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Abstract:

The rabbit pulmonary artery was used to examine whether presynaptic serotonin (5-HT) receptors modulate noradrenaline (NA)
release also in this blood vessel and to confirm their presence with molecular biology techniques. Arteries preincubated with [’H]NA
were superfused in the presence of the o,-adrenoceptor blocker rauwolscine and the effects of 5-HT receptor ligands on the
electrically evoked *H overflow were determined. The 5-HT, receptor agonist cisapride inhibited *H overflow in a manner sensitive
to blockade by atropine. The 5-HTgp receptor agonist 5-carboxamidotryptamine inhibited *H overflow only in the presence of
atropine. The 5-HT, and 5-HT;g1p receptor agonists 5-HT and 5-methoxytryptamine reduced *H overflow in the absence and
presence of atropine, and this effect was blocked by methiothepin, a non-selective 5-HT receptor antagonist, in the presence of
atropine. PCR with cDNAs derived from reverse transcribed blood vessel mRNA suggested the expression of the 5-HT), 5-HTp and
5-HT, receptors, the latter being highly homologous to the human one. In conclusion, the cholinergic nerves are endowed with
excitatory 5-HT, receptors mediating release of acetylcholine which, in turn, activates muscarine receptors on the sympathetic nerves
leading to inhibition of NA release. Blockade of the presynaptic muscarinic receptors involved is necessary to disclose an inhibition of
NA release via 5-HTg/1p receptors. Taking results reported in the literature into account, the 5-HT,p and 5-HT, receptors identified by
molecular biology techniques probably are located predominantly on the noradrenergic and cholinergic neurons, respectively.
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Introduction angiotensin and excitatory nicotinic acetylcholine re-
ceptors are present on the noradrenergic nerve end-
ings. In this model, also selective o;- and o,-adre-

The rabbit pulmonary artery has played an important
noceptor antagonists have been identified which act

role in the identification of presynaptic receptors

modulating noradrenaline (NA) release from postgan-
glionic sympathetic nerves. An early comprehensive
study by Endo et al. [13] revealed that inhibitory pre-
synaptic a,-adrenoceptors, muscarinic acetylcholine
and prostaglandin receptors as well as facilitatory
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preferentially at postsynaptic (arterial smooth muscle)
and presynaptic oi-adrenoceptors, respectively [7, 18,
53]. Recently, the rabbit pulmonary artery has been
used to investigate the regional variation in the impor-
tance of sympathetic nerves and NA release for the
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electrically evoked contraction of this blood vessel
[26] and to study the regulation by presynaptic a,-
adrenoceptors of reverse Na'/Ca?" exchange and
transmitter release in Na'-loaded sympathetic nerves
of the artery [49]. Accordingly, this preparation still
represents an important model for the analysis of
physiological and pharmacological parameters which
influence pulmonary circulation.

Within their study which led to the identification of
multiple presynaptic receptors modulating NA release
in the rabbit pulmonary artery (see above), Endo et al.
[13] also addressed the question whether the sympathetic
nerves of this blood vessel are endowed with presynaptic
serotonin (5-hydroxytryptamine; 5-HT) receptors; how-
ever, 5-HT did not change NA release. In contrast, NA re-
lease in various tissues from several species has been
shown to be modulated via inhibitory presynaptic 5-HT
receptors. In particular, such presynaptic 5-HT heterore-
ceptors, as a rule belonging to the 5-HTg/;p subfamily,
have been identified in human saphenous vein [20, 22,
41], human atrial appendage [39], rat vena cava [38], rat
renal vasculature [10], pithed rat [43], dog saphenous
vein [35] and bovine cerebral arteries [5].

On the basis of these findings, it is of interest to
know whether certain conditions, different from those
applied by Endo et al. [13], have to be fulfilled to dis-
close the function of inhibitory presynaptic 5-HT re-
ceptors on the sympathetic nerves in the rabbit pulmo-
nary artery. In this context, interactions between dif-
ferent presynaptic receptors are worthwhile to be
taken into account. Thus, presynaptic o,-autorecep-
tors and 5-HT;g,p receptors on the sympathetic
nerves mutually interact with each other in the rat in-
ferior vena cava, resulting, e.g., in an enhancement of
the NA release-inhibiting effect of 5-HT after block-
ade of a,-adrenoceptors [41]. Analogously, the inter-
action between presynaptic o,-autoreceptors and
muscarinic receptors on the sympathetic nerves of rat
atria and rabbit ear arteries was shown to lead to an in-
crease in the inhibitory effect of acetylcholine on NA
release in the presence of a,-adrenoceptor antagonists
[33]. The a,-adrenoceptor, 5-HT g/ p receptor and M,
receptor, i.e., the subtype to which the presynaptic
muscarinic receptor belongs [28, 45, 50], may be
assumed to compete for the same G;/G, proteins in-
volved in signal transduction of all three receptors [1].
Therefore, it is conceivable that M, and 5-HT;p/;p re-
ceptors also interact with each other in noradrenergic
nerves.

The main aim of this study was to obtain basic
qualitative evidence for the operation of presynaptic

5-HT receptors inhibiting NA release in the rabbit
pulmonary artery. Since in fact, such receptors were
identified, additional experiments were carried out to
examine whether the pharmacological properties of
the receptors on the sympathetic nerves basically con-
form to the 5-HT;g,|p character and whether a cross-
talk between cholinergic and noradrenergic neurons
may contribute to the regulation of NA release. Fi-
nally, by means of PCR with reversed transcribed
mRNA extracted from rabbit pulmonary arteries and
by appropriate primer pairs, the expression pattern of
5-HT receptors in this blood vessels was determined
in order to confirm the presence of the receptors iden-
tified in the functional experiments (and conceivably
additional 5-HT receptor types).

Materials and Methods

Drugs used

[*H]Noradrenaline (specific activity 57.3 Ci/mmol;
NEN, Dreieich, Germany), rauwolscine hydrochlo-
ride, corticosterone, atropine sulfate, 2-methyl-5-
hydroxytryptamine, 5-methoxytryptamine hydrochlo-
ride (5-MeOT), 5-hydroxytryptamine creatinine sulfate
(5-HT; Sigma, Miinchen, Germany); cocaine hydro-
chloride (Merck, Darmstadt, Germany); 8-hydroxy-
2-(di-n-propylamino)tetralin hydrobromide (8-OH-DPAT),
S-carboxamidotryptamine maleate (5-CT; RBI, Na-
tick, Mass., USA); cisapride (Janssen, Beerse, Bel-
gium); (+)propranolol (ICI, Planckstadt, Germany);
methiothepin maleate (Hoffmann-La Roche, Basel,
Switzerland).

Superfusion experiments

Spirally cut strips of the pulmonary artery obtained
from male mongrel and White New Zealand rabbits
weighing 2.5-3 kg were used for the experiments.
The strips were incubated for 60 min in 1.5 ml of
physiological saline solution (37°C, composition see
below) containing (—)-[2,5,6-3H]noradrenaline 0.2 pM
(specific activity 57.3 Ci/mmol). Subsequently, they
were mounted vertically in an organ bath (tension ad-
justed to 2 g) between two parallel platinum elec-
trodes (1.5 cm long) and superfused with [3H]nor-
adrenaline-free physiological salt solution at 37°C
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and at a rate of 2 ml/min. The composition of the so-
lution was (mM): NaCl 118, Na,HPO, 1.2, NaHCO;
25.0, KCI 4.7, CaCl, 1.6, MgSO,4 1.2, glucose 11,
ascorbic acid 0.3, Na,EDTA 0.038 (gassed with 95%
0O, and 5% CO,). Throughout superfusion this solu-
tion contained cocaine (30 pM), corticosterone (40 pM)
and propranolol (4 uM) to block neuronal and ex-
traneuronal noradrenaline uptake and p-adrenocep-
tors, respectively.

