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Summary 

Two receptors (CKA and CKB) of the G protein-cou- 
pled melatonin receptor family were cloned from chick 
brain. CKA encodes a protein that is 80% identical at 
the amino acid level to the human Melt. melatonin re- 
ceptor and is thus designated the chick Mella melato- 
nin receptor. CKB encodes a protein that is 80% identi- 
cal to the Xenopus melatonin receptor and defines a 
new receptor subtype, the Mellc melatonin receptor, 
which is distinct from the Mella and Mel~b melatonin 
receptor subtypes. A melatonin receptor family con- 
sisting of three subtypes is supported by PCR cloning 
of distinct melatonin receptor fragments from Xeno- 
pus and zebrafish. Expression of CKA and CKB results 
in similar ligand binding and functional characteris- 
tics. The widespread distribution of CKA and CKB 
mRNA in brain provides a molecular substrate for the 
profound actions of melatonin in birds. 

Introduction 

In birds, melatonin is a hormone of critical importance for 
normal circadian function (for review, see Cassone, 1990). 
Photoreceptive circadian clocks in the avian pineal gland 
and retinae rhythmically produce melatonin. The hormone 
rhythm, in turn, imposes periodicity on structures that ulti- 
mately control overt circadian rhythms. The relative contri- 
butions of the pineal gland and retinae to circulating mela- 
tonin levels varies by species, as does the effect of removal 
of these organs on circadian function. This potent effect 
of melatonin in birds is in marked contrast to the situation 
in mammals, where melatonin has at most a modest, 
modulatory effect on circadian rhythms (Cassone, 1990; 
Weaver et al., 1991). 

Because of the potent actions of melatonin on the circa- 
dian timing system of birds, several groups have used the 
melatonin agonist 2-[1251]iodomelatonin (1251-Mel) to char- 
acterize and map the distribution of melatonin receptors 
in avian brain (Rivkees et al., 1989; Stehle, 1990; Cassone 

and Brooks, 1991; Siuciak et al., 1991; Cassone et al., 
1995). As in other vertebrates, 12SI-Mel binding in birds 
is of high affinity and sensitive to inhibition by guanine 
nucleotides. In vitro autoradiography using l~SI-Mel shows 
specific binding in visual systems at several levels of neu- 
ral organization from the retinae to integrative areas con- 
trolling visual function, including structures in the cir- 
cadian, tectofugal, thalamofugal, and accessory optic 
systems. This widespread receptor distribution suggests 
that melatonin exerts temporal control over a broad range 
of physiological and behavioral events in birds. 

Recently, high affinity melatonin receptors of the gua- 
nine nucleotide-binding protein (G protein)-coupled re- 
ceptor superfamily have been cloned from Xenopus laevis 
and mammals (Ebisawa et al., 1994; Reppert et al., 1994, 
1995). These recombinant receptors exhibit pharmacolog- 
ical characteristics similar to each other and to those of 
endogenous receptors, as defined by 1251-Me1. Two mam- 
malian melatonin receptor subtypes have been identified 
by molecular cloning studies. The mammalian Mel~a mela- 
tonin receptor is expressed in the hypophyseal pars tu- 
beralis and hypothalamic suprachiasmatic nuclei (SCN), 
presumed sites of the reproductive and circadian actions 
of melatonin, respectively (Reppert et al., 1994). The mam- 
malian Mel~b melatonin receptor is expressed in retina and 
may mediate the reported effects of melatonin on retinal 
physiology in mammals (Reppert et al., 1995). The Mella 
and Mel~b receptors are 60% identical at the amino acid 
level to each other, and each mammalian subtype is 60% 
identical to the Xenopus receptor. Thus, it is possible that 
the frog receptor represents a third melatonin receptor 
subtype in vertebrates. 

We report here the isolation and molecular characteriza- 
tion of two melatonin receptor cDNAs from chick (Gallus 
domesticus) that are differentially expressed in brain. One 
receptor, CKA, is the structural homolog of the mammalian 
Mel~a receptor. The other chick receptor, CKB, is the struc- 
tural homolog of the Xenopus receptor, showing that a 
third receptor subtype, now designated the Melrc melato- 
nin receptor, indeed exists in vertebrates. A melatonin re- 
ceptor family consisting of three subtypes is further sup- 
ported by polymerase chain reaction (PCR) cloning of 
distinct melatonin receptor fragments representing each 
of the three subtypes from Xenopus and zebrafish (Bra- 
chydanio rerio). 

Results 

Structure of Avian Melatonin Receptors 
Fragments of 2 putative melatonin receptors were cloned 
from chick brain by reverse transcription PCR (RT-PCR). 
PCR amplification was accomplished using degenerate 
oligonucleotide primers based on amino acid residues in 
the third and sixth transmembrane domains conserved 
among the Xenopus melatonin receptor and the mamma- 
lian Mella and Mellb melatonin receptors (see Reppert et 
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Figure 1. Comparision of the Deduced Amino Acid Sequences of CKA and CK8 with the Human Mel,a Melatonin Receptor and the Xenopus 
Melatonin Receptor 
To maximize homologies, gaps (dots) have been introduced into two sequences. The seven presumed transmembrane domains (I-VII) are overlined. 
Consensus sites for N-linked glycosylation are underlined. Genbank accession numbers for CKA and CKB are U31820 and U31821, respectively. 
Sequence data for the human and Xenopus receptors are from Reppert et al., 1994, and Ebisawa et al., 1994, respectively. 

al., 1994, 1995). Sequence analysis of clones from chicken 
brain cDNA and genomic libraries that hybridized to the 
receptor cDNA fragments delineated the 5' and 3' ends 
of the coding region of each receptor. RT-PCR of mRNA 
from chick brain using specific primers directed at the 5' 
and 3' ends of the coding regions amplified the expected 
cDNAs; the two cDNA clones were designated CKA and 
CKB. The PCR-generated cDNAs were subcloned into 
pcDNA3 for expression studies and sequence analysis. 
Analysis of genomic clones of CKA and CKB showed that 
each gene is composed of two exons that encode the cod- 
ing region. The intron splice site for each chick receptor 
occurs in the first cytoplasmic loop at the same location 
as that previously found for both the mammalian Mel~a and 
Mel,b receptors (Reppert et al., 1994, 1995). 

