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POMC, the precursor of ACTH, MSH, and B-endor- 

phin peptides, is expressed in the pituitary and in 

two sites in the brain, in the arcuate nucleus of the 

hypothalamus and the commissural nucleus of the 

solitary tract of the brain stem. Little is known re- 

garding the functions of melanocortin (ACTH and 

MSH) peptides in the brain. We report here the 

detailed neuroanatomical distribution of the MC4-R 

mRNA in the adult rat brain. The melanocortin 3 

receptor (MCB-R), characterized previously, was 

found to be expressed in arcuate nucleus neurons 

and in a subset of their presumptive terminal fields 

but in few regions of the brainstem. The highly 

conserved MCCR is much more widely expressed 

than MC3-R and is pharmacologically distinct. MC4- 

R mRNA was found in multiple sites in virtually every 

brain region, including the cortex, thalamus, hypo- 

thalamus, brainstem, and spinal cord. Unlike the 

MC3-R, MCCR mRNA is found in both parvicellular 

and magnocellular neurons of the paraventricular 

nucleus of the hypothalamus, suggesting a role in 

the central control of pituitary function. MC4-R is 

also unique in its expression in numerous cortical 

and brainstem nuclei. Together, MCB-R and/or MC- 

4R mRNA are found in every nucleus reported to 

bind MSH in the adult rat brain and define neuronal 

circuitry known to be involved in the control of di- 

verse neuroendocrine and autonomic functions. The 

high degree of conservation, distinct pharmacology, 

and unique neuronal distribution of the MC4 receptor 

suggest specific and complex roles for the melano- 

cortin peptides in neuroendocrine and autonomic 

control. (Molecular Endocrinology 8: 1298-1308, 

1994) 
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INTRODUCTION 

In addition to its expression and processing into hor- 

monal peptides in the pituitary, POMC is expressed in 

two sites in the brain, the arcuate nucleus of the hy- 
pothalamus and the nucleus of the solitary tract in the 

brainstem (l-6). POMC is one of the earliest neuropep- 

tide precursors expressed in the brain, appearing as 
early as embryonic day 12.5 in the rat (7). Processed 

POMC peptides begin to appear approximately 1 day 

later and, with a few exceptions, largely resemble the 

peptides found in the intermediate lobe of the pituitary: 

des-acetyl-cu-melanotropin, P-endorphin, and N-POMC- 

(l-49) (for review see Ref. 8). 

Two lines of evidence have suggested a functional 
role for POMC peptides in the brain. First, a complex 

pattern of specific high affinity binding sites for p- 

endorphin and melanocortin (ACTH and MSH) peptides 

has been demonstrated (9-11). Second, a number of 

biological responses have been seen upon intracerebro- 

ventricular introduction of these peptides. For example, 

central administration of melanocortin peptides has 

been reported to have thermoregulatory (12) pressor 
(13,14), behavioral (15,16), and neuroendocrine effects 

(17). 
Recent cloning experiments have identified two dis- 

tinct subfamilies of G protein-coupled receptors medi- 

ating the actions of the opioid (18-21) and melanocortin 

peptides (22-31) respectively. The first two melano- 

cortin receptors cloned were the melanocyte MSH 

receptor (MSH-R or MCl-R) (22, 23) and the adreno- 

cortical ACTH receptor (ACTH-R or MC2-R) (23). Sub- 

sequently, three additional melanocortin receptor genes 
have also been cloned; however, the functions of these 

receptors remain unknown. Two of these melanocortin 
receptors, termed the melanocortin-3 and melanocor- 

tin-4 receptors (MC3-R and MCCR), have now been 

shown to be expressed primarily in the brain (24-26, 
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28). A fifth melanocortin receptor, originally termed 
MC2-R (27) appears to be expressed in numerous 
peripheral organs as well as in the brain (27-30). The 
consensus that has developed is that this receptor 
should be named the MCdR to adhere to a numerical 
nomenclature assigned according to the order of dis- 
covery (28-30). 

Neuroanatomical mapping of rat MCS-R expression 
demonstrated this receptor mRNA to be expressed in 
approximately 30 different nuclei, including arcuate nu- 
cleus POMC neurons and a subset of their respective 
terminal fields (25). A recent report of the cloning and 
characterization of the MC6R has documented expres- 
sion of this receptor in five regions of the mouse brain 
(hippocampus, dentate gyrus, cortex, ventromedial hy- 
pothalamus, and amygdala) by low resolution autora- 
diography (26). The detailed neuroanatomical distribu- 
tion of expression of the rat MC6R mRNA is presented 
here. MCCR mRNA is found in more than 100 nuclei, 
including the remainder of POMC-positive arcuate nu- 
cleus termini and several sites in the brainstem. 

RESULTS 

Cloning of the Human and Rat MC4-Rs 

A fragment of the coding sequence of the rat MCbR 
was isolated by polymerase chain reaction (PCR) with 
deeenerate oligonucleotides based on conserved amino 
acid sequences found in transmembrane domains II 
and VII in the previously reported sequences of the 
MSH and ACTH receptors (22). First strand cDNA 
prepared from total rat brain RNA served as the tem- 
plate. This fragment was found to encode a novel G 
protein-coupled receptor spanning from the beginning 
of the second transmembrane domain through the be- 
ginning of the seventh transmembrane domain. This 
fragment was then used as a probe to screen a human 
genomic DNA library and identify a human MC4 recep- 
tor (hMCCR) homolog. A single exon containing the 
entire 332 amino acid coding sequence of the hMCCR 
was found by DNA sequencing within a 1.9 kilobase 
(kb) genomic HindIll fragment. While this work was in 
progress, cloning and characterization of the hMCCR 
were reported by Gantz et al. (26) and the sequence 
and pharmacological data reported here largely confirm 
this earlier report. 

The MC4 receptor is highly conserved, with approx- 
imately 95% overall amino acid identity between the 
human and partial rat receptor sequences (Fig. 1A). 
This receptor is identical in amino acid sequence to the 
hMC4-R reported by Gantz et a/. (26) with the excep- 
tion of codon 169, at which Gantz et a/. report an 
isoleucine residue. The MCCR is most closely related 
to the other two newly described melanocortin recep- 
tors, MC3-R (24,25) and MC5-R (27-30) with 55-61% 
overall amino acid identity, and demonstrates slightly 
less overall amino acid identity (46-47%) with the MSH 
(MCl) and ACTH (MC2) receptors (Fig. 1 B). 