For transmural electrical stimulation, rectangular
pulses of 0.3 ms duration and 150 mA were delivered
to the strips at frequencies of 0.66 Hz during up to
five 9-min periods. The stimulation periods began af-
ter 93 (S;), 117 (S,), 141 (S3), 165 (S4) and 189 min
(Ss) of superfusion. The superfusate was continuously
collected in 3- or 6-min fractions. At the end of superfu-
sion the pulmonary arteries were solubilized with Solu-
ene. The radioactivity in the superfusate samples and ar-
teries was determined by liquid scintillation counting.

The 5-HT receptor agonists were applied at con-
centrations increasing by a factor of 10 from 9 min
before until 15 min after the onset of S5, S4 and Ss. If
more than three concentrations of a drug were investi-
gated, three concentrations were applied in a first set
of experiments with 5 periods of stimulation and the
remaining concentrations in a further set with three or
four periods of stimulation. Separate control experi-
ments were carried out for each series of experiments.
The antagonists were administered from 13 min be-
fore S; until the end of superfusion.

Tritium efflux was calculated as the fraction of 3H
present in the strip at the onset of the respective col-
lection period. Basal *H efflux was expressed as the
ratio of the efflux (fraction of tissue *H) during the
collection period immediately before S, S4 or Ss (t3, t4,
ts) over that immediately before S, (t,). Stimulation-
evoked H overflow was calculated by subtraction of
the basal efflux from the total efflux during the
12 min subsequent to the onset of stimulation; basal
efflux was assumed to decrease linearly from the col-
lection period before to that 12—15 min after onset of
stimulation. Evoked *H overflow was calculated as
a percentage of tissue SH at the onset of stimulation,
and the ratios of the overflow evoked by S;, S4 or Ss
over that evoked by S, were determined.

Statistics

Results are given as the means + SEM. Student’s #-test for
unpaired data was used for comparison of mean values.

RNA extraction and polymerase chain reaction
(PCR)

For mRNA extraction, rabbit pulmonary artery was
denuded from endothelium by mounting the artery on
a rough steel rod and rolling it gently. Endothelium
was removed to eliminate one of the tissue compo-
nents which (in addition to the neuronal 5-HT recep-
tors under study in this investigation) probably con-

Tab. 1. Sequences of the 5-HT-receptor-selective forward and reverse primers used in PCR amplification

5-HT receptor Accession number Primer sequence Annealing temperature

5-HT1a AF269231 forward primer: 5-CTACACCATCTACTCCACTTTC-3 58[C
reverse primer: 5-CTGGCTCTCCGTTCACGCTCTTTC-3

5-HT4g U60826 forward primer: 5-CTCAGTCACTTCAATTAACTC-3 54[C
reverse primer: 5-GAATTGACATAGCCCAGCCAC-3’

5-HT4p U60825 forward primer: 5-CACTCGCACTCAGCCGGCTC-3' 541C
reverse primer: 5-CTGAAATGCTTGCCGAAAATC-3

5-HTsa AF121107 forward primer: 5-GAGCTGCTCGGCGTGCTGAC-3' 58[C
reverse primer: 5-CAGCGTGATCTTGAAGGAGAC-3'

5-HTsg AF305700 forward primer: 5-GTCTCTGCATGCAGTCTAGAG-3 58T
reverse primer:’5’-CTGCAGGATGCCGTACATTGAG-3'

5-HT4 AAGW01166182 forward primer: 5-CATGAGGACAGAGACCAAAG-3' 54[C
reverse primer: 5-CAAGAAGGCGTAGAGAAAG-3'

5-HTg AAGW01643079 forward primer: 5-CTGTGTGCGACTGCATCTCTG-3' 58T
reverse primer: 5-GAGTCTGAGTCCGAGTCTTG-3'

5-HT, AF271257 forward primer: 5-CACTTCTTCTGCAACGTCTTC-3' 58T

reverse primer: 5-CTTGTGCTTGGCGACGCTCTTC-3
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tains 5-HT receptors. Expression of 5-HT receptors
involved in smooth muscle relaxation has been shown
to be operative in the endothelium of the porcine
coronary artery [37].

The tissue was cut into small pieces by means of
a pair of scissors and then mechanically homoge-
nized. RNA was extracted from the homogenate with
the RNeasy Mini and QIAshredder kits (Qiagen, Hil-
den, Germany) according to the manufacturers’ instruc-
tions. A maximum of 1 pg RNA was reverse-transcribed
in a final volume of 20 pl using the RevertAid First
Strand cDNA Synthesis kit (Fermentas, St. Leon-Rot,
Germany).

Specific PCR primers were designed to amplify
fragments of the corresponding 5-HT receptor cDNAs
of about 150-300 base pairs length. The primer se-
quences (Tab. 1) were adapted from published se-
quences. By means of appropriate primers, the rabbit
5-HT, and 5-HT¢ receptor cDNAs were identified in
this study for the first time. PCR was carried out using
about 20 ng of cDNA, Failsafe PCR buffer G (Epicen-
tre, Madison, WI. USA) and 1 U of Taq DNA Po-
lymerase (Invitrogen, Karlsruhe, Germany) in a final
volume of 25 pl. The PCR conditions were 38 cycles
of one minute denaturation at 94°C, 30 seconds at the
annealing temperature of the primers (Tab. 1), and
one-minute extension at 72°C, followed by a final ex-
tension stop at 72°C for five minutes. PCR products
were separated by gel electrophoresis on a 1.2% aga-
rose gel.

Results

Basal and stimulation-evoked 3H overflow in
superfusion experiments

In strips of pulmonary artery preincubated with
[*H]noradrenaline and superfused in the presence of
cocaine, corticosterone, propranolol and rauwolscine
(in some of the experiments, atropine or atropine plus
methiothepin were present in addition to the former
drugs), basal H efflux decreased with time under
control conditions as reflected by the ratios t,/t,,
which decreased from t3/t, to ts/t, (not shown; see
[21] for range of absolute values). Unless stated oth-
erwise basal H efflux was not affected by the drugs

applied at the concentrations investigated (results not
shown).

Transmural electrical stimulation of strips of pul-
monary artery elicited a *H overflow which under all
experimental conditions studied, either slightly de-
creased from S, to S; or remained approximately con-
stant, as reflected by the S,./S, ratios close to unity
(not shown; see [21] for range of absolute values).

