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Abstract

The vasoactive peptide urotensin-II and its receptor, GPR14 (now known as UT receptor), are localised in the mammalian central nervous

system. Accordingly, various centrally mediated effects of urotensin-II on behaviour, neuroendocrine hormones and neurochemistry have

been described. To investigate neuroanatomical substrates for the central actions of urotensin-II, expression of the immediate early gene c-fos

was examined following intracerebroventricular administration to rats. Urotensin-II increased Fos expression in the cingulate cortex and

periaqueductal grey, suggesting important central roles for urotensin-II and its receptor.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Urotensin-II is a peptide first isolated from the goby fish

urophysis (Pearson et al., 1980), a structure homologous to

the hypothalamic pituitary adrenal axis in mammals (Bern et

al., 1985). A receptor for urotensin-II was recently identified

when several groups showed urotensin-II functionally acti-

vates the G-protein-coupled receptor, GPR14 (now known

as UT receptor) (Ames et al., 1999; Liu et al., 1999; Mori et

al., 1999; Nothacker et al., 1999) which is identical to

sensory epithelium neuropeptide-like receptor (SENR) (Tal

et al., 1995).

Urotensin-II is best known for its vasoactive properties

(reviewed by Maguire and Davenport, 2002) and is a more

potent vasoconstrictor than endothelin-1 in non-human

primates (Douglas et al., 2000). However, the localisation

of both urotensin-II and UT receptor in areas distinct from

the vasculature imply further roles for urotensin-II and its

receptor.

Urotensin-II mRNA and protein are found in the

central nervous system (CNS) with highest levels of
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mRNA found specifically in motor neurons of the spinal

cord (Coulouarn et al., 1999; Ames et al., 1999). Ac-

cordingly, urotensin-II regulates intracellular Ca2 + in

dissociated rat spinal cord neurons (Filipeanu et al.,

2002) and stimulates spontaneous release from frog motor

nerve terminals (Brailoiu et al., 2003). Highest levels of

urotensin-II-like immunoreactivity are found in the ventral

horn motor neurons of the spinal cord, the oromotor

nuclei and in the acinar cells lining the thyroid follicles

(Ames et al., 1999; Clark et al., 2001).

UT receptor is also well described in the mammalian

CNS with highest mRNA expression in cortical areas,

nucleus accumbens, substantia nigra, thalamus, cerebel-

lum, choroid plexus and spinal cord motor nuclei (Ames

et al., 1999; Gartlon et al., 2001; Liu et al., 1999; Tal et

al., 1995). Interestingly, in situ hybridisation revealed that

UT receptor mRNA co-localised specifically to choliner-

gic neurons in the mesopontine tegmental nuclei which

are associated with motor function, arousal and sleep

(Clark et al., 2001). High-density [125I]urotensin-II bind-

ing sites are found in the lateral septal, medial habenula

and interpenduncular nuclei of the rat (Clark et al., 2001)

and in the cerebral cortex of humans (Maguire et al.,

2000).

Given the localisation of both urotensin-II and its

receptor in the mammalian CNS, the physiological
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actions of central urotensin-II have received little atten-

tion. We previously described the first evidence for

behavioural and neuroendocrine effects following intra-

cerebroventricular (i.c.v.) administration of urotensin-II to

rats. Urotensin-II caused behavioural stimulation with

increased grooming, rearing and motor activity. Neuroen-

docrine hormones were also affected with elevated levels

of thyroid stimulating hormone and prolactin (Gartlon et

al., 2001). Centrally mediated pressor and tachycardic

effects following i.c.v. administration are also described

(Lin et al., 2003).

Therefore, in the absence of localisation data for UT

receptor protein, the aim of this study was to investigate

neuroanatomical substrates for the central actions of uro-

tensin-II. Expression of the immediate early gene c-fos, a

marker of neuronal activation, was used to map the

location of functionally active substrates for the response

to urotensin-II following i.c.v. administration to rats. Ex-

pression of the gene product, Fos, was measured in various

brain regions including cingulate cortex, paraventricular

thalamus, dorsal amygdala, caudate, nucleus accumbens,

hypothalamus, periaqueductal grey, habenula and lateral

septum.
2. Materials and methods

All experiments were carried out in accordance with the

United Kingdom Animals (Scientific Procedures) Act,

1986. Male Sprague–Dawley rats (Charles River, 250–

300 g) were implanted with an indwelling cannula directed

towards the lateral ventricle (for detailed surgical methods,

see Gartlon et al., 2001). Peptides or vehicle (0.9% saline

solution) were administered by i.c.v. injection in a volume

of 5 Al. Human urotensin-II (ETPDCFWKYCV) was

obtained as a trifluoroacetate salt (GlaxoSmithKline, UK).

