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1 Continuous infusions of 5-hydroxytryptamine (5-HT) inhibit the tachycardiac responses to
preganglionic (C7-T1) sympathetic stimulation in pithed rats pretreated with desipramine. The present
study identified the pharmacological profile of this inhibitory action of 5-HT.

2 The inhibition induced by intravenous (i.v.) continuous infusions of 5-HT (5.6 mg kg�1 min�1) on
sympathetically induced tachycardiac responses remained unaltered after i.v. treatment with saline or
the antagonists GR 127935 (5-HT1B/1D), the combination of WAY 100635 (5-HT1A) plus GR 127935,
ritanserin (5-HT2), tropisetron (5-HT3/4), LY215840 (5-HT7) or a cocktail of antagonists/inhibitors
consisting of yohimbine (a2), prazosin (a1), ritanserin, GR 127935, WAY 100635 and indomethacin
(cyclooxygenase), but was abolished by methiothepin (5-HT1/2/6/7 and recombinant 5-ht5A/5B). These
drugs, used in doses high enough to block their respective receptors/mechanisms, did not modify the
sympathetically induced tachycardiac responses per se.

3 I.v. continuous infusions of the agonists 5-carboxamidotryptamine (5-CT; 5-HT1/7 and
recombinant 5-ht5A/5B), CP 93,129 (r5-HT1B), sumatriptan (5-HT1B/1D), PNU-142633 (5-HT1D) and
ergotamine (5-HT1B/1D and recombinant 5-ht5A/5B) mimicked the above sympatho-inhibition to 5-HT.
In contrast, the agonists indorenate (5-HT1A) and LY344864 (5-ht1F) were inactive. Interestingly, 5-
CT-induced cardiac sympatho-inhibition was abolished by methiothepin, the cocktail of antagonists/
inhibitors, GR 127935 or the combination of SB224289 (5-HT1B) plus BRL15572 (5-HT1D), but
remained unchanged when SB224289 or BRL15572 were given separately.

4 Therefore, 5-HT-induced cardiac sympatho-inhibition, being unrelated to 5-HT2, 5-HT3, 5-HT4, 5-
ht6, 5-HT7 receptors, a1/2-adrenoceptor or prostaglandin synthesis, seems to be primarily mediated by
(i) 5-HT1 (probably 5-HT1B/1D) receptors and (ii) a novel mechanism antagonized by methiothepin
that, most likely, involves putative 5-ht5A/5B receptors.
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3-(1,2,5,6-tetrahydropyrid-4-yl)pyrrolo[3,2-b]pyrid-5-one; 5-CT, 5-carboxamidotryptamine; GR 127935, N-
[methoxy-3-(4-methyl-1-piperazinyl)phenyl]-20-methyl-40-(5-methyl-1,2,4-oxadiazol-3-yl)[1,1-biphenyl]-4-carboxa-
mide hydrochloride; LY215840, cis-n-(2-hydroxycyclopentyl)-6-methyl-1-(1-methylethyl)ergoline-8-carboxamide;
LY344864, N-[3-(dimethylamino)-2,3,4,9-tetrahydro-1H-carbazol-6-yl]-4-fluorobenzamide; PNU-142633,
(s)-3,4-dihydro-1-[2-[4-[4-aminocarbonyl)phenyl]-1-perazinyl]ethyl]-N-methyl-1H-2-benzopyran-6-carboximide;
SB224289, 2,3,6,7-tetrahydro-10-methyl-5-[20-methyl-40(5-methyl-1,2,4-oxadiazol-3-yl)biphenyl-4-carbonyl]furo
[2,3-f]indole-3-spiro-40-piperidine)hydrochloride; WAY 100635, N-{2-[4-(2-methoxy-phenyl)-1-piperazinyil]
ethyl}-N-(2-pyridinyl)cyclohexane carboxamide trihydrochloride

Introduction

The complexity of cardiovascular effects produced by

serotonin (5-hydroxytryptamine; 5-HT), including bradycardia

or tachycardia, hypotension or hypertension and vasodilata-

tion or vasoconstriction, has been explained by the capability

of this monoamine to interact with different receptors in

the central nervous system, on the autonomic ganglia

and postganglionic nerve endings, on vascular smooth muscle

and endothelium and on the cardiac tissue (see Saxena &

Villalón, 1990; 1991; Villalón et al., 1997; Saxena et al.,

1998). With respect to 5-HT-induced tachycardia, this is

notoriously species-dependent and is mediated, directly and/or

indirectly, either by 5-HT2A (rat), 5-HT3 (rabbit), 5-HT4

(human, pig) or 5-HT7 (cat) receptors, or by tyramine-like

(guinea-pig) or unidentified mechanisms (see Saxena &
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Villalón, 1990; 1991; Villalón et al., 1997; Centurión et al.,

2002).

5-HT interferes with sympathetic neurotransmission by

stimulating 5-HT1 receptors located prejunctionally in a wide

variety of blood vessels and other organs (see Saxena et al.,

1998), including the systemic vasculature in pithed rats

(Villalón et al., 1995; 1998). Interestingly, our group has also

shown in pithed rats that continuous infusions of 5-HT dose-

dependently inhibited the tachycardiac responses to selective

stimulation of the preganglionic (C7-T1) cardiac sympathetic

outflow (Villalón et al., 1999). Admittedly, this study did not

measure sympathetic nerve activity directly, but the electrically

induced noradrenaline release could be estimated indirectly by

measurement of the evoked tachycardiac response. Under

these conditions, the responses to 5-HT were considered to be

sympatho-inhibitory, as the monoamine is capable of inhibit-

ing the tachycardiac responses to sympathetic stimulation, but

not those to exogenous noradrenaline (Villalón et al., 1999).

On this basis, the present study was designed to characterize

the pharmacological profile of the above 5-HT-induced

cardiac sympatho-inhibition. Therefore, based on the classifi-

cation schemes proposed by the NC-IUPHAR subcommittee

on 5-HT receptors (see Hoyer et al., 1994; Saxena et al., 1998),

we investigated if the sympatho-inhibitory action of 5-HT

could be: (i) blocked by the antagonists methiothepin (5-HT1/2/

6/7 and recombinant 5-ht5A/5B), ritanserin (5–HT2), tropisetron

(5-HT3/4), LY215840 (5-HT7), GR 127935 (5-HT1B/1D), the

combination of WAY 100635 (5-HT1A) plus GR 127935 or a

cocktail of antagonists/inhibitors consisting of yohimbine (a2),

prazosin (a1), ritanserin, GR 127935, WAY 100635 and

indomethacin (cyclooxygenase) and (ii) mimicked by the

agonists 5-carboxamidotryptamine (5-CT; 5-HT1/7 and recom-

binant 5-ht5A/5B), indorenate (5-HT1A), CP 93,129 (r5-HT1B),

sumatriptan (5-HT1B/1D), PNU-142633 (5-HT1D), LY344864

(5-ht1F) or ergotamine (5-HT1B/1D and recombinant 5-ht5A/5B)

(see Table 1 for affinity constants). Moreover, 5-CT-induced

sympatho-inhibition was analysed after some of the above

antagonists, as well as after SB224289 or BRL15572 (given

alone or in combination). A preliminary account of this

investigation was presented at the Satellite Meeting ‘Serotonin:

From the Molecule to the Clinic’ (Villalón et al., 2000).