Effects of 5-HT receptor agonists and antago-
nists in superfusion experiments

At a stimulation frequency of 0.66 Hz and in the pres-
ence of 30 uM cocaine, 40 uM corticosterone, 4 uM
propranolol and 1 uM rauwolscine (basic mixture of
auxiliary drugs in all series of experiments), 5-HT in-
hibited the evoked tritium overflow in a concentration-
dependent manner (Fig. 1, open columns). An inhibi-
tion by about 25% represented the maximum effect
(Fig. 1, open columns). The non-selective 5-HT re-
ceptor agonist 5-MeOT (Fig. 2, open columns) and
the 5-HT, receptor agonist cisapride (Fig. 3, open col-
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Fig. 1. Effect of 5-HT on the electrically (0.66 HZ, 9 min) evoked trit-
ium overflow from the rabbit pulmonary artery and interaction with at-
ropine or atropine plus methiothepin. Pulmonary arteries were prein-
cubated with [SH]noradrenaIine and superfused with [SH]nor—
adrenaline-free solution containing cocaine (30 uM), corticosterone
(40 uM), propranolol (4 pM) and rauwolscine (1 uM; basic mixture of
auxiliary drugs applied in all functional experiments of this study).
Five periods of transmural electrical stimulation at 0.66 Hz were ap-
plied (S,-Sg). The ratios of the °H overflow evoked by S5, S, and S
over that evoked by S, are given, expressed as percentages of the
ratios obtained in the respective control experiments. Effects of 5-HT
in the absence of atropine and/or methiothepin (open columns) or in
the presence of atropine 1 UM (speckled columns) or of atropine plus
methiothepin 100 nM (hatched columns). The data are presented as
the means + SEM of 6-10 experiments. * p < 0.05, ** p < 0.01 (com-
pared to the corresponding controls)
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Fig. 2. Effect of 5-methoxytryptamine (5-MeOT) on the electrically
(0.66 Hz, 9 min) evoked tritium overflow from the rabbit pulmonary ar-
tery preincubated with ["H]noradrenaline (superfused in the pres-
ence of basic mixture of auxiliary drugs; for composition, see legend
to Figure 1) and interaction with atropine or methiothepin. Evoked SH
overflow was expressed as percentage of that in the respective con-
trol experiments. Effects of 5-MeOT in the absence (open columns)
or in the presence of atropine 1 uM (speckled columns) or atropine
plus methiothepin 10 nM (hatched columns). For further details, see
legend to Figure 1. The data are presented as the means + SEM of
6-10 experiments. * p < 0.05, *** p < 0.001 (compared to the corre-
sponding controls). For further explanations, see legend to Figure 1
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Fig. 3. Effect of cisapride on the electrically (0.66 Hz, 9 min) evoked
tritium overflow from the rabbit pulmonary artery preincubated with
[SH]noradrenaIine (superfused in the presence of basic mixture of
auxiliary drugs; for composgition, see legend to Figure 1) and interac-
tion with atropine. Evoked °H overflow was expressed as percentage
of that in the respective control experiments. Effects of cisapride in
the absence (open columns) or in the presence of atropine 1 uM
(speckled columns). For further details, see legend to Figurel. The
data are presented as the means = SEM of 7-8 experiments. ** p < 0.01,
**p < 0.001 (compared to the corresponding controls). For further
explanations, see legend to Figure 1
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Fig. 4. Effect of 5-carboxamidotryptamine (5-CT) on the electrically
(0.66 Hz, 9 min) evoked tritium overflow from the rabbit pulmonary ar-
tery preincubated with ["H]noradrenaline (superfused in the pres-
ence of basic mixture of auxiliary drugs; for composition, see legend
to Figure 1) and interaction with atropine. Evoked “H overflow was ex-
pressed as percentage of that in the respective control experiments.
Effects of 5-CT in the absence (open columns) or in the presence of
atropine 1 uM (speckled columns). For further details, see legend to
Figure 1. The data are presented as the means + SEM of 6-10 experi-
ments. ** p < 0.01, *** p < 0.001 (compared to the corresponding
controls). For further explanations, see legend to Figure 1

umns) resembled 5-HT in that they inhibited the elec-
trically evoked tritium overflow with apparent
maxima (inhibition by about 40-45% at the highest
concentration investigated) slightly higher than that of
5-HT. Under this conditions, the preferential
5-HT;g/1p receptor agonist 5-CT (Fig. 4, open col-
umns), and 2-methyl-5-HT, a 5-HT5 receptor agonist,
did not significantly modify the electrically evoked
tritium overflow (0.1 uM: 83.8% £ 13.5%; 1 uM: 93.7%
+6.9%; 10 uM: 100.5% + 8.3%; n=4).
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Fig. 5. Agarose gel electrophoresis of fragments of eight 5-HT recep-
tor types/subunits (5-HT,,, 5-HT,5, 5-HT p, 5-HT5,, 5-HT4g, 5-HT,,
5-HTg and 5-HT,) in endothelium-denuded rabbit pulmonary artery.
First lane: 1 kb DNA ladder
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When 1 pM atropine was present in the superfu-
sion fluid in addition to the basic mixture of auxiliary
drugs (see above), the inhibitory effect of 5-HT was
not altered (Fig. 1, speckled columns), whereas the in-
hibition induced by 1 uM 5-MeOT was slightly en-
hanced (Fig. 2, speckled columns). Under this condi-
tion, also 5-CT potently inhibited the electrically
evoked tritium overflow (Fig. 4, speckled columns),
whereas the 5-HT;, receptor agonist §-OH-DPAT
was ineffective (0.1 uM: 109.0% + 11.0%; 1 uM:
88.1% = 9.5%; 10 uM: 134.6% + 20.8%; n="7; at 10 uM
8-OH-DPAT basal efflux was distinctly increased).
The inhibitory effect of cisapride was abolished in the
presence of 1 uM atropine (Fig. 3, speckled columns).

The inhibitory effect of 5-HT and 5-MeOT on
evoked tritium overflow was abolished by the non-
selective 5-HT receptor antagonist methiothepin at
100 nM and 10 nM, respectively, added to the basic
auxiliary drugs mixture plus atropine (Figs. 1 and 2,
hatched columns).

Expression of 5-HT receptors at the mRNA level

PCR amplification products for all 5-HT receptors un-
der study were detected using cDNA prepared from
endothelium-denuded rabbit pulmonary artery (Fig. 5).
Densitometric scanning indicated an expression level
of mRNA for the receptors with the rank order

10 SK EGFGSVEKVVLLTFLSAVILMAILGNLLVMVAVCRDRQLRKIKTNYFIVSLAFADLLYV rabbit

S + EGFGSVEKVVLLTFLS VILMAILGNLLVMVAVC DRQLRKIKTNYFIVSLAFADLLV
10 SE EGFGSVEKVVLLTFLSTVILMAILGNLLVMVAVCWDRQLRKIKTNYFIVSLAFADLLV human

70 SVLVMPFGAIELVODIWIYGEMFCLVRTSLDVLLTTASIFHLCCISLDRYYAICCQPLVY

SVLVMPFGAIELVQDIWIYGE+ FCLVRTSLDVLLTTASIFHLCCISLDRY YAICCQPLVY
70 SVLVMPFGAIELVODIWIYGEVFCLVRTSLDVLLTTASIFHLCCISLDRY YAICCQPLVY

130  RNKMTPLRIALMLGGCW VIPMFISFLPIMQGWNNIGI LDLIEKRKFNQNSNSTYCIFMVN

RNKMTPLRIALMLGGCWVIP  FISFLPIMQGWNNIGI+ DLIEKRKFNQNSNSTYC+FMVN
130  RNKMTPLRIALMLGGCWVIPT FISFLPIMQGWNNIGI I DLIEKRKFNQNSNSTYCVFMVN

