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1 A biphasic cardiovascular response to bolus i.v. injection of human urotensin II (hUII,
3 nmol kg�1) in conscious, male, Sprague–Dawley (SD) rats was identified and underlying mechanisms
were explored. Initially (0–5min) there was tachycardia, hypotension and mesenteric and hindquarters
vasodilatation; later (30–120min), tachycardia, hindquarters vasodilatation and a modest rise in blood
pressure occurred.

2 Pretreatment with indomethacin or NG nitro-L-arginine methylester (L-NAME) reduced the
mesenteric vasodilator response to hUII, and abolished the late tachycardia and hindquarters
vasodilatation. Indomethacin also abolished the hypotension and early hindquarters vasodilatation,
and substantially reduced the initial tachycardia. Indomethacin and L-NAME together prevented all
haemodynamic responses to hUII.

3 Inhibition of inducible NOS had no effect on responses to hUII, whereas inhibition of neuronal
NOS reduced the delayed tachycardic response to hUII but did not significantly affect the
vasodilatation. Only the initial tachycardic response to hUII was antagonised by propranolol.

4 In spontaneously hypertensive rats (SHR), the initial haemodynamic responses to hUII were
qualitatively similar to those in SD rats, although there was also a modest renal vasodilatation. The
secondary response comprised a smaller tachycardia and a small rise in blood pressure, with no
significant hindquarters vasodilatation.

5 Haemodynamic responses to hUII were not enhanced by endothelin and angiotensin receptor
antagonism in either SD rats or in SHRs.

6 One interpretation of these results is that the primary response to bolus injection of hUII is
prostanoid- or prostanoid- and NO-mediated (mesenteric vasodilatation) and that this triggers
secondary events, which are dependent on eNOS (hindquarters vasodilatation) and neuronal NOS
(tachycardia).
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Introduction

There is an extensive, and growing, literature on the in vitro

vascular actions of human urotensin II (hUII), the recently

identified endogenous ligand for the G protein-coupled

receptor 14 (Ames et al., 1999), and there is unquestionably

marked species and regional variability in the extent and

nature of the responses obtained (see Maguire & Davenport,

2002; Douglas (2003) for reviews), although surprisingly few

studies have dealt with the in vivo vascular actions of the

peptide to date.

The landmark study of Ames et al. (1999) showed decreases

in total peripheral conductance with bolus doses of hUII given

i.v. to anaesthetised cynomolgus monkeys. However, these

effects were not associated with rises in systemic arterial blood

pressure, due to an accompanying marked fall in cardiac

output. Since then, several groups have reported cardiovas-

cular actions of bolus i.v. doses of hUII in conscious (Gardiner

et al., 2001; Lin et al., 2003a) and anaesthetised (Abdelrahman

& Pang, 2002; Hassan et al., 2003) rats, and all described

depressor responses, consistent with earlier reports, using the

structurally related fish UII (Gibson et al., 1986; Hasegawa

et al., 1992). Our study also showed that the fall in blood

pressure was accompanied by marked, regionally selective,

peripheral vasodilatation (Gardiner et al., 2001), which

contrasted strikingly with the data in primates (see above).

Recently, Watson et al. (2003) reported small, transient pressor

effects of a bolus i.v. dose of hUII in conscious sheep, but,

again, in marked contrast to the primate data, there was no

accompanying reduction in total peripheral conductance. Very

few studies have explored the in vivo cardiovascular effects of

hUII in man, and the currently available data are conflicting
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showing ‘potent’ vasoconstriction (Böhm & Pernow, 2002)

or no effect (Wilkinson et al., 2002) in the forearm, and

vasodilatation in the cutaneous vasculature (Lim et al., 2004)

in normal subjects. Affolter et al. (2002) also failed to detect

any blood pressure effect of a systemic i.v. infusion of the

peptide in man.

In a recent preliminary study, we found an unexpected

biphasic response to bolus injection of hUII (Gardiner et al.,

2004). The initial response consisted of mesenteric and

hindquarters vasodilatation, tachycardia and a small fall in

blood pressure, which waned after 30–60min as described

previously (Gardiner et al., 2001). However, thereafter, a

second phase developed, which peaked around 90–120min

postinjection and comprised tachycardia and hindquarters

vasodilatation with a modest rise in blood pressure. The

temporal relation between the first and second phases of the

response to hUII indicated that the former might have

triggered the latter, and/or the first phase was a direct action

and the second phase was an indirect action. Therefore, the

present experiments were designed to explore the possible

mechanisms involved in the biphasic response to bolus

injection of hUII.

