile response in supernumerary arteries, this may suggest
that the role of the 5-HT receptors, within this interac-1D

tion, is to influence potency while the 5-HT receptors2A

determine the magnitude of the response.

4.4. ReÕersal of forskolin-induced relaxation, agonist stud-
ies

When we examined the effect of the selective 5-HT1D
Ž .receptor antagonist BRL15572 to confirm the presence of

the 5-HT receptor in supernumerary arteries we found1D

no effect of this or other 5-HT subtype-selective antago-1
Ž .nists Table 3 . We therefore adopted a methodology that

would permit a more direct investigation of the 5-HT1

receptor class mediating contraction. Because the 5-HT1

receptor class is reported to be negatively coupled to
adenylyl cyclase, a technique that is commonly used to
characterise 5-HT receptors has been to examine the1

ability of 5-HT selective agonists to inhibit forskolin-1
Žactivated adenylyl cyclase Levy et al., 1992; McAllister et
.al., 1992; Beer et al., 1993 or forskolin-elevated cyclic

ŽAMP Adham et al., 1993; Gudermann et al., 1993; Price
.et al., 1997 . In a preliminary report we have shown that

5-HT inhibits forskolin-elevated cAMP in supernumerary
Ž .arteries Brown et al., 2000 .

ŽWe used a similar approach agonist-induced reversal of
forskolin-relaxed artery rings preconstricted with U46619
Ž . Ž ..approx. EC80 in the presence of ritanserin 100 nM to
investigate the 5-HT receptor. Using this approach 5-HT1

and the 5-HT receptor agonists reversed both forskolin-re-1

laxed supernumerary and conventional arteries. These stud-
ies were conducted in the presence of ritanserin to block
the 5-HT receptor. However, it seems unlikely that the2A

5-HT receptor is involved in this response because the2A

concentration of forskolin used abolishes responses medi-
Ž . Žated by this receptor data not shown , moreover DOI in

.the absence of ritanserin did not reverse the forskolin-re-
laxation in either arterial population and the concentra-
tion–response curves for 5-HT-induced reversal of

Žforskolin-relaxation were unaffected by ritanserin up to 1
. Ž .mM in either population data not shown .

This suggests that a 5-HT receptor apparently nega-
tively coupled to adenylyl cyclase is present in both arte-
rial populations. Not all of the 5-HT receptor agonists1

produced 100% reversal of the forskolin relaxation.
L694247 and 5-CT were the most potent of the 5-HT1

receptor agonists in both arterial populations. However,
whereas 5-CT consistently produced 100% reversal,
L694247 only produced around 50–60% reversal. Al-
though this may suggest that L694247 is a partial agonist,
the previous section shows that, in unmanipulated supernu-

Ž .merary arteries not forskolin-relaxed , L694247 was the
most efficacious of the 5-HT receptor agonists, producing1

a contractile response that was approximately twice as
Ž .great as 5-CT Fig. 2 . Therefore, if the ability of the

5-HT receptor agonists to reverse the forskolin-relaxation1

is a reflection of their ability to inhibit adenylyl cyclase
then these observations suggest that inhibition of adenylyl
cyclase alone cannot account for the contractile responses
Ž .not forskolin-relaxed mediated by L69427 and 5-CT in
supernumerary arteries. Interestingly, L694247 consis-
tently produced a biphasic concentration–response curve
consisting of an initial reversal of the forskolin-relaxation
resulting in a plateau around 50–60% of the maximum
reversal. Concentrations above 100 nM produced a further
reversal. This could indicate the presence of different
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receptors, which display a high and low affinity for
L694247.

4.5. ReÕersal of forskolin-induced relaxation, antagonist
studies

In these studies GR127935 and methiothepin produced
rightward shifts of the 5-HT concentration–response curve
for reversal of forskolin-relaxation in both arterial pop-
ulations. However, both GR127935 and methiothepin
produced greater antagonism in supernumerary arteries

Ž .compared with conventional arteries Figs. 5 and 6 . In
contrast, when the forskolin-relaxation was reversed by the
selective 5-HT receptor agonist L694247, GR1279351D

produced a greater antagonism, which was similar in both
Ž .arterial populations Fig. 7, Table 3 . This may suggest

that the reversal of forskolin-relaxation mediated by
L694247 involves a single receptor type, which is present
on both supernumerary and conventional arteries. The
estimated pK values for GR127935 at this receptor inB

Ž . Ž .conventional 8.4 and supernumerary arteries 8.6 are
similar to the reported affinity of GR127935 at the cloned

Ž .5-HT receptor 8.6, Table 4 providing further support1D

for the presence of a 5-HT receptor subtype. The lower1D

pK values for GR127935 when the natural agonist 5-HTB

was used may indicate that 5-HT, but not L694247, has the
ability to activate an additional receptor, which is less
sensitive to antagonism by GR127935. These data suggest
that at least two receptors, apparently negatively coupled
to adenylyl cyclase, are present in supernumerary and
conventional arteries. The fact that the pK for GR127935B
Ž .using 5-HT as the agonist was significantly lower in
conventional arteries compared with supernumerary arter-