190 KPYAITCSVVAFYIPFLLMVLAYYRIYVTAKEHAHQIQMLQRAGASSEGRPQPADQHNTH
KPYAITCSVVAFYIPFLLMVLAYYRIYVTAKEHAHQIQMLQRAGASSE RPQ ADQH+TH
190 KPYAITCSVVAFYIPFLLMVLAYYRIYVTAKEHAHQIQMLQRAGASSES RPQSADQHSTH

250

RMRTETKAAKTLCIMGCFCLCWAPFFVTNIVDPFIDYTVPGKVWTAFLWLGYINSGLNP

RMRTETKAAKTLCIIMGCFCLCWAPFFVTNIVDPFIDYTVPG+VWTAFLWLGYINSGLNP

250

RMRTETKAAKTLCIIMGCFCLCWAPFEVTNIVDPFIDYTVPGQVWTAFLWLGYINSGLNP

310 FLYAFLNKSFRRAFLIILCCDDERYRRPSILGQTVPCSTTTINGSTHVLRDAVECGGQWE
FLYAFLNKSFRRAFLIILCCDDERYRRPSILGQTVPCSTTTINGSTHVLRDAVECGGQWE
310 FLYAFLNKSFRRAFLIILCCDDERYRRPSILGQTVPCSTTTINGSTHVLRDAVECGGQWE

370 SQCHPPGTSPLVASQTSNT 388
SQCHPP TSPLVA+Q S T
370 SQCHPPATSPLVAAQPSDT 388

Fig. 6. Alignment of the deduced amino acid sequences of the rabbit and human (Gen Bank Acc.No. AAH74755) 5-HT,g receptors. The
nucleic acid sequence of the rabbit 5-HT, receptor gene was identified using the human 5-HT 45 receptor amino acid sequence as a tool for
searching (program tblastN) in the NCBI database WGS, Oryctolagus cuniculus. Exon 1 of the rabbit 5-HT, receptor gene could not be
identified. Exons 2 and 3 were identified in database entry AAGWO 16009431 (position 1084-1209 and 2283-2483, respectively). Exon 4 was
found in AAGWO1204954.1 (position 1249-1403), exon 5 in AAGWO1166182.1 (position 7084-7652) and exon 6 in AAGWO1712659.1
(position 9187-9277 including the TAG stop codon). The seven transmembrane domains are marked by the horizontal lines below the
respective letter codes. Black letters: differences in amino acid sequence at the respective positions; black +: similar amino acids; spaces in the

middle line: non-similar amino acids
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5-HT;g >> 5-HT; > 5-HT3, > 5-HT;p > 5-HT,
5-HT;p > 5-HT¢ >> 5-HT ;. At the molecular level,
the comparison of the coding regions of correspond-
ing 5-HT receptors of rabbits and humans revealed
a high degree of homology (percentage of identical
nucleotides/amino acids: 5-HT;,: 85/90%; 5-HT,g:
90/92%; 5-HT p: 88/90%; 5-HT5,: 88/93%; 5-HT3p:
87/85%; 5-HTy4: 95/96%; 5-HTs: 86/85%; 5-HT5:
87/95%). Among these receptors, the sequences of the
rabbit 5-HT, and 5-HT, were identified here for the
first time. Since the rabbit 5-HT, receptors play an
important role in the interpretation of the results of the
present functional experiments, the deduced amino
acid sequence of that receptor and an alignment of the
rabbit and human 5-HT,g receptor amino acid se-
quences (amino acid 10 until C terminus including the
seven transmembrane domains) are given in Figure 6.

Discussion

The first aim of the present study was to identify
release-inhibiting 5-HT receptors on the sympathetic
axon terminals of rabbit pulmonary artery. For this
purpose, we determined the electrically evoked tri-
tium overflow from superfused rabbit pulmonary ar-
tery preincubated with [*H]noradrenaline. Under the
present conditions (blockade of neuronal and ex-
traneuronal uptake), the evoked tritium overflow may
be considered as a measure of quasi-physiological
Ca?*-dependent release of labeled and unlabeled NA
from the sympathetic neurons [21]. Since the study by
Endo et al. [13] and our own preliminary experiments
revealed that no inhibition of [*H]noradrenaline over-
flow could be obtained by 5-HT receptor agonists at 2 Hz
in the absence of a,-autoreceptor blockade, all experi-
ments of the present study were carried out at 0.66 Hz
and in the presence of 1 uM rauwolscine. The extent
of the release-decreasing effect of agonists at inhibi-
tory presynaptic receptors is well known to be the
more pronounced the lower the frequency of stimula-
tion and, as outlined in the Introduction, o,,-adrenoceptor
blockade by rauwolscine may be assumed to pre-
ventan attenuation of the effect of agonists at the hy-
pothesized inhibitory 5-HT receptors on the noradren-
ergic nerves of the rabbit pulmonary artery. Such an
attenuation would otherwise occur in response to acti-

194 Pharmacological Reports, 2006, 58, 188-199

vation of a,,-autoreceptors by endogenous NA as a re-
sult of the interaction between both receptor systems.
Rauwolscine was used to block the presynapatic
o,-autoreceptors in spite of its weak activity as an
agonist at the 5-HT autoreceptor of the rabbit brain
cortex [32] because no evidence is available that it
also acts as a ligand at presynaptic 5-HT heterorecep-
tors in the periphery. In fact, it turned out that the
presence of this drug did not prevent the identification
of presynaptic 5-HT receptors on the sympathetic
axon terminals in the rabbit pulmonary artery (see be-
low). Idazoxan which could have been considered as
an alternative to rauwolscine was not suitable, since
in this blood vessel it has been shown to act as a high
efficacy agonist at the presynaptic inhibitory imida-
zoline receptors [40], i.e. another receptor which may
interact with presynaptic auto- and heteroreceptors on
sympathetic neurons.

The data generated with cisapride and 5-CT in the
absence and presence of atropine represent the key re-
sults providing an identification and characterization
of the 5-HT receptors involved as well as evidence for
their location. Obviously not only an interaction be-
tween 5-HT and muscarinic acetylcholine receptors
on the sympathetic axon terminals has to be taken into
account (see Introduction) but probably these nerve
terminals also interact with cholinergic nerve endings,
as shown in the rabbit heart by Muscholl et al. [44].
The existence of cholinergic nerves in the pulmonary
artery of the rabbit [12] and the guinea-pig [23] has
been proved by histochemical techniques; the present
functional data are also compatible with the presence
of cholinergic nerves in the rabbit pulmonary artery.

In detail, cisapride, a 5-HT, receptor agonist de-
void of affinity for, e.g., 5-HT,p,|p receptors, inhib-
ited NA release in a manner sensitive to blockade by
atropine. This finding suggests that activation of
5-HT, receptors on cholinergic nerve terminals in-
creases acetylcholine release from the parasympa-
thetic nerves and that this acetylcholine, in turn, acti-
vates inhibitory muscarinic receptors on the sympa-
thetic nerve terminals of the rabbit pulmonary artery
identified by Endo et al. [13] and Nedergaard and
Schrold [46], thus decreasing NA release. In support
of this conclusion, compelling evidence has been ob-
tained in the guinea-pig plexus myentericus that
5-HT, receptors mediate acetylcholine release from
cholinergic nerve terminals [29, 30] and that 5-HT,
receptors are present on cholinergic nerves of various
species [15, 24]; also, 5-HT, receptors appear to me-
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diate an increase in acetylcholine release in the CNS
[6]. Taking these findings including our results in the
functional experiments into account, it is plausible
that the 5-HT, receptor mRNA formed in the
endothelium-denuded pulmonary artery points at a puta-
tive preferential expression of 5-HT, receptors on the
cholinergic nerves. This suggestion is supported by
the finding that 5-HT, receptors are virtually not ex-
pressed in vascular smooth muscle [51]. Furthermore,
no evidence is available that they are operative on
noradrenergic nerves; due to their positive coupling to
adenylate cyclase via G, proteins, activation of 5-HT,
receptors should have resulted in an increase in NA
release, which, however, was not observed in the
present study.