Some of the results have been presented to the British

Pharmacological Society (Bennett et al., 2004).

Methods

Animals and surgical preparation

Male, Sprague–Dawley (SD) rats (400–450 g) and male

spontaneously hypertensive rats (SHR) (25–30 weeks old)

were obtained from Charles River, U.K. Inbred male Wistar–

Kyoto (WKY/NHsd), Lewis (LEW/SsNHsd) and Fischer 344

(F344/NHsd) rats (15–20 weeks old) were obtained from

Harlan, U.K. Rats were housed in the Biomedical Services

Unit for at least 10 days after delivery, before any surgical

interventions took place. The procedures were approved by the

University of Nottingham Ethical Review Committee and

were performed under Home Office Project Licence authority.

Surgery was performed in two stages under general anaesthesia

(fentanyl and medetomidine, 300mg kg�1 of each i.p.). Anaes-
thetic reversal and the provision of analgesia was achieved

using atipamezole and nalbuphine, respectively (1mg kg�1 of

each s.c.). Initially, miniaturised pulsed Doppler flow probes

were sutured around the left renal and superior mesenteric

arteries, and around the distal abdominal aorta (to monitor

hindquarters flow). At least 10 days later, under anaesthesia

(as above), catheters were implanted in the distal abdominal

aorta (via the ventral caudal artery), for monitoring arterial

blood pressure and heart rate, and in the right jugular vein for

the administration of substances. The fitness of the animals

between surgical stages was certified by the named Veterinary

Surgeon.

Cardiovascular recordings began on the day following

catheterisation, when the animals were fully conscious and

freely moving, with access to food and water ad libitum.

Cardiovascular recordings

Continuous recordings of cardiovascular variables (heart rate,

arterial blood pressure, renal, mesenteric and hindquarters

Doppler shifts (flow)) were made using a customized,

computer-based system (Haemodynamics Data Acquisition

System (HDAS), University of Limburg, Maastricht, The

Netherlands) connected to the transducer amplifier (Gould

model 13-4615-50) and the Doppler flowmeter (Crystal

Biotech (Holliston MA, U.S.A.) VF-1 mainframe (pulse

repetition frequency 125 kHz) fitted with high velocity

(HVPD-20) modules). Raw data were sampled by HDAS

every 2 ms, averaged every cardiac cycle, and stored to disc at

5 s intervals. Data were analysed offline using software

(Datview, University of Limburg, Maastricht, The Nether-

lands) that interfaced with HDAS.

Experimental protocols

In all the main experiments, animals were given a bolus

injection of hUII (3 nmol kg�1) on two occasions separated by

48 h, with no treatments being given in the intervening period.

Pilot experiments confirmed the reproducibility of responses to

hUII under these conditions. Furthermore, in other studies, we

have established the dose-dependent actions of hUII (Gardiner

et al., 2001), and demonstrated that the chosen dose reliably

evokes responses with all the components described. Lower

doses of the peptide (up to 300 pmol kg�1) did not evoke a

secondary response (unpublished observations).

Experiment 1. Effects of indomethacin and/or NG-nitro-L-
arginine methyl ester (L-NAME) on responses to hUII in
SD rats It has been reported that in anesthetised rats,

indomethacin abolishes the hypotensive response to fish UII

(Hasegawa et al., 1992), and that the hypotensive response to

hUII involves nitric oxide (NO; Abdelrahman & Pang, 2002).

Therefore, in this part of the study, one group of SD rats

(n¼ 8) was given hUII (3 nmol kg�1) in the presence of

indomethacin vehicle (10mM Na2CO3) on day 1, and 90min

after the onset of administration of i.v. indomethacin

(5mg kg�1 h�1 infusion, Gardiner et al., 1990a) on day 3.

A second group of SD rats (n¼ 17) was given i.v. saline (0.1ml
bolus, 0.4ml h�1 infusion) on day 1 and L-NAME (3mgkg�1

bolus, 3mg kg�1 h�1 infusion, Wakefield et al., 2003) on day 3,

starting 90min before administration of hUII (3 nmol kg�1).

