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Abstract

Since the melanocortin MC and melanocortin MC receptors are the main melanocortin receptor subtypes expressed in rat brain, we3 4

characterized the activity and affinity of nine melanocortin receptor ligands using these receptors in vitro, as well as their activity in a
w 4 xwell-defined melanocortin-induced behavior in the rat: grooming behavior. We report here that D-Tyr melanotan-II and RMI-2001

Ž w 4 5 7 10 x .Ac-cyclo- Cys , Gly , D-Phe , Cys a-MSH-NH have significantly higher affinity and potency on the rat melanocortin MC receptor2 4
Ž .as compared to the rat melanocortin MC receptor. Nle-g-MSH melanocyte-stimulating hormone was the only ligand with higher3

affinity and potency on the rat melanocortin MC receptor. The potency order of melanocortin MC receptor agonists, but not that of3 4

melanocortin MC receptor agonists, fitted with the potency of these ligands to stimulate grooming behavior, when administered3
Ž w 4 5 Ž .7 10 x Ž . . Ž w 4intracerebroventricularly. SHU9119 Ac-cyclo- Nle , Asp , D-Nal 2 , Lys a-MSH- 4–10 -NH and RMI-2005 Ac-cyclo- Cys ,2

5 Ž .7 Ž .9 10 x Ž . .Gly , D-Nal 2 , Nal 2 , Cys a-MSH- 4–10 -NH were able to inhibit a-MSH-induced melanocortin receptor activity in vitro, as2
w 4 7 xwell as a-MSH-induced grooming behavior. Melanotan-II, Nle -D-Phe a-MSH and RMI-2001 were also effective in inducing grooming

behavior when administered intravenously. In the absence of purely selective melanocortin MC receptor ligands, we demonstrated that3r4

careful comparison of ligand potencies in vitro with ligand potencies in vivo, could identify which melanocortin receptor subtype
mediated a-MSH-induced grooming behavior. Furthermore, blockade of novelty-induced grooming behavior by SHU9119 demonstrated
that this physiological stress response is mediated via activation of the melanocortin system. q 1999 Elsevier Science B.V. All rights
reserved.

Ž . ŽKeywords: Melanocortin receptor; Ligand–receptor interaction; Grooming behavior; MSH melanocyte-stimulating hormone ; ACTH adrenocorticotrope
.hormone ; Stress

1. Introduction

Ž .Brain pro-opiomelanocortin POMC expression is
mainly localised in arcuate neurons of the hypothalamus
and in the nucleus of the solitary tract in the brainstem.
The arcuate nucleus has projections to many brain areas
which suggests the involvement of this system in diverse
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brain functions. Indeed, it had been documented that
melanocortins can modulate neurophysiological and neu-
ropathological phenomena like conditioned avoidance, cen-
tral control of autonomic systems, different types of behav-

Žior grooming, female sexual behavior, anxiety, aggres-
. Žsion , drug addiction and nerve regeneration De Wied and

.Jolles, 1982 . The demonstration of binding sites for
Ž .melanocortins in brain Tatro, 1990 and the cloning of

Žbrain specific melanocortin receptors Chhajlani et al.,
.1993; Roselli-Rehfuss et al., 1993; Mountjoy et al., 1994

further underscored the significance of the brain
melanocortin system. Recently, the deletion of the
melanocortin MC receptor gene from mice and the identi-4

fication of Agouti and Agouti-related peptide as endoge-
nous antagonists implicated the brain melanocortin system
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Žin regulation of weight homeostasis Lu et al., 1994; Fong
et al., 1997; Huszar et al., 1997; Ollmann et al., 1997;

.Shutter et al., 1997 . Still, the exact involvement of the
melanocortin system in weight homeostasis is not yet
understood. Likewise, the mechanism underlying the ef-
fects of melanocortins on the diverse brain functions de-
scribed above are unknown. Selective and potent ligands
are essential tools necessary to understand how the
melanocortin system modulates these functions. However,
the identification and the first application of selective
melanocortin receptor antagonists in studies on the brain
underscored the involvement of melanocortin receptors in
grooming behavior and in the control of feeding and body

Žtemperature Adan et al., 1994b; Fan et al., 1997; Huang et
.al., 1997; Vergoni et al., 1998 .

Ž .The stretching and yawning syndrome Ferrari, 1958
Ž .and grooming behavior in the rat Gispen et al., 1975

were among the first described behaviors which are under
control of the melanocortins. Grooming behavior consists
of activities directed to the animal body surface like face
washing, body grooming, licking, scratching and genital
grooming. The display of this behavior is often associated
with other factors than the condition of the fur and is also
seen following exposure to a novel environment. Although
the significance of grooming to animal homeostasis re-
mains to be determined, it was proposed that the display of
this behavior may function to reduce arousal, for instance,

Želicited by mild stress conditions Gispen and Isaacson,
.1986; Spruijt et al., 1992 .

Excessive grooming can be induced by intracerebral
Ž .injection of different neuropeptides Spruijt et al., 1992 .

