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SUMMARY
Melanocortin peptides are reported to antagonize opiate de-
pendence and tolerance, but the neural substrates underlying
these actions are unknown. In this study, we characterize the
rat melanocortin-4 receptor (MC4-R) and demonstrate that this
receptor is regulated by opiate administration. The rat MC4-R is
95% identical to the human MC4-R, and the potency of mela-
nocortin peptides to stimulate cAMP production is similar in
these two species homologs (a-melanocyte-stimulating hor-
mone = adrenocorticotropic hormone > y-melanocyte-stimu-
lating hormone). Expression of MC4-R mRNA was found to be
enriched in the striatum, nucleus accumbens, and periaque-
ductal gray, all of which are regions implicated in the behavioral
effects of opiates. In contrast, MCi-, MC3-, and MC5-R are
expressed at very low or undetectable levels in these brain
regions. Chronic administration of morphine (5 days) resulted in
a time-dependent down-regulation of MC4-R mRNA expres-

sion in the striatum and periaqueductal gray. Expression of
MC4-R mRNA was also decreased in the nucleus accumbens/
olfactory tubercle, but this effect was observed after 1 or 3 days
of morphine treatment. In the striatum, the reduction of MC4-R
mRNA was accompanied by a concomitant decrease in mela-
nocortin receptor levels, shown by quantitative radioligand
binding and autoradiography. In contrast, morphine adminis-
tration did not influence levels of MC4-R mRNA in several other
brain regions, including frontal cortex, olfactory bulb, hypothal-
amus, and ventral tegmentum/substantia nigra. In light of pre-
vious findings that melanocortins antagonize opiate self-admin-
istration, analgesic tolerance, and physical dependence, we
hypothesize that decreased melanocortin function, via down-
regulation of MC4-R expression, may contribute to the devel-
opment of these opiate-induced behaviors.

The melanocortin peptides a-melanocyte-stimulating hor-

mone and ACTH have been implicated in a number of func-

tions in the central nervous system, including induction of

grooming (1), antagonism of cytokine action (2-5), thermo-

regulation (6), facilitation of learning (7, 8), and neurotro-

pism (9-12). Furthermore, behavioral studies demonstrate

that the administration of melanocortins antagonizes opiate

tolerance and dependence (13, 14) and induces opiate with-

drawal-like effects in opiate-naive animals (15). This sug-

gests that down-regulation ofmelanocortin function may con-

tribute to the development of opiate tolerance and

dependence. However, the receptors that mediate these ac-

tions of melanocortins in the brain have not been character-

ized.

Five melanocortin receptor subtypes, all belonging to the G

protein-coupled receptor superfamily, have been identified

(16-28). We report the cloning and characterization of the

full-length rat homolog of the human MC4-R. Furthermore,

we demonstrate that expression ofMC4-R mRNA is enriched

in brain regions implicated in the behavioral actions of opi-

ates and that morphine administration down-regulates

MC4-R mRNA specifically in these regions. In contrast, the

other MC-R subtypes are neither enriched nor regulated in

these regions. These findings suggest that down-regulation of

MC4-R, the major melanocortin receptor subtype in brain,
may contribute to the development of opiate tolerance and

dependence.

Materials and Methods
This work was supported by National Institute on Drug Abuse Grant

DA08227, National Institute of Mental Health Grant MH44694, and a grant
from Pfizer Central Research (Groton, CT).

PCIL Degenerate oligonucleotide primers from the third and sixth

transmembrane domains of cloned G protein-coupled receptors, as
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described previously (29), were used to PCR-amplify bovine locus

ceruleus cDNA. PCR conditions were as follows: prewarming to 70#{176}

for 3 mm, heating to 94#{176}for 1 mm 45 sec, and then cooling to 60#{176},at

which time Taq polymerase (AmpliTaq, Perkin-Elmer Cetus, Nor-

walk, CT) was added. Cycling ensued with 35 cycles of denaturation

at 95#{176}for 30 sec, annealing at 46#{176}for 30 sec, and extension at 70#{176}for

60 sec. Reaction products were blunt-end ligated into pBluescript
SK and introduced into CaCl2-competent XL-1 Blue cells (Strat-

agene, La Jolla, CA); the bacteria were then plated onto Luria Broth

plates. Stabs of individual colonies were placed in 50 p1 of DNA

extraction buffer (1% Triton X-100, 20 mrvi Tris, pH 8.3, 2 mM EDTA),

heated to 95#{176}for 10 mm, and pulse spun in a microfuge. Five

microliters of the supernatant was then reamplified using the same

primers and PCR conditions as above. Colonies containing PCR-

amplifiable inserts were cultured in Luria Broth, and plasmid DNA
was isolated by a modified alkaline lysis/PEG precipitation method

(Applied Biosystems protocol, Norwalk, CT). DNA was then se-

quenced in a modified Sanger ddNTP chain terminator reaction with

the use of fluorescence-tagged ddNTPs. Reactions were run on 6%

polyacrylamide gels and read on ABI 373A automated fluorescent

sequencers (Applied Biosystems). One novel PCR product, desig-

nated as LCR 59 (locus ceruleus receptor fragment, clone No. 59),

was selected for further study.