Methods

Animals

Male Wistar normotensive rats (240–280 g) were used in the

present experiments. The animals were maintained at a 12/12-h

light–dark cycle (light beginning at 07:00) and housed in a

special room at constant temperature (22721C) and humidity

(50%), with food and water freely available in their home cages.

General methods

Experiments were carried out in a total of 151 rats. After

anaesthesia with ether and cannulation of the trachea, the rats

were pithed by inserting a stainless-steel rod through the orbit

and foramen magnum into the vertebral foramen (Shipley &

Tilden, 1947). The animals were artificially ventilated with

room air using an Ideal Palmer pump (56 strokes min�1 and a

stroke volume of 20 ml kg�1), as previously established by

Kleinman & Radford (1964). Subsequently, the pithing rod was

replaced by an electrode and enamelled, except for 1 cm length

7 cm from the tip, so that the uncovered segment was situated

at C7-T1 of the spinal cord to allow selective stimulation of the

cardiac sympathetic outflow (Gillespie et al., 1970; Villalón

et al., 1999). After bilateral vagotomy, catheters were placed in

the left and right femoral veins, for the infusion of agonists and

for the administration of antagonists, respectively, and the left

carotid artery, connected to a Statham pressure transducer

(P23 XL), for the recording of blood pressure. Heart rate was

Table 1 Receptor-binding affinity (pKi) of the drugs used in the present study at 5-HT1A, 5-HT1B, 5-HT1D, 5-ht1E, 5-ht1F,
5-ht5A and 5-ht5B receptors

Receptor
Drug 5-HT1A 5-HT1B 5-HT1D 5-ht1E 5ht1F 5-ht5A 5-ht5B

BRL15572 7.7i 6.1i 7.9i 5.2i 6.0i – –
5-CT 10.3f 8.9b 9.2g 5.1d 5.8d 9.5v 7.4v

CP 93,129 5.5l 8.1b 5.7l – – – –
Ergotamine 8.4k 8.7k 7.9 6.2d 6.8d 8.4v 8.5v

GR 127935 6.9e 8.5e 8.9e 6.2e 7.3e 5.2t –
5-HT 9.2f 8.6b 8.4g 8.0d 8.0d 8.1v 6.6v

Indorenate 7.8s 5.4s 6.7s – – – –
LY215840 – – – – – – –
LY344864 6.3m 6.3m 6.2m 5.8m 8.2m – –
Methiothepin 7.7a 7.2b 7.7c 6.7d 6.2d 7.0v 7.8v

PNU-142633 – 4.8n 8.3n – – – –
Prazosin 5.0k 5.1k 7.1k – – – –
Ritanserin 5.7q 4.0k 5.4r – – – –
SB224289 5.5j 8.0j 6.2j o5.0j o5.0j – –
Sumatriptan 6.4h 7.3b 8.5h 5.6d 7.6d 5.1u 6.1u

Tropisetron – – – – – o5.0v o4.5v

WAY100635 9.6o 5.1p 5.6p – – – –
Yohimbine 6.9k 5.5k – 5.9d 7.0d 6.0v 6.0v

aFozard et al. (1987); bBeer et al. (1998); cPauwels et al. (1996); dAdham et al. (1993); ePauwels (1996); fNewman-Tancredi et al. (1997);
gWeinshank et al. (1992); hLeysen et al. (1996); iPrice et al. (1997); jHagan et al. (1997); kHoyer (1988); lMacor et al. (1990); mPhebus et al.
(1997); nPregenzer et al. (1999); oJohansson et al. (1997); pMos et al. (1997); qArnt & Hyttel (1989); rPeroutka & McCarthy (1989); sHoyer,
D. personal communication; tSkingle et al. (1996); uBoess & Martin (1994); vHoyer et al. (1994). – , Unknown.
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measured with a tachograph (7P4, Grass Instrument Co.,

Quincy, MA, U.S.A.) triggered from the blood pressure signal.

Both blood pressure and heart rate were recorded simulta-

neously by a model 7 Grass polygraph (Grass Instrument Co.,

Quincy, MA, U.S.A.). Prior to electrical stimulation, the

animals received gallamine (25 mg kg�1, i.v.) to avoid electri-

cally induced muscular twitching.

Since the sympatho-inhibitory responses to 5-HT are

particularly more pronounced at lower frequencies of stimula-

tion, all animals were systematically pretreated with 50mg kg�1

(i.v.) of desipramine (a noradrenaline-reuptake inhibitor)

before each stimulus–response curve (S–R curve), as pre-

viously described (Villalón et al., 1999). The body temperature

of each pithed rat was maintained at 371C by a lamp and

monitored with a rectal thermometer.

Experimental protocol

After a stable haemodynamic condition for at least 30 min,

baseline values of diastolic blood pressure and heart rate were

determined. Then, the preganglionic cardiac sympathetic

outflow was stimulated to elicit tachycardiac responses by

applying trains of 10 s (monophasic rectangular pulses of 2 ms

duration and 50 V), at increasing frequencies of stimulation

(0.01, 0.03, 0.1, 0.3, 1 and 3 Hz). When the heart rate had

returned to baseline levels, the next frequency was applied; this

procedure was systematically performed until the S–R curve

was completed (about 30 min). At this point, the animals (151

in total) were divided into five groups.

The first group (n¼ 33) was subdivided into six subgroups

that received an i.v. bolus injection of, respectively: (i)

physiological saline (control; 1 ml kg�1; n¼ 5) or the 5-HT

receptor antagonists (see Table 1): (ii) methiothepin (5-HT1/2/6/

7 and recombinant 5-ht5A/5B; 300mg kg�1; n¼ 6); (iii) ritanserin

(5-HT2; 100 mg kg�1; n¼ 5); (iv) tropisetron (5-HT3/4;

3000 mg kg�1; n¼ 5); (v) LY215840 (5-HT7; 1000 mg kg�1;

n¼ 6); or (vi) a cocktail of antagonists/inhibitors (n¼ 6)

consisting of yohimbine (a2-adrenoceptors; 1000mg kg�1),

prazosin (a1-adrenoceptors; 100 mg kg�1), ritanserin (5-HT2;

100 mg kg�1), GR 127935 (5-HT1B/1D; 300mg kg�1), WAY

100635 (5-HT1A; 30 mg kg�1) and indomethacin (cyclooxy-

genase; 5000mg kg�1). This cocktail was used in an attempt

to cover as much as possible the spectrum of blockade of

methiothepin (except the blockade of putative 5-ht5A/5B

receptors), a nonselective drug which: (i) displays high affinity

for (and blocks in several in vivo preparations) a wide variety

of receptors including a1/2-adrenoceptors, 5-HT1A/1B/1D and

5-HT2 receptors (Leysen, 1985; Hoyer, 1988; Saxena &

Villalón, 1990; 1991; Hoyer et al., 1994; Villalón et al., 1995;

1997) and (ii) inhibits cyclooxygenase (see Leysen, 1985;

Martin, 1994). At 10 min after the administration of above

compounds, an S–R curve was elicited again, as described

above, to analyse their effects on the sympathetically induced

tachycardiac responses per se.