Functional Expression of the hMC4-R 

A full length coding fragment of the hMC4-R gene was 
amplified by PCR using a 20-kb phage insert containing 
the genomic hMCCR sequence as template and oligo- 
nucleotides designed against the 5’- and 3’-untrans- 
lated regions of the gene. The amplified DNA was 
subcloned into pcDNAlNE0 vector (Invitrogen, San 
Diego, CA) and stably transfected into human embry- 
onic kidney 293 cells. Adenylyl cyclase activity was 
then determined directly by measuring the ability of 
cells to convert [3H]adenine to [3H]cAMP after exposure 
of the cells to various natural and synthetic POMC 
peptides (Fig. 2). MCCR couples to adenylyl cyclase 
and is most potently activated by Nle4, o-Phe’-a-MSH 
(NDP-MSH), a superpotent synthetic analog of (u-MSH 
(32). The order of potency for the native melanocortin 
peptides was des-acetyl-a-MSH >/= ACTH1-39 >/= (Y- 
MSH > > y,-MSH = ACTH4-,0. ORG2766 (methionyl- 
sulfone-Glu-His-Phe-o-Lys-Phe), a synthetic ACTH4+9 
analog demonstrated to induce a number of behavioral 
responses upon administration in the rat (33) produced 
no detectable activation of adenylyl cyclase in this MC4- 
R expression system at concentrations up to 1 PM. 
Likewise, neither corticotropin-like intermediate lobe 
peptide nor /3-endorphin activated the hMCCR. 

Localization of MCCR mRNA in Rat Brain 

Northern hybridization analysis using a rat MCCR 
probe failed to detect MCCR mRNA in stomach, 
spleen, salivary gland, lung, heart, kidney, liver, adrenal, 
melanoma, or lymphocytes, while a faint signal was 
observed in all brain regions examined (data not 
shown). In situ hybridization using the rat MCCR probe 
was then used to demonstrate the density and distri- 
bution of MCCR mRNA-containing cells in the central 
nervous system of the rat (Table 1 and Fig. 3). MCCR 
mRNA expression showed a widespread distribution 
with at least moderate levels of labeling in every major 
division of the central nervous system. Within regions 
of isocortex, the highest levels of labeling were found 
in auditory regions that included the primary auditory 
area, agranular insular, and anterior cingulate areas of 
isocortex. In addition, a high density of labeled cells 
was found in the ventral part of the orbital area with 
fewer labeled cells in primary and secondary motor 
areas. Somatosensory and visual sensory regions of 
isocortex lacked detectable levels of MC6R mRNA, 
yet the ventral temporal association areas had moder- 
ate to high levels of labeling. Regions of cortex involved 
in olfactory responses, such as the anterior olfactory 
nucleus, the taenia tecta, olfactory tubercle, and the 
piriform area, also contained labeled cells. 

MCCR mRNA in the hippocampus was generally 
sparse, although high levels of labeling were found in 
the lateral part of the entorhinal area and ventral part 
of the subiculum. Lower levels of labeling were detected 
in the parasubiculum and fields CA1 , CA2, and CA3 of 
Ammo&s horn. Extensive labeling was found over sev- 
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AGC TTC CGA GAG GCA GCC GAT GTG AGC ATG TGC GCA CAG A T T  CGT CTC cc* ATG -340 
GCA TGG CAG CTT CAA GGA AU T T A  T T T  TGA ACA GAC T T G  AAT GCA TAA GAT TAA -286 

A 

AGT TRA AGC AGA AGT GAG AAC AAG AAA GCA AAG AGC AGA CTC T T T  CAA CTG AGA -232 
ATG AAT A T T  T T G  AAG CCC AAG A T T  T T A  AAG TGA TGA TGA T T A  GAG TCG TAC CTA -178 
AAA GAG ACT AAA AAC TCC ATG TCA AGC TCT GGA CTT GTG ACA T T T  ACT CAC AGC -124 
AGG CAT GGC AAT T T T  AGC CTC ACA ACT TTC AGA CAG ATA AAG ACT TGG AGG AAA -70 

TAA CTG AGA CGA CTC CCT GAC CCA GGA GGT TAA ATC AAT TCA GGG GGA CAC TGG -16 

AAT TCT CCT GCC AGC ATG GTG AK TCC ACC CAC CGT GGG ATG CAC ACT TCT CTG 39 
MET Val Asn Ser Thr His Arg Gly MET His Thr Ser Leu 13 

CAC CTC TGG AAC CGC AGC AGT TAC AGA CTG CRC AGC AAT GCC AGT GAG TCC CTT 93 

His Le" Trp Am Arg Ser Ser Tyr Arg Leu His Ser Am Ala Ser Gl" Ser Le" 31 

GGA ARA GGC TAC TCT GAT GGA GGG TGC TAC GAG CAA CTT T T T  GTC TCT CCT GAG 147 
Gly Lys Gly Tyr Ser Asp Gly Gly Cys Tyr Cl" Gln Le" Phe Val Ser Pro Gl" 49 

GTG T T T  GTG ACT CTG GGT GTC ATC AGC T T G  T T G  GAG AAT ATC T T A  GTG A T T  GTG 201 
Val Phe Val Thr Le" Gly Val Ile Ser Le" Le" Gl" Asn Ile Le" Val Ile Val 67 

GCA ATA GCC AAG AAC AAG AAT CTG CAT TCA CCC ATG TAC T T T  TTC ATC TGC AGC 255 

Ala Ile Ala Lys Am Lys Asn Le" His Ser Pro MET Tvr Phe Phe Ile Cys Ser 85 

T T G  GCT GTG GCT GAT ATG CTG GTG AGC G T T  TCA AAT GGA TCA GAA ACC A T T  ATC 309 
Le" Ala Val Ala Asp MET Le" Val Ser Val Ser Asn Gly Ser Gl" Thr Ile Ile 103 

va1 ser va1 

ATC ACC CTA T T A  AAC AGT ACA GAT ACG GAT GCA CAG AGT TTC ACA GTG AAT A T T  363 
Ile Thr Le" Le" Asn Ser Thr Asp Thr Asp Ala Gin Ser Phe Thr Val Asn Ile 121 

III 

GAT AAT GTC A T T  GAC TCG GTG ATC T G T  AGC TCC T T G  CTT GCA TCC A T T  TGC AGC 417 
Asp As,, Val Ile Asp Ser Val Ile Cys Ser Ser Le" Le" Ala Ser Ile Cys Ser 139 

CTG CTT TCA A T T  GCA GTG GAC AGG TAC T T T  ACT ATC TTC T A T  GCT CTC CAG TAC 471 

Le" Le" Ser Ile Ala Val Asp Arq Tyr Phe Thr Ile Phe Tyr Ala Le" Gln Tyr 157 

CAT AAC A T T  ATG ACA G T T  AAG CGG G T T  GGG ATC AGC ATA AGT T G T  ATC TGG GCA 525 
His Asn Ile MET Thr Val Lys Arg Val Gly Ile Ser Ile Ser Cys Ile Trp Ala 175 