Receptor cloning. cDNA library screening and 5’ RACE were

carried out simultaneously. LCR 59 was [a-32P]dCTP random prime
labeled and used to screen a rat brainstemlspinal cord cDNA library

(Stratagene) under standard conditions (30). A 3-kb clone containing

an open reading frame and a stop codon but lacking an initiation

codon as well as several hundred base pairs of 5’ sequence was

isolated. Based on the sequence of LCR 59, a 691-bp 5’ RACE clone

was generated using cDNA reverse-transcribed from rat pituitary

RNA with an LCR 59-specific primer (5’-CTGGCGCTAGGAGAAT-

TACAC-3’). First- and second-round 5’ RACE was conducted using

MC4-R-specific primers (5’-CTCAGACCGGTACTCCTTGTAC-3’

and 5’-CACCTGTATCTCTCTGCGGTAC-3’, respectively), according

to kit instructions (GIBCO BRL 5’ RACE kit, Gaithersburg, MD).

The RACE product had an open reading frame as well as the initi-

ation codon and overlapped with the coding region of the library

clone. Ligation of these two clones resulted in a 1.6-kb cDNA, both
strands of which were sequenced to show that this clone contained a

fully coding MC4-R with flanking 5’ and 3’ untranslated regions.

Animals and treatment paradigm. Male Sprague-Dawley rats

(150-200 g) (CAMM, Wayne, NJ) were housed in groups and main-

tamed on a 12-hr light/dark cycle with food and water freely avail-

able. While the animals were under halothane anesthesia, 75-mg

morphine pellets (National Institute on Drug Abuse, Rockville, MD)

were implanted subcutaneously once daily for 1, 3, or 5 days. Mor-

phine administration for 5 days has been shown to produce opiate

tolerance and dependence (31 ). Control animals were exposed to the

same anesthesia but to sham surgery. The number of rats per group

for the time course study in the neostriatum and nucleus accumbens!

olfactory tubercle was 17 for sham surgery, 12 for 1-day morphine, 5

for 3-day morphine, and 12 for 5-day morphine. The total number of

rats for the morphine studies in the frontal cortex, periaqueductal

gray, hypothalamus, ventral tegmentum/substantia nigra, and olfac-

tory bulb was 16 for sham surgery and 16 for 5-day morphine. For

smaller regions, tissue samples from several rats were pooled before
RNA was extracted. The number of rats for the in vitro binding

assays was 4 for sham surgery and 4 for 5-day morphine. All rats

were used -24 hr after the final administration of morphine. The

results were subjected to Student’s t test or analysis ofvariance, with

significance determined at the p < 0.05 level. In the regional distri-

bution studies of the MC-R subtypes, a total of six male Sprague-

Dawley rats were used for all regions except for skin and muscle, in

which a single male Dark Agouti rat (300 g) (Bantin-Kingman,

Fremont, CA) was used. All animal use procedures were in strict

accordance with the National Institutes of Health’s Guide for the

Care and Use ofLaboratory Animals and were approved by the Yale
Animal Care Committee.

Receptor expression in Xenopus laevis fibroblasts and

cAMP measurement. The 1.6-kb MC4-R cDNA was subcloned into
pcDNAI/Neo (InVitrogen, San Diego, CA) and transfected by electro-

poration into X. laevis fibroblast cells. Transfection conditions were

as follows: 5 x 106 cells in 70% phosphate-buffered saline plus 10 �g

of plasmid cDNA were added to 0.2-cm cuvettes and electroporated

in a BTX ECM-600 (BTX, San Diego, CA) (475 V, 720 fl, 400 �F).

Cells were then plated to confluency in 12-well culture plates in 70%

L-15 medium (Sigma Chemical, St. Louis, MO) plus 0.5% bovine

serum albumin (Sigma). At 48 hr after transfection, cells were rinsed

in fresh L-15/bovine serum albumin for 1 hr and again for 5 mm with

added 0.5 mM isobutylmethylxanthine (Aldrich Chemical, Milwau-

kee, WI). Intracellular cAMP accumulation in response to varying
concentrations of ACTH(1-39), a-melanocyte-stimulating hormone,

and y-melanocyte-stimulating hormone (Calbiochem, San Diego, CA)
was measured using a [3H]cAMP assay kit (TRK 432; Amersham,

Arlington Heights, IL) according to the manufacturer’s instructions.

Northern blot analysis. RNA from rat brainstem and neostria-
turn was extracted by homogenization in guanidine isothiocyanate

followed by centrifugation through cesium chloride gradients.
Poly(A)� RNA, enriched through oligo(dT) selection (Promega
PolyATtract Kit, Madison, WI), was fractionated on a formaldehyde

denaturing agarose gel and transferred by capillary blotting to a

nitrocellulose membrane. After fixation by UV cross-linking (Strat-

agene), the membrane was then hybridized at 65#{176}for 17 hr in 50 mM

ThsHCI, pH 7.5, 0.1% sodium pyrophosphate, 0.1% SDS, 0.2% poly-
vinylpyrrolidone, 0.2% Ficoll, 5 mM EDTA, 5x standard saline ci-

trate (1 x = 150 mM NaCl, 15 mM sodium citrate, pH 7.0), 50%

deionized formarnide, 150 �.tg/ml denatured salmon sperm DNA, and
106 cpmlrnl [a-32P]CTP-labeled antisense MC4-R riboprobe. The ri-

boprobe corresponded to a 184-bp region of the MC4-R cDNA clone

(from bp -6 to +178), which had been amplified by PCR and sub-
cloned into pBluescript SK . The membrane was washed at 65#{176}in
0.1 x standard saline citrate/0.1% SDS and exposed to X-ray film

without an intensifier screen for 2 days.