CKA and CKB encode proteins of 353 and 346 amino 
acids, respectively (Figure 1). Both receptors have struc- 
tural features that place them in the melatonin receptor 
group of the prototypic G protein-coupled receptor family. 
Distinguishing features of this melatonin receptor group 
include a NRY (rather than DRY) motif just downstream 
from the third transmembrane domain, a C(C/Y)ICHS mo- 
tif immediately downstream from NRY, and a NAXXY 
(rather than NPXXY) motif in transmembrane domain 7 
(Figure 1). 

CKA and CKB are 68% identical to each other overall at 
the amino acid level. Within the transmembrane domains, 
amino acid identity is 77% (Figure 1). The most dissimilar 
regions of the two avian receptors are in the amino and 
carboxyl termini and the third cytoplasmic loop. Within the 
amino terminus, there are two consensus sites for N-linked 

glycosylation for CKA, and one site in the amino terminus 
of CKB. 

Among all the cloned melatonin receptors, CKA is most 
similar to the human Mella melatonin receptor; there is 
80% amino acid identity overall between the two (Figure 
1). Furthermore, each has two consensus sites for N-linked 
glycosylation in the amino terminus. Thus, CKA appears 
to be the structural homolog of the mammalian MeLa re- 
ceptor. CKB is most similar to the Xenopus melatonin re- 
ceptor; there is 80% amino acid identity overall between 
the two (Figure 1). Each also has one consensus site for 
N-linked glycosylation in the amino terminus. One differ- 
ence between CKB and the Xenopus receptor is that the 
carboxyl tail of the frog receptor is 66 residues longer. 
CKB and the Xenopus receptor appear to belong to a third 
melatonin receptor subtype, the Mel~o melatonin receptor 
(see below). 

Evolutionary Relationships of Melatonin Receptors 
across Vertebrate Phylogeny Support a Family 
of Three Subtypes 
To provide further evidence of three distinct melatonin 
receptor subtypes in vertebrates, we used PCR amplifica- 
tion of genomic DNA from Xenopus and zebrafish to am- 
plify additional melatonin receptor fragments from these 
species. PCR amplification used two sets of degenerate 
primer pairs. Primers were based on regions near the third 
transmembrane segment and in the sixth transmembrane 
segment, with one primer pair based on the peptide se- 
quences AIAINRY and MAYFNSC and another on the pep- 
tide sequences INRYCYIC and MAYFNSC. These primer 
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Figure 2. Phylogenetic Analysis of Melatonin Receptor Sequences 
from Four Vertebrate Classes 

(Top) All known melatonin receptors were aligned. Red, consensus 
among all subtypes; green, consensus among Melt, receptor mem- 
bers; blue, consensus among Mel,b receptor members; yellow, consen- 
sus among Mellc receptor members. 
(Bottom) Phylogenetic tree. The regions comprising transmembrane 
segments ,4-7 were used to calculate a tree using the maximum parsi- 
mony method. The numbers above and below the branches are the 
results of a bootstrap analysis and are related to a confidence limit 
for the positions of the branches. The rat I~ opioid receptor sequence 
provided an outgroup for the tree. GenBank accession numbers are 
U31822 (Z1.7), U31823 (Z1.4), U31826 (X2.0), U31824 (Z2.6), U31827 
(X1.7), and U31825 (Z2.3). 
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Figure 3. Binding and Pharmacological Properties of Avian Melatonin Receptors 
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(Left) Expression of CKA and CKB in COS-7 cells assayed by '2~l-Mel binding (open circles, total binding; closed circles, specific binding; closed 
triangles, nonspecific binding [determined in the presence of 10 ~M melatonin]). The insets show Scatchard plots of saturation data. The Ko values 
depicted are 2.2 x 10 " for CKA and 3.1 x 10 " for CKB. Bma, values are 2.6 pmol/mg of protein for both CKA and CKB. Data shown are 
representative of three experiments for each receptor cDNA. 
(Right) Competition by various ligands for ~zSI-Mel binding to COS-7 cells transfected with either CKA or CKB. Cells were incubated with 100 
pM '2SI-Mel and various concentrations of 2-iodomelatonin (I-Mel), melatonin (Mel), 6-chloromelatonin (6CI-Mel), 6-hydroxymelatonin (6OH-Mel), 
N-acetyl-5-hydroxytryptamine (NAS), or 5-hydroxytryptamine (5-HT). Nonspecific binding was determined in the presence of 10 I~M melatonin. The 
data shown are representative of three experiments for each receptor. Mean K, values for CKA are 2.9 x 10 " M (I-Mel) 3.6 x 10 ~o M (Mel), 
7.9 x 10 ~OM(6Ci.Mel), 7.9 x 109 M(6OH-Mel),8.7 x 10 7M(NAS),and >1.0 x 10 "M(5-HT). Mean K, values for CKB are 4.1 x 10" M 
(t-Mel), 3.1 x 10 ~0 M (Mel), 3.8 x 10 9 M (6CI-Mel), 7.1 x 10 9 M (6OH-Mel), 4.6 x 10 7 M (NAS), and >1.0 x 10 " M (NAS). Inhibition curves 
were generated by LIGAND using a one site model (Munson and Rodbard, 1980). 

sets were designed to avoid the intron known to occur in 

the first cytoplasmic loop in mammalian and avian receptor 
genes. Amplif ied DNA fragments of appropriate length 
were subcloned and sequenced. Of 30 clones analyzed 
from Xenopus, 2 novel putative melatonin receptor frag- 
ments were identified, along with the Xenopus Mellc recep- 
tor (Ebisawa et al., 1994). Of 30 clones analyzed from 
zebrafish, 4 different putative melatonin receptor frag- 
ments were identified. The alignment of these fragments 
along with the other cloned melatonin receptor subtypes 
is depicted in Figure 2. 