To control for the effects of L-NAME on baseline haemody-

namics, a third group of SD rats (n¼ 8) was given hUII
(3 nmol kg�1) 90min after the onset of infusion of saline on day

1 and angiotensin II (AII, 200 ng kg�1 h�1) and arginine

vasopressin (AVP, 20 ng kg�1 h�1) on day 3. The combination

of AII plus AVP was used to achieve a haemodynamic status

which most closely matched that of L-NAME (Gardiner et al.,

1998). Since indomethacin and L-NAME given separately both

influenced the haemodynamic responses to hUII (see Results),

a fourth group of SD rats (n¼ 4) was given hUII (3 nmol kg�1)
90min after the onset of infusion of AII plus AVP (doses

as above) on day 1 and indomethacin plus L-NAME (doses

as above) on day 3.

Experiment 2. Effects of N-[[3-(aminomethyl)phenyl]-
methyl]-ethanimidamide dihydrochloride (1400W hydro-
chloride) or No-propyl-L-arginine (NPA) on responses to
hUII in SD rats Since L-NAME abolished the delayed

hindquarters vasodilatation and tachycardia evoked by bolus

injection of hUII (see Results), we speculated that the delayed

events might have been due to activation of inducible NOS
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(iNOS) and/or involvement of neuronal NOS (nNOS). There-

fore, SD rats (n¼ 17) were given saline (0.1ml bolus, 0.4ml h�1
infusion) on day 1, and either 1400W (iNOS inhibitor (Garvey

et al., 1997); 3mgkg�1 bolus, 3mg kg�1 h�1 infusion, n¼ 5) or
NPA (nNOS inhibitor (Zhang et al., 1997); 3mg kg�1 bolus,

3mg kg�1 h�1 infusion, n¼ 12) on day 3, starting 90min before
administration of hUII (3 nmol kg�1). The dose of 1400W

was chosen on the basis of the study of Cheng et al. (2003)

showing cardiovascular effects under conditions where iNOS

is activated. The dose of NPA was chosen on the basis of its

selectivity profile (Zhang et al., 1997) and evidence for in vivo

effectiveness of an i.v. dose of 1mg kg�1 h�1 (Kakoki et al.,

2001).

Experiment 3. Effects of propranolol on responses to hUII
in SD rats There is evidence that hUII may release

adrenaline (Watson et al., 2003), and it is known that the

latter causes tachycardia and marked hindquarters vasodilata-

tion in conscious rats (Gardiner et al., 1991a). Therefore, we

assessed the effects of propranolol on responses to hUII. SD

rats (n¼ 9) were given either saline (0.1ml bolus, 0.4ml h�1
infusion) or propranolol (1mgkg�1 bolus, 0.5mgkg�1 h�1

infusion, Janssen et al., 1991) on day 1 and the other treatment

on day 3, starting 60min before administration of hUII

(3 nmol kg�1).

Experiment 4. Responses to hUII in the absence and
presence of [(þ )-(1S, 2R, 3S)-3-(2-carboxymethoxy-4-
methoxyphenyl)-1-13,4-methylenedioxyphenyl-5-(prop-1-
yloxy)indane-2-carboxylic acid] (SB 209670) and losar-
tan in SD rats and SHR Lin et al. (2003b) have recently

reported exaggerated pressor responses to central administra-

tion of hUII in SHR, but we know of no studies in which

responses to peripherally administered hUII have been

measured in SHR. Furthermore, although there is evidence

that activation of the sympathetic nervous system may limit

the hypotensive effect of hUII in anaesthetised rats (Abdel-

rahman & Pang, 2002), it is not known to what extent

vasoconstrictor effects of endogenous angiotensin and en-

dothelin serve to offset the vasodilator response to hUII.

Therefore, rats (n¼ 8 SHR and n¼ 8 SD) were given saline
(0.4ml h�1) on day 1 and the ETA-, ETB-receptor antagonist,

SB 209670 (600mg kg�1 bolus, 600mg kg�1 h�1 infusion) to-
gether with the AT1-receptor antagonist, losartan (10mg kg

�1

bolus) on day 3, starting 90min before administration of hUII.

Although not included in this series of experiments, we have

previously shown that following combined administration of

SB 209670 and losartan, cardiovascular variables are quite

stable for a period of several hours, once the new steady state

has been reached (Gardiner et al., 1996).

Experiment 5. Responses to hUII in inbred WKY, LEW
and F344 rats Since there were differences between the

effects of hUII in SHR compared with SD rats (see Results

from Experiment 4), small groups of inbred WKY (n¼ 4),
LEW (n¼ 3) and F344 (n¼ 3) rats were given hUII

(3 nmol kg�1) to determine whether or not the effects seen in

SD rats were also apparent in other normotensive strains.