‘Q-g 1le 
IV 

GCT TGC ACG G T T  TCA GGC A T T  T T G  TTC ATC A T T  TAC TCA GAT AGT AGT GCT GTC 579 
Ala Cys Thr Val Ser Gly Ile Le" Phe Ile Ile Tyr Ser Asp Ser Ser Ala Val 193 

V.31 
V 

ATC ATC TGC CTC ATC ACC ATG TTC TTC ACC ATG CTG GCT CTC ATG GCT TCT CTC 633 
Ile Ile Cys Le" Ile Thr MET Phe Phe Thr "ET Le" Ala Le" MET Ala Ser Le" 211 

va1 

T A T  GTC CAC ATG TTC CTG ATG GCC AGG CTT CAC A T T  A&G AGG A T T  GCT GTC CTC 687 
Tyr Val His MET Phe Le" MET Ala Arg Le" His Ile Lys Arg Ile Ala Val Le" 229 

CCC GGC ACT GGT GCC ATC CGC CAA GGT GCC RAT ATG AAG GGA GCG A T T  ACC T T G  741 

Pro Gly Thr Gly Ala Ile Arg Gln Gly Ala Asn MET Lys Gly Ala Ile Thr Le" 247 

Thr 
VI 

ACC ATC CTG A T T  GGC GTC T T T  G T T  GTC TGC TGG GCC CCA TTC TTC CTC CAC T T A  795 

Thr Ile Le" Ile Gly val Phe Val val Cys Trp Ala Pro Phe Phe Leu His Leu 265 

ATA TTC TAC ATC TCT T G T  CCT CAG AAT CCA T A T  T G T  GTG TGC TTC ATG TCT CAC 849 
Ile Phe Tyr Ile Ser Cys Pro Gln Asn Pro Tyr Cys Val Cys Phe MET Ser His 283 

Le" 
VII 

T T T  AAC T T G  T A T  CTC ATA CTG ATC ATG T G T  AAT TCA ATC ATC GAT CCT CTG A T T  903 
Phe As,, Le" Tyr Le" Ile Le" Ile "ET Cys Asn Ser Ile Ile Asp Pro Le" Ile 301 

T A T  G-CA CTC CGG AGT CAA GAA CTG AGG AAA ACC TTC AAA GAG ATC ATC T G T  TGC 957 
Tyr Ala Leu Arg Ser Gln Gl" Leu Arg Lys Thr Phe Lys Gl" Ile Ile Cys Cys 319 

T A T  CCC CTG GGA GGC CTT T G T  GAC T T G  TCT AGC AGA T A T  TAA ATG GGG ACA GAG 996 
Tyr Pro Le" Gly Gly Le" Cys Asp Le" Ser Ser Arg Tyr 332 

CAC GCA ATA TAG GAA CAT GCA TAA GAG ACT T T T  TCA CTC T T A  CCC TAC CTG AAT 1050 
A T T  GTA CTT CTG CAA CAG CTT TCT CTT CCG T G T  AGG GTA CTG G T T  GAG ATA TCC 1108 
A T T  GTG TAA A T T  TAA GCC T A T  GAT T T T  TAA TGA GAA AAA ATG CCC AGT CTC T G T  1162 

A T T  A T T  TCC AAT GTC ATG CTA CTT T T T  TGG CCA TAA AAT ATG AAT CTA T G T  T A T  1216 
AGG T T G  TAG GCA CTG TGG A T T  TAC AAA AAG AAA AGT CCT T A T  TAA AAG CTT 1267 

MC1 MC2 MC3 MC4 MC5 

MC1 39Yo 46% 47% 44% 
MC2 46% 46% 43% 

I3 
MC3 55% 59% 
MC4 61% 

Fig. 1. Cloning of the Human and Rat MC4-Rs 

A, Sequence of the rat and human MC4-Rs. Approximate location of transmembrane domains are underlined. Sequence of the 

rat receptor was determined from codons 78-293; amino acid differences in the rat MC4-R are shown underneath the human 

sequence. B, Relative overall amino acid identities among the melanocortin receptors. 
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n NDP-a-MSH 

0 a-MSH 

A y2 -MSH 

A desacteyl 

-a-MSH 

[PEPTIDE] (M) 

Fig. 2. Functional Coupling of the hMC4-R to Adenylyl Cyclase 

The X axis indicates the concentration of each hormone, and the Y axis indicates the percent of [3H]adenine converted to [3H] 

CAMP after a l-h stimulation at 37 C. Curves are representative of three separate experiments. Points indicate the mean of 

duplicate incubations, and errors did not exceed 20% for any of the data points. EC% values calculated for each curve are Nle4, D- 

Phe’-a-MSH (1 .l f 0.2 x 10-l’ M), des-acetvl-a-MSH (4.9 + 1.8 x lo-” M), ACTHIes9 (6.8 + 2.8 x 1 O-‘O M), a-MSH (1.5 + 0.5 x 

1 O-9 M), y*-MSH (> lo-’ M), ACT&,, (> 1 OL7 M). 

eral nuclei of the amydgala including the anterodorsal 

and posterodorsal part of the medial nucleus of amyg- 
dala, the anterior cortical nucleus, and the medial zone 

of the posterior part of the cortical nucleus (Fig. 3B). In 
addition, all three divisions of the central nucleus of the 

amygdala contained at least a few MCCR mRNA- 

containing cells, and the posterior part of the basolateral 

nucleus, and basomedial nucleus of the amygdala were 

also labeled. 
The lateral septal nucleus was among those regions 

with high densities of MC6R mRNA-containing cells, 

especially in the intermediate part. The nucleus of the 
diagonal band and medial septal nuclei also contained 

high densities of labeled neurons. Moderate levels of 
labeling were found throughout the bed nuclei of the 

stria terminalis, including all three parts of its anterior 

division, but the highest density of labeled cells was in 
the principal nucleus. In addition, high densities of la- 

beled cells were found in the septohippocampal nucleus 

and subfornical organ. A possible role for MCCR in 

mediating motor responses is indicated by the moder- 
ate density of MC4-R mRNA-containing cells found in 

the striatum and substantia innominata. In general, 

thalamic nuclei were unlabeled, although a few labeled 
neurons were found in nucleus reuniens, and a high 

density of MCCR mRNA-containing cells was found in 

the suprageniculate nucleus. In the ventral thalamus 

the zona incerta, peripeduncular nucleus, and magno- 

cellular part of the subparafascicular nucleus contained 

labeled neurons. 
MCCR mRNA-containing neurons show an extensive 

distribution throughout all of the major parts of the 

hypothalamus. In the periventricular zone of the hypo- 

thalamus, moderate to high levels of labeling were 

observed in the median preoptic nucleus, suprachias- 
matic preoptic nucleus, and all parts of the periventric- 

ular nucleus of the hypothalamus. The highest density 

of MC4-R mRNA-containing cells in the periventricular 
zone were found in the anteroventral periventricular 

nucleus (Fig. 3A) and supraoptic nucleus (Fig. 3E). In 

addition, the nucleus circularis was heavily labeled. A 

cluster of labeled neurons was found in the dorsal zone 
of the medial parvicellular part of the paraventricular 

nucleus of the hypothalamus (PVH), which contains 

neuroendocrine cells that project to the median emi- 

nence. Moreover, many MCCR mRNA-containing cells 
were found throughout the lateral parvicellular part of 

the PVH and ventral zone of the medial parvicellular 
part, both of which have descending projections to 

regions that mediate autonomic responses. Within the 
magnocellular division of the paraventricular nucleus, a 

low to moderate density of MCCR mRNA-containing 

cells was localized to the anterior magnocellular part. 