With sequence information from 15 melatonin receptor 

fragments spanning four vertebrate classes, a phyloge- 
netic tree was next constructed. The regions of G protein- 
coupled receptors that are best conserved over wide 
evolutionary t ime periods are the transmembrane seg- 
ments. Thus, we generated an al ignment of the regions 
of melatonin receptors from transmembrane segments 
4-7, with the rat p opioid receptor serving as an outgroup. 

This al ignment was used to calculate the most parsimoni- 
ous phylogenetic tree using the program PAUP (Swofford, 
1991; Kolakowski and Rice, submitted). This tree showed 
that melatonin receptors are a unique cluster of receptors 

distinct from their nearest database match (rat p opioid 
receptor at 25% amino acid identity; Figure 2). A very 

similar tree was obtained using the neighbor-join method 
(Saitou and Nei, 1987). Bootstrap analyses of the tree and 
the data set showed that the assignment of three melato- 
nin receptor subtypes is strongly supported, with bootstrap 
values of 85/92 for the Mella receptor group, 48/62 for 
the Mellb receptor group, and 42/46 for the Mello receptor 
group. 

Avian Melatonin Receptor Subtypes Exhibit Similar 
Binding and Pharmacological Properties 
To examine the binding and pharmacological properties 
of CKA and CKB, the cDNA for each was transiently ex- 

pressed in COS-7 cells. Scatchard transformation of the 
saturation data showed that COS-7 cells transfected with 
either receptor bound 12q-Mel with high affinity (Figure 3, 
left). The KD of CKA was 2.3 x 10 -11 _+ 0.2 x 1 0 "  M 

(mean _ SEM of 3 experiments) with a Bma~ value of 
2.4 ___ 0.4 pmol/mg protein. The KD of CKB was 3.1 x 
10 " _+ 0.1 x 10 -11 M (mean _+ SEM of 3 experiments) 
with a Bmax value of 2.1 _+ 0.3 pmol/mg protein. 

The pharmacological characteristics for inhibition of 
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Figure 4. CKA and CKB Couple to G, 
PTX blocks the ability of melatonin to inhibit forskolin-simulated cAMP 
accumulation. NI H 3T3 cells stably transfected with CKA (top) or CKB 
(bottom) were preincubated with either vehicle (-PTX) or PTX (+PTX; 
100 ng/ml) for 18 hr. Data are expressed as mean _+ SEM for three 
experiments for each clone. For each experiment, values are ex- 
pressed as a percentage of the mean forskolin-stimulated value 
(100%). C, basal levels; M, 1 I~M melatonin alone; F, 10 I~M forskolin 
alone; FM, 10 I~M forskolin plus 1 I~M melatonin. 

specific ~251-Mel binding in acutely transfected COS-7 cells 
were next examined.  For each of the two avian receptors, 
the rank order of inhibit ion of specific ~2SI-Mel binding by 
six ligands was 2-iodomelatonin > melatonin >/ 6-chloro- 
melatonin > 6-hydroxymelaton in  > N-acetyl-5-hydroxy- 
t ryptamine >>  5-hydroxyt ryptamine (Figure 3, right). Thus, 
CKA and CKB encode structural ly distinct proteins that 
have indist inguishable affinity constants and binding prop- 
erties with the l igands examined.  

Avian Melatonin Receptors Are Coupled to G~ 
Since CKA and CKB appear to be structural homologs of 
the mammal ian  Mel~ melatonin receptor and the Xenopus 
Mel~c melatonin receptor, respectively, we next examined 
whether  the two avian melatonin receptors are coupled to 
G~, as are the recombinant  mammal ian  and frog receptors 
(Ebisawa et al., 1994; Reppert  et al., 1994). For these 
studies, we used clonal lines of NIH 3T3 cells stably 
transfected with either CKA or CKB (Figure 4). Melatonin 
(1 ~tM) did not increase cAMP levels above basal values 
in cell l ines expressing ei ther receptor. Melatonin (1 pM) 
clearly inhibited the increase in cAMP accumulat ion in- 
duced by 10 I~M forskolin in cell lines expressing ei ther 
CKA or CKB. Importantly, melatonin (1 I~M) did not inhibit 
forskolin-stimulated cAMP accumulat ion in nontransfected 
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Figure 5. Differential Expression of CKA and CKB mRNA in Chick 
Brain Assessed by Northern Blot Analysis 
Each lane contained 3 I~g of poly(A) + RNA. Location of RNA size mark- 
ers are indicated on the left. A similar hybridization pattern was found 
in another blot for each probe. The blots were probed with histone 
H3.3, which showed equivalent RNA loading among the lanes (data 
not shown). 

NIH 3T3 cells or in cells transfected with vector lacking 
cDNA. Pertussis toxin (PTX) pretreatment (100 ng/ml for 
18 hr) of NIH 3T3 cells stably expressing either receptor 
b locked the abil i ty of 1 I~M melatonin to inhibit the forskolin- 
st imulated increase in cAMP (Figure 4). Thus, like their 
frog and mammal ian  counterparts, both avian receptors 
can couple to G~. 

Melatonin Receptor Subtypes Are Differentially 
Expressed in Chick Brain 
Northern blot analysis of RNA from liver, pineal gland, and 
several brain areas probed with CKA or CKB revealed 
a distinct t issue distr ibution for each mRNA (Figure 5). 
Hybridizat ion with CKA revealed two transcripts of 1.8 and 
4.0 kb that were prominent ly  expressed in optic tectum and 
retina, with lesser amounts in neostr iatum, hypothalamus,  
and thalamus. No hybridizat ion signal was apparent  in 
liver, pineal gland, or cerebel lum. Hybridizat ion with CKB 
revealed a single transcript of 4.8 kb that was moderate ly  
expressed in optic tectum, neostr iatum, hypothalamus,  
thalamus, and pineal gland, with lower amounts detected 
in cerebel lum and retina. No hybridizat ion signal was ap- 
parent in liver. The brain and pineal distr ibution of mRNA 
for CKA and CKB by Northern analysis was conf i rmed by 
in situ hybridizat ion, as discussed below. 