Opioidergic, dopaminergic and serotoninergic brain sys-
tems have been demonstrated to stimulate different aspects
of grooming behavior. However, the grooming response

Ž .depends mainly on the melanocortin system, since: 1 the
frequency and duration of different grooming elements of

Ž .melanocortin but not of other peptides induced groom-
ing-resembled grooming observed under physiological

Ž .conditions, i.e., exposure to novelty Spruijt et al., 1985 ;
Ž . Ž . Ž2 ACTH adrenocorticotrope hormone and a-MSH a-

.melanocyte-stimulating hormone are potent activators of
excessive grooming when delivered into rat brain ventri-

Ž . Ž .cles Gispen and Isaacson, 1986 ; 3 antiserum against
ACTH infused into the brain ventricular system blocked

Ž .novelty-induced grooming in the rat Dunn et al., 1979 ;
Ž .4 down-regulation of POMC protein using antisense
oligonucleotides significantly reduced the grooming re-

Ž .sponse to novelty Spampinato et al., 1994 . Comparison
of the activity of melanocortin analogs at melanocortin
receptors in vitro with their activity in vivo has led to the
suggestion that melanocortin MC receptor mediates a-4

Ž .MSH-induced grooming Adan et al., 1994a , which was
supported by demonstrating that melanocortin MC recep-4

Žtor antagonists block a-MSH-induced grooming Adan et
.al., 1998; Vergoni et al., 1998 . Localization of the

Žmelanocortin MC receptor in brain structures Mountjoy4

.et al., 1994 , which have been shown as critical for the
grooming response, i.e., paraventricular nucleus, substantia

Ž .nigra, periaqueductal gray Spruijt et al., 1992 further
strengthens this suggestion. However, the significance of
melanocortin MC receptor activation for physiologically4

evoked grooming has remained unclear.
In the present report, pharmacological effects of earlier

identified as well as new MC receptor ligands are de-
scribed on the main brain melanocortin receptors in the rat,
melanocortin MC receptor and melanocortin MC recep-3 4

Ž .tor Low et al., 1994 . Furthermore, we pharmacologically
characterize these ligands on melanocortin-induced groom-
ing. We provide evidence that melanocortin MC receptor4

activation mediates melanocortin-induced excessive
grooming behavior and that the melanocortin receptor
antagonist SHU9119 blocks peptide as well as novelty-in-
duced grooming.

2. Materials and methods

( )2.1. Peptides Fig. 1

w 4 7 x Ž .Nle -D-Phe a-MSH melanotan-I and a-MSH were
Ž .purchased from Bachem Bubendorf, Switzerland . Melan-

Ž w 4 5 7otan-II melanotan-II, Ac-cyclo- Nle , Asp , D-Phe ,
10 x Ž . . ŽLys a-MSH- 4–10 -NH and SHU9119 Ac-cyclo-2

w 4 5 Ž .7 10 x Ž . .Nle , Asp , D-Nal 2 , Lys a-MSH- 4–10 -NH were2
Žgifts from Dr. V.J. Hruby Department of Chemistry,

. ŽUniversity of Arizona and from Dr. R.D. Cone Vollum
.Institute, Oregon Health Sciences University . Ac-cyclo-

w 4 5 7 10 x Ž .Cys , Gly , D-Phe , Cys a-MSH-NH RMI-2001 , Ac-2
w 3 x Ž . w 4 5Nle g -MSH-NH Nle-g-MSH , Ac-cyclo- Nle , Asp ,2 2

7 10 x Ž . Žw 4 xD-Tyr , Lys a-MSH- 4–10 -NH D-Tyr melanotan-2
. w 4 5 7 10 xII , Ac-cyclo- Nle , Asp , D-Phe , Lys a-MSH-NH2

Ž . w 4 5 Ž .7 Ž .9RMI-2004 and Ac-cyclo- Cys , Gly , D-Nal 2 , Nal 2 ,
10 x Ž . Ž .Cys a-MSH- 4–10 -NH RMI-2005 were synthesized2

and using Fmoc solid phase synthesis as reported else-
Ž .where Schaaper et al., 1998 . Peptides were purified using

Žreversed phase preparative HPLC high pressure liquid
.chromatography to a purity of "90%, estimated after

analysis by analytical HPLC at 215 nm.

2.2. Binding assay

6 Ž .Approximately 4.10 HEK human embryonal kidney
293 cells were transfected with 8 mg of either the rat
melanocortin MC or rat melanocortin MC receptor ex-3 4

Žpressing plasmids and split into poly-L-lysine Sigma,
. ŽBrussel, Belgium coated 24-well Costar plates specific

binding to HEK 293 cells expressing melanocortin MC3

and melanocortin MC receptors was approximately 50004

cpmrwell and 3000 cpmrwell, respectively; non-specific
.binding was 200 cpm . Two days after transfection, the

125 w 4 7 xcells were incubated with 0.2 nM of I- Nle -D-Phe a-
Ž .MSH 100.000 cpmr200 ml and various concentrations
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Fig. 1. The primary structure of the melanocortin receptor ligands is shown.