Moderate to high densities of labeled cells were found 
in each of the major nuclei that occupy the medial zone 

of the hypothalamus, including the medial preoptic nu- 

cleus, the anterior hypothalamic nucleus, ventromedial 
hypothalamic nucleus, and dorsomedial nucleus of the 

hypothalamus. In addition, both the dorsal and ventral 

parts of the tuberomammillary nucleus were labeled, 

and a moderate density of MCCR mRNA-containing 

cells were found within the medial mammillary nucleus 
and posterior hypothalamic nucleus. Moderate to high 

densities of MCCR mRNA-containing cells were distrib- 

uted throughout the lateral zone of the hypothalamus. 

In the brainstem, the highest densities of MCCR 

mRNAcontaining cells were localized to regions in- 

volved in relaying sensory information, most notable 
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Table 1. Distribution of MC4-R mRNA in the Rat Central 

Nervous System 

I. Forebrain (FB) 

A. lsocortex (ISO) 

1. Motor areas (MO) 

a. Primary motor area (Mop) ii 

b. Secondary motor areas (MOs) ++ 

2. Agranular insular area (Al) 

a. Dorsal part (Ald) ++t+j 
b. Ventral part (Alv) (layers 2, 3 8 5) ++(+) 
c. Posterior part (Alp) ++(+) 

3. Anterior cingulate area (ACA) 

a. Dorsal part (ACAd) (layer 6A) ++ 

b. Ventral part (ACAv) +(+I 
4. Auditory areas (AUD) (Primary, dorsal, ventral) 

5. lnfralimbic area (IA) 

6. Orbital area (ORB) 

a. Ventral part (ORBv) 

b. Ventrolateral part (ORBvl) 

7. Retrosplenial area (RSP) 

a. Dorsal part (RSPd) (deeper layers) 

8. Ventral temporal association areas (TEv) 

9. Claustrum (CtA) 

B. Olfactory cortex (OLF) 

1. Accessory olfactory bulb (AOB 

a. Mitral layer (AOBmi) 

2. Anterior olfactory nucleus (AON) 

b. Lateral part (AONI) 

c. Medial part (AONm) 

d. Posteroventral part (AONpv) 

3. Taenia tecta (TT) 

a. Dorsal part (TTd) 

4. Olfactory tubercle (OT) 

a. Pyramidal layer (OT2) 

5. Piriform area (PIR) 

a. Pyramidal layer (PIR2) 

6. Postpiriform transition area (TR) 

C. Hippocampal formation (cortex) (HPF) 

1. Retrohippocampal region (RHP) 

a. Entorhinal area (ENT) 

(1) Lateral part (ENTI) (layer 2) 

b. Parasubiculum (PAR) 

c. Subiculum (SUB) 

(1) Ventral part (SUBv) 

2. Hippocampal region (HIP) 

a. Ammon’s horn (CA) 

(1) Field CA1 (CAl)+(+) 

(2) Field CA2 (CA2) 

(3) Field CA3 (CA3) 

D. Amygdala (AMY) 
. 

+++ 
++ 

+++ 
++ 

+(+) 
+++ 
+(+I 

+ 

ii 
+ 
+ 

+++(+) 

+++ 

+(+I 
+ 

+++ 
++ 

++(+I 

++ 
+++ 

1. Bed nucleus of the accessory olfactory tract (BA) 

+++ 

2. Medial nucleus of the amygdala (MEA) 

a. Anterodorsal part (MEAad) +++ 

b. Posterodorsal part (MEApd) ++ 

c. Posteroventral part ++ 

3. Cortical nucleus of the amygdala (COA) 

a. Anterior part (COAa) ++ 

b. Posterior part (COAp) 

(1) Medial zone (COApm) +++ 

4. Anterior amygdaloid area (AAA) ++ 

5. Central nucleus of the amygdala (CEA) 

a. Medial part (CEAm) ++ 

b. Lateral part (CEAI) + 

c. Capsular part (CEAc) +++ 

6. Basolateral nucleus of the amygdala (BLA) 

a. Posterior part (BLAp) ++ 

Table I. Distribution of MCCR mRNA in the Rat Central 

Nervous Svstem 

7. Basomedial nucleus of the amygdala (BMA) 

a. Anterior part (BMAa) 

b. Posterior part (BMAp) 

8. Posterior nucleus of the amygdala (PA) 

E. Septal region (SEP) 

I. Lateral septal nucleus 

a. Dorsal part (LSd) 

b. Intermediate part (LSi) 

c. Ventral part (LSv) 

2. Medial septal complex (MSC) 

a. Medial septal nucleus (MS) 

b. Nucleus of the diagonal band (NDB) 

3. Bed nuclei of the stria terminalis (BST) 

a. Anterior division (BSTa) 

(1) Anterodorsal area (BSTad) 

(2) Anterolateral area (BSTal) 

(3) Anteroventral area (BSTav) 

(4) Rhomboid nucleus (BSTrh) 

(5) Dorsomedial nucleus (BSTdm) 

(6) Dorsolateral nucleus (BSTdl) 

(7) Ventral nucleus (BSTv) 

(8) Magnocellular nucleus (BSTmg) 

b. Posterior division (BSTp) 

(1) Principal nucleus (BSTpr) 

(2) lnterfascicular nucleus (BSTif) 

(3) Transverse nucleus (BSTtr) 

4. Septohippocampal nucleus (SH) 

5. Subfornical organ (SFO) 

F. Corpus striatum (CSTR) 

1. Striatum (STR) 

a. Caudoputamen (CP) 

b. Nucleus accumbens (ACB) 

c. Fundus of the striatum (FS) 

2. Pallidum (PAL) 

a. Magnocellular preoptic nucleus (MA) 

G. Thalamus (TH) 

1. Dorsal thalamus (DOR) 

++(+) 
(+I 
+ 

++ 
++++ 

++ 

++++ 
+++ 

++(+) 
++t+j 
++(+) 
++(+) 
++(+I 
++(+I 
++t+j 
++(+I 

+++ 
++t+j 
++t+j 

+++(+) 
+++(+) 