The pattern of 1251-Mel binding by in vi tro autoradiogra- 
phy was compared with the patterns of CKA and CKB 
mRNA expression as assessed by in situ hybridizat ion 
(Table 1 ; see Figures 6-8). As previously described, spe- 
cific 12SI-Mel binding is widespread in chick brain, with the 
highest levels of binding predominat ing in structures in- 
volved in vision (Rivkees et al., 1989; Stehle, 1990; Cas- 
sone and Brooks, 1991; Siuciak et al., 1991). These struc- 
tures include the retina, and ret inorecipient relay and 
integrat ive structures of the circadian, tectofugal,  thalamo- 
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Table 1. Distribution of Specific ~2~l-Mel Binding and of mRNA for CKA and CKB 

S t r u c t u r e  '2SI-Mel Binding CKA CKB 

Retina/optic nerve 
Inner plexiform layer ( IPL)  + + +  - - 

I n n e r  nuclear layer ( INL)  - + + +  + +  

Ganglion cell layer ( G C L )  - + - 

O p t i c  chiasm (CO)  + +  - + + +  

Optic tract + +  - + +  

S t r a t u m  o p t i c u m  + +  - + 

Retinohypothalamic 
V i s u a l  suprachiasmatic nucleus ( v S C N )  + +  + + 

Ventral supraoptic decussation + + +  - + 

Tectofugal 
Optic tectum (TeO)  + + +  + + +  + +  

S t r a t u m  g r i s e u m  et  f i b r o s u m  ( S G F )  + + +  + +  + +  

S t r a t u m  griseum centrale ( S G C )  + +  + + +  

N u c l e u m  r o t u n d u s  (Rt) + + +  + + +  

P e r i r o t u n d a l  a r e a  (pRt )  + +  - + + +  

N u c l e u s  t r i a n g u l a r i s  + + +  + +  - 

N u c l e u s  i s t h m u s  p a r v o c e l l u l a r i s  + +  - - 

N u c l e u s  isthmus magnocellularis + +  

E c t o s t r i a t u m  (E)  + + +  - 

P e r i e c t o s t r i a t u  m + +  

Thalamofugal 
Lateral anterior nucleus + +  + - 

Dorsa l  lateral nucleus pars lateralis + + - 

Do rsa l  lateral nucleus pars medialis + + + +  

Ventral lateral geniculate nucleus (GLv )  + +  + +  + +  

Hyperstriatum accessorium + +  + + 

Hyperstriatum intercalatus s u p e r i o r  + + + 

Lamina hyperstriatalis + + + +  

Accessory optic 
E c t o m a m m i l a r y  n u c l e u s  + +  - 

N u c l e u s  of Edinger-Westphal ( E W )  + + +  + + +  - 

N u c l e u s  of the abducens nerve (nV l )  + + +  + + +  

Do rsa l  o c u l o m o t o r  n u c l e u s  (n l l l )  + + - 

O t h e r  neuronal structures 
Olfactory b u l b  + + + +  

Neostriatium anterior + +  + +  - 

N e o s t r i a t u m  intermedium (NI) + + +  + + +  - 

N e o s t r i a t u m  caudale + +  + +  - 

P i r i f o r m  c o r t e x  + + - 

I o b u s  p a r o l f a c t o r i u s  + - - 

C e r e b e l l u m  (Cb)  - - + 

N o n n e u r a l  tissues 
Choroid + +  - + +  

Ependyma - - + +  

Pineal (P) - - + + +  

Binding and m R N A  l e v e l s  are as follows: +++, high; + + ,  m e d i u m ;  + ,  l o w ;  - ,  no binding or hybridization. 

fugal, and accessory optic visual pathways (Figures 6 
and 7). 
Retina~Optic Nerve 
Specific 12SI-Mel binding was present in the inner plexiform 
layer of the retina, as previously described (Laitinen and 
Saavedra, 1990), while nonspecific binding for the radioli- 
gand was observed in pigmented epithelium. Specific 
12SI-Mel binding was also present in the optic chiasm and, 
to a lesser extent, in the optic tract and stratum opticum. 

Emulsion autoradiographs showed that mRNAs for both 
CKA and CKB were expressed in retina (Figure 8). For 
CKA, hybridization was very strong in vitread aspects of 
the inner nuclear layer and, to a lesser extent, in the gan- 
glion cell layer. CKB mRNA was also expressed in the 
inner nuclear layer, but not in the ganglion cell layer. No 

hybridization signal was found for CKA in the optic chiasm, 
optic tract, or stratum opticum, whereas mRNA for CKB 
was clearly expressed within these three structures. 
Circadian/Retinohypothalamic Pathways 
The avian retinohypothalam ic tract projects contralaterally 
to the nucleus suprachiasmaticus visualis (vSCN). The 
vSCN is a discrete nucleus in the lateral anterior hypothal- 
amus between the dorsal supraoptic decussation and the 
ventral lateral geniculate nucleus (Ehrlich and Mark, 1984; 
Cassone and Moore, 1987). The vSCN has been shown 
to be anatomically and immunohistochemically similar to 
the mammalian SCN (Cassone and Moore, 1987), which 
is the site of a circadian clock (for review, see Klein et 
al., 1991). The avian vSCN appears to be the functional 
homolog of the mammalian SCN, as the vSCN expresses 
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Figure 6. Differential Expression of CKA and CKB mRNA in Chick Brain Assessed by In Situ Hybridization 

Distribution of 12SI-Mel binding, CKA mRNA, and CKB mRNA in chick brain is depicted. False color images of autoradiographs are shown. Relative 
intensity of hybridization is indicated by the scale at the bottom of the figure. The panels depict sets of adjacent coronal sections from rostral (top) 
to caudal (bottom). Abbreviations for the labeled structures are given in Table 1. 
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Figure 7. Distribution of '251-Mel Binding and CKA and CKB mRNA in Selected Brain Areas 
False color images of autoradiographs are shown. Abbreviations for the labeled structures are given in Table 1. 

circadian rhythms of metabolism in house sparrows in vivo 
(Cassone, 1988; Lu and Cassone, 1993a) and of electrical 
activity in Japanese quail in vitro (Juss et al., 1994). 

In the present study, as in previous studies (Rivkees et 
al., 1989; Cassone et al., 1995), the vSCN bound 1251-Me1. 