RPA. Total RNA was incubated with iO� cpm of [a-32P]CTP-

labeled antisense riboprobes for mouse MC1-R, rat MC3-R, rat

MC4-R, or rat MC5-R at 63#{176}for 16-18 hr in 80% formamide, 40 mM

piperazine-N,N’-bis(2-ethanesulfonic acid), pH 6.4, 0.4 M NaCl, and
1 mM EDTA. The MC1-R riboprobe corresponded to a 253-bp frag-

ment ofthe cDNA clone (from bp +694 to +947; generously supplied

by Linda Roselli-Rehfuss, IRCM, Montreal, Canada). The MC5-R

riboprobe corresponded to a 198-bp fragment ofthe cDNA clone (from

bp +402 to +600) (32) and was generously supplied by Roger Adan

(Utrecht University, Utrecht, The Netherlands). The MC3-R ribo-
probe was amplified by PCR and subcloned into pCRII (InVitrogen)

and corresponded to a 140-hp fragment of the cDNA clone (from bp
+22 to + 162). Samples were RNase treated for 45 mm at 37#{176}in 400

�l ofRNase digestion buffer (10 mM Tris�HC1, pH 7.5, 300 mM NaCl,
5 mM EDTA, 20 j.tg/ml RNase A, and 100 units/ml RNase Ti (Boe-

hringer-Mannheim Biochemicals, Indianapolis, IN)). On the addition

of 20 �d of 10% SDS and 50 units of Proteinase K (Boehringer-
Mannheim), samples were again incubated at 37#{176}for 15 mm to

destroy RNases. After phenollchloroformlisoamyl alcohol extraction

and ethanol precipitation with 10 �.tg of tRNA carrier, samples were

resuspended in 80% formarnide plus 1 mM EDTA and electropho-

resed in 1 x buffer (50 mM Tris base, 50 mM boric acid, 1 mM EDTA)

on an 8% polyacrylamide/8 M urea denaturing gel. Gels were dried

and exposed to X-ray film with an intensifier screen, and autoradio-

grams were quantified by laser densitometry.

In vitro binding and autoradiography. Specific melanocortin
binding to serial 8-sm cryostat sections of rat brain was measured by
in vitro binding and autoradiography using the synthetic a-melano-

cyte-stimulating hormone analog ‘25I-NDP-MSH (33), as described

in detail (34, 35). NDP-MSH (Bachem California, Torrance, CA) was

radioiodinated and purified as described previously (33). Briefly,
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slide-mounted brain tissue sections were subjected sequentially to

the following steps: 15-mm preincubation wash, 2-hr incubation in

binding buffer containing ‘251-NDP-MSH (2.5 x iO� cpm/ml, -0.15
nM), a series of washes to remove unbound tracer, air drying; and

fixation in hot formaldehyde vapors. Autoradiograms were prepared

by exposing sections directly to X-ray film (Ultrofilm-3H, Leica, Deer-

field, IL) for 2 weeks before development. Sections were counter-
stained with cresyl violet before dehydration and mounting of coy-

erslips.
To assess melanocortin binding, serial coronal sections prepared

from several rostrocaudal levels ranging between the nucleus accum-

bens and midbrain were studied. Each slide contained anatomically
matched sections from two sham-treated and two morphine-treated

rats to control for potential slide and position effects, and a total of

four rats were studied per treatment group. Consecutive serial sec-

tions were exposed to ‘25I-NDP-MSH in the presence and absence of

1 p.M a-melanocyte-stimulating hormone to determine the specificity

oftracer binding. The mean value for right and left measurements in
the paired brain structures was determined for each section, and the
mean values of each of two replicate sections per rat were used to
calculate group mean and variance. The concentration-response re-
lationship for inhibition of tracer binding by NDP-MSH was deter-

mined in a second study using additional sections from the same
series in each of the same eight rats. In that study, binding was

measured in the ventrolateral striatum in six consecutive sections

from each rat, each of which was incubated with either ‘25I-NDP-

MSH alone (two sections) or 1mI�NDP�MSH plus one offour different
concentrations of NDP-MSH. Autoradiograms were digitized and
analyzed with NIH IMAGE 1.54 as described previously (34). For
each brain structure analyzed, an area of an appropriate size and

shape within the corresponding region of the autoradiogram image
was sampled. Specific binding was calculated by subtracting the

tissue background. Film absorbance values were converted into ra-
dioactivity concentrations (expressed in terms of dpm/mg of tissue)

using a calibration curve prepared using cryosections of rat brain

paste containing known amounts of ‘25I-NDP-MSH.