++ 
++ 

+++ 

+ 

a. Midline group of the dorsal thalamus (MID) 

(1) Nucleus reuniens (RE) + 

b. Lateral group of the dorsal thalamus (LAT) 

(1) Suprageniculate nucleus (SGN) +++ 

2. Ventral thalamus (VNT) 

a. Zona incerta (ZI) ++ 

b. Peripeduncular nucleus (PP) ++(+) 
c. Subparafascicular nucleus (SPF) 

(1) Magnocellular part (SPFm) ++ 
H. Hypothalamus (HY) 

1. Periventricular zone of the hypothalamus (PVZ) 

a. Suprachiasmatic preoptic nucleus (PSCH) +++ 

b. Median preoptic nucleus (MEPO) ++ 

c. Anteroventral periventricular nucleus (AVPv) 

++++ 

d. Preoptic periventricular nucleus (PVpo) +(+) 
e. Supraoptic nucleus (SO) +++(+) 

(1) Accessory supraoptic group (ASO) 

(a) Nucleus circularis (NC) +++ 

f. Paraventricular nucleus of the hypothalamus 

W-9 
(1) Descending division (PVHd) 

(a) Medial parvicellular part, ventral zone 

(PVHmpv) ++(+I 
(b) Lateral parvicellular part (PVHlp) ++(+) 

(2) Magnocellular division (PVHm) 

(a) Anterior magnocellular part (PVHam)++ 

(b) Posterior magnocellular part (PVHpm) 

++ 
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Neuroanatomical Localization of the Melanocortin-4 Receptor 

Table 1. Distribution of MCCR mRNA in the Rat Central 
Nervous System 

(3) Parvicellular division (PHVp) 
(a) Anterior parvicellular part (PHVap) ++ 
(b) Medial parvicellular part, dorsal zone 

W-W@ +++ 
(c) Periventricular part (PHVpv) 

(h) Arcuate nucleus of the hypothalamus (ARH) 1 
(i) Posterior periventricular nucleus of the hypo- 

thalamus (Pvp) ++ 
2. Medial zone of the hypothalamus (MEZ) 

a. Medial preoptic area (MPO) 
(1) Medial preoptic nucleus (MPN) 

(a) Lateral part (MPNI) ++ 
(b) Medial part (MPNm) ++++ 
(c) Central part (MPNc) +++ 

b. Anterodorsal preoptic nucleus (ADP) + 
c. Anteroventral preoptic nucleus (AVP) +++(+) 
d. Posterodorsal preoptic nucleus (PD) 
e. Anterior hypothalamic area (AHA) 

(1) Anterior hypothalamic nucleus (AHN) 
(a) Anterior part (AHNa) ++(+) 
(b) Central part (AHNc) ++(+I 
(c) Posterior part (AHNp) ++(+I 

f.  Tuberal area of the hypothalamus (TUA) 
(1) Ventromedial nucleus of the hypothalamus 

(‘JMH) 
(a) Dorsomedial part (VMHdm) + 
(b) Ventrolateral part (VMHvI) +++ 

(2) Dorsomedial nucleus of the hypothalamus 
VW 
(a) Anterior part (DMHa) +++ 
(b) Posterior part (DMHp) + 
(c) Ventral part (DMHv) 

(3) Ventral premammillary nucleus (PMv) +I 
g. Mammillary body (MBO) 

(1) Tuberomammillary nucleus (TM) 
(a) Dorsal part (TMd) +++ 
(b) Ventral part (TMv) ++ 

(2) Medial mammillaty nucleus (MM) ++ 
h. Posterior hypothalamic nucleus (PH) ++t+j 

3. Lateral zone of the hypothalamus (LZ) 
a. Lateral preoptic area (LPO) ++(+I 
b. Lateral hypothalamic area (LHA) +++ 

II. Brainstem (BS) 
A. Sensory 

1. Visual 
a. Superior colliculus (SC) 

(1) Optic layer (SCop) ++++ 
(2) Intermediate gray layer (Sag) ++ 
(3) Deep gray layer (SCdg) ++ 

b. Pretectal region (PRT) 
(1) Nucleus of the optic tract (NOT) ++++ 
(2) Posterior pretectal nucleus (PPT) 
(3) Nucleus of the posterior commissure (NPC; 

++(+) 

a. Spinal nucleus of the trigeminal (SPV) 
(1) Caudal part (SPVC) ++(+I 

3. Auditorv 

(4) Anterior pretectal nucleus (APN) + 
(5) Medial pretectal area (MPT) + 

c. Medial terminal nucleus of the accessory optic 
tract (MT) ++ 

2. Somatosensory 

Table 1. Distribution of MCCR mRNA in the Rat Central 
Nervous System 

a. Nucleus of the lateral lemniscus (NLL) + 
b. Inferior colliculus (IC) 

(1) External nucleus (Ice) 
4. Gustatory 

+ 

a. Nucleus of the solitary tract, rostra1 zone of 
medial part (NTSm) + 

5. Visceral 
a. Nucleus of the solitary tract (NTS) 

(1) Medial part, caudal zone (NTSm) + 
b. Parabrachial nucleus (PB) 

(1) Medial division (PBm) 
(a) Medial part (PBmm) ++ 

(2) Lateral division (PBI) + 
(a) Central lateral part (PBlc) + 
(b) External lateral part (Pale) 4-k 

B. Motor 
1. Viscera 

a. Inferior salivatory nucleus (ISN) + 
b. Dorsal motor nucleus of the vagus nerve (DMX) 

++++ 
c. Nucleus ambiguus, ventral division (AMBv) ++ 

2. Extrapyramidal 
a. Substantia nigra (SN) 

(1) Compact part (SNc) ++ 
(2) Reticular part (SNr) ++ 

b. Ventral tegmental area (VTA) + 
C. Pre- and postcerebellar nuclei 

1. Red nucleus (RN) +++ 
D. Reticular core 

1. Central gray of the brain (CGB) 
a. Periaqueductal gray (PAG) 
b. Interstitial nucleus of Cajal (INC) 
c. Dorsal tegmental nucleus (DTN) 

2. Raphe (RA) 

++ 
+ 
+ 

a. Superior central nucleus raphe (CS) 
(1) Medial part (CSm) +(+) 
(2) Lateral part (CSI) +(+) 

b. Dorsal nucleus raphe (DR) + 
c. Nucleus raphe magnus (RM) + 
d. Nucleus raphe pallidus (RPA) ++ 

3. Reticular formation (RET) 
a. Mesencephalic reticular nucleus (MRN) ++ 

(1) Retrorubral area (RR) ++ 
b. Pedunulopontine nucleus (PPN) ++ 
c. Pontine reticular nucleus (PRN) 

(1) Caudal part (RPNc) + 
d. Gigantocellular reticular nucleus (GRN) ++ 
e. Paragigantocellular reticular nucleus (PGRN) 

(1) Lateral part (PGRNI) ++(+I 
f.  Magnocellular reticular nucleus (MARN) ++(+) 

g. Supratrigeminal nucleus (SUT) +(+) 
h. Parvicellular reticular nucleus (PARN) +++ 
i. Medullary reticular nucleus (MDRN) 

(1) Dorsal part (MDRNd) ++ 
(2) Ventral part (MDRNv) ++ 

III. Spinal cord (SP) 

Semiquantitative estimates of the signals are indicated: + 
(weak); ++ (moderate), +++ (strong), with parentheses indi- 
catina intermediate levels. 

