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Molecular and pharmacological evidence for MT; melatonin
receptor subtype in the tail artery of juvenile Wistar rats
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1 In this study reverse transcriptase-polymerase chain reaction (RT—PCR) has been used to
identify mt; and MT, receptor mRNA expression in the rat tail artery. The contributions of both
receptors to the functional response to melatonin were examined with the putative selective MT,
receptor antagonists, 4-phenyl-2-propionamidotetraline (4-P-PDOT) and 2-benzyl-N-pentanoyltryp-
tamine. In addition, the action of melatonin on the second messenger cyclic AMP was investigated.
2 Using RT-PCR, mt; receptor mRNA was detected in the tail artery from seven rats. In contrast
MT, receptor mRNA was not detected even after nested PCR.
3 At low concentrations of the MT, selective ligands, neither 10 nM 4-P-PDOT
(pEC50=8.70+0.31 (control) vs 8.734+0.16, n=6) nor 60 nM 2-benzyl-N-pentanoyltryptamine
(pPECs50=8.53+0.20 (control) vs 8.83+0.38, n=06) significantly altered the potency of melatonin in
the rat tail artery.
4 At concentrations non-selective for mt; and MT, receptors, 4-P-PDOT (3 uM) and 2-benzyl-N-
pentanoyltryptamine (5 uM) caused a significant rightward displacement of the vasoconstrictor effect
of melatonin. In the case of 4-P-PDOT, the estimated pKy (6.17+0.16, n=38) is similar to the
binding affinity for mt, receptor.
5 Pre-incubation with 1 uM melatonin did not affect the conversion of [*H]-adenine to [*H]-cyclic
AMP under basal condition (0.95+0.19% conversion (control) vs 0.92+0.19%, n=4) or following
exposure to 30 uM forskolin (5.20+1.30% conversion (control) vs 5.35+0.90%, n=4).
6 Based on the above findings, we conclude that melatonin receptor on the tail artery belongs to
the MT, receptor subtype, and that this receptor is probably independent of the adenylyl cyclase
pathway.
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Abbreviations: CRC, concentration-response curve; cyclic AMP, 3': 5'-cyclic adenosine monophosphate; DMSO, dimethylsuph-
oxide; K-H, Krebs-Henseleit; 4-P-ADOT, 4-Phenyl-2-acetamidotetraline; 4-P-PDOT, 4-phenyl-2-propionamido-
tetraline; RET, retina; RT—PCR, reverse transcriptase-polymerase chain reaction; SCN, suprachiasmatic
nucleus; TA, tail artery

Introduction

The pineal hormone melatonin exerts numerous effects on the
body, influencing circadian rhythms, the immune system and
the cardiovascular system, for example. The majority of these
actions are thought to be mediated through specific binding
sites identified by ['*I]-2-iodomelatonin, originally termed
ML, and ML, receptor subtypes, that possess pharmacologi-
cally different characteristics based on the potency of both
indole-based and non indole-based compounds (see Morgan et
al., 1994). More recently, Reppert and coworkers (1994; 1995a)
have cloned and characterized two high affinity, G-protein
coupled receptors for melatonin from mammalian tissues that
appear to belong to the ML, subgroup. Both receptors also
have the potential to couple negatively to adenylyl cyclase. The
two cloned receptors, originally termed as Mel,, and Mel,,
(Reppert et al., 1994; 1995a,b), have since been renamed mt,
and MT,, respectively (Dubocovich et al, 1998; The
nomenclature and classification of melatonin receptors used
here has been approved by the Nomenclature Committee of
IUPHAR). The abbreviation ‘mt,” corresponds to the
recombinant melatonin receptor subtype previously known as

* Author for correspondence.

Mel,,, which has not yet been linked to a specific functional
response. ‘MT,’ refers to native receptors, previously known as
Mel,;,, which have been defined function and pharmacological
characteristics similar to the recombinant ‘mt,’.

In the study of melatonin receptor pharmacology, two of
the few functional bioassays available include the inhibition of
Ca**-dependent, electrical field-stimulated [*H]-dopamine
release from the rabbit retina (Dubocovich 1983; 1985; 1988)
and enhancement of electrically-evoked contractions in rat
isolated tail artery (Krause et al., 1995; Ting et al., 1997). In
the latter study, which involved the use of several indole-based
and naphthalenic derivatives, we concluded that the receptor
involved in the action of melatonin belonged to a Mel;-like
(now comprising mt, and MT,) receptor.