Thus, the 5-HT,4 receptor plays an import role in
the interpretation of the inhibitory effect of 5-HT re-
ceptor ligands on NA release in the rabbit pulmonary
artery (see also below). Since, on the other hand, the
amino acid sequence of the rabbit 5-HT, receptor has
not yet been published, we aimed at identifying the
sequence of a prototypical functional 5-HT, receptor
type, i.e. the 5-HT,p receptor which is one of multiple
splice variants [3, 9, 36] and which, according to its
abundant distribution, may be assumed to be ex-
pressed in the rabbit pulmonary artery, in particular its
cholinergic nerves. In fact, almost the complete nu-
cleic acid sequence of the coding region of the rabbit
5-HT,p receptor gene (except exon 1 encoding amino
acids 1-9) could be identified in the NCBI database
WSG using the human 5-HT,p receptor amino acid
sequence as a tool for the search (for details, see leg-
end to Fig. 6). Figure 6 shows the amino acid se-
quence deduced from the genomic nucleic acid se-
quence of the rabbit 5-HT 5 compared with the hu-
man 5-HT,p receptor. There is 96% identity and 98%
homology between the rabbit and human 5-HT,p re-
ceptors; this finding is compatible with the suggestion
that the pharmacological properties of rabbit and hu-
man 5-HT, receptors are similar.

In contrast to the effect of cisapride, the preferen-
tial 5-HT ;g p receptor agonist 5-CT, which has no
substantial affinity for 5-HT, receptors, inhibited NA
release only in the presence of atropine, but not at all
in its absence. This lack of an inhibitory effect can
most plausibly be explained by an inhibitory interac-
tion between presynaptic muscarinic and 5-HT recep-
tors (probably of the M, and 5-HT g/ p type, respec-
tively; see Introduction) on the sympathetic axon ter-
minals: activation of muscarine receptors by

acetylcholine released at increased rate (see below)
from neighboring cholinergic nerves may be assumed
to suppress the ability of 5-HT g/ p receptor stimula-
tion to induce an inhibition of NA release. This is
probably causally related to a competition of both re-
ceptors for the same G;, proteins and/or to the modi-
fication of ion flux though the same K* and/or Ca%*
channels of the noradrenergic nerve terminals. All of
these components of signal transduction, presumably
involved in inhibition of NA release, are saturable. It
is a prerequisite for such a strong stimulation of the
muscarinic receptors on the sympathetic axon termi-
nals that a high amount of acetylcholine is released
from the neighboring cholinergic nerves. This may be
hypothesized to be brought about by blockade of in-
hibitory presynaptic o,-heteroreceptors on the cho-
linergic nerve endings [34, 55, 56] by rauwolscine,
leading to a disinhibition, i.e. increase, of acetylcho-
line release.

Until now, only the effects of cisapride and 5-CT
have been considered. The question how the results
obtained with the other 5-HT receptor ligands can be
interpreted has not yet been answered. The failure of
the 5-HT; receptor agonist 2-methyl-5-HT and the
5-HT; 5 receptor agonist 8-OH-DPAT to modify NA
release in the absence and presence of atropine, respec-
tively, excludes the involvement of 5-HT; and
5-HT, 5 receptors in the modulation of NA release.
5-HT as the natural 5-HT receptor agonist and 5-MeOT
have affinity for 5-HT, receptors [25] and for
5-HT;p/1p receptors ([14]; these receptors were not
yet identified as different entities at that time, due to
their virtually identical pharmacological properties).
In the absence of atropine, both 5-HT and 5-MeOT
may be assumed to share the ability of cisapride to in-
directly inhibit NA release: activation of 5-HT, recep-
tors on the cholinergic nerves induces release of ace-
tylcholine which activates muscarinic receptors on
neighboring sympathetic nerve terminals; this, in turn,
probably overrides the inhibition of NA release
caused by stimulation of the coexisting 5-HT g, p re-
ceptors — an inhibition which would come into play
without the activation of negatively interacting mus-
carine receptors. Accordingly, in the presence of atro-
pine, the inhibitory effect of 5-HT and 5-MeOT on
NA release (analogous to the inhibition discussed for
5-CT) is probably due to the direct activation of pre-
synaptic 5-HTg/|p receptors since the inhibitory in-
teraction between the latter and muscarinic receptors
is abolished by atropine. The present findings that un-
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der this condition 5-CT was active as an agonist in the
nanomolar range and appeared to be more potent than
5-HT and 5-MeOT (compare Fig. 4 with Figs. 1 and
2) conform to the 5-HT g, p character of these recep-
tors, as does the ability of the non-selective 5-HT re-
ceptor antagonist methiothepin at nanomolar concen-
trations (present in addition to rauwolscine and atro-
pine) to block the 5-HT- and 5-MeOT-induced
inhibition of NA release.

The suggestion based on the results of our func-
tional experiments that presynaptic 5-HT g, p recep-
tors are operative on the sympathetic nerves supply-
ing the rabbit pulmonary artery is compatible with the
identification of mRNA for these receptors in an ex-
tract of this blood vessel. Since endothelium had been
removed mechanically, the receptor proteins encoded
by these mRNAs may be assumed to be expressed in
the vascular smooth muscle cells and/or the cells con-
tained in the adventitia including the sympathetic
nerve fibers.

In the rabbit pulmonary artery, we found 5-HT g
receptor mRNA to be present at the highest quantity
among the 5-HT receptor mRNAs identified in this
blood vessel. Previous in situ hybridization, Northern
blot analysis and RT-PCR studies revealed high ex-
pression of 5-HT ;g receptor mRNA in the smooth
muscle and endothelial cells of human, rat and por-
cine blood vessels whereas the signal for 5-HT,p, re-
ceptor mRNA, if detectable at all, was very weak [47,
51, 52], a finding which conforms to our present data
(Fig. 5). However, because of the absence of HT | re-
ceptor mRNA in vascular smooth muscle [8, 51], it is
conceivable that the relatively low amount of mRNA
for the 5-HT,p receptor detected in the present study
originated mainly from neuronal cells, in particular
the sympathetic nerves supplying the pulmonary ar-
tery, suggesting that the presynaptic 5-HT heterore-
ceptors are at least in part of the 5-HTp subtype.
Whether 5-HT g receptors in addition to the 5-HTp
receptor and/or heterodimers of both [54] modulate
NA release from the sympathetic nerves in rabbit pul-
monary artery cannot be decided on the basis of the
present functional experiments and molecular analy-
ses. The exact classification of the receptors involved
was not the purpose of the present study which mainly
aimed at providing basic evidence for their existence.
On the basis of our results of the functional experi-
ments, these presynaptic receptors could at best be de-
noted as 5-HT g/ p because the drugs applied do not
discriminate between both receptor types, but it

196 Pharmacological Reports, 2006, 58, 188-199

should be noted that, according to previous functional
experiments in human heart atrium, the inhibitory
presynaptic 5-HT heteroreceptor on the sympathetic
nerves was found to belong to the 5-HT;p type, thus
supporting the above suggestion [39].