Žof peptides in Ham’s F10 medium Life Technologies,
.Breda, Netherlands pH 7.4 containing 2.5 mM CaCl ,2

0.25% bovine serum albumin, 10 mM HEPES and 50
Ž . Žmgrml 150 KIUrml aprotinin Sigma, Brussel, Bel-

.gium . After incubation for 30 min at room temperature,
the cells were washed twice with ice-cold Tris-buffered

Ž .saline TBS containing 2.5 mM calcium chloride and
lysed in 1 M sodium hydroxide. Radioactivity of the
lysates was counted in a Packard Cobra g-counter. Curves
were fitted with GraphPad Prism software by non-linear
regression and values were calculated with 95% confi-
dence interval. These curves were reproduced at least
twice. K values were calculated from IC values usingi 50

Ž w x . Žw xthe equation K s IC r 1 q L rK L s con-i 50 d
125 w 4 7 xcentration of I- Nle -D-Phe MSH in binding assay; Kd
125 w 4 7 x .saffinity of I- Nle -D-Phe MSH .

2.3. b-Galactosidase actiÕity assay

The assay makes use of a LacZ gene which is ex-
pressed under the control of a cAMP regulated promotor in

a pCRElacZ construct to detect changes in intracellular
Ž .cAMP as a result of receptor activation Chen et al., 1995 .

HEK 293 cells were co-transfected using the calcium
phosphate precipitation method with 200 ng of plasmids
expressing either the rat melanocortin MC receptor3
Ž .Roselli-Rehfuss et al., 1993 or the rat melanocortin MC4

Ž .receptor Alvaro et al., 1996 and 7 mg pCRElacZ, and
Ž .grown in Dulbecco’s modified Eagle’s medium DMEM

supplemented with 10% foetal calf serum. Pools of trans-
fected cells were mixed and then split on 96-well plates,
and all ligands were tested in one experiment. The data
presented in Table 1 are from a representative experiment.
Similar data were obtained at least three times. Although
the EC values between experiments varied, the fold50

Ž .difference in EC values relative potency of different50

ligands in one experiment was always the same. 20 h after
transfection the cells were split into 96-well plates. The
next day, cells were treated for 6 h with melanocortin
receptor ligands in DMEM supplemented with 0.5% bovine
serum albumin, 150 KIUrml aprotinin and 25 mM HEPES
Ž .pH 7.4 . The agonist activity was measured by stimulating

Table 1
Ž . Ž .Affinity K and potency EC of melanocortin receptor ligands for the rat melanocortin MC and MC receptorsi 50 3 4

Ž . Ž w 4 7 x .The affinity in nM of nine melanocortin receptor ligands MT-IIsmelanotan II; NDPs Nle -D-Phe a-MSH was determined on HEK 293 cells
125 w 4 7 xexpressing either the rat melanocortin MC receptor or the rat melanocortin MC receptor using I- Nle -D-Phe a-MSH as radioligand. Data are3 4

expressed as mean"confidence interval.
Ž .The potency in nM of seven melanocortin receptor ligands was determined on HEK 293 cells expressing either the rat melanocortin MC receptor or the3

rat melanocortin MC receptor using LacZ as reporter gene for receptor activation. Data are expressed as mean"confidence interval.4

Ligand MC receptor MC receptor3 4

K EC K ECi 50 i 50

a-MSH 9.40"3.17 11.6"3.2 9.17"4.23 1.34"0.50
NDP-MSH 1.19"0.51 0.309"0.170 3.14"1.18 0.0927"0.0471
MT-II 4.77"2.13 0.780"0.173 1.74"0.77 0.0111"0.0043
D-Tyr-MTII 204"87.2 20.3"7.1 3.84"0.83 0.466"0.189
RMI-2001 4.96"1.06 2.22"0.50 0.260"0.098 0.0300"0.0131
RMI-2004 1.23"0.13 3.86"0.92 4.51"0.99 0.326"0.155
Nle-g-MSH 1.44"0.26 1.26"0.10 77.5"37.7 11.0"3.92
SHU9119 0.879"0.170 0.238"0.060
RMI-2005 4.56"1.30 0.485"0.169
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w 4the cells with varying concentration of a-MSH, Nle -D-
7 xPhe a-MSH, melanotan-II and RMI-2001, Nle-g-MSH,

w 4 xD-Tyr melanotan-II and RMI-2004. Antagonist activity
was measured with a fixed concentration of agonist and
increasing concentrations of antagonists SHU9119 and
RMI-2005. The antagonists were also screened for agonis-
tic activity. After treatment, cells were lysed in PBS with
0.1% Triton X-100, frozen, thawed and assayed for b-
galactosidase activity. Data represent means from triplicate
data points and curves were fitted with GraphPad Prism
software by nonlinear regression sigmoidal dose–response
with variable slope.