Recently, Dubocovich and coworkers (1997) compared the
pharmacological profile of the melatonin receptor of rabbit
retina to that of the recombinant mt, and MT, melatonin
receptors. Their results show that the pharmacological profile
of the recombinant MT, melatonin receptor is similar to that
of the functional melatonin receptor in the rabbit retina
(Dubocovich et al., 1997). In addition, the reverse transcrip-
tase-polymerase chain reaction (RT—PCR) has also shown
that MT, mRNA is expressed in the retina (Reppert et al.,



988 K.N. Ting et al

Vascular MT; melatonin receptor subtype

1995a). Unambiguous evidence for the presence of a functional
correlate of the retinal MT, receptor was provided by the
finding of a series of amidotetraline derivatives (including 4-
phenyl-2-acetamidotetraline, 4-P-ADOT) that behaved as
potent antagonists against melatonin-induced inhibition of
[*H]-dopamine release from the rabbit retina. In the case of the
rat tail artery preparation, Bucher and colleagues (1999) have
recently reported that luzindole, a putative MT, selective
antagonist, failed to affect melatonin-induced enhancement of
phenylephrine-induced contractions. Based on exclusion
criteria, and accompanying molecular biological data, the
authors argued for the presence of Mel, (MT),) receptors. On
the other hand, Doolen ez al. (1998) reported that 4-P-ADOT
(3 uM) failed to affect melatonin-induced enhancement of
phenylephrine-induced contractions at low melatonin concen-
trations (0.1-100 nM) but augmented the vasoconstrictor
effect of high concentrations of melatonin (1-10 um). Based
on the effect of this antagonist, the authors proposed that both
mt, and MT, receptors were present on the tail artery, and that
the response to melatonin represented the net effect of a
constrictor action on mt, receptors and a relaxatory response
via a MT, receptor (Doolen et al., 1998).

In the present study, we have attempted to clarify the
characteristics of melatonin receptor(s) on the rat tail artery.
This has involved the use of RT—PCR to identify mt, and MT,
receptor subtype mRNA expression, and measurement of
cyclic AMP accumulation using the prelabelling [*H]-adenine
technique described by Wright ez al. (1995). In addition, we
have examined pharmacologically the contributions of both
receptors to the functional response to melatonin. Presently,
there are no selective mt; receptor ligands. We have, therefore,
compared the effects of MT, selective antagonists 4-phenyl-2-
propionamidotetraline (4-P-PDOT), a congener of 4-P-ADOT
(Dubocovich et al., 1997) and 2-benzyl-N-pentanoyltrypta-
mine, a newly synthesized derivative of luzindole (Teh &
Sugden, 1998), against melatonin-induced enhancement of
electrically-evoked responses.

Methods
Tissue preparation

Male juvenile (3—4 week old; 55—100 g) Wistar rats (strain
BKW, from colony maintained at Biomedical Services Unit,
Nottingham, U.K.) were housed in a 12 h light/dark cycle
(lights on at 08 00 h; lights off at 20 00 h). Rats were usually
killed 1-2 h after lights on by decapitation. The ventral artery
of the tail was dissected and placed onto a dissecting disc
immersed in gassed modified Krebs-Henseleit (K-H) solution.
Ring segments were removed and used for the comparative
functional and biochemical studies. For RT—-PCR, adjacent
ring segment of some arteries were immediately frozen in liquid
nitrogen and kept at —80°C. The blood vessel was carefully
cleaned of fat and connective tissues with the aid of a dissecting
microscope (Nikon SMZ-2B, Japan), and divided into ring
segments of 2—3 mm in length.

Reverse transcription-polymerase chain reaction
(RT—PCR) experiments

Each tail artery ring segment sample was sonicated on ice in
lysis buffer (Tris HC1 100 mMm, pH 8.0, LiCl 500 mm, EDTA
10 mM, lithium dodecylsulphate 0.1%, dithiothreitol 5 mMm)
and mRNA was isolated using magnetic oligo (dT),s beads
(Dynal, Wirral, U.K.). cDNA was synthesized from each

mRNA sample immediately. Oligo(dT);s (250 ng) and random
hexamers (750 ng) were added to the mRNA and the mixture
heated (70°C, 5 min) to remove secondary RNA structure then
cooled immediately on ice. DTT (20 mm), dATP, dCTP, dTTP
and dGTP (all 0.5 mMm, Promega, Southampton, U.K.),
recombinant ribonuclease inhibitor (40 u, RNasin, Promega),
avian myoblastosis virus-reverse transcriptase (10 u, AMV-
RT, Promega) and diethyl pyrocarbonate-treated water were
added to make the final volume 20 ul and the mixture was
incubated at 42°C for 1 h. AMV-RT was inactivated by
heating at 98°C for 3 min. mRNA was also isolated from rat
retina, liver, suprachiasmatic nucleus (SCN) of the hypotha-
lamus and brain, and cDNA synthesized as described for tail
artery.