Rats were exposed to a sham i.c.v. dosing procedure once

daily for 5 days prior to the study to allow habituation of

the immediate early gene response to dosing-induced stress

(Melia et al., 1994). Urotensin-II [1 and 10 Ag (doses taken

from Gartlon et al., 2001), n = 6] or vehicle (saline, 5 Al)
were injected i.c.v. Two hours later, rats were deeply
Fig. 1. Photomicrograph indicative of Fos-like immunoreactivity in the cingulate

vehicle i.c.v., bar = 500 Am, (B) urotensin-II (10 Ag), bar = 500 Am. Intense Fos

administered urotensin-II.
anaesthetised with sodium pentobarbitone (200 mg/kg

i.p.) and intracardially perfused with heparinised saline

solution, followed by 4% (w/v) paraformaldehyde in 0.1

M phosphate buffer. Fos immunohistochemistry was car-

ried out according to the methods of Leslie et al. (1993)

using sheep polyclonal primary c-Fos antiserum (Sigma-

Genosys, UK), with an ABC (avidin–biotin complex)-

peroxidase detection system using DAB (3,3V-diaminoben-

zidine substrate) as the chromagen. Sections were examined

by bright-field microscopy and cells which exhibited Fos-

like immunoreactivity in pre-selected brain regions (cingu-

late cortex, paraventricular thalamus, dorsal amygdala,

caudate, nucleus accumbens, hypothalamus, periaqueductal

grey, habenula and lateral septum) were counted. Numbers

of immunoreactive nuclei in a 200� 200-Am square were

determined by an observer blind to drug treatment and

analysed (per region) by one-way analysis of variance

followed by Duncan’s New Multiple Range post hoc

analysis.
3. Results

The 5-day sham dosing procedure resulted in low levels

of Fos-like immunoreactivity in vehicle-treated animals

(Fig. 2). Urotensin-II (1 and 10 Ag) caused significant

region-specific Fos induction. Fos-like immunoreactivity

was increased dose-dependently in the cingulate cortex

(Fig. 1) and periaqueductal grey (P < 0.05; Fig. 2). No

significant changes in Fos-like immunoreactivity were ob-

served in the paraventricular thalamus, dorsal amygdala,

caudate, nucleus accumbens, hypothalamus and habenula.

There was a strong trend towards increased Fos-like immu-

noreactivity in the lateral septum, although this was not

statistically significant.
4. Discussion

Urotensin-II caused highest c-fos expression in the cin-

gulate cortex. The cingulate cortex is an important integra-

tive centre of the brain, playing a central role in mediating
cortex (approximately 1.2 mm anterior to bregma) of a rat treated with (A)

-like immunoreactivity (arrow) was evident only in the brains of animals



Fig. 2. Number of Fos-like immunoreactive nuclei were determined in brains perfused within 2 h after i.c.v. administration of vehicle or urotensin-II (1 or

10 Ag). Fos-like immunoreactivity was counted in a 200� 200 Am grid in the cingulate cortex, paraventricular thalamus, dorsal amygdala, caudate, nucleus

accumbens, hypothalamus, periaqueductal grey, habenula and lateral septum. Data shown as means ( + S.E.M.). Significant differences from vehicle are shown

by *P < 0.05.
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cognitive and emotional responses and controlling motor,

endocrine and autonomic functions. Dose-dependent

increases in Fos-like immunoreactivity were also observed

in the periaqueductal grey, which is a brain area involved in

mediating pain perception as well as many somatic and

visceral stereotypical behaviours such as the ‘‘panic’’ re-

sponse. Expression in these areas is consistent with the

localisation of UT receptor mRNA (Gartlon et al., 2001) and

further suggest important central roles for urotensin-II.

Interestingly, Fos-like immunoreactivity was not significant-

ly increased in the lateral septum and habenula, sites

previously shown to exhibit high density [125I]urotensin-II

binding (Clark et al., 2001).