The ventral supraoptic decussation, which contains astro- 
glia and neuronal fibers connecting the two vSCNs (V. 
M. C., unpublished data) also contained specific binding. 
Emulsion autoradiographs revealed a hybridization signal 
for both CKA and CKB in the vSCN; the hybridization sig- 
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Figure 8. Expression of CKA and CKB mRNA in Chick Retina 
Dark-field photomicrographs of emulsion autoradiographs show the distribution of CKA and CKB mRNA in retina. H & E, brightfield photomicrograph 
of hematoxylin- and eosin-stained section; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; 
OPL, outer plexiform layer; RPE, pigment epithelium. Each panel width is 120 I~m. 

nal for CKB was more intense than that for CKA. For CKB, 
a clear hybridization signal was also present in the ventral 
supraoptic decussation. 
Tectofugal Visual Pathway 
The tectofugal visual pathway is homologous to the mam- 
malian extrageniculocortical pathway (Ehrlich and Mark, 
1984; Engelage and Bischof, 1993). Specific ~2~l-Mel bind- 
ing was present in all retinorecipient, tectorecipient, and 
integrative structures of this visual pathway. Structures 
that exhibited both 12SI-Mel binding and hybridization for 
CKA include the stratum griseum centrale of the optic tec- 
tum, nucleus rotundus, and the tectorecipient ventral 
lateral geniculate nucleus. Inspection of emulsion autora- 
diographs indicated intense CKA hybridization in magno- 
cellular neurons in the stratum griseum centrale and nu- 
cleus rotundus. Furthermore, dense hybridization was 
present in neuronal cell bodies of the lamina interna of the 
ventral lateral geniculate nucleus and, to a lesser extent, in 
the neuropil of that structure. Although t2SI-Mel binding 
was dense within ectostriatum, there was no evidence of 
hybridization for CKA (see Figure 6A). CKB hybridization 
was also found in the stratum griseum et fibrosum of the 
optic tectum and in the neuropil of the ventral lateral genic- 
ulate nucleus (see Figure 7B). While there was no detect- 
able CKB hybridization in nucleus rotundus and ectostria- 
tum, there was a hybridization signal in the perirotundal 
area (see Figure 7A) and in the periectostriatum. 
Thalamofugal Visual Pathway 
The thalamofugal visual pathway is homologous to the 
mammalian geniculostriate pathway (Gunturkun et al., 
1993). Low levels of ~2Sl-Mel binding were present in the 
principal optic nucleus and the Wulst. Little to no hybridiza- 
tion for CKA was found in the principal optic nucleus, but 
a scattered collection of positively hybridizing neurons was 
found within the hyperstriata of the Wulst. High levels of 
mRNA for CKB were present in the dorsolateral nucleus 
of the thalamus, a portion of the principal optic nucleus. 

There was also increased CKB hybridization in the lamina 
separating the hyperstriata of the Wulst and other aspects 
of the forebrain. 
Accessory Optic Pathway 
Specific 12SI-Mel binding was present in the nucleus of the 
basal optic root (also called ectomammillary nucleus), in 
the nucleus of Edinger-Westphal, in the nucleus of the 
~bducens nerve, in the dorsal oculomotor nucleus, and 
within the oculomotor nerve itself (see Figure 6). No bind- 
ing was present in the cerebellum. Hybridization for CKA 
was present in the nucleus of Edinger-Westphal, the dor- 
sal oculomotor nucleus, and the nucleus of the abducens 
nerve, but not in the nucleus of the basal optic root or in 
the cerebellum (see Figures 6 and 7). Inspection of both 
films and emulsion autoradiographs suggested hydridiza- 
tion in the cerebellum, but hybridization for the sense 
probe was equally strong in this structure, indicating this 
signal is likely nonspecific; no signal for CKA was found by 
Northern analysis (see Figure 5). There was no detectable 
hybridization signal for CKB in the nucleus of the basal 
optic root or the nucleus of Edinger-Westphal. However, 
there was modest hybridization in cerebellum and a very 
strong signal within the nucleus of the abducens nerve 
(see Figure 6F). 
Other Structures 
Moderate 12SI-Mel binding was present in the neostriata 
of the chick, including neostriatum intermedium, nucleus 
anterior, and nucleus caudale. Furthermore, ~251-Mel bind- 
ing was present in the Iobus parolfactorius, and low levels 
of binding were present in the piriform cortex, septomes- 
encephalic tract, and olfactory bulbs. Hybridization for 
CKA was very strong in the neostriatum intermedium (see 
Figure 6A). CKA was also present in other neostriatal ar- 
eas and in the piriform cortex. Although no clear evidence 
of hybridization for CKA was present in the Iobus parolfac- 
torius, hybridization was present in the diagonal band of 
Broca, which is adjacent to the Iobus parolfactorius. Fur- 
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thermore, hybridization for CKA was present in the olfac- 
tory bulbs. For CKB, moderately labeled cells were scat- 
tered throughout the brain, giving the appearance of 
diffuse labeling on film autoradiographs (see Figure 6). 
Hybridization for CKB was present in the ependyma of 
all ventricular surfaces, in the walls of arteries, especially 
within the forebrain, and in the choroid plexuses (see Fig- 
ure 7A). There was very intense hybridization for CKB in 
the pineal gland (see Figure 6D; confirmed by Northern 
analysis). The pineal gland exhibits no detectable ~2SI-Mel 
binding. 

Discussion 

The results show that at least two high affinity melatonin 
receptor genes mediate the important actions of melatonin 
in chick brain. Analysis of endogenous melatonin receptor 
properties by 1251-Mel binding alone does not provide any 
suggestion that ~2SI-Mel binding results from the expres- 
sion of more than one receptor subtype (Rivkees et al., 
1989; Stehle, 1990; Cassone and Brooks, 1991; Siuciak 
et al., 1991). This is now explai ned by the indistinguishable 
affinities and pharmacological profiles exhibited by CKA 
and CKB; the characteristics of each of the recombinant 
receptors are the same as those exhibited by endogenous 
melatonin receptors defined by ~251-Mel in avian brain. 
Thus, the existence of two receptor proteins could be de- 
termined only by molecular cloning of the cDNAs for each 
receptor. 