In addition to the 5-HT,g, 5-HT|p and 5-HT, re-
ceptor mRNAs discussed so far, nRNAs encoding the
following 5-HT receptors were found in the rabbit
pulmonary artery (arranged at decreasing quantity):
5-HT7 > 5-HT;3, > 5-HT3 > 5-HTg » 5-HT; 5. The
extremely faint mRNA signal for 5-HT;, receptors
may be interpreted as a hint at its minor significance
in this blood vessels. In any case, it is not involved in
the modulation of NA release (see above). 5-HT; re-
ceptors were mainly detected in the brain, but they
were also found in the periphery [17]. In particular,
vascular smooth muscle express 5-HT; mRNA at high
density [31, 51]. This corresponds to the results of
functional experiments in the pig pulmonary artery
which revealed that 5-HT- receptors mediate a direct
endothelium-independent relaxation of this blood ves-
sel [27], whereas no evidence is available for their ex-
pression in noradrenergic or cholinergic nerves. The
latter also holds true for 5-HTg receptors. Messenger
RNA for these receptors has been shown in Northern
blots to be almost exclusively present in the brain
with little evidence for its presence in peripheral tis-
sues [17] which is in line with our present findings.
There is compelling evidence in the literature for the
presence of 5-HT5 receptors on sympathetic axon ter-
minals; upon activation they have been shown to
stimulate NA release in the perfused rabbit heart [16,
19, 48]. In contrast, the 5-HT; receptor agonist 2-
methyl-5-HT failed to modify NA release in the su-
perfused rabbit pulmonary artery, although mRNAs
for the 5-HT;, and 5-HT;g subunits (of which the
5-HT; receptors in sympathetic nerves presumably
are composed; [42]) was found in our study. 5-HT}; re-
ceptors are expressed exclusively in neuronal tissue
[11] and they are well known to rapidly desensitize in
response to stimulation [4]; therefore, the possibility
has to be considered that desensitization of these re-
ceptors on the sympathetic nerve terminals is too fast
and efficient as to make it possible to detect them in
superfused rabbit pulmonary arteries.

In conclusion, basic evidence has been presented
that not only the sympathetic but also the cholinergic
neurons of the rabbit pulmonary artery are endowed
with modulatory presynaptic 5-HT receptors. On the
noradrenergic neurons, they are inhibitory and belong
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to the 5-HTg,/;p type whereas on the cholinergic neu-
rons they act in a facilitatory manner and are probably
members of the 5-HT, class. Unmasking of these re-
ceptors was brought about by blockade of a,-auto-
receptors which in an inhibitory fashion interact with
5-HT and muscarinic receptors, both of which also in-
teract with each other. Additional blockade of musca-
rinic receptors was a prerequisite for the identification
of the inhibitory 5-HT,p/p receptors on the sympa-
thetic nerves. Messenger RNA for the 5-HT receptors
identified in functional experiments was detected in
an extract of the artery. The so far unknown sequence
of the coding region of the rabbit 5-HT, receptor,
which by acting indirectly plays a key role in the com-
plex regulation of NA release in this blood vessels,
was found to exhibit high homology to the human
counterpart. Finally, it may be stated that the rabbit
pulmonary artery is suitable to study serotoninergic
mechanisms and their interaction with the sympa-
thetic and cholinergic systems in the pulmonary circu-
lation, since rabbit and man resemble each other in
this respect [2, 12]. Such studies might help to eluci-
date the involvement of serotoninergic and choliner-
gic mechanisms in diseases such as pulmonary embo-
lism or pulmonary hypertension.

Acknowledgments:

This study was supported by a grant of the Deutsche Forschungs-
gemeinschaft. We thank Mrs. D. Funccius, Mrs. M. Hartwig, Mrs. R.
Mdaller and Mrs. J. Mulich for excellent technical assistance.

References:

1. Alexander SPH, Mathie A, Peters JA: Guide to receptors
and channels. Br J Pharmacol, 2005, 1448, 1-128.

2. Amenta F, Cavalotti C, Ferrante F, Tonelli F: Cholinergic
innervation of the human pulmonary circulation. Acta
Anat, 1983, 117, 58-64.

3. Bach T, Syversveen T, Kvingedal AM, Krobert KA,
Brattelid T, Kaumann AJ, Levy FO: 5HT,)and 5-HT 4,
receptors have nearly identical pharmacology and are
both expressed in human atrium and ventricle. Naunyn
Schmiedebergs Arch Pharmacol, 1997, 363, 146—-160.

4. Barann M, Meder W, Dorner Z, Briiss M, Bonisch H,
Gothert M, Urban BW: Recombinant human 5-HT3A re-
ceptors in outside-out patches of HEK 203 cells: basic
properties and barbiturate effects. Naunyn Schmiede-
bergs Arch Pharmacol, 2000, 362, 255-265.

5. Barrus M T, Marin J, Balfagon G: Presynaptic 5-hydroxy-
tryptamine receptors modulating noradrenaline release in

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

bovine cerebral arteries. J Auton Pharmacol, 1993, 13,
413-423.

. Bockaert J, Fagni L, Dumuis A: 5-HT, receptors: an up-

date. In: Serotonergic Neurons and 5-HT Receptors in
the CNS. Handbook of Experimental Pharmacology 129,
Ed. Baumgarten HG, Gothert M, Springer, Berlin — Hei-
delberg — New York, 1997, 439-474.

. Borowski E, Starke K, Ehrl H, Endo T: A comparison of

pre- and postsynaptic effects of a-adrenolytic drugs in
the pulmonary artery of the rabbit. Neuroscience, 1977,
2,285-296.

. Bouchelet I, Cohen Z, Case B, Seguela Ph, Hamel E:

Differential expression of sumatriptan-sensitive 5-hydroxy-
tryptamine receptors in human trigeminal ganglia and
cerebral blood vessels. Mol Pharmacol, 1996, 50, 219-223.

. Brattelid T, Kvingedal AM, Krobert KA, Andressen KW,

Bach T, Hystad ME, Kaumann AlJ et al.: Cloning, phar-
macological characterisation and tissue distribution of
anovel 5-HT, receptor splice variant, 5-HT ;). Naunyn
Schmiedebergs Arch Pharmacol, 2004, 369, 616-628.
Charlton KG, Bond RA, Clarke DE: An inhibitory pre-
junctional 5-HT1-like receptor in the isolated perfused
rat kidney. Apparent distinction from the S-HT1A,
5-HT1B and 5-HT1C subtypes. Naunyn Schmiedebergs
Arch Pharmacol, 1986, 332, 8-15.

Costall B, Naylor RJ: Neuropharmacology of the 5-HT;
receptor ligands. In: Serotonergic Neurons and 5-HT
Receptors in the CNS. Handbook of Experimental Phar-
macology 129, Ed. Baumgarten HG, Géthert M, Sprin-
ger, Berlin — Heidelberg — New York, 1997, 409-438.
El-Bermani AW, Bloomquit EI, Montvilo JA: Distribu-
tion of pulmonary cholinergic nerves in the rabbit. Tho-
rax, 1982, 37, 703-710.