Overall, there is a discrepancy between the expression

of urotensin-II stimulated Fos and the distribution of UT

receptor which may be explained in several ways. Firstly,

reports of UT receptor expression are also inconsistent

and vary according to the type and sensitivity of the

detection system used [distributions by reverse transcrip-

tase-polymerase chain reaction, dot-blot, in situ hybrid-

isation and receptor autoradiography are reviewed by

Maguire and Davenport (2002). For example, [125I]uro-

tensin-II binding in lateral septal, medial habenula and

interpenduncular nuclei is found in the absence of UT

receptor mRNA expression (Clark et al., 2001). Secondly,

it is suggested that urotensin-II binding sites found in the

absence of UT receptor expression represent pre-synaptic

autoreceptors (Clark et al., 2001; Liu et al., 1999).

Finally, Fos is expressed in response to many extracellular

stimuli and, therefore, it is conceivable that urotensin-II
stimulated Fos expression could be independent of UT

receptor activation.

Despite evidence for a role for urotensin-II in fish and

mammalian neuroendocrine regulation (Conlon et al., 1997;

Gartlon et al., 2001), there was no Fos induction in the

hypothalamus, which is the major controlling centre of

pituitary output. However, previous findings suggest that a

more detailed analysis of the hypothalamus, and also other

brain regions, may reveal urotensin-II induced Fos in

discrete areas or specific nuclei. For example, the neuro-

peptide neuromedin-U causes widespread centrally mediat-

ed effects (Gartlon et al., submitted for publication) but

induces Fos only in discrete areas; including specific nuclei

of the hypothalamus (Ozaki et al., 2002).

In summary, the induction of c-fos in the cingulate

cortex, periaqueductal grey and lateral septum further sug-

gests important central roles for urotensin-II and its receptor.

In addition, this work demonstrates the utility of immediate

early gene (c-fos) expression to help determine neuronal

substrates of centrally mediated responses in the absence of

detailed protein distribution data. Further studies should

assess in more detail the CNS distribution of Fos protein,

and other immediate early genes, after i.c.v. urotensin-II

administration to rats.
Acknowledgements

The authors are very grateful for the surgical and

technical assistance provided by Karen Davis, Susan



J.E. Gartlon et al. / European Journal of Pharmacology 493 (2004) 95–9898
Barber, Jackie Colledge, Jonathon Barford and Louise

Chamberlain.
References

Ames, R.S., Sarau, H.M., Chambers, J.K., Willette, R.N., Alyar, N.V.,

Romanic, A.M., Louden, C.S., Foley, J.J., Sauermelch, C.F., Coat-

ney, R.W., Ao, Z.H., Disa, J., Holmes, S.D., Stadel, J.M., Martin,

J.D., Liu, W.S., Glover, G.I., Wilson, S., McNulty, D.E., Ellis, C.E.,

Elshourbagy, N.A., Shabon, U., Trill, J.J., Hay, D.W.P., Ohlstein,

E.H., Bergsma, D.J., Douglas, S.A., 1999. Human urotensin-II is a

potent vasoconstrictor and agonist for the orphan receptor GPR14.

Nature 401, 282–286.

Bern, H.A., Pearson, D., Larson, B.A., Nishioka, R.S., 1985. Neurohor-

mones from fish tails: the caudal neurosecretory system: I. ‘‘Urophysio-

logy’’ and the caudal neurosecretory system of fishes. Recent Prog.

Horm. Res. 41, 533–552.

Brailoiu, E., Brailoiu, G.C., Miyamoto, M.D., Dun, N.J., 2003. The vaso-

active peptide urotensin II stimulates spontaneous release from frog

motor nerve terminals. Br. J. Pharmacol. 138, 1580–1588.

Clark, S.D., Nothacker, H.-P., Wang, Z., Saito, Y., Leslie, F.M., Civelli, O.,

2001. The urotensin II receptor is expressed in the cholinergic meso-

pontine tegmentum of the rat. Brain Res. 923, 120–127.

Conlon, J.M., Tostivint, H., Vaudry, H., 1997. Somatostatin- and urotensin

II-related peptides: molecular diversity and evolutionary perspectives.

Reg. Pept. 69, 95–103.

Coulouarn, Y., Jegou, S., Tostivint, H., Vaudry, H., Lihrmann, I., 1999.

Cloning, sequence analysis and tissue distribution of the mouse and rat

urotensin II precursors. FEBS Lett. 457, 28–32.