The second group (n¼ 27) was subdivided into five

subgroups that received an i.v. bolus injection of, respectively:

(i) physiological saline (1 ml kg�1; n¼ 5); (ii) methiothepin

(300mg kg�1; n¼ 6); (iii) ritanserin (100mg kg�1; n¼ 6); (iv)

tropisetron (3000mg kg�1; n¼ 5); or (v) LY215840

(1000 mg kg�1; n¼ 5). At 10 min after the dose of saline or the

corresponding antagonist, all the subgroups received an i.v.

continuous infusion of 5-HT (5.6 mg kg�1 min�1) by a WPI

model sp100i pump (World Precision Instruments Inc.,

Sarasota, FL, U.S.A.). At 20 min after starting the infusion,

an S–R curve was elicited, as described above during the

infusion of 5-HT. Once the S–R curve was completed, the

infusion was stopped.

The third group (n¼ 42) was subdivided into eight subgroups

that received, respectively, an i.v. continuous infusion of: (i)

physiological saline (control; 0.02 ml min�1; n¼ 4) twice; as well

as the agonists (see Table 1); (ii) 5-CT (5-HT1/7 and

recombinant 5-ht5A/5B; 0.1 and 0.3mg kg�1 min�1; n¼ 4); (iii)

indorenate (5-HT1A; 30 and 100mg kg�1 min�1; n¼ 6); (iv) CP

93,129 (r5-HT1B; 30 and 100mg kg�1 min�1; n¼ 7); (v) suma-

triptan (5-HT1B/1D; 30 and 100mg kg�1 min�1; n¼ 6); (vi) PNU–

142633 (5-HT1D, 30 and 100mg kg�1 min�1; n¼ 5); (vii)

LY344864 (5-ht1F; 30 and 100mg kg�1 min�1; n¼ 5); or (viii)

ergotamine (5-HT1B/1D and recombinant 5-ht5A/5B; 1 and

1.8mg kg�1 min�1; n¼ 5). At 20 min after starting each infusion,

an S–R curve was elicited, as described above, during the

infusion of the corresponding compound.

The fourth group (n¼ 16) was subdivided into three

subgroups that received, respectively, an i.v. bolus injection

of the 5-HT1 receptor antagonists (see Table 1): (i) GR 127935

(5-HT1B/1D; 300mg kg�1; n¼ 5); (ii) the combination of WAY

100635 (5-HT1A; 30 mg kg�1) plus GR 127935 (300mg kg�1)

(n¼ 5); or (iii) the cocktail of drugs previously described

(n¼ 6; see the experimental protocol of the first group). At

10 min after the administration of antagonists, the three

subgroups received an i.v. continuous infusion of 5-HT

(5.6 mg kg�1 min�1), as described above. At 20 min after

starting the infusion, an S–R curve was elicited again, during

the infusion of 5-HT.

The fifth group (n¼ 33) was subdivided into seven

subgroups that received an i.v. bolus injection of, respectively:

(i) physiological saline (1 ml kg�1; n¼ 5), or the antagonists: (ii)

methiothepin (300mg kg�1; n¼ 5); (iii) the cocktail of drugs

previously described (n¼ 4; see the experimental protocol of

the first group); (iv) GR 127935 (5-HT1B/1D; 300 mg kg�1;

n¼ 4); (v) SB224289 (selective 5-HT1B; 300 mg kg�1; n¼ 5); (vi)

BRL15572 (selective 5-HT1D; 300 mg kg�1; n¼ 5); or (vii) the

combination of SB224289 plus BRL15572 (300 mg kg�1 each;

n¼ 5). At 10 min after the administration of saline or the

corresponding antagonist, all the subgroups received an i.v.

continuous infusion of 5-CT (0.1 mg kg�1 min�1), as described

above. At 20 min after starting the infusion, an S–R curve was

elicited again, during the infusion of 5-CT. Once the S–R curve

was completed, the infusion was stopped.

The Ethical Committee of the CINVESTAV-IPN (CIC-

UAL) dealing with the use of animals in scientific experiments

approved the protocols of the present investigation.

Drugs

Apart from the anaesthetic (diethyl ether), the drugs used in

the present study (obtained from the sources indicated) were

the following: 5-hydroxytryptamine creatinine sulphate,

gallamine triethiodide, ritanserin, yohimbine hydrochloride

and N-{2-[4-(2-methoxy-phenyl)-1-piperazinyl]ethyl}-N-(2-

pyridinyl)cyclohexane carboxamide trihydrochloride (WAY

100635) (Sigma Chemical Co., St Louis, MO, U.S.A.);

indomethacin, desipramine hydrochloride and prazosin hydro-

chloride (Research Biochemicals Int., Natick, MA, U.S.A.);

methiothepin maleate (gift from Hoffman-La Roche Ltd,
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Basel, Switzerland); tropisetron (ICS 205-930: 3a-tropanyl-1H-

indole-3-carboxylic acid ester) (gift from Sandoz A.C., Basel,

Switzerland); 5-carboxamidotryptamine maleate, sumatriptan

succinate and N-[4-methoxy-3-(4-methyl-1-piperazinyl)phe-

nyl]-20-methyl-40-(5-methyl-1,2,4-oxadiazol-3-yl) [1,1,-biphe-

nyl]-4-carboxamide hydrochloride monohydrate (GR 127935)

(gifts from GlaxoSmithKline, Stevenage, Hertfordshire,

U.K.); indorenate (5-methoxytryptamine-b-methylcarboxylate

hydrochloride; gift from Professor Enrique Hong, CINVES-

TAV-IPN, Mexico City, Mexico); [3-(1,2,5,6-tetrahydropyrid-

4-yl)pyrrolo[3,2-b]pyrid-5-one] (CP 93,129) (gift from

Pfizer Inc., Groton, U.S.A.); ergotamine tartrate (gift from

Sandoz de Mexico, Mexico City, Mexico); N-[3-(dimethylami-

no)-2,3,4,9-tetrahydro-1H-carbazol-6-yl]-4-fluorobenzamide

(LY344864) and cis-n-(2-hydroxycyclopentyl)-6-methyl-1-

(1-methylethyl)ergoline-8-carboxamide (LY215840) (both

gifts from Eli Lilly & Co., Indianapolis, IN, U.S.A.);

(S)-(�)-3,4-dihydro-1-[2-[4-aminocarbonyl)phenyl]-1-piperazi-

nyl]ethyl]-N-methyl-1H-2-benzopyran-6-carboxamide (PNU-

142633) (gift from Dr R.B. McCall, Pharmacia & Upjohn,

Kalamazoo, MI, U.S.A.) and 2,3,6,7-tetrahydro-10-methyl-

5-[2 0-methyl-1,2, 4-oxadiazol -3-yl)biphenyl-4-carbonyl] furo

[2,3f]indole-3-spiro-40-piperidine hydrochloride (SB224289)

and 1-(3-chlorophenyl)4-[3,3-diphenyl (2-(S,R)hydroxy

propanyl) piperazine] hydrochloride (BRL15572) (both

gifts from Dr A.A. Parsons, GlaxoSmithKline, Harlow, Essex,

U.K.).