Ž .ies Table 3 may indicate that the GR127935-insensitive
receptor is more abundant in conventional arteries and the
GR127935-sensitive receptor is in greater abundance in
supernumerary arteries. If 5-HT is less potent at the
GR127935-insensitive receptor, this may also explain the

Ž .lower pD Table 2 for 5-HT-induced reversal of2

forskolin-relaxation in conventional arteries. In unmanipu-
lated arteries, GR127935 produced greater antagonism of
the 5-HT concentration–response curve in supernumerary
than conventional arteries. This supports the view that
supernumerary arteries have a greater proportion of
GR127935-sensitive receptors than conventional arteries,
but also suggests that although both GR127935-sensitive
and GR127935-insensitive receptors are apparently nega-
tively coupled to adenylyl cyclase, only the GR127935-
sensitive receptor has the capacity to promote constriction
in unmanipulated arteries.

Although the pK values estimated for GR127935B
Ž .using L694247 are consistent with the presence of a

Ž .5-HT receptor Table 4 , the selective 5-HT receptor1D 1D

antagonist BRL15572 had no effect on either the 5-HT- or
L694247-induced reversal of forskolin-relaxation. The ab-
sence of any involvement of the 5-HT receptor sub-1Ar1B

Table 4
Ž .Reported pK values at cloned receptors taken from Hoyer et al. 1994 ,i

Ž . Ž . Ž .Price et al. 1997 , Leysen et al. 1996 , Gaster et al. 1998 , Skingle et
Ž . Ž .al. 1996 and Pauwels 1996

Ž .pK cloned receptorsi

1A 1B 1D 1E 1F 2A

Ritanserin – 9.3
Methiothepin 7.1 7.6 7.9 6.7 6 8.8
GR127935 7.2 9 8.6 5.4 6.4 6.6
Cyanopindolol 8.4 8.6 6.9 – – 4.5
BRL15572 7.7 6.1 7.9 5.2 6 –
SB224289 -5.5 8.2 6.3 -5 -5 –

types is indicated by the lack of effect of cyanopindolol
and also by the lack of effect of the selective 5-HT1B

receptor antagonist SB224289 against the concentration–
response curves to 5-HT or the selective 5-HT receptor1B

agonist RU24969. GR127935 has a low affinity for the
Ž .5-HT and 5-HT receptor subtypes Table 4 . There-1E 1F

fore, because the GR127935-sensitive receptor exhibits
only some of the pharmacological characteristics of the
cloned 5-HT receptor, we have referred to this receptor1D

as a 5-HT -like receptor. These observations in the bovine1D

pulmonary arteries differ from the human pulmonary arter-
ies where the 5-HT receptor has been reported to medi-1B

Ž .ate contractile responses MacLean, 1999 . It is possible
that the GR127935-sensitive receptor is the bovine 5-HT1B

receptor but it differs from the human 5-HT receptor in1B

that it is sensitive to SB224289.
In summary these studies suggest that the 5-HT re-2A

ceptor is involved in the contractile response to 5-HT in
bovine supernumerary and conventional arteries. In super-
numerary and conventional arteries there are at least two
receptors, GR127935-sensitive and GR127935-insensitive,
that appear to be negatively coupled to adenylyl cyclase.
Supernumerary arteries appear to have a greater proportion
of GR127935-sensitive receptors whereas conventional ar-
teries have a higher proportion of GR127935-insensitive
receptors. The GR127935-sensitive receptor displays some
pharmacological characteristics of the cloned 5-HT re-1D

ceptor subtype but is not affected by BRL15572. We have
therefore referred to this receptor as a 5-HT -like recep-1D

tor. Of the two receptors apparently negatively coupled to
adenylyl cyclase the 5-HT -like receptor appears to have1D

the capacity to promote contractile responses.

4.6. Pulmonary hypertension

5-HT elevates pulmonary vascular resistance and is
associated with some forms of pulmonary hypertension
Ž .MacLean, 1999 . Conventional arteries accompany the
airway to supply the terminal respiratory unit from within
the lobule. In contrast to this circuitous route supernumer-
ary arteries arise from the conventional arteries at 908

unaccompanied by an airway to take a shorter route,
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Ž .entering the lobule from its edge Reid, 1994 . Supernu-
merary arteries account for 40% of the cross-sectional area
of all branches from the axial artery alone in the human
Ž .Elliott and Reid, 1965 . Since they increase in number
towards the periphery, they are likely to account for a
substantial part of the total cross-sectional area of the

Ž .pulmonary arterial bed Elliott and Reid, 1965 . Therefore,
the sensitivity of these vessels to vasoconstrictors such as
5-HT is likely to have an important influence on pul-
monary vascular resistance. Moreover, it has been shown
that in pulmonary hypertensive models the 5-HT receptor1

Žplays a greater role in contractile responses to 5-HT Mac-
.Lean, 1999 . As well as influencing pulmonary vascular

resistance, 5-HT is also a powerful mitogen; some of the
most marked pathological changes in pulmonary hyper-
tension are reported to occur at the origin of the supernu-
merary arteries. For example, medial proliferation appears

Žto be particularly pronounced in this region Reid, 1994;
.Yaginuma et al., 1990; Ogata and Iijima, 1993 .
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