2.4. Animals, implantation of cannulas, intracerebroÕen-
( ) ( )tricular i.c.Õ. injection, intraÕenous i.Õ. injections

All experiments were performed with permission of the
local ethical committee on animal experiments. Male Wis-
tar rats weighing 120–130 g were used. Rats were housed

Žin single cages in a light–dark cycle of 12 h lights off
.1900–0700 h . Cannulas made from polypropylene tubes

were implanted into the foramen intraventriculare under
Ž .hypnorm anaesthesia Brakkee et al., 1979 . Rats were

allowed to recover for 3 days and used for experiments
during the next 10 days. In cases where rats were used for
more than one grooming experiment, they were allowed to
recover for at least 3 days between subsequent experi-

Žments. Peptides dissolved in 3 ml of saline 154 mM
.sodium chloride were injected i.c.v. by means of a Hamil-

ton syringe. For i.v. injections via the tail, peptides were
dissolved in 100 ml saline. In some experiments, SHU9119
was i.c.v.-injected 30 min before the agonist or saline

Ž .injection this is indicated by pre-injection otherwise, the
agonist and the antagonist were injected as a single mix-
ture.

2.5. Grooming assays

Grooming tests were performed according to Gispen et
Ž .al. 1975 . Briefly, rats were transported from the in-house

animal facility, to an observation room at least 1 h before
start of the behavioral test. Grooming was induced either
by agonist injection or by exposure to a novel environ-
ment. In our experiments, the observation cage consisted

Ž .of a plexiglass box 30 cm=15 cm=15 cm covered with
a metal cover in which NAIVE rats were placed immedi-
ately after the i.c.v. or i.v. injection. Observation started 15
min after the injection and continued for 50 min. Groom-
ing was scored each 15 s over 50 min, thus, the maximal
grooming score for a rat is 200. The grooming elements
vibrating, face washing, body and genital grooming, body
licking, scratching and paw licking were scored. The
grooming tests were performed between 1300 and 1500 h.
Each experimental group consisted of at least six rats.

Statistical analysis was performed by means of the SPSS
for Windows version 6.0 software using independent sam-

Ž .ples t-test or One-way ANOVA analysis of variance with

Fig. 2. Inhibition of melanocortin receptor activity by SHU9119 and
Ž .RMI-2005. A HEK 293 cells expressing the rat melanocortin MC3

Ž .receptor were stimulated with increasing concentrations of a-MSH B ,
Ž .a fixed dose of a-MSH 50 nM with increasing concentrations of

Ž . Ž .SHU9119 ^ , or a fixed dose of a-MSH 50 nM with increasing
Ž .concentrations of RMI-2005 x . Activity was determined using LacZ as

Ž . Ž .reporter gene galactosidase activity for receptor activity. B HEK 293
cells expressing the rat melanocortin MC receptor were stimulated with4

Ž . Žincreasing concentrations of a-MSH B , a fixed dose of a-MSH 50
. Ž .nM with increasing concentrations of SHU9119 ^ , or a fixed dose of

Ž . Ž .a-MSH 50 nM with increasing concentrations of RMI-2005 x . Activ-
Ž .ity was determined using LacZ as reporter gene galactosidase activity

for receptor activity.



( )R.A.H. Adan et al.rEuropean Journal of Pharmacology 378 1999 249–258 253

Fig. 3. Potency of melanocortin receptor agonists on the induction of
Ž . Ž .grooming. A Rats received i.c.v. injections with different doses per rat
Ž . w 4 7 x Ž . Ž . wof a-MSH B , Nle -D-Phe a-MSH l , melanotan-II ' or D-

4 x Ž .Tyr melanotan-II v and 15 min later grooming was scored for 50 min
Ž . Ž . Ž .ns6 . B Rats received i.c.v. injections with different doses per rat of

Ž . Ž . Ž .RMI-2004 B , RMI-2001 ' or Nle-g-MSH l and 15 min later
Ž .grooming was scored for 50 min ns6 .

Student–Newman–Keuls test as a post-hoc. Data are ex-
pressed as means"S.E.M.

3. Results

3.1. Binding properties of melanocortin analogues

Ž .The affinity K of the nine melanocortin receptori
Ž .ligands Fig. 1 was determined in a heterologous binding

125 w 4 7 xassay using I- Nle , D-Phe a-MSH as radiolabel. Table
1 shows the affinity of these ligands on the rat melanocortin
MC receptor and rat melanocortin MC receptor. All3 4

these ligands had an affinity for melanocortin MC recep-3
wtor in the low nanomolar range, except for D-

4 xTyr melanotan-II which had an affinity in the submicro-
molar range. a-MSH had a similar affinity on melanocortin
MC receptor as compared to melanocortin MC receptor.4 3

Similar to melanocortin MC receptor, most ligands had3

affinities in the low nanomolar range for melanocortin
MC receptor, except for RMI-2001, RMI-2005 and4

SHU9119 which had affinities in the subnanomolar range

and Nle-g-MSH which had submicromolar affinity. In
wcontrast to the melanocortin MC receptor, D-3

4 xTyr melanotan-II had an affinity in the low nanomolar
range on the melanocortin MC receptor. Thus, RMI-2001,4
w 4 xD-Tyr melanotan-II, RMI-2005 and SHU9119 had signif-
icantly higher affinity, being 17-fold, 47-fold, eight-fold
and four-fold higher, respectively for the melanocortin
MC receptor than for the melanocortin MC receptor. In4 3

contrast, Nle-g-MSH had 53-fold lower affinity for the
melanocortin MC receptor than for to the melanocortin4