Results

Cloning and expression of the rat MC4-R. Degenerate

oligonucleotide primers derived from the third and sixth

transmembrane domains of related G protein-coupled recep-
tors (29) were used in the PCR to amplify double-stranded

bovine locus ceruleus cDNA. A novel receptor fragment, en-
coded LCR 59, was identified and used to screen a rat brain-
stem/spinal cord cDNA library. A single 3-kb library clone

was isolated, and partial sequence analysis revealed that

although an open reading frame and stop codon were present,

the initiation codon and several hundred base pairs of 5’

sequence were missing. 5’ RACE of rat pituitary cDNA
yielded a 691-bp product containing the start codon and

sequence overlap with the library isolate. The RACE clone
and library clone were ligated at a unique restriction site
within this region of overlap to generate a 1.6-kb full-length

receptor cDNA.
The cDNA and predicted protein sequences of the clone are

shown in Fig. 1. The 332-amino acid open reading frame is
95% identical to that of the human MC4-R, the sequence of
which was published while the rat clone was being charac-

terized (21, 24). Based on this high degree of homology, the
full-length LCR 59 clone can be identified as the rat MC4-R.
Fig. 2 shows a comparison between this receptor and the
other members of the melanocortin receptor family. The rat
MC4-R is most similar to the MC5-R and MC3-R (77.4% and

76.1% amino acid similarity, respectively) but is also highly

ccc ccc GGA GCC ACT AGT TCr AGA I�C NrC CTC GAG COG CCG CCA GTG -99
#{182}I�ATCG ATA TCT GCA GAA TIX GGC TrC TAC TAC TAC TAG ACC ACG CGT -51
CG.k Ci�A GTA CGG GGG GGG GGG GGA GGA TTC GAA �C AGC TGC TGC AGG -4

AAG ATO AAC TCC ACC CAC CAC CAT GGC A�3 TAT ACT TCC C’I� CAC CIt 45

Met Asn Ser Thr His His His Gly Met r�,’r Thr Ser Leu His Leu

�;G AAC CGC AGC AGC CAC GGG C’03 CAC GGC AAT GCC AGC GAG �T CIG 93
Trp Mn Arg Ser Ser His Gly Leu His Gly Asn Ala Ser Glu Sec Leu

GGG AAG GGG CAC TCA GAC GGA GGA TGC TAT GAG CAA CTr ITT’ GTC TCC 141
Gly Lys Gly His Ser Asp Gly Gly Cys Tyr Glu Gin Leu Phe Val Ser

ccc GAG GTG rrr G�rn ACT CTC GGT GTC ATA AGC CrC TrC GAG AAC A� 189

Pro Glu Val Phe Val Thr Leu Gly Val lie Ser Leu Leu Giu Asn lie

CTA GTG Alt GTG �a; ATA GCC AAG AAC AAG AAC CrC CAC TCA CCC A113 237
Leu Val lie Val Ala lie Ala Lys Asn Lys Asn Leu His Ser Pro Met

TAC ITF ‘i’rc Alt T�T AGT C�O3 GCT GTG GCG GAC ATG CTG GTG AGC GT� 285

Tyr Phe Phe Ile Cys Ser Leu Ala Vai Ala Asp Met Leu Val Ser Val

va; �c GGG TCA GAA ACC Al� Gl� Alt ACC CrC CTA MC AGT ACG SAC 333

Ser Asn Gly Ser Glu Thr lie Val lie Thr Leu Leu Asn Ser Thr Asp

ACG GAC GCC CAG AGC TIC ACC GT� MT Al� CAT AAT GTC ATr GAC �T 381
Thr Asp Ala Gin Ser Phe Thr Val Asn lie Asp Asn Vai lie Asp Ser

GIn ATC TG’r AGC TCC TIG C1� GCA TCC ATr TGC AGC C’113 CTr ltC ATr 429
Val lie Cys Ser Ser Leu Leu Ala Ser lie Cys Ser Leu Leu Ser lie

GCA GT�3 GAC AGG TAT I’IT ACT kit lTr TAC GCG cm CAG TAC CAT AAC 477
Ala Vai Asp Arg Tyr Phe Thr lie Phe Tyr Ala (au Gln I’jr His Aan

ATr A’I�3 ACG GTr AGG CGG GIt GGG AIT Alt ATC AGT TGT Alt ��3G GCA 525

lie Met Thr Val Arg Arg Vai Gly lie Ile lie Ser Cys lie ‘ftp Ala

GCT #{182}t�3CACA GTA TCG GGC GTr CT� TI’r ATC ATr TAC TCG GAC AGC AGC 573
Ala Cys Thi: Val Ser Gly Val Leu Phe lie lie Tyr Ser Asp Ser Ser

GCT GTC NrC N�C TGC CT� ATT ACC ATG TIt T11 ACC ATG CP3 GT� C’rC 621
Ala Val lie Ile Cys Leu lie Thr Met Phe Phe Thr Met Leu Vai Leu