Data analysis

Within-group analyses were carried out using a nonparametric

ANOVA (Friedman’s test). Between-group analyses were by

Wilcoxon’s test or the Mann–Whitney U-test, as appropriate;

Pp0.05 was taken as significant.

Drugs

Fentanyl citrate was obtained from Janssen-Cilag (High-

Wycombe, U.K.); medetomidine hydrochloride (Domitor)

and atipamezole hydrochloride (Antisedan) were obtained

from Pfizer (Kent, U.K.); nalbuphine hydrochloride (Nubain)

was obtained from Bristol-Myers-Squibb (Houslow, U.K.).

hUII was purchased from Peptide Institute Inc. (Scientific

Marketing Associates, Barnet, U.K.). L-NAME was purchased

from Sigma (Dorset, U.K.). NPA and 1400W hydrochloride

were purchased from Tocris (Avonmouth, U.K.). Indometha-

cin was purchased from Merck Biosciences Ltd (Nottingham,

U.K.). AII and AVP were purchased from Bachem (St Helens,

U.K.) Ltd. SB 209670 was a gift from Dr E. Ohlstein (GSK,

U.S.A.). Losartan potassium was a gift from Dr R.D. Smith

(DuPont, U.S.A.).

All drugs and peptides were dissolved in sterile saline with

the exception of indomethacin which was dissolved in 10mM

Na2CO3. Bolus injections were in a volume of 0.1ml and

infusions were at a rate of 0.4ml h�1.

Results

Experiment 1. Effects of indomethacin and/or L-NAME
on responses to hUII in SD rats

Group 1: Indomethacin In the presence of vehicle, there

was an initial response to administration of hUII which

comprised tachycardia, mesenteric vasodilatation, a rapid,

transient (1min) rise followed by a fall in mean arterial blood

pressure, accompanied by a slowly developing hindquarters

vasodilatation (Figure 1). Thereafter, a second phase of

response developed (between 60 and 120min after hUII

administration) comprising tachycardia, a rise in mean arterial

blood pressure and hindquarters vasodilatation (Figure 1).

Indomethacin had no significant effect on resting cardio-

vascular variables (Table 1). However, in the presence of

indomethacin, the initial hypotensive and hindquarters vaso-

dilator effects of hUII were abolished, and there was little or

no tachycardia. The integrated (0–5min) increase in mesenteric

vascular conductance in response to hUII was reduced

(Po0.05) from 16479 to 104715% min (Figure 1). In

addition, in the presence of indomethacin, the delayed hUII-

induced increase in heart rate, mean arterial pressure and

hindquarters vascular conductance were absent (Figure 1).

In a separate series of experiments (n¼ 4, preliminary data),
the changes in cardiovascular variables during infusion of

indomethacin alone for the period of time shown in Figure 1

were heart rate, þ 1679beatsmin�1; mean arterial blood

pressure, þ 173mmHg; renal vascular conductance, þ 677%;
mesenteric vascular conductance, þ 12713%; hindquarters
vascular conductance, �10710%. Hence, there was little
consistent change during this time period.
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Groups 2 and 3: L-NAME In the presence of vehicle for L-

NAME or vehicle for AII plus AVP (i.e., saline), responses to

bolus administration of hUII were as described above (data

not shown). Administration of L-NAME or AII plus AVP

caused similar degrees of hypertension, bradycardia and

widespread vasoconstriction, such that, with the exception of

renal vascular conductance, haemodynamic variables were not

different in the presence of L-NAME compared with AII plus

AVP (Table 1). In the presence of AII plus AVP, responses to

hUII were generally enhanced relative to the control condition

(compare Figures 1 and 2). When the initial (0-5min) effects of

hUII in the presence of L-NAME were compared with those in

the presence of AII plus AVP, the increase in mesenteric

vascular conductance was significantly (Po0.05) reduced
(233742 vs 386737% min, respectively), there was a trend

towards a diminution in the hypotension which did not reach

significance (P¼ 0.065), and the hindquarters vasodilatation
was unaffected (Figure 2). Furthermore, in the presence of L-

NAME, there were no delayed responses to hUII, whereas, in

the presence of AII plus AVP, the late-onset hindquarters

vasodilatation and tachycardia were marked, and there was a

slight mesenteric vasodilatation (Figure 2).