All compounds were dissolved in saline, except: (i) GR

127935, which was dissolved according to the instructions of

the supplier by the dispersion in distilled water to about 701C

for 10 s and then allowing to cool down to room temperature

and (ii) ergotamine, which was initially dissolved in 10% of

propylene glycol. When needed, some drops of 20% (v v�1)

DMSO and 20% (v v�1) propylene glycol were used to

dissolve, respectively, SB224289 and BRL15572, and then,

the resulting solution was finally gauged with physiological

saline. These vehicles had no effect on the baseline values of

diastolic blood pressure or heart rate (not shown). Fresh

solutions were prepared for each experiment. The doses

mentioned in the text refer to the salts of substances except

in the case of 5-HT, 5-CT, indorenate, CP 93,129, PNU-

142633, sumatriptan, LY334864 and ergotamine, where they

refer to the free base.

Data presentation and statistical evaluation

All data in the text and figures are presented as mean7s.e.m.

The peak changes in heart rate produced by electrical

stimulation in the saline- and the agonist-infused animals were

determined. The difference between the changes in heart rate

within one subgroup of animals was evaluated by Student–

Newman–Keuls’ test, once a two-way repeated-measures

analysis of variance (randomized block design) had revealed

that the samples represented different populations (Steel &

Torrie, 1980). Statistical significance was accepted at Po0.05

(two-tailed). The F-values, degrees of freedom and P-values

are reported for the two factors (i.e. F1 and P1 refer to factor 1,

the pharmacological treatment, and F2 and P2 refer to factor 2,

the frequency of stimulation), and the subscript values in the

parentheses close to F represent the degrees of freedom of each

factor.

Results

Systemic haemodynamic variables

The baseline values of diastolic blood pressure and heart rate

in the 151 rats were, respectively, 5372 mmHg and

28173 beats min�1. After the first i.v. bolus injection of

desipramine (50 mg kg�1), the baseline values of the aforemen-

tioned variables significantly increased to 5773 mmHg and

28773 beats min�1, respectively. The subsequent treatments

with desipramine did not change the baseline values of

diastolic blood pressure or heart rate.

In the different subgroups of rats pretreated with desipra-

mine, the baseline values of diastolic blood pressure and heart

rate were not significantly modified by: (i) the i.v. bolus

injections of saline, methiothepin, ritanserin, tropisetron,

LY215840, GR 127935, the combination of WAY 100635

plus GR 127935, SB224289, BRL15572, the combination of

SB224289 plus BRL15572 or the cocktail of drugs previously

described (data not shown), or (ii) the continuous infusions of

saline, 5-HT, indorenate, CP 93,129, PNU-142633, sumatrip-

tan or LY344864 (data not shown). Only 5-CT and ergotamine

produced, respectively, moderate decreases and increases in

blood pressure without changes in heart rate (data not shown).

Electrical stimulation of the preganglionic (C7-T1)
cardiac sympathetic outflow

The onset of the responses induced by stimulation (0.01–3 Hz)

of the preganglionic sympathetic nerves (C7-T1) was immedi-

ate, and resulted in frequency-dependent increases in heart rate

(see below). It must be emphasized that, in all cases, these

increases in heart rate were statistically significant when

compared to baseline values (P2o0.001). These tachycardiac

responses are due to selective cardiostimulation, since only

negligible and inconsistent increases in diastolic blood pressure

were observed (data not shown), as previously shown

(Gillespie et al., 1970; Villalón et al., 1999).

Effect of saline, 5-HT receptor antagonists or the cocktail
of drugs on the tachycardiac responses to cardiac
sympathetic nerve stimulation per se

Figure 1 shows the sympathetically induced tachycardiac

responses before (control S–R curves) and after i.v. treatment

with saline (1 ml kg�1), methiothepin (300mg kg�1), ritanserin

(100mg kg�1), tropisetron (3000mg kg�1), LY215840

(1000mg kg�1) or the cocktail of drugs consisting of yohimbine

(1000mg kg�1), prazosin (100mg kg�1), ritanserin (100mg kg�1),

GR 127935 (300 mg kg�1), WAY 100635 (30 mg kg�1) and

indomethacin (5000 mg kg�1). As can be observed, the sym-

pathetically induced tachycardiac responses remained without

significant changes after the i.v. administration of saline

(Figure 1a; F1(1,4)¼ 1.75; P1¼ 0.256 and F2(5,20)¼ 53.72),

methiothepin (Figure 1b; F1(1,5)¼ 0.505; P1¼ 0.509 and

F2(5,25)¼ 2.03), ritanserin (Figure 1c; F1(1,4)¼ 0.377; P1¼ 0.575

and F2(5,20)¼ 25.81), tropisetron (Figure 1d; F1(1,4)¼ 0.413;

P1¼ 0.555 and F2(5,20)¼ 24.94), LY215840 (Figure 1e;

F1(1,5)¼ 4.262; P1¼ 0.094 and F2(5,25)¼ 101.16) or the cocktail

of drugs (Figure 1f; F1(1,5)¼ 1.111; P1¼ 0.340 and

F2(5,25)¼ 38.31). These findings indicate that the above
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compounds were devoid of any effects on the sympathetically

induced tachycardiac responses per se.

Effect of saline or 5-HT receptor antagonists on the
5-HT-induced inhibition of tachycardiac responses to
cardiac sympathetic nerve stimulation

Figure 2 illustrates the sympathetically induced tachycardiac

responses before (control S–R curves) and after i.v. treatment

with saline, methiothepin, ritanserin, tropisetron or LY215840

(at the doses previously indicated), respectively, followed by

the infusion of 5-HT (5.6 mg kg�1 min�1, i.v.). Consistent with

previous findings in pithed rats (Villalón et al., 1999), the

infusion of 5-HT elicited a reproducible inhibition of the

sympathetically induced tachycardiac responses in the saline-

treated animals (Figure 2a; F1(1,4)¼ 40.21; P1¼ 0.0032 and

F2(5,20)¼ 74.69). This 5-HT-induced cardiac sympatho-inhibi-

tion was completely antagonized in the animals treated with

methiothepin (Figure 2b; F1(1,5)¼ 2.02; P1¼ 0.214 and

F2(5,25)¼ 12.25), but remained unaffected in those treated with

ritanserin (Figure 2c; F1(1,5)¼ 75.70; P1¼ 0.0003 and

F2(5,25)¼ 34.22), tropisetron (Figure 2d; F1(1,4)¼ 18.70;

P1¼ 0.0124 and F2(5,20)¼ 25.25) or LY215840 (Figure 2e;

F1(1,4)¼ 7.04; P1¼ 0.047 and F2(5,20)¼ 71.42) in doses high

enough to antagonize their respective receptors (Villalón et al.,

1996; Centurión et al., 2002).