ATG GCC TCT CTC TAT Gl� CAC ATG TIC CTG ATG GCG AGG C’I’� CAC A11� 669

Met Ala Ser Lou Tyr Val His Met Phe Leu Met Ala Arg Leu His lie

AAG AGG ATC GCT GTC CTC CCC GGC ACG GGT ACC ATC CGA CAG GGT 5CC 717

Lys Arg lie Ala Val Leu Pro Gly Thr Gly Thr lie Arg Gin Gly Ala

AAC ATG AAG GGC GCA ATi� ACC TTG ACC ATr CTG ATi� GGA GTG 1T1� G�Vr 765

Asn Met Lys Gly Ala lie Thr Leu Thr lie Leu lie Giy Vai Phe Vai

mc �cc TGG GCC CCG #{182}ITrTIC CTC CAT TrA CIt� TrC TAC Alt 11T #{182}tX3T813
Val Cys Trp Ala Pro Phe Phe Leu His Leu Leu Phe Tyr lie Ser Cys

CCT CAG AAT CCA TAC TGC GTG �P3C TrC ATG ItT CAT �ITr AAC TI�3 TAT 861
Pro Gin 14Sfl Pro Tyr Cys Val Cys Phe Met Set His Phe Asn Leu ‘Pyr

Cl�C ATA cn; ATC Al�3 TGT AAC GCT G’IS ATC GAC CCT CrC ATr TAT GCC 909
Leu lie Leu lie Met Cys Mn Ala Val Ile Asp Pro Leu lie Tyr Ala

CTG CGG ACT CAA GAA cl�3 AGG AAA ACC TI� AAA GAG ATC ATC TGT rii 957

Leu Arg Ser Gin Giu Leu Arg Lys Thr Phe Lys Giu lie Ile Cys Phe

mc ccc crc GGA GGC NrC ltT GAG TrA CCT GGC AGG TAT TAA G3t GGG 1005

Tyr Pro Leu Gly Gly lie Cys Glu Leu Pro Gly Arg Tyr

ACA GAG �cc ATA CTA GGT AGA GAC CrC CAG AAT Trt TCA CrC AGG CAC 1053

AAC CTG AGC AGT GTA CTr CCC kkC AGC TGC CrC TAC TGT ATA GTG Cr1 1101
TGG TFG GAA AAT Alt TAC 16T ATA AAA ‘fl3T AAG TI’r A�I� ACT ITt GAC 1149

crc ccc AAA AAG TCT CAA CGT GTr ATG ITr A7F GAC CI’r ACT ‘ITt ITt 1 197

G.m TGT AAA cit; CTr ATF TAT GTr CTA CAG CGT GGG CGC TAT GGA GTP 1245
CCA TAA AAG AAA AAG ACA CCC �rA l’rA MA CT� rGA CAG lUr �VrC �ITr 1293

CCA TGT TAT TrA TCA AGA GTC AAC CCT TGT �T rrc #{182}P3TGGT AGC AGA 1341

AAT CAG AGC CTF CTG AAA AGC TCT TFC CAT T�3C ATC ACC CCC ACA GCA 1389
CAG CAG AAG CCT GAT I�C ACT GTr TAT GGG GAA ATA lTr AAA CAC P�G 1437
A� CTC GAT CAT Ti�A ATG AGT CAG CrC TAC �G TGA AAT l’rC ACT CGT 1485

ccc GM ‘i’r 1493

Fig. I . Sequence of the rat MC4-R. The entire 1640-bp sequence of
the rat MC4-R cDNA clone is aligned with the predicted amino acid
sequence of the receptor. The coding region spans bp 1-996 and is
flanked by both 5’ and 3’ untranslated sequence.

homologous to the MC1-R and MC2-R (70.1% and 70.3%,
respectively).

The entire 1.6-kb cDNA encoding the full-length rat

MC4-R was subcloned into pcDNAIfNeo and transiently

transfected by electroporation into X. laevis fibroblast cells.

cAMP production in response to several concentrations of
ce-melanocyte-stimulating hormone, y-MSH, and ACTH was

then measured (Fig. 3). Incubation with a-melanocyte-stim-

ulating hormone and ACTH resulted in dose-dependent stim-
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Fig. 2. Alignment of the rat
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ulation of cAMP production, with the two peptides being

approximately equipotent. In contrast, y-MSH was signifi-

cantly less potent in its ability to stimulate cAMP production.

This agonist profile is similar to that of the human MC4-R

(21).

Regional distribution of MC4-R mRNA. A 184-bp ra-
diolabeled riboprobe was generated from the 5’ end of the rat

MC4-R (from -6 to + 178 bp), a region in which DNA se-

quence identity among members ofthe melanocortin receptor

family is only 35-45%. By Northern blot analysis, this probe

detected a predominant transcript of -2 kb in the brain (Fig.

4). Several minor mRNA species, just below and above the

28S ribosomal RNA, were also detected and may represent

either splice variants ofthe MC4-R or related members of the

G protein-coupled receptor family. As expected in the more-
sensitive and highly specific RPA, the same probe protected a

single 184-bp mRNA fragment corresponding to the MC4-R.

As seen in Fig. 5, MC4-R mRNA is most abundant in the

septum and nucleus accumbens; is moderately expressed in

the periaqueductal gray, hypothalamus, neostriatum, yen-

tral tegmentum, and olfactory bulb; and is least abundant in

the cerebellum, substantia nigra, frontal cortex, and hip-

pocampus.