MC receptor.3

3.2. ActiÕity of melanocortin analogues on the rat
melanocortin MC receptor and rat melanocortin MC3 4

receptor

All agonists displayed full agonistic activity on the
melanocortin MC and melanocortin MC receptors in our3 4

w 4 xexperimental system. a-MSH, D-Tyr melanotan-II and
RMI-2004 had comparable agonistic activities using the rat
melanocortin MC receptor which were in the4
Ž . Ž . w 4 7 xsub nanomolar range Table 1 . Nle -D-Phe a-MSH,
melanotan-II and RMI-2001 were more potent ligands,
with EC values of less that 0.1 nM. In contrast, Nle-g-50

Ž .MSH had very low activity high EC value for50

melanocortin MC receptor. For the melanocortin MC4 3
w 4 7 xreceptor, only Nle -D-Phe a-MSH and melanotan-II had

a subnanomolar EC value. RMI-2001, Nle-g-MSH and50

RMI-2004 had EC values in the low nanomolar range,50
w 4 xwhereas D-Tyr -melanotan-II had an EC value of 2050

w 4 xnM. Thus, melanotan-II, RMI-2001 and D-Tyr melano-
tan-II showed the highest difference between melanocortin
MC receptor and melanocortin MC receptor, the activity3 4

being higher for the MC receptor. Only Nle-g-MSH was4

more potent for the melanocortin MC receptor than for3

the melanocortin MC receptor in our test system.4

Fig. 4. Induction of grooming behavior by i.v. administration of
melanocortin receptor agonists. Rats received i.v. injections with either

Ž . Ž . w 4saline, melanotan-II, RMI-2001 2001 , RMI-2004 2004 , Nle -D-
7 x Ž . Ž .Phe a-MSH NDP or a-MSH MSH . Each ligand was administered at

a dose of 100 mg per rat. Grooming was scored starting 15 min after the
injections. An asterisk indicates statistical significant difference as com-

Ž .pared to injection with saline P -0.05; ns5 .
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3.3. Antagonism by SHU9119 and RMI-2005

Fig. 2 demonstrates that SHU9119 and RMI-2005 are
able to inhibit melanocortin MC receptor and melanocortin3

MC receptor activation by a-MSH. SHU9119 was more4

potent than RMI-2005 to inhibit the activation of
melanocortin MC receptor and melanocortin MC recep-3 4

tor by 50 nM a-MSH. SHU9119 and RMI-2005 shifted
w 4 7 xthe dose–response curves of a-MSH, Nle -D-Phe MSH

and melanotan-II to the right, without affecting the maxi-
Ž .mal activity at high doses of agonist data not shown .

Thus, SHU9119 and RMI-2005 can be used as ligands to
inhibit receptor activation by melanocortins.

3.4. Stimulation of grooming behaÕior by i.c.Õ. application
of melanocortin analogues

w 4As can be seen in Fig. 3a and b a-MSH, Nle -D-
7 x w 4 xPhe a-MSH, RMI-2001, D-Tyr -melanotan-II, RMI-

2004 and melanotan-II induced excessive grooming after
i.c.v. injections, whereas Nle-g-MSH did not. Also, RMI-
2005 and SHU9119 did not induce grooming behavior
even at the highest tested dose of 1 nmol. RMI-2001,
w 4 7 xNle -D-Phe a-MSH and melanotan-II had similar po-
tency in the range between 1 and 10 pmol. The lowest
doses of these melanocortins that significantly increased
grooming as compared to saline-treated rats were 1.5 pmol

w 4 7 xfor Nle -D-Phe -a-MSH and RMI-2001 and 4.5 pmol for
melanotan-II. Thus, the three most potent melanocortin
MC receptor agonists were also the most potent peptides4

in inducing excessive grooming behavior. Furthermore, the
pharmacological profile of melanocortin-induced grooming
fits best with that of the melanocortin MC receptor and4

not with that of the MC receptor. For instance, Nle-g-3
w 4 xMSH is more potent and D-Tyr melanotan-II is less

potent than a-MSH for the melanocortin MC receptor,3
w 4 xbut D-Tyr melanotan-II is more potent than a-MSH in

Ž .Fig. 5. Inhibition of melanocortin-induced grooming behavior. Efficacy of SHU9119 to block melanotan-II-induced grooming. A Rats received i.c.v.
Ž .injections with a mixture of a submaximal dose of melanotan-II 9 pmol per rat and different doses of SHU9119. At 15 min after the injection grooming

Ž . Ž .was scored. An asterisk indicates statistical significant difference as compared to injection of 9 pmol melanotan-II alone P-0.05; ns8 . B Rats
Ž . Ž .received i.c.v. injections with a mixture of a-MSH 900 pmol per rat with either saline, 90 pmol SHU9119 SHU 9119 or 90 pmol RMI-2005

Ž .RMI-2005 . At 15 min after the injection grooming was scored. An asterisk indicates statistical significant difference as compared to injection of 900
Ž . Ž .pmol a-MSH alone P-0.05; ns6 . C Competitive inhibition of SHU9119 on melanocortin receptor agonist induced grooming. Rats received i.c.v.