A. Dorsal horn of the spinal cord (DH) 
1. Substantia gelatinosa of the spinal cord (SGE) 

++(+) 

among these being cell groups involved in processing 

visual information. Thus, very high levels of labeling 
were localized to the optic layer of the superior collicu- 

Ius (Fig. 3C) and nucleus of the optic tract. Moderate 

to high levels of labeling were also observed over the 

nucleus of the posterior commissure, medial terminal 

nucleus of the accessory optic tract, and intermediate 

and deep gray layers of the superior colliculus. The only 

somatosensoty brainstem region that contained labeled 

cells was the caudal part of the spinal nucleus of the 
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1304 

Fig. 3. Expression of MCCR mRNA in Anteroventral Periventricular Nucleus (A), Amygdala (B), Superior Colliculus and Periaque- 
ductal Gray (C), Dorsal Motor Nucleus of the Vagus (D), and Supraoptic Nucleus (E) 

V3, Third ventricle; AVPV, anteroventral periventricular nucleus; CP, cauduputamen; CEA, central nucleus of the amygdala; 
MEApd, medial nucleus of the amygdala, posterodorsal part; MEApv, medial nucleus of the amygdala, posteroventral part; SCop, 
superior colliculus, optic layer; PAG, periaquaductal grey; C, central cavity; DMX, dorsal motor nucleus of the vagus nerve; SON, 
supraoptic nucleus. Photos show MC4-R-positive cell bodies using darkfield microscopy. Magnifications are xl 00 (A-D) or xl 50 
(E). No hybridization was detected using a sense cRNA probe synthesized from the same MCCR fragment. 
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Neuroanatomical Localization of the Melanocortin-4 Receptor 1305 

trigeminal nerve. In contrast to the widespread distri- 

bution of MC4-R mRNA-containing cells in auditory 
regions of isocortex, only a few labeled neurons were 

detected in brainstem auditory pathways. Thus, only a 

few labeled neurons were detected in the nucleus of 
the lateral lemniscus and external nucleus of the inferior 

collicus. Similarly, labeling was sparse throughout brain- 
stem regions that relay visceral sensory information, 

but a few cells were detected in the medial part of the 

nucleus of the solitary tract and in the medial part of 

the medial division of the parabrachial nucleus. 
The most intensely labeled cells in the rat brain were 

contained in the dorsal motor nucleus of the vagus 
nerve (Fig. 3D), with fewer cells in the ventral division 

of the nucleus ambiguus, which provides preganglionic 
parasympathetic innervation to the heart. A role for 

MC4-R in somatomotor function is suggested by the 

moderate to high levels of labeling detected in the red 
nucleus. A moderate number of labeled cells were 

localized to the substantia nigra, with fewer cells dis- 
tributed throughout the ventral tegmental area. Low to 

moderate densities of MCCR mRNA-containing neu- 

rons were distributed throughout several regions that 
can be considered collectively as part of the reticular 

core of the brainstem. These include labeled neurons 
in the periaqueductal gray (Fig. 3C), dorsal tegmental 

nucleus, the superior central and dorsal nuclei of the 

raphe as well as the nucleus raphe magnus and pallidus. 
In addition, the mesencephalic reticular nucleus and 

pedunculopontine and gigantocellular nuclei contained 

moderate numbers of labeled cells as did the magno- 
cellular supratrigeminal and parvicellular reticular nuclei 

of the brainstem. Labeling was generally absent from 

all regions of spinal cord, one notable exception being 
a band of labeled cells at the border between marginal 

zone and the substantia gelatinosa. 

DISCUSSION 

The discovery and characterization of the MCCR dem- 
onstrate the existence of a previously unknown family 

of melanocortin receptors in addition to the well char- 
acterized MSH and ACTH receptors. These newly de- 

scribed receptors, MC3-R (24, 29, MCCR (26, 31) 

and MC5R (27-30) may be considered a subfamily of 
the melanocortin receptors in that they are significantly 

more closely related to one another (55-61% amino 
acid identity) than they are to the MSH-R (MC1 -R) and 

ACTH-R (MC2-R) (43-47% identity). 

While the neural MC3 and MC4 receptors are highly 
related, they are unique both in their pharmacological 

properties and in their distribution of expression in the 

brain. The peripheral melanocortin receptors demon- 
strate significant ligand specificity; in most mammals 

the ACTH and MSH receptors respond somewhat se- 
lectively to ACTH and a-MSH, respectively. For exam- 

ple, (Y-MSH is 10,000 times less potent than ACTH in 
inducing adrenal steroidogenesis in the rat (34) but 1 O- 

fold more potent in stimulating melanocytes (35). In 

contrast, the MC4 receptor is similar to the other neural 

receptor, MCS-R, in that it responds equally well to 

ACTH and LU-MSH melanocortin peptides. Human MC4- 
R is distinguishable from the rat and human MCS-R in 

one potentially interesting property: both MC3-Rs are 

activated as potently by the r-MSH peptides as they 

are by the a-MSH or ACTH peptides while hMCCR 
responds only very poorly to r-MSH (E& = 3 x lo-’ 

M) (Fig. 2). Thus far, all of the melanocortin receptors 

have been demonstrated to couple to G, and activate 

adenylyl cyclase; however, the potential activation of 

other signal transduction pathways has not yet been 
examined in detail. 

Neurons that express MCCR mRNA have a wide- 

spread distribution that includes more than 100 different 
discrete structures that extend through each major 

division of the brain. This is in marked contrast to MC3- 

R mRNA-containing neurons, which are largely localized 

to the hypothalamus (arcuate nucleus and forebrain- 
projecting POMC neurons), restricted parts of the thal- 

amus, and only a few brainstem nuclei (25). This distri- 
bution corresponds quite well with the published distri- 

bution of y-MSH immunoreactivity (36) and is interest- 
ing given the unique ability of MCS-R to bind r-MSH. 