Effect of some 5-HT receptor agonists on the
tachycardiac responses to cardiac sympathetic nerve
stimulation

In contrast to the i.v. continuous infusions of saline

(0.02 ml min�1 twice; Figure 3a; F1(2,6)¼ 2.43; P1¼ 0.169 and

F2(5,15)¼ 182.98), the continuous infusions of the agonists, 5-CT

(0.1 and 0.3mg kg�1 min�1; Figure 3b; F1(2,6)¼ 20.37; P1¼ 0.0021

and F2(5,15)¼ 53.48), CP 93,129 (30 and 100mg kg�1 min�1;
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Figure 2 Effects of i.v. bolus injections of: (a) physiological saline
(n¼ 5), (b) methiothepin (n¼ 6), (c) ritanserin (n¼ 6), (d) tropisetron
(n¼ 5) or (e) LY215840 (n¼ 5) on the inhibition of sympathetically
induced tachycardiac responses induced by 5-HT (5.6 mg kg�1 min�1

i.v.). The above compounds were injected after concluding the
control S–R curve, 10 min before starting the infusion of 5-HT.
*Po0.05 vs the control response.
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Figure 1 Effects of i.v. bolus injections of: (a) physiological saline
(n¼ 5), (b) methiothepin (n¼ 6), (c) ritanserin (n¼ 5), (d) tropisetron
(n¼ 5), (e) LY215840 (n¼ 6) or (f) the cocktail of antagonists/
inhibitors (consisting of yohimbine, 1000 mg kg�1; prazosin,
100 mg kg�1; ritanserin, 100mg kg�1; GR 127935, 300 mg kg�1; WAY
100635, 30 mg kg�1 and indomethacin, 5000 mg kg�1; n¼ 6) per se on
the increases in heart rate produced by stimulation of the cardiac
sympathetic outflow (S–R curves). Note that there were no
significant differences (P40.05) in the S–R curves obtained before
(control) and after administration of the different compounds.
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Figure 3d; F1(2,12)¼ 5.74; P1¼ 0.0174 and F2(5,30)¼ 186.23),

sumatriptan (30 and 100mg kg�1 min�1; Figure 3e;

F1(2,10)¼ 12.63; P1¼ 0.0018 and F2(5,25)¼ 15.27), PNU-142633

(30 and 100mg kg�1 min�1; Figure 3f; F1(2,8)¼ 10.88; P1¼ 0.0052

and F2(5,20)¼ 27.12) and ergotamine (1 and 1.8mg kg�1 min�1;

Figure 3h; F1(2,8)¼ 17.37; P1¼ 0.0012 and F2(5,20)¼ 47.13)

mimicked 5-HT producing a significant inhibition of the

sympathetically induced tachycardiac responses. The apparent

rank order of agonist potency was 5-CTXergotamine45-

HT4sumatriptan¼PNU-142633XCP93,129, with both 5-CT

and ergotamine being about 2 log units more potent than the

rest of agonists. This sympatho-inhibition was particularly more

pronounced at lower frequencies of stimulation (0.01–0.3 Hz).

In contrast, the infusions of indorenate (Figure 3c;

F1(2,10)¼ 1.61; P1¼ 0.2471 and F2(5,25)¼ 7.40) and LY344864

(Figure 3g; F1(2,8)¼ 0.452; P1¼ 0.6565 and F2(5,20)¼ 2.12) (30

and 100mg kg�1 min�1 each) were inactive.

Effect of some antagonists on the 5-HT-induced inhibition
of tachycardiac responses to cardiac sympathetic nerve
stimulation

Figure 4 shows the sympathetically induced tachycardiac

responses before (control S–R curves) and after i.v. treatment

with GR 127935 (300mg kg�1), the combination of WAY

100635 (30 mg kg�1) plus GR 127935 (300 mg kg�1) or the

cocktail of drugs (see above for doses and Figure 4c),

respectively, followed by the infusion of 5-HT

(5.6 mg kg�1 min�1, i.v.). Interestingly, under these experimental

conditions, the 5-HT-induced cardiac sympatho-inhibition was

resistant to antagonism by GR 127935 (Figure 4a;

F1(1,4)¼ 14.46; P1¼ 0.0191 and F2(5,20)¼ 65.78), WAY 100635

plus GR 127935 (Figure 4b; F1(1,4)¼ 16.24; P1¼ 0.0157 and

F2(5,20)¼ 148.16) or the cocktail of drugs (Figure 4c;

F1(1,5)¼ 7.66; P1¼ 0.039 and F2(5,25)¼ 38.20). It should be

stressed that the doses of the above compounds were high

enough to block their respective receptors/mechanisms

(Rosenblum & Nelson, 1988; Villalón et al., 1995; 1998; 1999).

Effect of saline or some antagonists on the 5-CT-induced
inhibition of tachycardiac responses to cardiac
sympathetic nerve stimulation

Figure 5 shows the sympathetically induced tachycardiac

responses before (control S–R curves) and after i.v. treatment

with physiological saline (1 ml kg�1), methiothepin (300mg kg�1),

the cocktail of drugs (see above for doses and Figure 5c), GR

127935 (300mg kg�1), SB224289 (300mg kg�1), BRL15572

(300mg kg�1) or the combination of SB224289 plus BRL15572

(300mg kg�1 each), respectively, followed by the infusion of 5-CT

(0.1mg kg�1 min�1, i.v.). Thus, the sympatho-inhibitory re-

sponses to 5-CT, which remained unaltered after saline

(Figure 5a; F1(1,4)¼ 16.44; P1¼ 0.0154 and F2(5,20)¼ 40.15), were:

(i) abolished after treatment with methiothepin (Figure 5b;

F1(1,4)¼ 4.69; P1¼ 0.0962 and F2(5,20)¼ 196.74), the cocktail of

drugs (Figure 5c; F1(1,3)¼ 2.02; P1¼ 0.250 and F2(5,15)¼ 36.82),

GR 127935 (Figure 5d; F1(1,3)¼ 1.14; P1¼ 0.3634 and
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F2(5,15)¼ 56.43) or the combination of SB224289 plus BRL15572

(Figure 5g; F1(1,4)¼ 1.40; P1¼ 0.3024 and F2(5,20)¼ 132.01) at the

same doses previously used with 5-HT (see above), and (ii)

resistant to blockade after treatment with SB224289 (Figure 5e;

F1(1,4)¼ 45.50; P1¼ 0.025 and F2(5,20)¼ 103.06) or BRL15572

(Figure 5f; F1(1,4)¼ 8.99; P1¼ 0.040 and F2(5,25)¼ 186.084) at

doses high enough to block, respectively, 5-HT1B and 5-HT1D

receptors producing sympatho-inhibition (Villalón et al., 2001).

Discussion

General

Apart from the implications discussed below, our study shows

that cardiac sympatho-inhibition to 5-HT in pithed rats is

most probably mediated by two main sympatho-inhibitory

mechanisms, namely: (i) 5-HT1 receptors and (ii) a novel

mechanism involving putative 5-ht5A/5B receptors. For this

reason, from now on, 5-CT, ergotamine and methiothepin will

be described as compounds with activity at 5-HT1B/1D and

recombinant 5-ht5A/5B receptors (see Table 1).

Systemic haemodynamic changes

The fact that diastolic blood pressure and heart rate were

significantly increased after desipramine can be attributed to

an inhibition of noradrenaline uptake (Bechtel et al., 1986).

Moreover, the potentiation of the sympathetically induced

tachycardiac responses after desipramine (for comparison, see

Villalón et al., 1995; 1999) has relevance for the purpose of the

present study. Thus, the cardiac sympatho-inhibitory effects of

5-HT (see Figure 2a) were, coincidentally, more pronounced at

lower frequencies of stimulation (see Langer, 1980). However,

it could be alternatively argued that the proposed sympatho-

inhibitory action of 5-HT (Figure 2) and related agonists

(Figure 3) may have been due to tachyphylaxis of the

sympathetically induced tachycardiac responses. However,

this is unlikely since such responses remained unchanged after

i.v. saline (Figures 1a and 3a); an additional conclusion drawn

from this is that no time-dependent changes occurred in our

experiments.