Ž w 4 7 x Ž . .injections with melanocortin receptor agonists 9 pmol melanotan-II or 2.5 pmol Nle -D-Phe a-MSH NDP per rat; open bars , mixtures of these doses
Ž . Žof melanocortin receptor agonists and 90 pmol SHU9119 light grey bars , or mixtures of higher doses of melanocortin receptor agonists 45 pmol

w 4 7 x Ž ..melanotan-II or 9 pmol Nle -D-Phe a-MSH with 90 pmol SHU9119 dark grey bars . Grooming was scored starting 15 min after the injections. An
Ž .asterisk indicates statistical significant difference as compared to injection of agonist only P-0.05; ns6 .
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the grooming assay, whereas Nle-g-MSH did not induce
Ž .grooming Fig. 3 .

3.5. Grooming behaÕior induced by i.Õ. injections of potent
melanocortins

w 4Rats were injected i.v. with 100 mg a-MSH, Nle -D-
7 xPhe a-MSH, melanotan-II, RMI-2001, or RMI-2004 and

Ž .grooming behavior was recorded Fig. 4 . Melanotan-II
w 4potently induced grooming behavior, whereas Nle -D-

7 xPhe a-MSH and RMI-2001 under these experimental
conditions were less active but still induced significantly
more grooming behavior than i.v. injection of saline. Sys-
temic injection of RMI-2004 or a-MSH did not stimulate
grooming behavior.

3.6. Interaction of the melanocortin receptor antagonist
SHU9119 with the a-MSH deriÕed agonists in the groom-
ing assay

The potency and the receptor selectivity of SHU9119
prompted us to test this peptide in the grooming assay.
First, we observed that i.c.v. injection of SHU9119 alone
did not induce any signs of toxicity or behavioral abnor-
malities at doses up to 1 nmol. Secondly, we investigated
the effective dose of SHU9119 to block melanocortin-in-
duced grooming. SHU9119 was injected into the brain
together with the agonist as a single mixture. Excessive
grooming was induced by i.c.v. injection of a submaximal

Ž .dose 9 pmol of melanotan-II. Fig. 5a shows the in-
hibitory dose–response curve for SHU9119 in melanotan-
II-induced grooming. 90 pmol of SHU9119 was the lowest
effective dose and therefore, this dose was chosen for
subsequent experiments. This dose also blocked a-MSH-

Fig. 6. Melanocortin receptor antagonist SHU9119 inhibits novelty-in-
Ž .duced grooming. Rats were exposed either for the first time NAIVE or

Ž .for the fourth time HABIT to an observation box after receiving for the
Ž .first time an i.c.v. injection with either saline open bars or 90 pmol

Ž .SHU9119 per rat grey bars . Grooming was scored either 15 min
Ž . Ž .NAIVE and HABIT groups or 30 min NAIVErPREINJ following
i.c.v. injections. An asterisk indicates statistical significant difference as

Ž .compared to injection of saline only P -0.05; ns6 .

Ž .Fig. 7. A The time course of SHU9119 antagonism on a-MSH-induced
grooming. Rats received an i.c.v. injection per rat with either 900 pmol

Ž . Ž .a-MSH l , a mixture of 900 pmol a-MSH and 90 pmol SHU9119 '

or were pre-injected with 90 pmol of SHU9119, 15 min before the
Ž .injection of 900 pmol a-MSH v . Grooming was scored 15 min
Ž .following the last i.c.v. injection. B The time course of SHU9119

antagonism on novelty-induced grooming. Rats were exposed for the first
time to an observation box after receiving an i.c.v. injection with either

Ž .saline 15 min before the test l , 90 pmol SHU9119 per rat 15 min
Ž .before the test ' or 90 pmol SHU9119 per rat 30 min and saline 15

Ž .min before the test v .

induced grooming, again, 45 pmol SHU9119 was not
effective. Also, RMI-2005 inhibited a-MSH-induced

Ž .grooming behavior Fig. 5b .
In another set of experiments, we tested whether

SHU9119 inhibited the action of melanotan-II in a compet-
itive manner. Therefore, we increased the melanotan-II
dose from 9 to 45 pmol, while the dose of SHU9119

Ž . Ž .remained the same 90 pmol Fig. 5c . This reversed the
Ž .inhibitory effect of SHU9119 90 pmol . Next, we anal-

ysed the antagonistic potency of SHU9119 on grooming
induced by another agonist. 90 pmol of SHU9119 inhibited
the grooming response when 0.6, 1.5 or 2.5 pmol of
w 4 7 x w 4 7 xNle -D-Phe a-MSH were injected. Nle -D-Phe a-MSH
regained activity, when its dose was increased from 2.5

w 4 7 xpmol to 4.5 and 9 pmol Nle -D-Phe a-MSH in the pres-
ence of 90 pmol SHU9119. This indicated that SHU9119
acts as a competitive antagonist in the brain. Therefore, we
used SHU9119 in further experiments.
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3.7. The time course of the effect of SHU9119 on noÕelty
and a-MSH-induced grooming