Tail artery cDNA from seven individual rats and a cDNA
pool (made up of equal amounts from each animal) was
amplified by PCR using forward and reverse primers designed
from the partial sequences of rat mt; and MT, receptors
(Reppert et al., 1995a). For the mt, receptor: sense primer 5'-
GTG CTA CGT GTT CCT GAT ATG G-3' bp 57-78;
antisense primer 5-GGA TCT GAG GCC ACA ATA AGA
C-3' bp 395-416. The predicted size of the mt; PCR product
was 360 bp. The mt; primers were a kind gift from Dr J.
Vanecek (Institute of Physiology, Prague, Czech Republic).
For the MT, receptor subtype two primer sets were designed
with the aid of the PRIME programme on the Genetics
Computer Group Sequence Analysis Software Package
(Devereux et al., 1984) and synthesized (Life Technologies,
Paisley, U.K.): sense primer (1bF) 5-ATC TGT CAC AGT
GCG ACC TAC C-3' bp 10—31, antisense primer (1bR) 5'-
TTC TCT CAG CCT TTG CCT TC-3' bp 282—-301; and sense
primer (2bF) 5-AGC CTC ATC TGG CTT CTC AC-5 bp
70—-89, antisense primer (2bR) 5-TTG GAA GGA GGA
AGT GGA TG-3' bp 204—-223. For the MT, primer pair 1bF/
1bR the predicted size of the PCR product was 292 bp, and for
the 2bF/2bR primer pair the product was 154 bp. cDNA (1 ul
from the 20 ul cDNA reaction volume) was amplified in a
thermal cycler (Hybaid Omnigene) in a reaction (20 ul)
containing 100 uM of each deoxynucleoside 5'-triphosphate,
0.5 uM of each primer, 1.5 mM MgCl, and 1 u of Tag DNA
polymerase (Qiagen, Crawley, Sussex). A ‘hot-start’ procedure
was employed (D’Aquila et al., 1991) and thermal cycling
conditions were 94°C, 1 min, 55°C, 1 min and 72°C, 2 min for
40 cycles with a final extension of 10 min at 72°C. PCR
reaction products were resolved by agarose gel electrophoresis
(1.5-2.2% wv~") and stained with ethidium bromide
(0.5 gml™h).

To determine the identity of the amplification products
agarose gel bands were excised and the DNA purified using a
Qiaquick gel extraction kit (Quiagen). Purified mt,; PCR
product was digested with the restriction enzyme BamHI (10 u,
37°C, overnight; Promega) or directly sequenced on an ABI
automated sequencer (Department of Molecular Medicine,
King’s College Hospital, London). For MT,, 1 ul of the PCR
mixture obtained using primers 1bF/1bR was subjected to a
second round of PCR (20—40 cycles) with the nested MT,
primers 2bF/2bR.

Functional studies

Ring segments from the tail artery were suspended between
two supporting jaws in a stainless steel chamber of a Mulvany-
Halpern wire-myograph and allowed to equilibrate for 30 min
(Ting et al., 1997). The initial resting tension was 0.2—0.3 g
and preparations were allowed to relax to 0.1—0.2 g. Changes
in isometric tension were recorded by a MacLab and displayed
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on a Macintosh computer. Vessels were contracted with KCl
(60 mM) to assess tissue viability and provide a reference
contraction for subsequent data analysis. The preparations
were stimulated with a 5 s train of electrical pulses (10—20 V;
0.3 ms pulse width) at a frequency of 2—3 Hz every 4—35 min
(Ting et al., 1997) with a D330-Multisystem stimulator
(Digitimer, U.K.). The voltage and frequency of the electrical
field stimulation were modified in the beginning of each set of
experiments to obtain a contraction which was 20—35% of the
response to 60 mM KCl. Upon obtaining constant, ‘baseline’
neurogenic responses, non-cumulative concentration-response
curves (CRC) were constructed for melatonin (0.01 nM—1 um)
as previously described (Ting et al., 1997). Antagonists were
added at least 20 min before the construction of non-
cumulative CRC of melatonin, and readded after the final
washout between non-cumulative application of melatonin
(20 min before the next addition of the agonist). The intrinsic
activity of the antagonists per se was also examined. In an
additional series of experiments, some of the vessels were
stimulated with phenylephrine (50—-100 nM) to produce a
response approximately 25% of the response to 60 mM KCI.
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Upon establishing a stable contraction, 100 nM of melatonin
was added in the absence and presence of the antagonist 4-P-
PDOT (10 nMm).