MC4-R is activated only poorly by y-MSH, and the 

present results indicate that the distribution of MCCR 
mRNA-containing neurons is quite distinct from that of 

r-MSH immunoreactivity or that of MCS-R mRNA-con- 

taining neurons in the rat brain. However, the combined 

distribution of MC3-R plus MCCR mRNA-containing 

cells corresponds quite well with that of NDP-MSH 
binding sites (lo), consistent with the high affinity of 

both receptors for this ligand. The presence of either 

MC4-R and/or MC3-R in every brain nucleus known to 

bind NDP-MSH suggests that there may not be any 
other additional neural melanocortin receptors. How- 

ever, several questions remain to be resolved. These 

include the nature of the ORG2766 binding sites and 

the observation that, while there is apparent heteroge- 
neity of NDP-MSH binding sites in the rat brain as 

assayed with ligand competition binding studies using 

brain sections, the heterogeneity does not clearly repro- 

duce the distribution of MCS-R and MCCR mRNAs 
(37). Anti-receptor antibodies may help resolve some of 

these issues; they will allow one to examine actual 

receptor distribution rather than the distribution of 
receptor mRNA-containing cell bodies. 

MCCR mRNA-containing neurons are found in sev- 

eral hypothalamic regions, but generally they are in 

greater abundance and are located in different cell 

groups than those with MC3-R mRNA. Melanocortin 
peptides have been implicated in the central control of 

CRH release (17, 38) and the presence of MCCR 

mRNA in the PVH suggests a unique role for this 

receptor in neuroendocrine control. Thus, the expres- 
sion of MC4-R mRNA in the medial parvicellular part of 

the PVH is consistent with a role for POMC peptides in 

regulating certain aspects of stress responses, but 

portions of the PVH that provide descending projections 
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to autonomic preganglionic neurons also appear to 

express MC4-R mRNA, suggesting a role for the recep- 

tor in regulating autonomic responses as well. Likewise, 

only MCCR mRNA appears to be expressed by mag- 
nocellular neurons that project to the posterior pituitary, 

which may be indicative of yet another functional dis- 
tinction between these two receptor systems. 

The apparent overlap between the distribution of 

MC3R and MCCR neurons in nuclei such as the 

anteroventral periventricular, ventral premammilary, 
and posterior hypothalamic nuclei raises the possibility 

that both receptors are coexpressed within individual 

neurons, but this remains to be demonstrated directly. 

Nevertheless, in most regions containing both receptor 

mRNAs their distribution does not overlap. For exam- 
ple, MC3-R mRNA is expressed by many of the cells in 

the dorsomedial part of the ventromedial hypothalamic 

nucleus, yet most of the MCCR mRNA-containing neu- 
rons are localized to its ventrolateral part. These distinct 

distributions may have behavioral consequences since 

the dorsomedial and ventrolateral parts of the ventro- 

medial nucleus of the hypothalamus appear to be in- 

volved in separate pathways related to the neural con- 
trol of feeding and reproductive pathways, respectively 

(3% 
Regions such as the superior colliculus and auditory 

regions of the isocortex lack MC3 mRNA but contain 
high densities of MC4-R mRNA containing neurons 

suggesting a role for MCCR in modulating the flow of 

visual and auditory sensory information. The unique 
expression of MC6R mRNA in regions such as the 

caudoputamen, nucleus accumbens, substantia nigra, 

and red nucleus suggests that MC4-R may also coor- 

dinate aspects of somatomotor control. The expression 

in discrete regions of the isocortex implicates MCCR 
in higher cortical processes, and the high number of 

positive neurons in the entorhinal cortex suggests that 

MC4-R may play a role in mediating processes under- 
lying learning and memory. 

Interestingly, MCCR mRNA is also uniquely abun- 

dant in brainstem nuclei such as the dorsal motor 

nucleus of the vagus and ventral division of the nucleus 

ambiguus and may, therefore, participate in the modu- 
lation of autonomic outflow to the heart. 

The presence of MCCR mRNA in regions of the 

cortex involved in learning and memory would seem- 

ingly provide a pharmacological basis for the many 
reports of effects of the melanocortin peptides on the 

retention of learned avoidance behaviors (for review 

see Ref. 33). Unfortunately, a pharmacological paradox 
remains. In parallel with MC3-R, MC6R does not re- 

spond well to ACTHdmlo and does not respond at all to 

the synthetic ACTH.++ analog ORG2766. These com- 

pounds are often more active than the native melano- 

cortins in behavioral assays involving the retention of 
learned behaviors (40) and in neural regeneration as- 

says (41, 42). Additional work will be necessary to 

definitively link the neural MC3 and MC4 receptors with 

reported neuroendocrine, cardiovascular, and behav- 
ioral activities of the melanocortin peptides. 

MATERIALS AND METHODS 

Isolation of a Partial Rat MCCR Clone by PCR 

Total RNA from rat brain was reverse transcribed using oligo 
dT and superscript reverse transcriptase (GIBCO BRL, Gaith- 
ersburg, MD) at 42 C for 90 min. This cDNA was used as a 
template for PCR with degenerate oligonucleotides based 
upon sequence from transmembrane domains II and VII of the 
human ACTH and MSH receptors. The transmembrane dc- 
main II oligonucleotide was 5’-GAGTCGACC(AG)CCCATGTA- 

(CT)T(AGT)(CT)TTCATCTG-3’, and the transmembrane VII 
oliaonucleotide was 5’-CAGAATTCGGAA(AG)GCIAG)TA(GTI- 
AfGA(AG)GGGGTC-3’. Parentheses indidate’varbble nucled- 
tide positions containing one of the species indicated. These 
oligonucleotides encode restriction sites for EcoRl and SalI at 
their S’ends to facilitate subcloning of the amplified DNA. The 
PCR conditions were 94 C, 1 min; 42 C, 2 min; 72 C, 2 min; 
for 40 cycles, and then 72 C for 10 min. The amplified DNA 
products were separated on a 1.2% agarose gel and stained 
with ethidium bromide. Regions in the gel between 800 and 
200 bp were isolated using NA40 paper (Shleicher & Schuell, 
Keene, NH), subcloned into pBKS- (Stratagene, La Jolla, CA), 
and sequenced by dideoxy sequencing (43). An BOO-bp ampli- 
fied DNA fragment was identified that encoded a novel melan- 
ocortin receptor which was related to the ACTH and MSH 
receptors. 