The fact that the sympathetically induced tachycardiac

responses remained essentially unchanged after i.v. saline,

methiothepin, ritanserin, tropisetron, LY215840 or the cock-

tail of drugs (see Figure 1) indicates that these compounds

were devoid of any effects on the above tachycardiac responses

per se. These findings, coupled to the lack of effect of the above

compounds on baseline diastolic blood pressure and heart rate

(not shown), suggest that any effect of a given antagonist on 5-

HT-induced cardiac sympatho-inhibition is due to a direct

interaction of the antagonist with its respective receptors on

the cardiac sympathetic nerves.

Pharmacological profile of the cardiac sympatho-
inhibitory action of 5-HT in the rat

Taken collectively, our findings support the notion that 5-HT1

(but not 5-HT2, 5-HT3, 5-HT4, 5-ht6 and 5-HT7) receptors may

mediate, at least in part, the cardiac sympatho-inhibitory

action to 5-HT, since this response was: (i) resistant to

blockade by ritanserin, tropisetron and LY215840 (see

Figure 2) at doses that are sufficient to antagonize, respec-

tively, 5-HT2 (Centurión et al., 2002), 5-HT3/4 (Villalón et al.,

1990; 1991) and 5-HT7 (Centurión et al., 2000) receptors

mediating cardiovascular responses and (ii) antagonized by

methiothepin (Figure 2b) at doses that are sufficient to

antagonize ‘5-HT1-like’ receptors (Saxena & Villalón, 1990;

1991; Villalón et al., 1995). Nevertheless, based on the current

classification scheme of 5-HT receptors (see Hoyer et al., 1994;

Saxena et al., 1998), the above notion supporting the

involvement of methiothepin-sensitive 5-HT1 receptors is

admittedly weak, since: (i) the 5-HT1 receptor family is highly

heterogeneous and includes 5-HT1A, 5-HT1B, 5-HT1D, 5-ht1E

and 5-ht1F receptor subtypes and (ii) methiothepin blocks, in

addition to all of these 5-HT1 subtypes, recombinant 5-ht5A/5B

receptors. Evidently, the use of selective agonists and

antagonists at the different 5-HT1 receptor subtypes (see

below) becomes crucial to confirm the above notion.

Apparent rank order of potency of some agonists causing
cardiac sympatho-inhibition and its blockade by some
antagonists

Our results show that 5-HT-induced cardiac sympatho-inhibi-

tion cannot be: (i) mimicked by indorenate or LY344864 (see

Figure 3) which are agonists at, respectively, 5-HT1A (Dompert

et al., 1985) and 5-ht1F (Phebus et al., 1997) receptors and

(ii) blocked by WAY 100635 (see Figure 4b and c), a potent
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Figure 5 Effects of i.v. bolus injections of: (a) physiological saline
(n¼ 5), (b) methiothepin (n¼ 5), (c) the cocktail of antagonists/
inhibitors (consisting of yohimbine, 1000 mg kg�1; prazosin,
100 mg kg�1; ritanserin, 100mg kg�1; GR 127935, 300 mg kg�1; WAY
100635, 30 mg kg�1 and indomethacin, 5000 mg kg�1; n¼ 4), (d) GR
127935 (n¼ 4), (e) SB224289 (n¼ 5), (f) BRL15572 (n¼ 5) or (g) the
combination of SB224289 plus BRL15572 (n¼ 5) on the inhibition
of sympathetically induced tachycardiac responses induced by 5-CT
(0.1 mg kg�1 min�1 i.v.). The above compounds were injected after
concluding the control S–R curve, 10 min before starting the
infusion of 5-CT. *Po0.05 vs the control response.
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5-HT1A receptor antagonist (Fletcher et al., 1996), at doses

sufficient to antagonize sympatho-inhibitory 5-HT1A receptors

(Villalón et al., 1998). Hence, these results strongly suggest that

5-HT1A and 5-ht1F receptors are not involved.

In contrast, the 5-HT receptor agonists, 5-CT, ergotamine

(both 5-HT1B/1D and recombinant 5-ht5A/5B; Hoyer et al., 1994),

CP 93,129 (r5-HT1B; Macor et al., 1990), sumatriptan (5-HT1B/1D;

Hoyer et al., 1994) and PNU-142633 (5-HT1D; Pregenzer et al.,

1999), which failed to modify the tachycardiac responses to

exogenous noradrenaline (data not shown), mimicked the

sympatho-inhibition to 5-HT with an apparent rank order of

agonist potency of 5-CTXergotamine45-HT4sumatrip-

tan¼PNU-142633XCP 93,129. Pending the use of selective

antagonists, this suggests a possible correlation with the

5-HT1B and 5-HT1D receptor subtypes. Several possible

explanations for these differences in agonist potencies may

include: (i) the use of ‘second messengers’ and functional

(cardiac sympatho-inhibition) responses; (ii) tissue-dependent

factors such as the density of receptors and coupling efficiency

and/or (iii) drug-dependent factors such as the affinity of 5-HT

and related agonists for each of these receptors (i.e. 5-HT1B,

5-HT1D and 5-ht5A/5B; see Table 1).

The possible involvement of 5-HT1B/1D receptors gains

weight by the fact that 5-CT-induced sympatho-inhibition

was abolished by: (i) the 5-HT1B/1D receptor antagonist GR

127935 (Skingle et al., 1996) (see Figure 5c and d) at doses that

antagonize sympatho-inhibitory 5-HT1B/1D receptors (Villalón

et al., 1998) and (ii) the combination of SB224289 plus

BRL15572 (see Figure 5g), which are selective antagonists at,

respectively, 5-HT1B and 5-HT1D receptors (Hagan et al., 1997)

at doses that completely block 5-HT1B and 5-HT1D receptors

in vivo (De Vries et al., 1998). Interestingly, the fact that

SB224289 alone apparently failed to block the responses to

5-CT (see Figure 5e) may be explained by the additional

capability of 5-CT to stimulate 5-HT1D (and probably also

5-ht5A/5B) receptors; this may have overshadowed the selective

antagonism of 5-HT1B receptors with SB224289. A similar line

of reasoning may apply to the selective antagonism of 5-HT1D

receptors with BRL15572 alone (Figure 5f). This led us to

hypothesize that if the sympatho-inhibitory responses to 5-CT

involve the stimulation of two (or even three) receptors, the

antagonism of at least two of them (with GR 127935 or the

combination of SB224289 plus BRL15572) would be manda-

tory to produce a complete blockade. This view is reinforced by

the fact that: (i) methiothepin (which antagonizes 5-HT1B/1D

and recombinant 5-ht5A/5B receptors) also abolished the

responses to 5-CT (see Figure 5b) and (ii) the cardiac

sympatho-inhibition to the selective agonists CP 93,129

(5-HT1B) and PNU-142633 (5-HT1D) are completely and

specifically blocked by, respectively, SB224289 (5-HT1B) and

BRL15572 (5-HT1D) (Villalón et al., 2000). Admittedly, 5-HT

displays high affinity for 5-ht1E (and 5-ht1F) receptors; however,

their involvement seems unlikely as 5-CT displays a very low

affinity for 5-ht1E (and 5-ht1F) receptors (Adham et al., 1993).