Second messenger studies

Ring segments (5 mm) of the tail artery were incubated for
60 min at 37°C in a shaking waterbath before incubation
with  [*H]-adenine (specific  activity =851 GBq mmol~!,
74 kBq ml~") for a further 60 min (Wright et al., 1995).
Each segment was then transferred to a flat bottom vial
containing K-H solution with a final assay volume of 300 ul
and allowed to equilibrate for 20 min. Where appropriate,
melatonin (1 uM) was added 10 min prior exposure to
forskolin (30 uM). The reaction was terminated 5 min later
by the addition of 200 ul 1 M HCI and followed by 750 ul of
distilled water. [*H]-cyclic AMP was separated from [*H]-
adenine and other [*H]-products using sequential Dowex/
alumina chromatography (Salomon et al., 1974). In order to
correct the results for variation in recovery, ['*C]-cyclic
AMP (c. 30 Bq) was added to each tube (Wright et al.,
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Figure 1 (a) PCR of the mt, receptor in rat tail artery (TA), liver, retina and suprachiasmatic nucleus (SCN). cDNA was amplified
for 40 cycles using the specific mt; receptor subtype primers and the conditions given in the Methods section. PCR products were
separated by agarose gel electrophoresis (1.5% w v~ ') and stained with ethidium bromide (0.5 ug ml™"). A single product of the
size expected (360 bp) was observed on amplification of tail artery and SCN ¢cDNA but not with liver or retinal cDNA. Blank, no
cDNA was included in the PCR amplification. M =molecular weight markers (Hpall digest of pBluescript SK*). (b) The PCR
product of 360 bp amplified from tail artery was excised from the gel, purified and duplicate samples were digested with the
restriction enzyme BamHI (10 u, 37°C, overnight). The products were separated on a 2.2% w v~ ' agarose gel. Two fragments of the
size expected for the genuine mt; PCR product were obtained (197 and 163 bp).—, uncut mt; PCR product.
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1995). [*H]-cyclic AMP levels were corrected for the recovery
from the dowex/alumina chromatography by measurement
of the total tritium taken up into tissue samples. ["*C]-cyclic
AMP, [PH]-cyclic AMP and total tritium in each sample
were determined by liquid scintillation counting. All
treatments were carried out in quadruplicate.

Data analysis

For studies involving isometric tension, responses have been
expressed as percentage of the enhancement to the predrug,
neurogenic or phenylephrine-induced contractions. The effect
of the antagonist per se has been expressed as the percentage of
basal (predrug) neurogenic responses. The sensitivity of the
preparations to melatonin was assessed as the negative
logarithm of the concentration required to produce 50% of
the maximum response (pECs) after the melatonin concentra-
tion-effect (E/[A]) data were fitted to the formula:

__ oAl
[A]" + [Aso]"

where E is the response, o is the asymptote, [A] is the agonist
concentration, n is the gradient of the E/[A] curve and [As] is
the mid-point of E/[A] curve (Black ez al., 1985). [Aso] values
represent melatonin concentration giving 50% of the max-
imum responses and are shown as the negative logarithm
(pECs). The maximum response (E,.,) to melatonin in the
absence and presence of the antagonist was compared. The
negative logarithm of the dissociation constant for the
antagonist (pKp value) was determined by the method of
Furchgott (1972). For these experiments, the agonist con-
centration-ratio (CR) was determined in each preparation. The
CR is the ratio of ECs, values of melatonin in the presence and
absence of antagonist. For the biochemical studies, [*H]-cyclic
AMP accumulation has been expressed as a percentage of
conversion of [*H]-adenine to [*H]-cyclic AMP.

Statistical analysis was performed using either two-way
analysis of variance, paired or unpaired Student’s r-test (two-

E
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tailed), as appropriate. Differences between mean values were
considered statistically significant if P<0.05.