Next, it was tested whether SHU9119 can block nov-
elty-induced grooming. As shown in Fig. 6, injection of 90

Žpmol of SHU9119 injection was at time 0, just prior to
placement of a rat into the novel environment, the observa-

.tion started 15 min later reduced significantly the groom-
ing response. The grooming score of SHU9119-treated rats
Ž .18"3 was similar to that displayed by rats that were
habituated to this experimental situation during at least

Ž .three sessions score 20"3 . When we injected SHU9119,
30 min before rats were exposed to novelty, the decrease

Ž .in the grooming response was even larger 9"2 than
grooming displayed by habituated animals.

Fig. 7a shows the time course of SHU9119 inhibition of
rat grooming behavior induced by a-MSH. Delivery of
a-MSH and SHU9119 as a mixture produced down-regu-
lation of the grooming response which was most pro-

Žnounced in the second part of the grooming test 25 min
.after onset of behavioral observation . Similar results were

w 4 7 xobtained for melanotan-II and Nle -D-Phe a-MSH in-
duced grooming. When SHU9119 was introduced 30 min

Žbefore a-MSH 45 min before the start of the behavioral
.observation grooming scores were lowered significantly

over the whole observation period. However, the grooming
Žresponse was still present in the first phase first 20 min of

.the observation .
Fig. 7b displays the time course of the effect of

SHU9119 on novelty-induced grooming. Compared to a-
MSH-evoked grooming, novelty-induced grooming had a
shorter duration and showed a continuous decline during
the observation period. Injection of SHU9119, immedi-
ately or 30 min before exposure to novelty, reduced the
grooming response.

4. Discussion

w 4 xHere we identify RMI-2001 and D-Tyr melanotan-II
as selective agonists which bind with significantly higher
affinity to the rat melanocortin MC receptor than to the4

rat melanocortin MC receptor. Nle-g-MSH was identified3

as a melanocortin receptor agonist with selectivity for the
melanocortin MC receptor as compared to the3

melanocortin MC receptor. We confirmed that a-MSH,4
w 4 7 xNle -D-Phe a-MSH, melanotan-II and SHU9119 do not,
or discriminate less between the melanocortin MC and3

Ž .the melanocortin MC receptor Hruby et al., 1995 . RMI-4

2004 also did not discriminate between these receptors.
RMI-2005 was identified as antagonist for these receptors
with slightly higher affinity for melanocortin MC recep-4

tor than for melanocortin MC receptor.3

All ligands except a-MSH and Nle-g-MSH, had a
D-enantiomere where L-Phe is present in the natural

Ž .melanocortins Fig. 1 . It has been demonstrated before
that the nature of the residue at this position influenced

Žreceptor affinity and activity Sawyer et al., 1980; De
Wied and Jolles, 1982; Hruby et al., 1993, 1995; Hadley et

.al., 1996 . Introduction of D-Phe leads to higher affinity
and activity, whereas introduction of D-2-naphthylalanine
leads to a higher affinity and antagonismrpartial agonism
of the melanocortin MC receptor and melanocortin MC3 4

receptor. As shown in Table 1, introduction of D-Phe as in
w 4 7 xNle -D-Phe a-MSH, melanotan-II, RMI-2001 and RMI-
2004 leads to a higher increase in activity as would be
expected based upon the increase in affinity. This effect
was more pronounced for melanocortin MC receptor than4

for melanocortin MC receptor. Thus, D-Phe in these3

ligands appears to stabilize an active receptor conforma-
wtion. Introduction of a D-Tyr in melanotan-II as in D-

4 xTyr melanotan-II led to a slight decrease in affinity for
Ž .melanocortin MC receptor being two-fold less , but a4

large decrease of affinity for melanocortin MC receptor3
Ž .being 30-fold less . Thus, introduction of D-Tyr demon-
strates that this position can also contribute to receptor
selectivity.

SHU9119 is a derivative of melanotan-II in which
D-Phe was replaced with D-2-naphthylalanine at position 7.
This substitution changed the melanocortin receptor ago-

Žnist into a potent competitive antagonist Hruby et al.,
.1995 . It had been shown that SHU9119 inhibited only the

Žhuman melanocortin MC and MC receptors p A value3 4 2
.8.3 and 9.3, respectively but not human melanocortin
Ž .MC and MC receptors Hruby et al., 1995 . We con-1 5

firmed here that SHU9119 inhibited rat melanocortin MC3
Ž .and rat melanocortin MC receptor activation Fig. 24

Ž .Huang et al., 1997 . RMI 2005, which has a disulphate
bridge between positions 4 and 10 instead of a lactam

Ž .bridge between positions 5 and 10 as in SHU9119 , also
inhibited rat melanocortin MC and MC receptor activa-3 4

tion. Thus, regardless of the type of cyclization, introduc-
tion of D-2-naphthylalanine results in antagonism, how-

Žever, introduction of a disulphate bridge results in more
.pronounced receptor selectivity. This underscores the re-

Ž .cent finding by Schioth et al. 1998 who also reported that
introduction of D-2-naphthylalanine and cyclization by a
disulphate bridge leads in melanocortin analogues leads to
antagonism for the melanocortin MC and MC receptors.3 4

Both SHU9119 and RMI-2005 were able to block
melanocortin-induced grooming behavior in the rat.