In a separate series of experiments (n¼ 6, preliminary data),
the changes in cardiovascular variables during infusion of L-

NAME alone for the period of time shown in Figure 2 were

heart rate, þ 2172 beatsmin�1; mean arterial blood pressure,
þ 473mmHg; renal vascular conductance, þ 1279%; me-
senteric vascular conductance, �375%; hindquarters vascular
conductance, �973%. Hence, there was little consistent
change during this time period.

Group 4: L-NAME plus indomethacin In the presence of

L-NAME plus indomethacin, all haemodynamic responses to

hUII were abolished (data not shown).

Experiment 2. Effects of 1400W or NPA on responses to
hUII in SD rats

Neither 1400W nor NPA had any significant cardiovascular

effects.

In the presence of 1400W, cardiovascular responses to hUII

were not different from those seen in the presence of saline

(data not shown). In the presence of NPA, the initial

cardiovascular responses to hUII were not different from

those in the presence of saline, but the delayed (at 90min)

increase in heart rate and pressor responses

(þ 19710 beatsmin�1, þ 272mmHg, respectively) were

smaller (Pp0.05) than the corresponding changes seen in the
presence of saline (þ 68712 beatsmin�1, þ 1073mmHg), but
the increase in hindquarters vascular conductance was not

Figure 1 Haemodynamic responses to human urotensin II (hUII;
3 nmol kg�1) in the presence of indomethacin (5mgkg�1 h�1; open
circles) or its vehicle (10mM Na2CO3 at 0.4ml h

�1; closed circles) in
conscious SD rats (n¼ 8). Values are mean and vertical bars show
s.e.m. *Pp0.05 vs baseline (Friedman’s test). Between-group
differences are given in the text. Note the change in time scale
between 30 and 60min.

Table 1 Resting cardiovascular variables in Experiment 1

Group 1 (n¼ 8)
vehicle

Group 1
(n¼ 8)
Indo

Group 2
(n¼ 17)
saline

Group 2
(n¼ 17)
L-NAME

Group 3
(n¼ 8)
saline

Group 3
(n¼ 8)

AII+AVP

Heart rate (beatsmin�1) 330710 297712 343712 293713* 344715 294714*
Mean BP (mmHg) 10872 10573 10974 13475* 10073 13974*
Renal VC
((kHzmmHg�1)103)

6878 6975 77710 4677* 89710 6779*

Mesenteric VC
((kHzmmHg �1)103)

6576 6275 8979 4175* 7777 3673*

Hindquarters VC
((kHzmmHg�1)103)

3874 3774 3575 1872* 3172 1871*

All values are mean7s.e.m. for measurements 90min after the onset of treatment, immediately prior to administration of hUII.
VC¼ vascular conductance. Rats were given vehicle on day 1 and indomethacin (Indo, Group 1), L-NAME (Group 2) or AII plus AVP
(Group 3) on day 3.
*Pp0.05 vs day 1 (Wilcoxon’s test).
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significantly affected (þ 2076 and þ 3375% in presence and

absence of NPA, respectively).

Experiment 3. Effects of propranolol on responses to hUII
in SD rats

Administration of propranolol had no significant cardiovas-

cular effects.

In the presence of propranolol, the initial integrated

(0–5min) tachycardic response to hUII (þ 115716 beats)
was smaller (Po0.05) than the corresponding change in the
presence of saline (þ 258731 beats), but, otherwise, responses
to hUII were not different from those seen in the presence of

saline.

In other experiments (n¼ 8), we have found no significant
changes in cardiovascular variables over a 240min period

starting 90min after administration of propranolol (heart

rate, �579 beatsmin�1; mean arterial blood pressure,

þ 873mmHg; renal vascular conductance, þ 475%; mesen-
teric vascular conductance, �874%; hindquarters vascular
conductance, �372%. Hence, there was little consistent
change during this time period.

Experiment 4. Responses to hUII in the absence
and presence of SB 209670 and losartan in SD rats
and in SHR

In SD rats, combined administration of SB 209670 plus

losartan caused hypotension, tachycardia and vasodilatation

such that all baseline cardiovascular variables just prior to

administration of hUII in the presence of SB 209670 plus

losartan or saline were significantly different (Figure 3a). In

the presence of saline (Figure 3a), cardiovascular responses to

hUII were as described above, although in this group of rats,

there was a small renal vasodilatation. In the presence of SB

209670 plus losartan, the initial cardiovascular responses to

hUII were similar to those seen in the presence of saline, and

the delayed tachycardic and hindquarters vasodilator re-

sponses were unaffected, although there was no secondary

rise in blood pressure (Figure 3a).