Solutions and drugs

The composition of the K-H solution was (in mMm): NaCl
118.4, KCl 4.7, CaCl, 1.25, MgSO, 1.2, NaHCO; 24.9,
KH,PO, 1.2 and glucose 11.1. The following compounds
were used: L-phenylephrine HCI, melatonin, forskolin
(Sigma); KCI (Fisons); 4-P-PDOT (4-phenyl-2-propionami-
dotetraline; Tocris); 2-benzyl-N-pentanoyltryptamine (sup-
plied by Dr Duncan Crawford, Tocris) and [*H]-adenine,
["*Cl-cyclic AMP (Amersham International, Amersham). 4-
P-PDOT and melatonin were prepared as 10 mM stock
solutions in 100% dimethylsulphoxide (DMSO) and DH97
was dissolved in 100% ethanol at 10 mM. Further dilutions
were freshly prepared each day with distilled water except 4-
P-PDOT (1 mM) in 50% DMSO. The maximum concentra-
tion of the solvent in the organ bath never exceeded 0.1%

vv L

Results

Molecular characterization of melatonin receptor
subtypes: RT—PCR

mt; receptor subtype A single PCR product of the expected
size (360 bp) was detected on amplification of cDNA pre-
pared from all seven rat tail artery segments (Figure la).
This product was also apparent when SCN cDNA was
amplified but was not detected in liver or retina. Digestion
of the purified mt, PCR product with the restriction enzyme
BamHI gave two bands of the size predicted (197 and
163 bp) from the published sequence of a rat mt, receptor
fragment (GenBank accession number U14409) (Figure 1b).
Digestion of the SCN mt; PCR product with BamHI also
gave two fragments of this size (data not shown). Sequence
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241>
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W 154 bp

Figure 2 (a) PCR of the MT, receptor in tail artery (TA), retina (RET) and brain. cDNA was amplified for 40 cycles under the
conditions given in the methods section using the specific M T, receptor primers 1bF and 1bR. A single product of the size expected
(292 bp) was observed on amplification of retina and brain cDNA but not with tail artery cDNA. M =molecular weight markers.
(b) 1 ul of the 20 ul PCR reaction mixture from the tail artery and brain in (a) was re-amplified for a further 40 cycles using the
nested primers 2bF and 2bR. Eight ul of the reaction mixture was separated on a 2.5% agarose gel and stained with ethidium
bromide. No amplification product was seen for the tail artery sample but a single product of the expected size (154 bp) was
observed for the brain sample. This product was readily detected also after 20 cycles.
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Figure 3 Effect of 2-benzyl-N-pentanoyltryptamine (a) 60 nM (rn=6)
and (b) 5SumM (n=5) on the concentration-response curves for
melatonin against electrically-evoked contractions (2—3 Hz, 0.3 ms
pulse width, 10-20 V) of isolated tail arteries from juvenile rats.
Responses have been expressed as the percentage enhancement of the
electrically-evoked contractions (measured prior to exposure to
melatonin) and are shown as the mean +s.e.mean (vertical lines).

analysis of the mt; PCR product in the sense and antisense
directions showed it to be 99.3% identical to the genuine
mt; sequence.

MT, receptor subtype Amplification of the tail artery cDNA
with MT, specific primers (1bF/1bR) failed to generate any
detectable PCR products (Figure 2a). Brain cDNA did yield a
product of the expected size (292 bp), and a faint band was
also seen in retina. To confirm the identity of the PCR product
obtained with brain cDNA and to determine if a small amount
of the product (below the limit of detection by ethidium
bromide staining) had been produced for tail artery, nested
PCR was done on a sample (1 ul) of the first round PCR mix.
The primers used (2bF/2bR) anneal to sequences specific for
the MT, receptor contained within the 292 bp fragment.
Nested PCR of the brain sample gave a single product of the
expected size (154 bp) confirming that it was amplified from
genuine MT, receptor (Figure 2b). This product at 154 bp was
evident for the brain sample after 20 PCR cycles (data not
shown), but was not detected even after 40 cycles with the tail
artery sample.

In a parallel series of experiments, adjacent ring segments of
the tail artery from the same animals (n=7) used in the above
study, responded to melatonin (0.1 nM—0.3 uM) with a
concentration-dependent enhancement of electrically-evoked
contractions (data not shown).