Douglas, S.A., Ashton, D.J., Sauermelch, C.F., Coatney, R.W., Ohlstein,

D.H., Ruffolo, M.R., Ohlstein, E.H., Aiyar, N.V., Willette, R.N.,

2000. Human urotensin-II is a potent vasoactive peptide: pharmaco-

logical characterization in rat, mouse, dog and primate. J. Cardio-

vasc. Pharmacol. 33 (Suppl. 1), S163–S166.

Filipeanu, C.M., Brailoiu, E., Le Dun, S., Dun, N.J., 2002. Urotensin-II

regulates intracellular calcium in dissociated rat spinal cord neurons.

J. Neurochem. 83, 874–879.

Gartlon, J., Parker, F., Harrison, D.C., Douglas, S.A., Ashmeade, T.E., Riley,

G.J., Hughes, Z.A., Taylor, S.G., Munton, R.P., Hagan, J.J., Hunter, J.A.,

Jones, D.N.C., 2001. Central effects of urotensin-II following ICV ad-

ministration in rats. Psychopharmacology 155, 426–433.
Leslie, R.A., Moorman, J.M., Coulson, A., Grahame-Smith, D.G., 1993.

Serotonin 2/1C receptor activation causes a localized expression of the

immediate-early gene c-fos in rat brain: evidence for involvement of

dorsal raphe nucleus projection fibres. Neuroscience 53, 457–463.

Lin, Y., Tsuchihashi, T., Matsumura, K., Abe, I., Iida, M., 2003. Central

cardiovascular action of urotensin II in conscious rats. J. Hypertens. 21,

159–165.

Liu, Q.Y., Pong, S.S., Zeng, Z.Z., Zhang, Q., Howard, A.D., Williams, D.L.,

Davidoff, M., Wang, R.P., Austin, C.P., McDonald, T.P., Bai, C., George,

S.R., Evans, J.F., Caskey, C.T., 1999. Identification of urotensin II as the

endogenous ligand for the orphan G-protein-coupled receptor GPR14.

Biochem. Biophys. Res. Commun. 266, 174–178.

Maguire, J.J., Davenport, A.P., 2002. Is urotensin-II the new endothelin?

Br. J. Pharmacol. 137, 579–588.

Maguire, J.J., Kuc, R.E., Davenport, A.P., 2000. Orphan-receptor ligand

human urotensin II: receptor localization in human tissues and compar-

ison of vasoconstrictor responses with endothelin-1. Br. J. Pharmacol.

131, 441–446.

Melia, K.R., Ryabinin, A.E., Schroeder, R., Bloom, F.E., Wilson, M.C.,

1994. Induction and habituation of immediate early gene expression

in rat brain by acute and repeated restraint stress. J. Neurosci. 14,

5929–5938.

Mori, M., Sugo, T., Abe, M., Shimomura, Y., Kurihara, M., Kitada, C.,

Kikuchi, K., Shintani, Y., Kurokawa, T., Onda, H., Nishimura, O.,

Fujino, M., 1999. Urotensin II is the endogenous ligand of a G-pro-

tein-coupled orphan receptor, SENR (GPR14). Biochem. Biophys. Res.

Commun. 265, 123–129.

Nothacker, H.P., Wang, Z.H., McNeil, A.M., Saito, Y., Merten, S.,

O’Dowd, B., Duckles, S.P., Civelli, O., 1999. Identification of the

natural ligand of an orphan G-protein-coupled receptor involved in

the regulation of vasoconstriction. Nat. Cell Biol. 1, 383–385.

Ozaki, Y., Onaka, T., Nakazato, M., Saito, J., Kanemoto, K., Matsumoto,

T., Ueta, Y., 2002. Centrally administered neuromedin U activates neu-

rosecretion and induction of c-fos messenger ribonucleic acid in the

paraventricular and supraoptic nuclei of rat. Endocrinology 143,

4320–4329.

Pearson, D., Shively, D.E., Clark, B.R., 1980. Urotensin II: a somatostatin-

like peptide in the caudal neurosecretory system of fishes. Proc. Natl.

Acad. Sci. U. S. A. 77, 5021–5024.

Tal, M., Ammar, D.A., Karpuj, M., Krizhanovsky, V., Naim, M., Thomp-

son, D.A., 1995. A novel putative neuropeptide receptor expressed in

neural tissue, including sensory epithelia. Biochem. Biophys. Res.

Commun. 209, 752–759.


	Urotensin-II, a neuropeptide ligand for GPR14, induces c-fos in the rat brain
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	References