In SHR, in the presence of saline, the initial responses to

hUII were generally similar to those seen in SD rats, although

the hindquarters vasodilatation and hypotension were more

marked. However, there was no significant secondary hind-

quarters vasodilator response to hUII in SHR, and smaller

delayed increases in heart rate and blood pressure (Figure 3b).

Combined administration of SB 209670 plus losartan caused a

marked fall in blood pressure, tachycardia and widespread

vasodilatation in SHR (Figure 3b). In the presence of SB

209670 plus losartan, the cardiovascular responses to hUII

were largely unchanged (Figure 3b).

Experiment 5. Responses to hUII in inbred WKY, LEW
and F344 rats

At 5min following administration of hUII, there was tachy-

cardia (þ 142712, þ 71722, þ 4172 beatsmin�1), increases
in mesenteric vascular conductance (þ 2174, þ 59713,
þ 3476%) and increases in hindquarters vascular conduc-
tance (þ 2375, þ 32710, þ 2775%) in WKY, LEW and

F344, respectively. Thereafter, a secondary response developed

such that, at 90min following hUII administration, there was

tachycardia (þ 6278, þ 52722, þ 2676 beatsmin�1), a rise
in blood pressure (þ 1674, þ 1172, þ 1072mmHg)
and increases in hindquarters vascular conductance

(þ 2073, þ 2479, þ 3676%) in WKY, LEW and F344,

respectively.

Discussion

The finding which prompted these studies was that, with

prolonged continuous monitoring, the regional haemodynamic

effects of a bolus dose of hUII in conscious rats were seen to be

more complex than hitherto appreciated. Thus, in addition to

the initial response, which we have described previously

(Gardiner et al., 2001), we found an unexpected delayed

phase, which appeared about 60min after administration of

the bolus, and which resembled the initial response, in that it

consisted of a tachycardia and hindquarters vasodilatation,

but differed inasmuch as there was no mesenteric vasodilata-

tion, and blood pressure tended to rise rather than fall

(Gardiner et al., 2004).

The initial effects of bolus doses of hUII were qualitatively

similar to those reported in our earlier study (Gardiner et al.,

Figure 2 Haemodynamic responses to human urotensin II (hUII;
3 nmol kg�1) in the presence of AII and AVP (200 and 20 ng kg�1 h�1,
respectively; closed circles; n¼ 8) or L-NAME (3mgkg�1 h�1; open
circles; n¼ 17) in conscious SD rats. Values are mean and vertical
bars show s.e.m. *Pp0.05 vs baseline (Friedman’s test). Between-
group differences are given in the text. Note the change in time scale
between 30 and 60min.

426 S.M. Gardiner et al Cardiovascular effects of urotensin II in rats

British Journal of Pharmacology vol 143 (3)



2001), but quantitatively less. Since our previous protocol

involved giving incremental hUII injections about 60min

apart, and we now know there is a clear secondary response to

hUII, beginning about 60min after the injection, it is feasible

that, in our earlier experiments, responses to doses other than

the first were augmented by the then unknown secondary

response to the first dose, and so on. Others (Abdelrahman &

Pang, 2002) have used 5min dosing schedules for hUII, and so

their results also could have been affected by the phenomenon

described here. However, it may be that the biphasic response

to hUII is only seen in conscious animals, because Hasegawa

et al. (1992) observed marked tachyphylaxis to repeated doses

of UII given at 45min intervals in anaesthetised Wistar rats.

Interestingly, in the recent study of Watson et al. (2003) in

conscious sheep, there was no evidence for a second phase of

response to an i.v. bolus dose of hUII.

Regarding mechanisms, it was striking that indomethacin

abolished the initial hypotensive, tachycardic and hindquarters

vasodilator effect of hUII, and reduced the mesenteric

vasodilatation by about 50%. These findings with respect to

the initial hypotension are consistent with the earlier observa-

tions of Hasegawa et al. (1992) using fish UII in anaesthetised

rats, and extend them by showing regional differentiation,

inasmuch as the mesenteric vasodilatation appeared to be only

partly dependent on prostanoids, whereas the initial hind-

quarters response seemed to be entirely prostanoid-mediated.

Furthermore, we found some indication of an involvement of

NO in the initial hypotensive effect of hUII, which is consistent

with an earlier report using hUII in anaesthetised rats

(Abdelrahman & Pang, 2002). Again, we extended those

observations showing that NO was involved in the mesenteric,

but not in the initial hindquarters, vasodilator response to

hUII. At first sight, the increase in hUII-induced mesenteric

vasodilatation seen in the presence of L-NAME, compared

with the saline condition, seems inconsistent with a vasodilator

role for NO. However, when the baseline changes were

accounted for by the use of AII plus AVP, we observed a

relative inhibition of the effect of hUII by L-NAME.