The results also show that a third melatonin receptor 
subtype, the Mellc melatonin receptor, exists in verte- 
brates. Evidence supporting this is the close structural 
identity CKB shares with the Xenopus melatonin receptor 
(80% amino acid identity) and bootstrap analysis of the 
phylogenetic tree. Further evidence of three receptor sub- 
types in vertebrates is our PC R analysis of additional mela- 
tonin receptor fragments from Xenopus and zebrafish. We 
cloned 2 additional, distinct receptor fragments from Xen- 
opus, 1 of which aligns with the Mel~a receptor group and 
the other with the Mel~b receptor group. In zebrafish, we 
cloned 4 different melatonin receptor fragments; bootstrap 
analysis shows that 2 align with the Mel~a receptor group 
and I each with the Mel~b and Mel~o receptor groups. Thus, 
a melatonin receptor family consisting of three distinct sub- 
types is supported by analysis of 15 melatonin receptor 
fragments spanning four vertebrate classes. It is remark- 
able that the expressed receptors for each subtype all 
exhibit similar binding properties, even though they are 
structurally divergent. Furthermore, G~ appears to be a 
common signaling pathway for all three subtypes (Ebi- 
sawa et al., 1994; Reppert et al., 1994, 1995). The possibil- 
ity that other intracellular signal transduction cascades are 
used by these receptors has not yet been fully explored. 

We have no evidence that a homolog of the Mellb mel- 
atonin receptor subtype, recently cloned in mammals 
(Reppert et al., 1995), occurs in birds. We have examined 
this issue by evaluating numerous PCR-generated clones 
from chick genomic DNA using degenerate primers that 
have amplified this subtype from three other vertebrate 
classes. Furthermore, we have used the human Mel~b mel- 

atonin receptor cDNA to probe a chick genomic library at 
low stringency, again without positive results. We also 
have no evidence that a Mellc melatonin receptor subtype 
(CKB homolog) occurs in mammals. We have used PCR 
and low stringency screening of human genomic material, 
again without positive results. It is quite possible that birds 
have evolved without a functional Mellb receptor gene and 
that mammals have evolved without a functional Mellc re- 
ceptor gene. However, the cloning of melatonin receptors 
is in its infancy, and further molecular cloning studies will 
be needed to clarify this issue. 

The Mella receptor is the only melatonin receptor sub- 
type so far found in all four vertebrate classes examined. 
In mammals, where this subtype was first identified, the 
Mella receptor is expressed in SCN and is felt to be the 
receptor through which melatonin modulates mammalian 
circadian rhythms (Reppert et al., 1994). It is therefore 
noteworthy that the avian Mel~a receptor (CKA) is ex- 
pressed in the vSCN, the avian homolog of the mammalian 
SCN. The vSCN appears to be a damped circadian oscilla- 
tor in birds, which is driven by the melatonin rhythm to 
control rhythmicity in structures that the vSCN innervates 
(Cassone, 1990). Thus, it appears that the Melt, receptor 
subtype may be important for circadian timing across ver- 
tebrate phylogeny. CKB mRNA is also present in the vSCN 
and may contribute to melatonin's effects on this structure. 

In chick retina, melatonin inhibits forskolin-stimulated 
cAMP through a PTX-sensitive mechanism (luvone and 
Gan, 1994). The reported melatonin-mediated inhibition 
of cAMP in chick retina occurs through receptors that have 
the same pharmacological characteristics as those we 
found for recombinant CKA and CKB. However, there are 
no published reports of melatonin signaling through G~ in 
avian brain proper. Thus, our finding that recombinant 
CKA and CKB can clearly couple to G, is important and 
identifies a signal transduction pathway through which 
melatonin may mediate its effects in avian brain. In fact, 
this may be the transduction cascade through which me- 
latonin inhibits metabolic activity, as assessed by 2-deoxy- 
glucose uptake, in avian brain (Lu and Cassone, 1993a, 
1993b). This effect of melatonin appears to be receptor 
mediated because it is found only in brain sites that specifi- 
cally bind ~2SI-Mel (Lu and Cassone, 1993a). 

The distribution of mRNAs encoding the two melatonin 
receptor subtypes is distinct in chick brain and retina. CKA 
appears to be expressed primarily by neuronal cell bodies 
in avian brain. Hybridization is clearly visible in neuronal 
cell bodies in the lamina interna of the ventral lateral genic- 
ulate nucleus, in the nucleus rotundus, and in the stratum 
griseum et fibrosum of the optic tectum. Several areas 
that express ~2SI-Mel binding are conspicuously free of hy- 
bridization, including the ectostriatum and the isthmic nu- 
clei of the optic tectum (see Figure 6A). It is therefore 
interesting that ectostriatum receives a major neuronal 
projection from nucleus rotundus, which does contain 
CKA mRNA, and both parvocellular isthmic nucleus and 
magnocellular isthmic nucleus receive afferents from the 
optic tectum, which has both CKA and CKB mRNA. Bind- 
ing of ~251-Mel in these areas probably resu Its from receptor 
protein that is transported to presynaptic terminals. A simi- 
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lar a r g u m e n t  cou ld  be m a d e  for  re t ino rec ip ien t  s t ruc tu res  

that  exh ib i t  h igh leve ls  of  1251-Mel b ind ing but  show  no 

de tec tab le  hybr id iza t ion ,  such as the e c t o m a m m i l l a r y  nu- 

c leus.  It is poss ib le  that  recep to r  pro te in  p r o d u c e d  in reti- 

nal gang l ion  cel ls  is t r anspo r t ed  to this si te, as  wel l  as 

con t r ibu t ing  to ~251-Mel b ind ing  in the vSCN.  Th is  wou ld  

a lso exp la in  12SI-Mel b ind ing in the inner  p lex i fo rm layer  

o f  the ret ina; the  recep to rs  a re  l ikely p resynapt i c ,  ar is ing 

f rom CKA and /o r  CKB recep to r  pro te in  m a d e  in cell bod ies  

in the inner  nuc lea r  layer.  
In con t ras t  to CKA,  CKB s h o w s  very  s t rong hybr id iza t ion  