Morphine regulation of MC4-R mRNA. Rats were ad-
ministered morphine under conditions known to produce opi-

ate tolerance and dependence and opiate withdrawal on re-

moval of drug (31). At -24 hr after the final treatment,

MC4-R mRNA levels were measured by RPA. Morphine

treatment resulted in a time-dependent down-regulation of

MC4-R mRNA in the neostriatum (Fig. 6A). Five days, but

not 1 day, of drug treatment significantly decreased levels of

MC4-R mRNA in this region. After 3 days, a small but non-

significant decrease was noted. Morphine also decreased

MC4-R mRNA in a nucleus accumbens/olfactory tubercle dis-

section, with a time course different from that observed in the

neostriatum. Levels of MC4-R mRNA were significantly de-

creased 24 hr after the first morphine treatment (Fig. 6B).

This down-regulation persisted after 3 days and then re-
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Fig. 3. cAMP accumulation in transfected X. laevis fibroblasts. MC4-R
in pcDNAl/Neo was electroporated into X. laevis fibroblasts, and the ii.. 400
ability of ACTH, a-melanocyte-stimulating hormone, and -y-MSH to La-

stimulate cAMP production was measured. ACTH and a-melanocyte- 0
stimulating hormone were approximately equipotent in their ability to * 300
increase cAMP in a dose-dependent manner (EC5O = 24 n� ± 2.0 nM
and 18 nM ± 3.5 nM, respectively), whereas y-MSH was much less
potent (EC5O >> 100 nM). Points, mean ± standard error of triplicate
samples in which each sample had equivalent numbers of cells. Curves
were generated in SigmaPlot using nonlinear regression of a logistic
function (50).
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Fig. 5. Regional distribution of the MC4-R by the RPA. A 300-bp
radiolabeled MC4-R riboprobe was hybridized overnight with 30 �.tg of
total RNA for each brain region. Samples were RNase treated, and the
1 84-bp protected RNA fragments were run on polyacrylamide gels.
Top, autoradiogram of one experiment. The 194-bp DNA molecular
mass marker is labeled. Levels of MC4-R mRNA in each brain region
were determined three times using three independent RNA samples,
and autoradiograms were quantified by laser densitometry. The
mean ± standard error for each region is shown and expressed as a
percentage of MC4-R mRNA in frontal cortex (defined as 100%). FC,
frontal cortex; HP, hippocampus; SEPT, septum; NS, neostriatum;
HYPO, hypothalamus; NAc, nucleus accumbens; VTA, ventral tegmen-
tal area; SN, substantia nigra; PAG, periaqueductal gray; CB, cerebel-
lum; OLF B, olfactory bulb.

gray after 5 days of morphine administration. In contrast, no

changes were detected in the hypothalamus, ventral tegmen-

tum/substantia nigra, olfactory bulb, or frontal cortex.

To assess whether the effects of morphine were specific to
MC4-R, we determined which of the other melanocortin re-

ceptor subtypes were enriched in the periaqueductal gray,

neostriatum, and nucleus accumbens. Both MC1-R and

MC5-R were undetectable in these regions. The sensitivity of

the RPAS for MC1-R and MC5-R was validated by demon-

stration of MC1-R mRNA in the skin of the Dark Agouti rat

and of MC5-R mRNA in Dark Agouti muscle and Sprague-

Dawley adrenal (Fig. 8), which is consistent with previous

reports (17, 23, 26, 27). Fig. 8 also demonstrates that al-

though MC3-R mRNA was expressed in abundance in the

hypothalamus, it was expressed only at very low levels in the

Fig. 4. Northern blot analysis of MC4-R mRNA. Rat brainstem and
neostriatum poly(A)�-enriched mRNA (5 pg/lane) was electrophoresed,
transferred to nitrocellulose, hybridized with a radiolabeled MC4-R
riboprobe, and exposed to X-ray film for 2 days without an intensifier
screen. The migrations of the 185 and 28S ribosomal RNAs are mdi-
cated.

turned to control levels. Several additional brain regions
were examined for comparison. As shown in Fig. 7, a 30%

decrease in MC4-R mRNA was seen in the periaqueductal
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Fig. 7. Region-specific MC4-R mRNA regulation by morphine. RPAs
were run on 25-35 .tg of total RNA isolated from different brain regions
of rats administered morphine or sham treatment for 5 days. Autora-
diograms show representative gel results. Autoradiograms were quan-
tified by laser densitometry. The results are expressed as percentage of
sham-treated controls and are mean ± standard error. Numbers in
parentheses, sample size for each region. FC, frontal cortex; OLF B,
olfactory bulb; HYPO, hypothalamus; PAG, periaqueductal gray; Vr/
SN, ventral tegmentum/substantia nigra. *, p < 0.05 by Student’s t test.
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periaqueductal gray and was at the limits of detection in the

neostriatum and nucleus accumbens. The regulation of this

subtype by morphine could not be determined in the nucleus

accumbens and striatum because of the extremely low level

of niRNA expression; in the periaqueductal gray, chronic

morphine did not regulate MC3-R mRNA levels (control,

100 ± 17.7%; treated, 108 ± 10%; mean ± standard error,

588 Alvaro et aL

n = 3 samples per group, 2 rats per sample).