Endo T, Starke K, Bangerter A, Taube HD: Presynaptic
receptor systems on the noradrenergic neurones of the
rabbit pulmonary artery. Naunyn Schmiedebergs Arch
Pharmacol, 1977, 206, 229-247.

Engel G, Gothert M, Hoyer D, Schlicker E, Hillenbrand
K: Identity of inhibitory presynaptic 5-hydroxytryptamine
(5-HT) autoreceptors in the rat brain cortex with 5-HT,p
binding sites. Naunyn Schmiedebergs Arch Pharmacol,
1986, 332, 1-7.

Ford APDW, Clarke DE: The 5-HT4 receptor. Med Res
Rev, 1993, 13, 633-662.

Fozard JR, Mwaluko GMP: Mechanism of the indirect
sympathomimetic effect of 5-hydroxytryptamine on the
isolated heart of the rabbit. Br J Pharmacol, 1976, 57,
115-125.

Glennon RA: Higher-end serotonin receptors: 5-HTs,
5-HT, and 5-HT7. ] Med Chem, 2003, 46, 2795-2812.
Gothert M, Dieckhofer C, Nolte J: Preferential blockade
of alpha;-adrenoceptors in the rabbit pulmonary artery by
derivatives of B-phenylethylamine chemically related to BE
2254 (HEAT). J Cardiovasc Pharmacol, 1983, 5, 12—18.
Gothert M, Dithrsen H: Effects of 5-hydroxytryptamine
and related compounds on the sympathetic nerves of the
rabbit heart. Naunyn Schmiedebergs Arch Pharmacol,
1979, 308, 9-18.

Gothert M, Kollecker P, Rohm N, Zerkowski HR: Inhibi-
tory presynaptic 5-hydroxytryptamine (5-HT) receptors
on the sympathetic nerves of the human saphenous vein.

Pharmacological Reports, 2006, 58, 188-199 197



21.

22.

23.

24.

25

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

198

Naunyn Schmiedebergs Arch Pharmacol, 1986, 332,
317-323.

Gothert M, Molderings GJ: Involvement of presynaptic
imidazoline receptors in the alpha,-adrenoceptor-
independent inhibition of noradrenaline release by imi-
dazoline derivatives. Naunyn Schmiedebergs Arch Phar-
macol, 1991, 343, 271-282.

Gothert M, Molderings GJ, Fink K, Schlicker E: Heteroge-
neity of presynaptic serotonin receptors on sympathetic
neurones in blood vessels. Blood Vessels, 1991, 28, 11-18.
Haberberger R, Schemann M, Sann H, Kummer W: In-
nervation pattern of guinea pig pulmonary vasculature
depends on vascular diameter. J Appl Physiol, 1997, 82,
426-434.

Hegde SS, Eglen RM: Peripheral 5-HT, receptors. FASEB
J, 1996, 10, 1398-1407.

. Hoyer D, Clarke DE, Fozard JR, Hartig PR, Martin GR,

Mylecharane EJ, Saxena PR et al.: International Union
of Pharmacology classification of receptors for
5-hydroxytryptamine (serotonin). Pharmacol Rev, 1994,
46, 157-203.

Jackson VM, Trout SJ, Cunnane TC: Regional variation
in electrically-evoked contractions of rabbit isolated pul-
monary artery. Br J Pharmacol, 2002, 137, 488-496.
Jahnichen S, Glusa E, Pertz HH: Evidence for 5-HT,5
and 5-HT; receptor-mediated relaxation in pulmonary ar-
teries of weaned pigs. Naunyn Schmiedebergs Arch
Pharmacol, 2005, 371, 89-98.

Jumblatt JE, Hackmiller RC: M,-type muscarinic recep-
tors mediate prejunctional inhibition of norepinephrine
release in the human iris-ciliary body. Exp Eye Res,
1994, 58, 175-180.

Kilbinger H, Gebauer A, Haas J, Ladinsky H, Rizzi CA:
Benzimidazolones and renzapride facilitate acetylcholine
release from guinea-pig myenteric plexus via 5-HT, re-
ceptors. Naunyn Schmiedebergs Arch Pharmacol, 1995,
351, 229-236.

Kilbinger H, Wolf D: Effects of 5-HT, receptor stimula-
tion on basal and electrically evoked release of acetyl-
choline from guinea-pig myenteric plexus. Naunyn
Schmiedebergs Arch Pharmacol, 1992, 345, 270-275.
Leopoldo M: Serotonin; receptors (SHT;Rs) and their
ligands. Curr Med Chem, 2004, 11, 629-661.

Limberger N, Bonanno G, Spith L, Starke K: Autorecep-
tors and alpha,-adrenoceptors at the serotonergic axons
of rabbit brain cortex. Naunyn Schmiedebergs Arch
Pharmacol, 1986, 332, 324-331.

Loiacono RE, Rand MJ, Story DF: Interaction between
the inhibitory action of acetylcholine and the alpha-
adrenoceptor autoinhibitory feedback system on release
of [*H]-noradrenaline from rat atria and rabbit ear artery.
Br J Pharmacol, 1985, 84, 697-705.

Manning MM, Broadstone RV: Effects of alpha,-adren-
ergic receptor agonist and antagonist drugs on choliner-
gic contraction in bovine tracheal smooth muscle in vi-
tro. Am J Vet Res, 1995, 56, 930-935.

Medhurst AD, Brown AM, Kaumann AJ, Parsons AA:
Simultaneous measurement of [*H]noradrenaline release
and neurogenic contraction under identical conditions, to
determine the prejunctional inhibitory effects of SKF99101H

Pharmacological Reports, 2006, 58, 188-199

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

and BRL56905 in dog saphenous vein. Naunyn Schmie-
debergs Arch Pharmacol, 1997, 355, 475-482.

Medhurst AD, Lezoualc’h F, Fischmeister R, Middlemiss
DN, Sanger GJ: Quantitative mRNA analysis of five C-
terminal splice variants of the human 5-HT, receptor in
the central nervous system by TagMan real time
RT-PCR. Brain Res Mol Brain Res, 2001, 90, 125-134.
Molderings GJ, Engel G, Roth E, Gothert M: Characteri-
zation of an endothelial 5-hydroxytryptamine (5-HT) re-
ceptor mediating relaxation of the porcine coronary artery.
Naunyn Schmiedebergs Arch Pharmacol, 1989, 340, 300-308.
Molderings GJ, Fink K, Schlicker E, Géthert M: Inhibi-
tion of noradrenaline release via presynaptic 5-HT; re-
ceptors of the rat vena cava. Naunyn Schmiedebergs
Arch Pharmacol, 1987, 336, 245-250.

Molderings GJ, Frélich D, Likungu J, Gothert M: Inhibi-
tion of noradrenaline release via presynaptic 5-HTp re-
ceptors in human atrium. Naunyn Schmiedebergs Arch
Pharmacol, 1996, 353, 272-280.

Molderings GJ, Hentrich F, G6thert M: Pharmacological
characterization of the imidazoline receptor which medi-
ates inhibition of noradrenaline release in the rabbit pul-
monary artery. Naunyn Schmiedebergs Arch Pharmacol,
1991, 344, 630-638.