Introduction of a disulphate bridge as in RMI-2001
increased the selectivity for the rat melanocortin MC4

receptor, whereas lactam cyclization as in RMI-2004 did
not influence melanocortin MC rMC receptor selectiv-3 4

ity. RMI-2004 had similar affinity as melanotan-II, sug-
gesting that the three N-terminal and the three C-terminal
amino acids in RMI-2004 did not influence receptor affin-
ity. However, N- and C-terminal elongation of melanotan-
II, as in RMI-2004, decreased the potency on the rat
melanocortin MC receptor, suggesting that these elonga-4
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tions influence receptor selectivity for activity more than
for affinity.

Although one should keep in mind that in the brain
pharmacokinetical properties of peptides may substantially
determine their activity, using these ligands in a rat groom-
ing assay suggested that melanocortin-induced grooming
behavior is mediated via the melanocortin MC receptor.4

The potency order of ligands able to induce grooming
behavior fits very well with that of the potency order of
these ligands to bind and to stimulate the rat melanocortin

Ž .MC receptor in vitro. For instance, 1 Nle-g-MSH did4

not significantly induce grooming behavior at the highest
Ž .tested dose, 2 RMI-2001 is more potent than RMI-2004

to stimulate grooming behavior in vivo and the
melanocortin MC receptor in vitro, whereas these ligands4

have similar potencies on the melanocortin MC receptor,3
Ž . w 4 x3 D-Tyr melanotan-II does induce excessive grooming
behavior at lower doses than a-MSH, whereas its potency
on the rat melanocortin MC receptor in vitro is less than3

a-MSH.
Interestingly, using these potent melanocortin analogs,

for the first time also grooming behavior could be elicited
following i.v. injection. Melanotan-II was the most potent
ligand suggesting that melanotan-II reached more effi-
ciently the sites in the brain mediating melanocortin-in-
duced grooming behavior. The apparent effective passage
through the blood brain barrier might be related to the
relative low molecular weight and enhanced lipophilic
nature of melanotan-II as compared to the other ligands.
RMI-2004 and a-MSH, which have a lower potency on
the melanocortin MC receptor, did not induce grooming4

behavior when i.v.-injected.
Both the in vitro and the in vivo experiments revealed

that SHU9119 inhibited MC receptor activation by ago-
nists in a competitive manner. The lowest effective dose of
SHU9119 was able to block melanocortin-induced groom-

w 4ing behavior elicited by submaximal doses of Nle -D-
7 xPhe a-MSH, melanotan-II and a-MSH, suggesting that

these ligands act at the same receptor subtype.
Furthermore, we demonstrated here that a potent and

selective MC receptor antagonist, SHU9119, inhibited a
physiological response of the rat, i.e., grooming evoked by
exposure to a novel environment. Since SHU9119 acts as
competitive MC receptor antagonist in vivo, this strongly
suggests that the exposure to a novel environment activates
the melanocortin system. Furthermore, the time course of
the effect of SHU9119 to inhibit a-MSH-induced groom-
ing is similar to the time course of SHU9119 inhibiting
novelty-induced grooming. In both cases, the effect of
SHU9119 is most pronounced in the second phase of the
grooming response, which previously was shown to be

Žmost susceptible to pharmacological intervention Gispen
.and Isaacson, 1986 .

Taken together, our present and previous data suggest
that the brain melanocortin system has a physiological role

Ž . Ž .in a novelty-induced stress response grooming . For, 1

Ž . Ž .SHU9119 blocks novelty-induced grooming Fig. 6 ; 2
i.c.v. administration of melanocortin receptor agonists
stimulate the activity of the hypothalamus–pituitary–
adrenal axis via activation of melanocortin MC receptors4
Ž . Ž .Von Frijtag et al., 1998 ; 3 repeated exposure to a novel

Ž .environment habituation results in less grooming activity
Ž . Ž .Fig. 6 ; 4 the grooming activity of a habituated rat is
comparable to that when exposure to a novel environment

Ž .is preceded by an i.c.v. injection with SHU9119 Fig. 6 .
We have pharmacologically characterized melanocortin

receptor analogs on the rat melanocortin MC receptor and3

melanocortin MC receptor and on melanocortin-induced4

grooming behavior. In the absence of purely selective
ligands, we demonstrate that careful comparison of activity
profiles of sets of melanocortin ligands were helpful to
delineate which receptor subtype is involved in an effect
mediated via melanocortin receptors, namely grooming
behavior. These new pharmacological tools may be helpful
in delineating how melanocortins regulate physiological
processes such as food intake, body temperature and in-
flammation.
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