in s o m e  a r e a s  o f  ch ick  bra in that  con ta in  ve ry  few  or  no 

neu rona l  cel l  bod ies .  In par t icu lar ,  the re  is bo th  hybr id iza-  

t ion for  CKB  m R N A  and ~251-Mel b ind ing wi th in the opt ic  

ch iasm,  opt ic  tract,  and  s t ra tum op t i cum.  Moreove r ,  la- 

be led  cel ls  wi th spec i f ic  hybr id iza t ion  fo r  CKB  are scat-  

te red  t h r o u g h o u t  the brain.  Th is  w i d e s p r e a d  hybr id iza t ion  

and the p r e s e n c e  o f  a hybr id iza t ion  s igna l  in t i ssues  that  

con ta in  few, if any,  neu rona l  cell bod ies  sugges t  that  C K B  

res ides,  at least  in part,  on gl ial  cel ls. 

The  e x p r e s s i o n  o f  CKB m R N A  in the av ian  p inea l  g land,  

e p e n d y m a  of  the  bra in vent r ic les ,  and ce rebe l l um is en ig-  

matic.  We f ind no ev idence  of  ~251-Mel b ind ing  in t hese  

s t ructures.  T h e  CKB recep to r  g e n e  may  be e x p r e s s e d  but  

not t rans la ted  in t hese  s t ruc tu res .  It is a lso  poss ib le  that  
the recep to r  g e n e  is t rans la ted  into a non func t i ona l  t run- 

ca ted  prote in due  to in t ron ic  sp l ice var iants .  

An impor tan t  aspec t  o f  th is work  is the f ind ing that  the 

c o m b i n e d  e x p r e s s i o n  of  two h igh af f in i ty  me la ton in  recep-  

tor  g e n e s  a c c o u n t s  for  the vas t  major i ty  of  ~251-Mel b ind ing 

f ound  in ch ick  brain.  D i f fe ren t ia l  e x p r e s s i o n  in bra in  sug-  

ges ts  that  e a c h  recep to r  s u b t y p e  may  have  dist inct  func-  

t ions and d is t inct  regu la to ry  mechan i sms .  

Experimental Procedures 

PCR 
For PCR with degenerate primers, first-strand cDNA or genomic DNA 
was subjected to 30 cycles of amplification with two oligonucleotide 
primers (each at 200 nM final concentration). Each reaction cycle con- 
sisted of incubations at 94°C for 45 s, 45°C for 2 rain, and 72°C 
for 2 rain, with AmpiTaq DNA polymerase (Perkin-Elmer Cetus). The 
amplified DNA was separated on an agarose gel. DNA bands were 
subcloned into pCRTMII using a TA Cloning Kit (Invitrogen), and re- 
combinant clones were sequenced. For RT-PCR with specific primers, 
first-strand cDNA was subjected to 35 cycles of amplification using 
incubations at 94°C for 45 s, 60°C for 45 s, and 72°C for 2 rain. The 
amplified DNA was separated by agarose gel electrophoresis. DNA 
bands were subcloned into pcDNA3 (Invitrogen) for expression studies 
and sequence analysis. 

Library Screening 
A ~.gtl0 chicken brain cDNA library and a chicken genomic library 
in EMBL-3 SP6/T7 (Clontech) were plated and transferred to Colony 
Plaque Screen filters (New England Nuclear). The filters were 
screened as previously described (Reppert et al., 1994). ~. phage that 
hybridized to the probe was plaque purified. 

Expression Studies 
COS-7 and NIH 3T3 cells were grown as monolayers in Dulbecco's 
modified Eagle's medium (DMEM) supplemented with 10% fetal calf 
serum, penicillin (50 U/ml), and streptomycin (50 p.g/ml) in 5% CO2 
at 37°C. 

For ligand binding studies, melatonin receptor cDNAs in pcDNA3 
were introduced into COS-7 cells using the diethylaminoethyl dextran 
method (Cullen, 1987). At 2 or 3 days after transfection, the medium 

was removed, the dishes were washed with PBS, and the cells were 
harvested. The cells were then pelleted (2500 rpm for 10 min at 4°C) 
and stored at -80°C. Whole-cell binding studies were performed by 
thawing the cells and resuspending them in binding buffer (50 mM 
Tris-HCI [pH 7.4] with 5 mM MgCI2) at a concentration of 200-500 p.g 
of protein per milliliter. The cell suspension was incubated with '2SI-Mel 
with or without drugs in a total reaction volume of 0.2 ml; the suspen- 
sion was incubated in a shaker bath for 1.5 hr at 25°C. Reactions 
were terminated by rapid filtration through Whatman GF/B glass fiber 
filters. All determinations were done in either duplicate or triplicate. 
Protein measurements were performed using the Bio-Rad protein 
assay. Binding data were analyzed by computer using the LIGAND 
Program of Munson and Rodbard (1980). 

Cyclic AMP Studies 
For cAMP studies, the receptor cDNA in pcDNA3 was introduced into 
NIH 3T3 cells using Lipofectamine (GIBCO-BRL). Transformed NIH 
3T3 cells resistant to Geneticin, G418 (at 1.0 mg/ml; GIBCO-BRL) 
were isolated, and clonal lines expressing melatonin receptor binding 
(>200 fmol/mg total cellular protein) were isolated. 

Transformed NIH 3T3 cells were plated in triplicate on 35 mm 
dishes. After 48 hr, the cells were washed (2 x ) with DMEM and prein- 
cubated with 250 ~M 3-isobutyl-l-methylxanthine (IBMX) in DMEM for 
10 min at 37°C. Cells were then incubated with or without drugs in 
DMEM with 250 p.M IBMX for 10 rain at 37°C. At the end of treatment, 
the medium was aspirated, and 0.5 ml of 50 mM acetic acid was added. 
The cells were collected, transferred to an Eppendorf tube, boiled for 
5 rain, and centrifuged (13,750 rpm for 15 rain). The supernatant was 
collected and assayed for cAMP. All treatments were performed on 
three replicate dishes, cAMP levels were determined in duplicate by 
radioimmunoassay (New England Nuclear). 