Apparent failure of GR 127935, the combination of WAY
100635 plus GR 127935 or the cocktail of drugs to
antagonize the 5-HT-induced cardiac sympatho-inhibition

In order to confirm the previously suggested involvement of

GR 127935-sensitive 5-HT1B/1D receptors with 5-HT, it was

decided to analyse, in principle, the effect of GR 127935 on

5-HT-induced cardiac sympatho-inhibition. Unexpectedly,

and contrasting with methiothepin (Figure 2b), GR 127935

given alone (Figure 4a) or in combination with WAY 100635

(Figure 4b) failed to antagonize the response to 5-HT at doses

high enough to completely antagonize, respectively, the 5-

HT1B/1D and 5-HT1A receptors (Villalón et al., 1998). In view of

this lack of blockade by GR 127935, we considered it

unnecessary to investigate the potential blockade of 5-HT-

induced sympatho-inhibition by SB224289 and/or BRL15572.

Although the simplest interpretation of these findings would

apparently suggest that 5-HT1B/1D receptors are not involved, it

should be kept in mind that 5-HT, as an endogenous ligand,

can stimulate a wide variety of known (5-HT1-5-HT7) and

unknown (orphan, novel, unclassified) receptors. Therefore, it

is reasonable to assume that, besides 5-HT1B/1D receptors, 5-

HT-induced sympatho-inhibition involves the additional

participation of a novel mechanism which overshadows the

blockade of 5-HT1B/1D receptors with GR 127935. This novel

mechanism, as discussed below, seemingly displays the

pharmacological profile of putative 5-ht5A/5B receptors.

Possible coinvolvement of 5-HT1B/1D and putative
5-ht5A/5B receptors in the 5-HT-induced cardiac sympatho-
inhibition

Our suggestion that 5-HT-induced sympatho-inhibition in-

volves the additional participation of a novel mechanism

(probably resembling putative 5-ht5A/5B receptors) is reinforced

when considering that: (i) methiothepin, which displays a high

affinity for recombinant 5-ht5A/5B and 5-HT1B/1D receptors (see

Table 1), was the only antagonist that abolished 5-HT-induced

sympatho-inhibition (compare Figures 2 and 4); (ii) GR127935,

which displays a high affinity for 5-HT1B/1D receptors, but low

affinity for recombinant 5-ht5A receptors (see Table 1), abo-

lished the sympatho-inhibition to 5-CT, but not that to 5-HT,

and (iii) 5-CT, methiothepin and ergotamine display a relatively

high affinity for recombinant 5-ht5A and 5-ht5B receptors in

addition to 5-HT1B/1D receptors (see Table 1). Consistent with

these findings, Figure 3 reveals that the sympatho-inhibitory

potencies of 5-CT and ergotamine (both with high affinities at

5-HT1B/1D and recombinant 5-ht5A/5B receptors) were about 2

log units higher than that of CP 93,129, sumatriptan or PNU-

142633 (selective 5-HT1 receptor agonists) which display low

affinities for 5-ht5A/5B receptors (see Table 1).

Additional evidence in favour of the possible
coinvolvement of putative 5-ht5A/5B receptors

Since, as previously pointed out, methiothepin is a nonselective

drug, an attempt was made to cover as much as possible its

spectrum of blockade (except the blockade of putative 5-ht5A/5B

receptors), by studying the effects of the cocktail of drugs (see

Experimental protocol) on 5-HT-induced cardiac sympatho-

inhibition. Nevertheless, this response remained un-altered

after the cocktail (Figure 4c), a finding which demonstrates that

simultaneous antagonism/inhibition of the above receptors/

mechanisms does not play a role in the antagonism produced by

methiothepin (Figure 2b). The fact that this cocktail abolished

the sympatho-inhibition to 5-CT (Figure 5c) is attributable to

the dose of GR 127935 present in it (see above). It is to be

highlighted that the doses of these drugs in the cocktail were

high enough to antagonize/inhibit, respectively, a1/2-adreno-
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ceptors (Willems et al., 2001a, b), 5-HT1A receptors (Villalón

et al., 1998), 5-HT1B/1D receptors (Villalón et al., 1996; 1998), 5-

HT2 receptors (Centurión et al., 2002) and cyclooxygenase

(Rosenblum & Nelson, 1988). Obviously, these findings exclude

the involvement of a1/2-adrenoceptors (Rand et al., 1987;

Boehm & Kubista, 2002) and the release of prostanoids

(Kokkas & Boeynaems, 1988) in our experimental model.

Exclusion of the involvement of 5-ht6 and 5-HT7 receptors

Despite the above lines of pharmacological evidence, it could

still be argued that 5-ht6 and 5-HT7 receptors may be involved,

as methiothepin (which abolished 5-HT- and 5-CT-induced

sympatho-inhibition; see Figures 2b and 5b) displays high

affinity for both receptors (Plassat et al., 1993). However, this

seems unlikely, based on: (i) the inactivity of sumatriptan, CP

93,129 and PNU-142633 (as agonists or antagonists) at 5-ht6

and 5-HT7 receptors and (ii) the apparent rank order of

agonist potency of 5-HT and 5-CT at 5-ht6 (5-HT45-CT) and

5-HT7 (5-CTb5-HT) receptors (see Hoyer et al., 1994;

Villalón et al., 1997).

Transductional evidence in favour of the involvement of
5-HT1 and 5-ht5A receptors

Admittedly, our study does not provide direct evidence that

the sympatho-inhibition to 5-HT and the rest of agonists

involves inhibition of adenylyl cyclase. Nevertheless, it is

worthy of note that the 5-HT1 receptor subtypes (Hoyer et al.,

1994) as well as the 5-ht5A receptor (Carson et al., 1996;

Grailhe et al., 2001) are negatively coupled to adenylyl cyclase

and/or positively coupled to the inwardly rectifying Kþ

channel; these are signal transduction systems usually asso-

ciated with sympatho-inhibition (Langer, 1980; Rand et al.,

1987; Boehm & Kubista, 2002). In marked contrast, 5-HT4, 5-

ht6 and 5-HT7 receptors are, by definition, positively coupled

to adenylyl cyclase (Plassat et al., 1993; Hoyer et al., 1994), and

this is associated with sympatho-excitation (Langer, 1980;

Rand et al., 1987; Boehm & Kubista, 2002). Similarly,

activation of 5-HT2 (positively coupled to phospholipase C)

and 5-HT3 (coupled to ligand-operated Naþ /Kþchannels

which trigger a rapid neuronal depolarization) receptors is

associated with increases in the cytosolic concentration of

Ca2þ , and a consequent stimulation (rather than inhibition) of

the release of neurotransmitters (Rand et al., 1987; Boehm &

Kubista, 2002).

Possible locus of the cardiac sympatho-inhibitory
5-HT1B/1D and putative 5-ht5A/5B receptors

Although central mechanisms are not operative in our

experimental model since pithed rats were used, we cannot

exclude an action of 5-HT and related agonists at both the

sympathetic ganglia (see Fozard, 1984) and postganglionic

sympathetic neurons (see Saxena & Villalón, 1990; 1991) which

have modulatory 5-HT receptors. Indeed, 5-HT1 receptors may

inhibit the sympathetic ganglionic transmission in rats (5-HT1A

subtype; Ireland & Jordan, 1987) or cats (5-HT1B/1D subtypes;

Jones et al., 1995). With respect to postganglionic sympathetic

neurons, prejunctional 5-HT1D receptors mediate the inhibition

of noradrenaline release in human atrium (Molderings et al.,

1996); in contrast, 5-HT1B receptors mediate this response in rat

vena cava (Molderings et al., 1987). Admittedly, further studies

in rats will be required to ascertain the functional role of

5-HT1B/1D and putative 5-ht5A/5B receptors on ganglia and

postganglionic sympathetic neurons.