1DAY 3DAY 5DAY

Fig. 6. Time course of MC4-R mRNA regulation by morphine in the
neostriatum and nucleus accumbens/olfactory tubercle. Rats were ad-
ministered morphine or sham treatment for 1 day (1), 3 days (3), or 5
days (5), and levels of MC4-R mRNA in sections of neostriatum and
nucleus accumbens/olfactory tubercle were determined by RPA using
30 �.tg of total RNA. Autoradiograms show representative gel results.
Levels of MC4-R mRNA were quantified by laser densitometry of au-
toradiograms. The results are expressed as percentage of sham-
treated controls (C) and are mean ± standard error. Dotted lines, 100%
control value. Standard error of the controls for each region is < ±
10%. The number of rats per group was 15 for controls, 10 for 1 day,
5 for 3 day, and 10 for 5 day for the striatum and 16 for controls, 12 for
1 day, 4 for 3 day, and 10 for 5 day for the nucleus accumbens/olfactory
tubercle. *, p < 0.05 by analysis of variance.

Fig. 8. Regional expression of MC-R subtypes. RPAs were run on 40
�Lg of total RNA from various rat tissues using receptor-specific radio-
labeled riboprobes. RPA gels were exposed to X-ray film without an
intensifier screen for 3 days. A, A mouse MCi -R riboprobe detected
receptor mRNA in Dark Agouti rat skin but not in periaqueductal gray
(PAG), neostriatum (NS), or nucleus accumbens/olfactory tubercle
(NAc/OLF 7). B, A rat MC3-R riboprobe detected receptor mRNA in
hypothalamus but not in the other brain regions indicated. C, A rat
MC5-R riboprobe detected receptor mRNA in adrenal tissue and Dark
Agouti muscle but not in brain. HYPO, hypothalamus.
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Morphine regulation of receptor binding. To deter-

mine whether morphine regulation of MC4-R mRNA is asso-

ciated with alterations in melanocortin receptor expression

at the protein level, in situ binding assays using ‘25I-NDP-

MSH were conducted on coronal brain sections from 5-day

morphine-treated rats. Consistent with earlier results (35), a

distinct subset of brain structures showed ‘25I-NDP-MSH

binding, which was specific as shown by its complete block-

ade in the presence of 1 p.M c1-melanocyte-stimulating hor-

mone or 30 nM NDP-MSH (not shown). Chronic morphine

treatment decreased ‘251-NDP-MSH binding levels by 50% in

the ventrolateral striatum (Fig. 9, A and B). This decrease

was probably due to a decrease in the density of receptors

rather than to a decrease in ligand binding affinity because

the potency ofunlabeled NDP-MSH to inhibit ‘251-NDP-MSH

binding to tissue sections was similar in sham- and mor-

phine-treated rats (IC50 = 0.13 ± 0.052 and 0.074 ± 0.051

nM, respectively; n = 4 rats per group). In contrast, morphine

treatment did not significantly affect ‘251-NDP-MSH binding

in neighboring structures, including the dorsomedial stria-

tum and bed nucleus of the stria terminalis (Fig. 9B). In

addition, no changes in 125I-NDP-MSH binding were found in

the nucleus accumbens (control, 1135.1 ± 130.2 dpm/mg of

tissue; morphine, 1369 ± 120.4 dpm/mg of tissue; n = 4 rats

per group), ventral tegmental area (control, 904 ± 90.6

dpmlmg oftissue; morphine, 994.7 ± 41.2 dpm/mg of tissue),

and periaqueductal gray (control, 898.2 ± 9.3 dpm/mg of

tissue; morphine, 996.8 ± 75.8 dpm/mg of tissue).

Discussion

The results of the current study characterize the rat

MC4-R and demonstrate that morphine administration reg-

ulates the expression of this receptor in brain regions impli-

cated in opiate tolerance and dependence. The rat MC4-R

displays a high degree of sequence identity to its human

homolog and has a similar affinity for melanocortin peptides

(ACTH = a-melanocyte-stimulating hormone > y-MSH) (21,

24). This is in contrast to the potency of these peptide ana-

logues for the other two melanocortin receptors expressed in

brain. The rat MC3-R is as potently activated by y-MSH as by

a-melanocyte-stimulating hormone and ACTH (19), and the

rat MC5-R is much more potently activated by a-melanocyte-

stimulating hormone than by ACTH (26).

Expression of MC4-R mRNA was highest in the septum,

nucleus accumbens, striatum, and periaqueductal gray, with

lower levels expressed in several other brain regions exam-

med. The relative enrichment of MC4-R mRNA in certain

brain regions is similar but differs to some extent with re-

ports based on in situ hybridization studies (21, 24). This

could result from expression of MC4-R mRNA in discrete

neuronal populations in some regions, which could conceiv-

ably yield more or less intense in situ hybridization signals

than might be predicted from RPA results. Together with

previous studies ofother melanocortin receptor subtypes, the

results indicate that MC4-R is the predominant melanocortin

receptor subtype expressed in brain (19, 22, 24, 26). Further-

more, the relative potencies of melanocortin peptides for

binding in brain (36) are consistent with the agonist profile of

the MC4-R subtype.