Elsewhere, we have shown apparent enhancement of vasodi-

lator responses to bolus injections of classical endothelium-

dependent, NO-mediated, vasodilators in the presence of L-

NAME (Gardiner et al., 1990b). We cannot dismiss the

possibility that the augmentation of the response to hUII in

the presence of AII plus AVP was due to an interaction

between the peptides, rather than to the change in baseline.

However, the results of the experiment where we gave

indomethacin and L-NAME together and showed total

abolition of the mesenteric vasodilator effect of hUII are

consistent with the suggestion that the residual response seen

in the presence of indomethacin was NO-mediated. It is

notable that the residual, NO-mediated mesenteric vasodilata-

tion in the presence of indomethacin was not sufficient to

evoke an hypotensive response, possibly indicating a pre-

dominant role for hindquarters vasodilatation in this event.

Figure 3 Cardiovascular variables before and after administration
(at time 0) of human urotensin II (hUII; 3 nmol kg�1) in conscious
SD rats (a; n¼ 8) and spontaneously hypertensive rats (b; n¼ 8) in
the presence of saline (closed circles) or SB 209670 plus losartan
(600 mg kg�1, 600mgkg�1 h�1 and 10mgkg�1, respectively, open
circles). Values are mean and vertical bars show s.e.m. *Pp0.05
vs baseline (Friedman’s test). #Pp0.05 between baseline values
(Wilcoxon’s test). Note the change in time scale between 30 and
60min.
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Surprisingly, all the delayed responses to the peptide were

abolished by either indomethacin, or L-NAME. One possible

interpretation of these findings is that the delayed responses to

hUII were b-adrenoceptor-mediated consequences of sym-

pathoadrenal activation (Watson et al., 2003), which may be

modulated by arachidonic acid metabolites (Yokotani et al.,

2001) and which may be sensitive to L-NAME (Gardiner et al.,

1991a, b). However, the present results with propranolol

showed no involvement of b-adrenoceptors in the second

phase of response to hUII. The suppression of the initial

tachycardic effect of hUII by propranolol, as reported

previously in anaesthetised rats using fish UII (Gibson et al.,

1986) and hUII (Abdelrahman & Pang, 2002), is consistent

with this being, at least in part, attributable to a reflex

sympathetic response to the fall in blood pressure. However, it

should be noted that the tachycardia was far more prolonged

than the hypotension, possibly indicating an additional effect

of hUII on sympathetic drive, and/or on the heart itself.

Another possible interpretation of our finding that the

delayed responses to the peptide were abolished by either

indomethacin or L-NAME is that the primary event was hUII-

induced activation of prostanoid production which, in turn,

stimulated NOS (Borda et al., 2002; Madrigal et al., 2003).

Alternatively, it is feasible that hUII directly stimulated NOS

expression which was inhibited by indomethacin (DiGirolamo

et al., 2003). A further possibility is that hUII stimulated NO

production and that this activated cyclooxygenase (Salvemini

et al., 1993). It seems that such effects did not involve iNOS

since inhibition of iNOS with 1400W (Garvey et al., 1997) did

not replicate any of the effects of L-NAME. However,

inhibition of nNOS with NPA (Zhang et al., 1997) inhibited

the delayed tachycardia and the associated rise in blood

pressure, indicating a role for nNOS-derived NO in those

responses. There are a number of ways in which NO can

influence heart rate, either directly (e.g., Chowdhary et al.,

2002) or by influencing autonomic control (e.g., Jumrussirikul

et al., 1998; Choate et al., 2001). However, whether or not the

hUII-induced tachycardia, which was sensitive to NPA, was a

direct or an indirect effect of NO cannot be determined from

our experiments. Since the small, delayed, pressor response to

hUII was not associated with vasoconstriction, and was also

inhibited by NPA, it is feasible that it was due to a rise in

cardiac output, possibly associated with the tachycardia. An

interesting observation was that the modest delayed rise in

blood pressure was accompanied by an increase in pulse

pressure (data not shown), further supporting the proposition

that it was due to a rise in cardiac output possibly due to an

hUII-induced positive inotropic effect (see Douglas, 2003).