In conclusion, the above results suggest that 5-HT-induced

cardiac sympatho-inhibition in pithed rats is primarily

mediated by two mechanisms, namely: (i) GR 127935-sensitive

5-HT1B/1D receptors and (ii) a novel (methiothepin-sensitive,

but GR 127935-resistant) mechanism most probably involving

putative 5-ht5A/5B receptors. Pending the advent of selective

ligands at 5-ht5A/5B receptors, our results would seem to be the

first evidence showing a functional role of putative 5-ht5A/5B

receptors in the peripheral nervous system, contrasting with its

well-established distribution in the central nervous system

(Grailhe et al., 2001).
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A. Sánchez-López et al Cardiac sympatho-inhibitory mechanisms induced by 5-HT 733

British Journal of Pharmacology vol 140 (4)



DOMPERT, W.U., GLASER, T. & TRABER, J. (1985). 3H-TVX Q 7821:
identification of 5-HT1 binding sites as target for a novel putative
anxiolytic. Naunyn-Schmiedeberg’s Arch. Pharmacol., 328,

467 – 470.
FLETCHER, A., FORSTER, E.A., BILL, D.J., BROWN, G., CLIFFE, I.A.,

HARTLEY, J.E., JONES, D.E., MCLENACHAN, A., STANHOPE,
K.J., CRITCHLEY, D.J., CHILDS, K.J., MIDDLEFELL, V.C.,
LANFUMEY, L., CORRADETTI, R., LAPORTE, A.M., GOZLAN,
H., HAMON, M. & DOURISH, C.T. (1996). Electrophysiological,
biochemical, neurohormonal and behavioural studies with WAY-
100635, a potent, selective and silent 5-HT1A receptor antagonist.
Behav. Brain Res., 73, 337 – 353.

FOZARD, J.R. (1984). Neuronal 5-HT receptors in the periphery.
Neuropharmacology, 23, 1473 – 1486.

FOZARD, J.R., MIR, A.K. & MIDDLEMISS, D.N. (1987). Cardiovas-
cular response to 8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-
DPAT) in the rat: site of action and pharmacological analysis.
J. Cardiovasc. Pharmacol., 9, 328 – 347.

GILLESPIE, J.S., MACLAREN, A. & POLLOCK, D. (1970). A method of
stimulating different segments of the autonomic outflow from the
spinal column to various organs in the pithed cat and rat. Br.
J. Pharmacol., 40, 257 – 267.

GRAILHE, R., GRABTREE, G.W. & HEN, R. (2001). Human 5-HT5

receptors: the 5-HT5A receptor is functional but the 5-HT5B receptor
was lost during mammalian evolution. Eur. J. Pharmacol., 418,
157 – 167.

HAGAN, J.J., SLADE, P.D., GASTER, L., JEFFREY, P., HATCHER, J.P.

& MIDDLEMISS, D.N. (1997). Stimulation of 5-HT1B receptors
causes hypothermia in the guinea pig. Eur. J. Pharmacol., 331,
169 – 174.

HOYER, D. (1988). Functional correlates of serotonin 5-HT1 recogni-
tion sites. J. Recept. Res., 8, 59 – 81.

HOYER, D., CLARKE, D.E., FOZARD, J.R., HARTIG, P.R., MARTIN,
G.R., MYLECHARANE, E.J., SAXENA, P.R. & HUMPHREY, P.P.

(1994). International Union of Pharmacology classification of
receptors for 5-hydroxytryptamine (serotonin). Pharmacol. Rev.,
46, 157 – 203.

IRELAND, S.J. & JORDAN, C.C. (1987). Pharmacological characteriza-
tion of 5-hydroxytryptamine-induced hyperpolarization of the rat
superior cervical ganglion. Br. J. Pharmacol., 92, 417 – 427.

JOHANSSON, L., SOHN, D., THORBERG, S.O., JACKSON, D.M.,
KELDER, D., LARSSON, L.G., RENYI, L., ROSS, S.B., WALLSTEN,
C., ERIKSSON, H., HU, P.S., JERNING, E., MOHELL, N. &
WESTLIND-DANIELSSON, A. (1997). The pharmacological char-
acterization of a novel selective 5-hydroxytryptamine1A receptor
antagonist, NAD-299. J. Pharmacol. Exp. Ther., 283, 216 – 225.

JONES, J.F.X., MARTIN, G.R. & RAMAGE, A.G. (1995). Evidence that
5-HT1D receptors mediate inhibition of sympathetic ganglionic
transmission in anaesthetized cats. Br. J. Pharmacol., 116,

1715 – 1717.
KLEINMAN, L.I. & RADFORD, E.P. (1964). Ventilation standards for

small mammals. J. Appl. Physiol., 19, 360 – 362.
KOKKAS, B. & BOEYNAEMS, J.M. (1988). Release of prostacyclin

from the dog saphenous vein by 5-hydroxytryptamine. Eur. J.
Pharmacol., 147, 473 – 476.

LANGER, S.Z. (1980). Presynaptic regulation of the release of
catecholamines. Pharmacol. Rev., 32, 337 – 362.

LEYSEN, J.E. (1985). Serotonergic binding sites. In: Serotonin and the
Cardiovascular System. ed. Vanhoutte, P.M. pp. 43 – 62. New York:
Raven Press.

LEYSEN, J.E., GOMMEREN, W., HEYLEN, L., LUYTEN, W.H., VAN

DE WEYER, I., VANHOENACKER, P., HAEGEMAN, G.,
SCHOTTE, A., VAN GOMPEL, P., WOUTERS, R. & LESAGE, A.S.

(1996). Alniditan, a new 5-hydroxytryptamine1D agonist and
migraine-abortive agent: ligand-binding properties of human 5-
hydroxytryptamine1Dalfa, human 5-hydroxytryptamine1D�, and calf
5-hydroxytryptamine1D receptors investigated with [3H]5-hydroxy-
tryptamine and [3H]alniditan. Mol. Pharmacol., 50, 1567 – 1580.

MACOR, J.E., BURKHART, C.A., HEYM, J.H., IVES, J.L., LEBEL, L.A.,
NEWMAN, M.E., NIELSEN, J.A., RYAN, K., SCHULZ, D.W.,
TORGERSEN, L.K. & KOE, B.K. (1990). 3-(1,2,5,6-Tetrahydro-
pyrid-4-yl)pyrrolo[3,2-b]pyrid-5-one: a potent and selective seroto-
nin (5-HT1B) agonist and rotationally restricted phenolic analogue
of 5-methoxy-3-(1,2,5,6-tetrahydropyrid-4-yl)indole. J. Med.
Chem., 33, 2087 – 2093.

MARTIN, G.R. (1994). Vascular receptors for 5-hydroxytryptamine:
distribution, function and classification. Pharmacol. Ther., 62,

283 – 324.
MOLDERINGS, G.J., FINK, K., SCHLICKER, E. & GÖTHERT, M.
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receptors: a time to bid goodbye. Trends Pharmacol. Sci., 19,
311 – 316.
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