Administration of morphine was found to down-regulate

the expression of MC4-R mRNA in the striatum, nucleus

VL DM BST

Fig. 9. Down-regulation of striatal receptor ligand binding by morphine
treatment. A, Digitized images of X-ray film autoradiograms of 125l
NDP-MSH binding to coronal brain sections of control and morphine-
treated rats at the level of the anterior commissure. The relatively
intense level of tracer binding in the ventrolateral striatum (VL) of control
rats was suppressed after morphine treatment, whereas binding in the
dorsomedial striatum (DM) and bed nucleus of the stria terminalis (BST)
was unchanged. Images are representative of the results for four rats
per treatment group. B, Comparison of 1251-NDP-MSH binding levels in
several striatal areas of control and morphine-treated rats. Error bars,
mean ± standard error for four rats per treatment group. *, p < 0.05 by
Student’s t test.
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1 R. Adan, personal communication.

accumbens, and periaqueductal gray, three brain regions

that have been implicated in various behavioral actions of

opiates. In contrast, MC4-R mRNA levels were unaffected by

morphine in several other brain areas. Analysis of the re-

gional distribution and regulation of MC1-R, MC3-R, and
MC5-R indicates that the effects of morphine are specific to

MC4-R. MC1-R has been reported to be present in a few

neurons in the periaqueductal gray (37), but mRNA for this

receptor could not be detected in the current study by RPA.

Similarly, MC5-R has been detected in rat striatum and

nucleus accumbens but only by PCR (26). We and others were

not able to detect this subtype in the brain by RPA (Fig. 8).1

Finally, our results show that although MC3-R is expressed

at very low levels in the striatum, nucleus accumbens, and

periaqueductal gray, it is not regulated by morphine.

Regions of the striatum, including the ventrolateral area,

are believed to play a role in mediating the psychomotor

activating (38), and perhaps even the reinforcing (39), prop-

erties of opiates. We detected a decrease in MC4-R mRNA in

this region and a corresponding decrease in 1251-NDP-MSH

binding in the ventrolateral striatum after 5 days of mor-

phine administration. Although 1251-NDP-MSH binds to

other melanocortin receptor subtypes, it is highly likely that

down-regulation of MC4-R accounts for most of the measured

decrease in receptor binding. Two lines of evidence support

this conclusion. First, the pharmacological profile of melano-

cortin receptor binding in the ventrolateral striatum is sim-

ilar to that of MC4-R but is clearly distinct from that of

MC3-R (36), the only other MC-R subtype detected in brain in

the current study. Second, only MC4-R mRNA is expressed

appreciably in the striatum.

In the nucleus accumbens, which is a major neural sub-
strate for the reinforcing properties of opiates and other

drugs of abuse (40-42), MC4-R mRNA was more rapidly

decreased by morphine treatment. In the periaqueductal

gray, an important anatomic site for the expression of phys-

ical dependence to morphine (43), a decrease in MC4-R

mRNA was detected after 5 days of drug administration.

Unlike the results seen in the striatum, levels of ligand

binding in the nucleus accumbens and periaqueductal gray

were not influenced at the time points examined, suggesting

that the time course for regulation of receptor protein differs

from that ofmRNA. Nevertheless, down-regulation of MC4-R

mRNA in the striatum, nucleus accumbens, and periaque-

ductal gray suggests that decreased melanocortin receptor

function is involved in the development of long term opiate

effects in brain.

A role for regulation of MC4-R expression in long term

opiate actions is further supported by previous behavioral

studies demonstrating that melanocortins antagonize van-

ous functional effects of opiate treatments. First, melanocort-

ins can reduce opiate self-administration (44). Second, they

have the ability to decrease opiate physical dependence (14).

Third, they can attenuate tolerance to the analgesic effects of

opiates (13, 14). Furthermore, the relative potency of various

melanocortin peptides to block tolerance correlates with their

ability to activate the MC4-R in vitro (45, 46). Finally, mela-

nocortins have been shown to induce an opiate withdrawal-

like effect in drug-naive animals (15, 44).

Based on these previous studies and on the results of the

present study, we hypothesize that down-regulation of

MC4-R expression may be an important adaptation contnib-

uting to chronic opiate effects in the brain. Decreased mela-

nocortin function is also suggested by reports that chronic

morphine treatment decreases expression of the melanocor-

tin precursor pro-opiomelanocortin (47-49). Given the re-

ports that melanocortins antagonize opiate self-administra-

tion, tolerance, and dependence, down-regulation of

melanocortins and MC4-R expression would be expected to

have a permissive effect on the development of these long

term behavioral actions of opiates. A direct test of this hy-

pothesis will involve disrupting MC4-R function in vivo and

examining the effects of this interference on opiate-induced

behaviors. In summary, the findings of the current study

indicate that exogenous opiates, in an animal model of opiate

addiction, modulate endogenous central melanocortin path-

ways.
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