Pharmacological characterization of melatonin receptor
subtypes

The binding affinities (pK;) of 2-benzyl-N-pentanoyltrypta-
mine to compete for ['*’I]-2-iodomelatonin binding to human
recombinant mt; and MT, melatonin receptors expressed in
NIH3T3 cells are 6.1 and 8.0, respectively (Teh & Sugden,
1998). The pK; values of 4-P-PDOT for mt, and MT, receptors
are 6.3 and 8.8, respectively (Dubocovich et al., 1997). 2-
benzyl-N-pentanoyltryptamine and 4-P-PDOT exhibited 80—
300 fold greater affinity for the M T, binding site compared to
mt, binding sites. On the basis of these data, 60 nM 2-benzyl-
N-pentanoyltryptamine and 10 and 100 nM 4-P-PDOT were
used as selective concentrations to examine the effect of MT,

Table 1 Effect of melatonin against electrically-evoked contractions in the absence (control) and presence of the selective M T, receptor

ligands
n

2-Benzyl-N-pentanoyltryptamine
(a) Control 6
(+) 60nm
(b) Control 5
(+) Sum

4-P-PDOT
(a) Control 6
(+) 10nm
(b) Control 6
(+) 100nm
(c) Control 8

(+) 3um

pECJ'() Ema,\‘ (‘VO)
8.53+0.20 140+ 18
8.83+0.38 129415
8.64+0.19 137421

n.a. <65*

8.70+0.31 143+11
8.73+0.16 210+ 17*
9.06+0.12 128+ 14
8.83+0.11 177 +21%*
8.48+0.18 151+24
7.8440.08* 197+20

(pPKg=6.17+0.16)

The potency (pECsp) and maximum response (E,.x) of melatonin against electrically-evoked contractions of the rat isolated tail arteries
in the absence (control) and presence of the putative MT, receptor antagonists. The values shown represent mean +s.e.mean. *P <0.05
vs appropriate control (by two-tailed paired Student’s z-test). n.a., not able to calculate an accurate pECs, or pKp value.
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binding sites, while 5 uM 2-benzyl- N-pentanoyltryptamine and
3 uM 4-P-PDOT were employed to affect both MT, and mt,
binding sites. Neither the high nor the low concentrations of
the antagonists affected the basal tone of the isolated tail
artery.

Electrical field stimulation of the rat tail artery every 4—
5 min caused a reproducible, transient contraction equivalent
to 25.1+3.0% of the response to 60 mm KCI (0.93+0.10 g,
n=11). MT, selective concentrations of the ligands failed to
affect the electrically-evoked responses (n=4). However, 5 uM
2-benzyl- N-pentanoyltryptamine significantly suppressed elec-
trically-evoked responses (64.6+7.9% of basal responses,

(a) 250 1 —O— Control
—@— 4-P-PDOT (10 nM)
200 1
c
]
'13 150 1
T
3
g 100 -
2
. 50 1
0 1
-12 -5
Log [Melatonin] (M)
b) 250
®) 0 —(O— Control
—@— 4-P-PDOT (100 nM)
200 1 ’
[
8
B 150
c
2
g 100 -
®
50
0 i 1 1 b 1] 1
-12 11 10 -9 -8 -7 -6 -5
Log [Melatonin] (M)
(c) 250 1
—(O— Control
—@—4-P-PDOT (3 uM
200 1 (3 uM)
c
2
w 150 1
=
2
g 100
£
50
0 T T T T T 1

12 11 10 -9 8 -7 6 -5
Log [Melatonin] (M)

n=4) while 3 um 4-P-PDOT significantly increased the
electrically-evoked responses (182.7+12.1% of basal re-
sponses, n=4).

Effect of 2-benzyl-N-pentanoyltryptamine against
vascular responses to melatonin

As shown in Figure 3, melatonin (0.1 nMm—1 uM) produced a
concentration-dependent enhancement of the electrically-
evoked contractions. Sixty nM 2-benzyl-N-pentanoyltrypta-

mine failed to modify the effect of melatonin against
electrically-evoked contractions (Figure 3a and Table 1). In
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Figure 4 Effect of 4-P-PDOT (a) 10 nm (r=6), (b) 100 nM (n=6) and (c) 3 uM (n=8) on the concentration-response curves for
melatonin against electrically-evoked contractions (2—3 Hz, 0.3 ms pulse width, 10—20 V) of isolated tail arteries from juvenile rats.
For graphs on the left, responses have been expressed as the percentage enhancement of the electrically-evoked contractions
(measured prior to exposure to melatonin) and are shown as the mean +s.e.mean (vertical lines). For graphs on the right, responses

have been expressed as the percentage of the maximum response.
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contrast, 5 uM 2-benzyl-N-pentanoyltryptamine caused a non-
parallel rightward displacement of the concentration-response
curve for melatonin which was associated with a significant
reduction in the maximum response (Figure 3b and Table 1).
The latter effect prevented an accurate estimate of the mid
point of the concentration-response curve in the presence of 2-
benzyl-N-pentanoyltryptamine and, therefore, determination
of the pKj value.