Northern Analysis 
Poly(A) ÷ RNA was subjected to electrophoresis through a 1% agarose- 
formaldehyde gel, blotted onto GeneScreen (New England Nuclear), 
and hydridized with 32P-labeled CKA or CKB (SA of each, >109 cpml 
~g). Hydridizing conditions were 50% formamide, 1 M NaCI, 1% SDS, 
10% dextran sulfate, and 100 p.g/ml denatured salmon sperm at 42°C 
overnight. The final washing of blots was in 2 x SSC, 1% SDS at 65°C 
for 1 hr. Blots were exposed at -80°C to X-ray film with an intensifying 
screen. 

In Situ Hybridization 
Antisense and sense cRNA probes were generated by in vitro tran- 
scription in the presence of [a-35S]thio-UTP (New England Nuclear; 
1100-1300 Ci/mmol) as previously described (Reppert et al., 1991). 
The templates for transcription were cDNAs of the full-length coding 
regions of CKA and CKB. In situ hybridization was performed as pre- 
viously described (Reppert et al., 1991). After prehybridization, sec- 
tions were covered with hybridization buffer containing 1.0 x 107 to 
1.2 x 107 cpm probe/ml, coverslipped, and incubated overnight at 
53°C. The next morning, the coverslips were removed, and the slides 
were washed in 2 x SSC followed by digestion in RNase (10 p.g/ml). 
Slides were washed to a final stringency of 0.1 x SSC at 53°C (two 
30 min washes). Autoradiograms were generated by apposing the 
slides to Kodak Biomax MR film for 2-4 weeks. Slides were then dipped 
in Kodak NTB-2 emulsion. Emulsion autoradiograms were exposed 
for 4-6 weeks, developed, and then counterstained with hernatoxylin 
and eosin. 

~2SI-Mel In Vitro Autoradiography 
Tissue was processed for autoradiographic localization of ~2SI-Mel bind- 
ing sites as previously described (Cassone et al., 1995). Sections were 
labeled by incubation in buffer (50 mM Tris, 4 mM CaCl2 with 0.1% 
BSA) containing high specific activity (2200 Ci/mmol) '251-Mel (30-40 
pM). Nonspecific binding was determined in adjacent sections by inclu- 
sion of melatonin (1 pM) in the incubation solution. After washing, 
slides were dried under a stream of cool air. Autoradiographs were 
generated by apposition of the slides to B-Max Hyperfilm (Amersham) 
at -80°C for 10 days. Video images of autoradiographs were digitized 
for analysis of binding. 
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Tissue Specimens 
White leghorn cockerels (14 days old; n = 10) were anesthetized with 
100 mg/kg ketamine and 10 mg/kg xylazine. Five birds were decapi- 
tated and their brains, eyes, and livers were rapidly removed and fozen 
in -40°C isopentane. These tissues were processed for poly(A) + RNA. 
The other five birds were transcardially perfused with 100 ml of 0.75% 
saline and then 100 ml of 0.1 M sodium phosphate buffer with 10% 
sucrose. Brains and eyes were removed and frozen as above. Brains 
were transversely sectioned at 20 #m through their entire rostrocaudal 
extent on a cryostat and thaw mounted onto acetone-cleaned slides 
coated with Vectabond in ten bins of adjacent sections. Eyes were 
sectioned transversely and mounted similarly. Bins of adjacent sec- 
tions were subjected to either ~2Sl-Mel in vitro autoradiography or in 
situ hybridization to produce a section frequency of 1 per 200 ~m for 
each condition. 

DNA Sequencing 
Nucleotide sequences were analyzed by the dideoxynucleotide chain 
termination method of Sanger et al. (1977) using Sequenase (US Bio- 
chemical). Sequencing template was double-stranded plasmid. Prim- 
ers were synthetic oligonucleotides that were either vector specific or 
derived from sequence information. 

Phylogenetic Analysis 
Melatonin receptors and the rat # opioid receptor were aligned using 
CLUSTAL W (Thompson et al., 1994). The alignments were adjusted 
manually, and the regions corresponding to transmembrane segments 
4-7, as defined by Baldwin (1993), were utilized to generate a PAUP 
data matrix (Swofford, 1991). A branch and bound search was per- 
formed. The most parsimonious tree was found with a tree length of 
528. Using PAUP, 1000 replicates of bootstrap analysis were per- 
formed. A neighbor-joining tree was calculated using CLUSTAL W 
and analyzed using the bootstrap procedure (Thompson et al., 1994). 
The neighbor-joining tree and the maximum parsimony trees do not 
differ, although the bootstrap values do differ. 

Image Analysis and Graphic Representation 
Specific ~2SI-Mel binding was determined by subtracting absorbances 
from images containing nonspecific binding (100 pM 12~l-Mel plus 1 
p.M melatonin) from those from images containing total binding (100 
pM ~2~l-Mel only) within each structure. Structures that exhibited con- 
sistently positive values in 5-10 measurements were deemed to con- 
tain specific binding (Cassone et al., 1995). In situ hybridization data 
were analyzed similarly, but in this case images from hybridizations 
of sense cRNA probes were subtracted from antisense probes. Struc- 
tures that consistently exhibited positive values were deemed to con- 
tain specific signals. 

Images from representative levels of the brain in adjacent histologi- 
cal sections were acquired through a video camera, saved, and con- 
verted to Macintosh format TIFF files. These images were then im- 
ported into the NIH Image 1.52 program as described (Cassone et 
al., 1995). Composite figures and pseudocolor representations were 
produced using this program. Alphanumerics on the figures were pro- 
duced using Canvas 3.5, and figures were printed on a Tektronix 
Phaser It dye sublimation printer. 

Drugs 
~2SI-Mel was purchased from New England Nuclear. All drugs used in 
competition studies were purchased from Sigma or Research Bio- 
chemicals. PTX was purchased from List. All other chemicals were 
purchased from Sigma. 
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The GenBank accession numbers for the CKA and CKB sequences 
reported here are U31820 and U31821, respectively. 