Molderings GJ, Werner K, Likungu J, G6thert M: Inhibi-
tion of noradrenaline release from the sympathetic
nerves of the human saphenous vein via presynaptic
5-HT receptors similar to the 5-HT;p, subtype. Naunyn
Schmiedebergs Arch Pharmacol, 1990, 342, 371-377.
Morales M, Wang SD: Differential composition of
5-hydroxytryptamine; receptors synthesized in the rat
CNS and peripheral nervous system. J Neurosci, 2002,
22, 6732-6741.

Moran A, Fernandez MM, Velasco C, Martin ML, San
Roman L: Characterization of prejunctional 5-HT, recep-
tors that mediate the inhibition of pressor effects elicited
by sympathetic stimulation in the pithed rat. Br J Phar-
macol, 1998, 123, 1205-1213.

Muscholl E, Muth A: The effect of physostigmine on the
vagally induced muscarinic inhibition of noradrenaline
release from the isolated perfused rabbit atria. Naunyn
Schmiedebergs Arch Pharmacol, 1982, 320, 160—169.
Nakamura K, Okada S, Yamaguchi N, Shimizu T, Yoko-
tani K, Yokotani K: Role of K* channels in M, muscarinic
receptor-mediated inhibition of noradrenaline release from
the rat stomach. J Pharmacol Sci, 2004, 96, 286-292.
Nedergaard OA, Schrold J: Presynaptic muscarinic and
alpha-adrenergic receptor blocking effect of atropine on
the noradrenergic neurones of the rabbit pulmonary
artery. Blood Vessels, 1979, 16, 163—-168.

Nilsson T, Longmore J, Shaw D, Pantev E, Bard JA, Bran-
chek T, Edvinsson L: Characterisation of 5-HT receptors
in human coronary arteries by molecular and pharmacol-
ogical techniques. Eur J Pharmacol, 1999, 372, 49-56.
Richardson BP, Engel G, Donatsch P, Stadler PA: Identi-
fication of serotonin M-receptor subtypes and their spe-
cific blockade by a new class of drugs. Nature, 1985,
316, 126-131.

Torok TL, Nagykaldi Z, Saska Z, Kovacs T, Nada SA,
Zilliikens S, Magyar K et al.: Presynaptic alpha,-
receptors regulate reverse Na'/Ca®*-exchange and trans-



5-HT receptors in rabbit pulmonary artery
Gerhard J. Molderings et al.

50.

51.

52.

53.

mitter release in Na'-loaded peripheral sympathetic
nerves. Neurochem Int, 2004, 45, 699-711.
Trendelenburg AU, Meyer A, Wess J, Starke K: Distinct
mixtures of muscarinic receptor subtypes mediate inhibi-
tion of noradrenaline release in different mouse periph-
eral tissues, as studied with receptor knockout mice.

Br J Pharmacol, 2005, 145, 1153-1159.

Ullmer C, Schmuck K, Kalkman HO, Liibbert H: Ex-
pression of serotonin receptor mRNAs in blood vessels.
FEBS Letters, 1995, 370, 215-221.

van den Broek RWM, Bhalla P, Massen van den Brink
A, Sharma HS, Saxena PR: Characterization of sumatrip-
tan- induced contraction in human isolated blood vessels
using selective 5-HT,p and 5-HTp, receptor antagonists
and in situ hybridization. Cephalgia, 2002, 22, 83-93.
Weitzell R, Tanaka T, Starke K: Pre- and postsynaptic ef-
fects of yohimbine stereoisomers on noradrenergic trans-

54.

55.

56.

mission in the pulmonary artery of the rabbit. Naunyn
Schmiedebergs Arch Pharmacol, 1979, 308, 127-136.
Xie Z, Lee SP, O’Dowd BF, George SR: Serotonin
5-HT;g and 5-HT)p receptors form homodimers when
expressed alone and heterodimers when co-expressed.
FEBS Lett, 1999, 456, 63—67.

Yu M, Wang Z, Robinson NE: Prejunctional alpha,-
adrenoceptors inhibit acetylcholine release from cho-
linergic nerves in equine airways. Am J Physiol Lung
Cell Mol Physiol, 1993, 265, L565-1L570.

Zhang XY, Robinson NE, Wang ZW, Lu MC: Catechola-
mine effect on acetylcholine release in trachea: alpha,-
mediated inhibition and beta,-mediation augmentation. Am
J Physiol Lung Cell Mol Physiol, 1995, 268, L368-L373.

Received:
February 27, 2006; in revised form March 22, 2006.

Pharmacological Reports, 2006, 58, 188-199 199



	159	REVIEW Œ Asymmetric dimethylarginine (ADMA) as a target for pharmacotherapy.
	Jerzy Be³towski, Anna Kêdra

	179	REVIEW Œ Vitamin E in the prevention of ischemic heart disease.
	Aindrila Chattopadhyay, Debashis Bandyopadhyay

	188	Functional and molecular identification of 5-hydroxy- tryptamine receptors in rabbit pulmonary artery: involvement in complex regulation of noradrenaline release.
	Gerhard J. Molderings, Michael Brüss, Manfred Göthert

	200	Effects of cannabinoids on the anxiety-like response in mice.
	Maria Rutkowska, Joanna Jamontt, Halina Gliniak

	207	Impact of aromatic substitution on the anticonvulsant activity of new N-(4-arylpiperazin-1-yl)-alkyl-
2-azaspiro[4.5]decane-1,3-dione derivatives.
	Jolanta Obniska, Krzysztof Kamiñski, Ewa Tatarczyñska

	215	Bismuth increases hydroxyl radical-scavenging activity of histamine H2-receptor antagonists.
	Margarita Kirkova, Albena Alexandrova, Neli Yordanova

	221	Effects of diphenhydramine and famotidine on lipid peroxidation and activities of antioxidant enzymes in different rat tissues.
	Mila Kesiova, Albena Alexandrova, Neli Yordanova, Margarita Kirkova, Simeon Todorov

	229	Prevention of 1,2-dimethylhydrazine-induced circulatory oxidative stress by bis-1,7-(2-hydroxyphenyl)- hepta-1,6-diene-3,5-dione during colon carcinogenesis.
	Thiyagarajan Devasena, Venugopal P. Menon, Kallikut N. Rajasekharan

	236	Immunosuppressory activity of an isoxazolo[5,4-e]triazepine-compound RM-33 II. Effects on the carrageenan-induced inflammation.
	Micha³ Zimecki, Stanis³aw Ryng, Marcin M¹czyñski, Grzegorz Chodaczek, Maja Kociêba, Jan Kuryszko, Katarzyna Kaleta

	SHORT COMMUNICATIONS
	242	Anticonvulsant effect of amiloride in pentetrazole-induced status epilepticus in mice.
	Atif Ali, Krishna K. Pillai, Farhan J. Ahmad, Yashomati Dua, Divya Vohora


	246	Search for drugs of the combined anti-inflammatory and anti-bacterial properties: 1-methyl-N™-(hydroxymethyl)nicotinamide.
	Maciej Adamiec, Jan Adamus, Ireneusz Ciebiada, Andrzej Denys, Jerzy Gêbicki

	253	MODULATION OF CHEMICAL SIGNALING: CURRENT PROBLEMS AFTER FOUR DECADES OF RESEARCH
	283	Abstracts of THE FIFTEENTH DAYS 
OF NEUROPSYCHOPHARMACOLOGY
	


	334	Note to Contributors


	content
	cont
	contents_3'2005