Effect of 4-P-PDOT against vascular responses to
melatonin

The maximum response (E,.,) to melatonin was increased
further in the presence of 4-P-PDOT (10 nMm—3 um; Table 1).
However, this enhancing effect of 4-P-PDOT (30—45% in all
preparations) was largely independent of concentration (see
Table 1). Therefore, the data obtained from this series of study
were also expressed as a percentage of the maximum response
observed in each preparation to enable easier, visual detection
of any shift in melatonin response curves (see Figure 4, left and
right).

4-P-PDOT (10—-100 nM) did not significantly alter the
sensitivity of the preparations to melatonin (see Figure 4a and
b). However, a non-selective concentration of 4-P-PDOT
(3 uM) caused a significant 5 fold rightward shift of the
concentration-response curve for melatonin (Figure 4c¢ and
Table 1) with an estimated pKg value of 6.17+0.16 (n=38).

In a separate study, phenylephrine (50—100 nM) produced
stable, sustained contractions in the tail artery (24.5+3.4% of
the 60 mM KCl response, n=8). Melatonin (100 nM) enhanced
phenylephrine-induced contractions (208.2+29.2%, n=38) in
the rat tail artery. In the presence of 4-P-PDOT (10 nM) the
response to melatonin was not different compared to the
control group (227.5+28.3%, n=8; P>0.05).

Melatonin and [*H ]-cyclic AMP accumulation

Under basal conditions, 0.9540.19% (n=4) of [*H]-adenine
was converted to [*HJ-cyclic AMP by 5 mm segments of rat tail
artery. Following exposure to 30 uM forskolin, the accumula-
tion of [*H]-cyclic AMP increased 5 fold to 5.204+1.30%
(n=4) of [*H]-adenine. As shown in Figure 5, 1 uM melatonin
did not affect [*H]-cyclic AMP accumulation under either basal

[*H]-cyclic . AMP accumulation
(% conversion of [*H]-adenine)

Basal Mel

Mel +
Forskolin

Forskolin

Figure 5 Effects of 1 uM melatonin (mel), 30 um forskolin and a
combination of melatonin and forskolin on [*H]-cyclic AMP
accumulation in the rat isolated tail artery. The results have been

. 3 . 3 .
expressed as percentage conversion of ['H]-adenine to ["H]-cyclic
AMP and are shown as the mean+s.e.mean of four separate
experiments (each conducted in quadruplicate).

condition (0.92+0.19%, n=4) or in the presence of 30 um
forskolin (5.35+0.90%, n=4).

Discussion

In an earlier study of the melatonin receptor mediating
enhancement of neurogenic contractions of the rat isolated
tail artery (Ting et al., 1997), we concluded that the receptor
belonged to the Mel, subgroup (now comprising mt, and MT,
receptors) but were unable to determine conclusively which
subtype was implicated. In the present study, we have
employed molecular biological techniques, to establish which
receptor subtype mRNA may be expressed and pharmacolo-
gical approaches to provide confirmation of a functional
correlate. In the latter instance, however, it has been necessary
to rely upon exclusion criteria for identifying the functional
receptor; while there are agents available that possess 100 fold
selectivity for the MT, subtype, there are no corresponding
tools for the mt; receptor subtype. Nonetheless, our results
suggest strongly that the rat tail artery expresses only one
melatonin receptor subtype. Based on the Nomenclature-
Committee of [IUPHAR recommendations (Vanhoutte et al.,
1998), the recombinant mt, receptor has now been shown to be
of a functional relevance (i.e. mediates the enhancement of
electrically-evoked contractions in the rat tail artery) can now
be referred as MT,; melatonin receptor.

Molecular biological evidence for mt; receptor subtype

Using RT-PCR mt; mRNA was detected in rat tail artery
segments identical to those used in the functional experiments,
and was also identified in SCN, but not in liver or retina. The
transcript for the mt; receptor has previously been found in the
SCN of various rodents by in situ hybridization (Reppert et al.,
1994; Roca et al., 1996), but it was not found in liver and was
just detectable in retina by RT—PCR (Reppert et al., 1995a).
Although the full coding sequence of the rat mt, receptor has
not yet been isolated, the fragment which has been sequenced
(Reppert et al., 1995b) has a deduced amino acid sequence
89% identical to the human mt, receptor. The PCR product
amplified from tail artery cDNA was identified as a genuine
mt, product by restriction analysis and sequencing.