Isolation of a Full Length Human MCCR Clone 

The .EcoRlSa/l BOO-bp rat MCCR PCR clone was labeled with 
32P by random priming (Pharmacia, Piscataway, NJ) and used 

as a probe to screen a human genomic DNA library in the 
EMBL3 vector (kindly provided by Dr. C. Passavant). The 
library was hybridized under moderate hybridization conditions 
to allow cross-reactivity of the rat probe with the hMCCR. 
The hybridization conditions were 40% formamide, 1 mM NaCI, 
50 mM Tris (pH 7.5) sodium pyrophosphate (0.1%) SDS 
(0.2%) salmon sperm DNA (100 pg/ml), and 10x Denhardt’s 
at 42 C for 18 h. Twenty-nine independent clones were iso- 
lated, and phage DNA from each one was prepared. The 
genomic inserts were digested from the phage, run on a 1.2% 
agarose gel, and Southern blotted. By sequential probing of 
this Southern blot with rat MCCR, human ACTH-R, human 
MSH-R, and rat MC9R probes, we identified 28 phage of 
which 18 encoded for the hMCCR, three for the human MSH- 
R, two for the human ACTH-R, and two for the human MC3- 
R. One phage containing hMC4-R was restriction mapped, 
subcloned, and sequenced with the dideoxy sequencing 
method (43). A full length coding hMCCR was found in a 1.9- 
kb HindIll fragment. 

Functional Coupling of hMC4-R to Adenylyl Cyclase 

A full length coding fragment of the hMCCR gene was ampli- 
fied by PCR using a 20-kb phage insert containing the com- 
plete coding exon of the gene as template and oligonucleotides 
designed against the 5’- and 3’-untranslated regions (UTR) of 
the gene. Vent polymerase (New England Biolabs, Beverly, 
MA) was used in order to reduce the misincorporation fre- 
quency. The 5’-UTR oligonucleotide was 5’-CAG- 
GATCCTAAATCAATTCAGGGGAC-3’, and the 3’-UTR oligo 
nucleotide was 5’-AGCTCGAGCTGTTGCAGAAGTACAAT- 
3’. These oligonucleotides encode restriction sites for BamH I 
and Xhol at their 5’ends to facilitate subcloning of the ampli- 
fied DNA. The PCR conditions were 94 C, 1 min; 53 C, 1.5 
min; 72 C, 1.5 min; for 30 cycles followed by 72 C for 10 min. 
The amplified DNA was subcloned into pcDNAI/Neo (Invitro- 
gen, San Diego, CA) and stably transfected into human em- 
bryonic kidney 293 cells using a modified CaP04 procedure 
(44) and populations of stably transfected cells were selected 

by growth in medium containing 1 mg/ml G418 (GIBCO, Grand 
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Island, NY). Cells (-105) were plated in 24-well dishes and 

grown in Dulbecco’s modified essential medium (DMEM) con- 
taining 10% calf serum for 3 days. Adenylyl cyclase activity 

was then determined directly by measuring the ability of cells 
to convert [3H]adenine to [3H]cAMP (45) after exposure of the 

cells to various natural and synthetic POMC peptides (Bachem, 
Torrance, CA). Duplicate wells were incubated for 2 h with 2.5 
&i [3H]adenine in DMEM containing 10% calf serum. Medium 

was aspirated and the cells were washed once with PBS 
warmed to 37 C. The cells were then exposed for 1 h to 

varying concentrations of NDPa-MSH, a-MSH, ACTHIma9, de- 
sacetyl a-MSH, ACTH,-Io, r2-MSH, CLIP, p-endorphin, and 

ORG2766 in the presence of DMEM containing 0.1% BSA 
and 0.5 mM 3-isobutyl-1-methylxanthine. The medium with 

peptides was aspirated and the cells solubilized with 1 ml 

2.5% perchloric acid, 0.1 mM CAMP. Lysate (0.8 ml) was 
removed, neutralized with 80 ~14.2 N KOH, and 0.42 ml H20. 

The samples were mixed, and the sediment was allowed to 
settle. Lysate was counted in a &counter to determine the 

total amount of [3H]adenine incorporated into cells. CAMP was 
separated from the lysate after sequential chromatography 

over Dowex and alumina columns (46). CAMP was eluted from 
the alumina columns in 4 ml Tris (pH 7.4) and counted in a p- 

counter. Relative cyclase activity was calculated by determin- 

ing the percentage of [3H]adenine converted into [3H]cAMP. 
The Kaleidograph software package (Synergy Software, Read- 

ing, PA) was used for fitting curves to the data and calculating 

ECso values. 

/II Situ Hybridization Analysis of the Expression of MC4-R 
mRNA in Rat Brain 

Sequencing of the 800-bp rat MC4-R fragment indicated the 
presence of an unidentified approximately 200-bp DNA insert 

with no significant homology to any known sequence in the 

Genbank data base, possibly an artifact of the PCR. This 
necessitated the isolation of a fragment colinear with the rat 

genomic MCCR sequence for in situ hybridization studies. 
Degenerate olionucleotides from transmembrane domains II 

and VII of the human ACTH and MSH receptors were used 
for the first round of PCR using conditions described above 

for isolation of the 800-bp partial rat MCCR clone. Ten micro- 

liters of this reactions were then amplified by PCR using 
oligonucleotides specific to the rat MC4-R sequence in trans- 

membranes Ill and and VII. The transmembrane Ill oligonucle- 

otide was 5’-GGGTCAGTTTCCATCGT-3’, and the trans- 
membrane VII oligonucleotide was 5’-TTAAAATGAGACAT- 

GAAG3’. The PCR conditions were 94 C, 1 min; 50 C, 2 min; 
72 C, 2 min; for 40 cycles followed by 72 C for 10 min. The 

amplified DNA was run on a 1.5% agarose gel and stained 

with ethidium bromide. A 600-bp fragment was isolated using 

NA40 paper, subcloned into pBKS-, and sequenced by the 
dideoxy method to confirm the presence of an intact MCCR 

sequence fragment. Male Sprague-Dawley rats (Simonsen 
Labs, Gilroy CA) were anesthetized and perfused with 1000 

ml 4% paraformaldehyde in borate buffer, pH 9.5, at 4 C 
(fixation buffer). Brains were dissected and incubated in fixa- 

tion buffer for 8 h and then overnight in fixation buffer with 

10% sucrose. After this the brains were serially sectioned into 
10 series of 30-PM slices with a sliding microtome. The 600- 

bp fragment of the rat MCCR in pBKS was used to synthesize 

an antisense [%S]cRNA probe. Sections were prepared and 
hybridized as described previously (47). Sections were hybrid- 

ized with 35S-labeled probe (- 1 x 10’ cpm/ml) in 65% form- 
amide, 0.26 M NaCI, 1.3x Denhardt’s solution, 1.3 mrv EDTA, 

13% dextran sulfate, 13 mM Tris, pH 8. Slides were then 

digested with RNase (20 pg/ml for 30 min at 37 C), washed in 
4x SSC, then rinsed to a final stringency of 0.1 x SSC at 65 

C for 30 min. Sections were dehydrated, dipped in NTB-2 

emulsion (Kodak), and developed after 21 days. 
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