The difference between the effects of L-NAME and NPA on

responses to hUII, and the lack of effect of 1400W, indicate

a major role for endothelial NOS (eNOS) in the delayed

hindquarters vasodilator response to the peptide. This is

intriguing against the background of a lack of involvement of

NO in the early hindquarters vasodilator effect of hUII and a

clear involvement of NO in the mesenteric vasodilatation

which was monophasic and short-lived. Since NPA abolished

the tachycardia and modest rise in blood pressure yet, under

those conditions, hindquarters vasodilatation still occurred, it

does not seem likely that the L-NAME-sensitive delayed

hindquarters vasodilatation was secondary to an increase in

pulsatility brought about by a positive inotropic action of

hUII (see above).

It is notable that the renal vascular bed showed no

consistent response to hUII in SD rats (see also Gardiner

et al., 2001) because Zhang et al. (2003) have reported that

hUII caused significant, NO-mediated renal vasodilatation in

anaesthetised rats. However, in their experiments the peptide

was administered intrarenally, so it is feasible that a local renal

vasodilator action of hUII is opposed by other mechanisms

when the peptide is given systemically (but see below).

Lin et al. (2003b) have recently reported exaggerated pressor

responses to central administration of hUII in SHR, but as far

as we are aware, ours is the first study in which responses to

peripherally administered hUII have been measured in SHR.

We found that the initial responses were qualitatively similar

to those seen in SD rats, but the magnitude of effects tended to

be greater, and there was a small, but significant, renal

vasodilator response to hUII. Interestingly, however, there was

a smaller delayed response to hUII in SHR, suggesting that,

whatever the mechanism(s) (see above), they were less in that

strain of rat. In small groups of inbred strains of normotensive

rat, we were able to demonstrate secondary responses to hUII,

albeit to varying degrees. Thus, on the basis of the experiments

performed to date, the absence of a secondary hindquarters

vasodilator response to hUII in SHR appears to be unique to

that strain.

In the presence of the endothelin and angiotensin receptor

antagonists, SB 209670 and losartan, there was no significant

enhancement of the hypotensive or vasodilator effects of hUII,

in either SHR or SD rats. Hence, it appears that the absence of

renal vasodilator responses to hUII in SD rats was not due to

compensatory activation of these vasoconstrictor mechanisms,

but rather, the resting vasoconstriction in SHR might have

unmasked the renal vasodilator action of this peptide,

consistent with the finding that in SD rats given AII plus

AVP, a small renal vasodilator effect of hUII was seen. The

lack of influence of SB 209670 plus losartan on the overt

mesenteric and hindquarters vasodilator responses to hUII

indicates that vasoconstrictor influences of endogenous

endothelin and angiotensin II do not simply oppose these

effects of the peptide.

From the present results it appears that the variability

in responses to hUII as reported in the literature could be

due to variations in degrees of involvement of NO and

prostanoids in different experimental conditions (see Intro-

duction; Katano et al., 2000; Gray et al., 2001). Indeed, the

very recent study of Lim et al. (2004) shows cutaneous

vasodilator responses to hUII in normal subjects, but

vasoconstrictor responses in patients with congestive heart

failure. Although the latter did not show significantly

reduced endothelium-dependent vasodilator responses, the

group size was small, and responses to acetylcholine were

in fact reduced by 31%. However, under no conditions

have we been able to demonstrate vasoconstrictor responses

to hUII, and the failure of Wilkinson et al. (2002) to

demonstrate vasoconstrictor responses to hUII in the human

forearm is not likely due to opposing action of NO and

prostanoids, since they performed experiments in the presence

of L-NMMA and aspirin.

In conclusion, the regional vasodilator responses to bolus

injection of hUII in conscious rats include an initial, short-

lived mesenteric vasodilatation which is largely prostanoid-

mediated with a small contribution from NO, and a biphasic

hindquarters vasodilatation, the first phase of which is entirely
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prostanoid-mediated. Since the second phase was inhibited by

either indomethacin or L-NAME, one interpretation is that a

prostanoid-mediated event triggers NO-dependent vasodilata-

tion. Interestingly, an analogous sequence of events has been

shown to be involved in hypoxia-induced vasodilatation in rats

(Ray et al., 2002), whereby the primary mediator (adenosine)

increases prostaglandin synthesis which, in turn, increases

synthesis and release of NO via the production of cAMP.

This work was supported by the British Heart Foundation. We are
grateful to Drs Anthony Davenport and Katherine Wiley for useful
discussions of the work.
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