RT—PCR failed to detect MT, mRNA in tail artery, but did
identify MT, transcripts in cDNA prepared from brain and
retina after 40 cycles of PCR. Although there is an apparent
low level of expression of MT, receptor transcripts precluding
detection by in situ hybridization (Reppert er al., 1995a),
expression has been shown in brain and retina by RT-PCR.
In our experiments, a second round of PCR using nested
primers which anneal to specific M T, sequences within the first
round PCR product confirmed that the product generated
from brain ¢cDNA was genuine MT, product, but did not
amplify a specific MT, fragment from tail artery. Thus, despite
the very sensitive techniques employed we could find no
evidence to support the contention that the MT, receptor is
expressed in rat tail artery. It is noteworthy that our findings
are consistent with the preliminary RT —PCR results of Krause
and coworkers (1996) that both rat and human cerebral
arteries possess mt; transcripts.

Pharmacological evidence for MT; receptor in the rat
tail artery

Several studies have shown that physiological levels of
melatonin can increase vascular tone in perfused rat tail artery
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(Vandeputte et al., 1997) or isolated tail artery (Evans et al.,
1992). Direct vasoconstriction to melatonin is observed when
vessels are pressurized (Evans et al., 1992; Ting et al., 1997) but
no direct constriction is apparent in tail artery maintained
under isometric tension. However, melatonin is able to
potentiate agonist-induced and electrically-evoked contrac-
tions in the rat isolated tail artery (Viswanathan et al., 1990;
Krause et al., 1995). The binding sites for melatonin appeared
to be restricted to the smooth muscle layer (Viswanathan et al.,
1990; Seltzer et al., 1992). In this present study, we observed
the effect of melatonin in both phenylephrine-induced and
electrically-evoked, isometric contractions in the rat isolated
tail artery, supporting the view that melatonin acts at a
postjunctional site. This action appears to proceed through a
cyclic AMP-independent pathway, possibly via closure of
Ca?"-activated K* channels (Geary et al., 1998), since
melatonin failed to inhibit either basal or forskolin-elevated
levels of [*H]-cyclic AMP accumulation. Although there are
several reports which suggest that activation of melatonin
receptors is associated with a reduction in forskolin-stimulated
cyclic AMP, it is significant that this has usually been observed
in recombinant systems with a high level of receptor expression
(Reppert et al., 1994; Browning et al., 1997). Interestingly,
Conway and coworkers (1997) noted that while melatonin
reduced cyclic AMP formation in cell line HEK293 stably
expressing recombinant melatonin receptors
(~400 fmol mg~"), it failed to do so in HEK293 cells
expressing low level of native melatonin receptors
(~1.1 fmol mg~"). Since the density of melatonin receptors
on the tail ranges from 15—29 fmol mg~' (Viswanathan et al.,
1990; 1992), it appears unlikely that modulation of cyclic AMP
formation contributes to the vasoconstrictor action of
melatonin.

As indicated earlier, the lack of mt, and MT, receptors
selective radioligands and analogues has hindered the
characterization of melatonin receptor subtypes in native
tissues (Dubocovich et al., 1997). Recently, however, Dubo-
covich and coworkers (1997) have demonstrated that human
mt; and MT, recombinant melatonin receptors can be
distinguished pharmacologically using a series of non indole-
based melatonin antagonists, including the amidotetraline
derivative 4-P-P-DOT, which display over 300 times higher
affinity for the MT, compared to the mt, subtype (Dubocovich
et al., 1997). Another recently characterized MT, selective
ligand, 2-benzyl-N-pentanoyltryptamine, a derivative of the
indole-based antagonist luzindole, also has high (90 fold)
selectivity for the recombinant MT, receptor expressed in
NIH3T3 cells (Teh & Sugden, 1998).

Appropriate concentrations of the antagonists were chosen
based on the affinity constant (pK;) of these agents for
recombinant MT, and mt, receptors determined by radi-
oligand binding. At low concentrations, neither 10 nM 4-P-
PDOT nor 60 nM 2-benzyl-N-pentanoyltryptamine signifi-
cantly altered the potency of melatonin in the rat tail artery.
It is noteworthy, however, that 10 nMm 4-P-PDOT, but not
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