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Abstract Melatonin is involved in blood pressure mod-

ulation in rats and humans. Some of the effects of mela-

tonin are presumably mediated via two G-protein-coupled

receptors (MT1 and MT2), but the distribution of MT1 and

MT2 in the cardiovascular system remains to be explored

comprehensively. We investigated the expression of both

the receptors in the rat aorta on mRNA level by RT-PCR

and real time RT-PCR as well as on protein level via

western blotting and immunofluorescence microscopy. We

verified MT1 mRNA expression in the rat aorta and dem-

onstrated the absence of MT2 mRNA in this vessel type.

MT1 receptors were confirmed also at the protein level, and

surprisingly they were preferentially localized to the tunica

adventitia. Since no daily changes in MT1 mRNA expres-

sion were detected, we suppose that the circadian changes

in circulating melatonin concentrations are sufficient to

mediate circadian effects of melatonin in the aorta. The

localization of MT1 in the tunica adventitia suggests an

influence of melatonin on vasa vasorum function and signal

transduction in the aorta wall.

Keywords Rat aorta � MT1/MT2 melatonin receptors �
Adventitia � Gene expression � Immunofluorescence

microscopy

Introduction

Melatonin (MEL) is an indolamine produced by the pineal

gland and released in a circadian manner, resulting in high

circulating levels during the night, and low levels during

the day (Waldhauser and Dietzel 1985). MEL is involved

in the regulation of a broad scale of physiological processes

(Dubocovich and Markowska 2005; Reiter et al. 2007),

including blood pressure (BP) modulation. In rats, pineal-

ectomy results in the development of hypertension

(Karppanen et al. 1973; Zanoboni et al. 1978) that in turn

can be lowered by MEL treatment (Holmes and Sugden

1976). Likewise, MEL reduced BP in spontaneously

hypertensive rats (Pechanova et al. 2007), L-NAME (N(G)-

nitro-L-arginine-methyl ester)-treated hypertensive rats

(Paulis et al. 2010), and in rats hypertensive as a result of

high fructose diet (Leibowitz et al. 2008) or due to stress

(Xia et al. 2008).

In humans, a hypotensive effect of MEL was shown in

healthy men (Arangino et al. 1999) and women (Cagnacci

et al. 1997, 1998), as well as in hypertensive male patients

(Scheer et al. 2004), hypertensive women without the

nighttime decrease (non-dipping) of BP (Cagnacci et al.

2005), patients with nocturnal hypertension (Grossman

et al. 2006), or patients with type 1 diabetes mellitus

(Cavallo et al. 2004). In addition, decreased MEL levels

are associated with non-dipping pattern of BP in hyper-

tensive patients (Jonas et al. 2003; Zeman et al. 2005).

Overall, these data suggest hypotensive effects of MEL and

its possible therapeutic use in cardiovascular pathologies

(Simko and Paulis 2007; Tengattini et al. 2008; Simko and

Pechanova 2009), but mechanisms behind the hypotensive

effects of MEL are not completely understood.

Presumably, MEL modulates BP at different sites. In

addition to not well-characterized central regulatory
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dolina, Pavilion B-2, Bratislava 4 842 15, Slovak Republic

e-mail: mzeman@fns.uniba.sk

123

Cell Mol Neurobiol (2011) 31:1257–1265

DOI 10.1007/s10571-011-9727-9



mechanisms (Paulis and Simko 2007), MEL can modulate

directly vascular tone. However, the data testing the

influence of MEL on vascular reactivity appear diverse,

vessel-specific, and sometimes conflicting (Pozo et al.

2010).

How MEL acts to influence vascular tone at the cellular

level is also not fully understood, but several potential

mechanisms have been suggested. These include, on the

one hand, non-specific mechanisms reflecting the strong

antioxidant capacity of MEL and its metabolites (Tan et al.

2007) that may preserve especially endothelial function

and structure (Anwar et al. 2001; Pechanova et al. 2007),

resulting in vasodilative and hypotensive effects. On the

other hand, in mammals, MEL may influence BP also via

two subtypes of G-protein-coupled plasma membrane

receptors, MT1 and MT2 (Reppert et al. 1994, 1995;

Dubocovich et al. 2010).

To understand receptor-mediated vasomodulatory

effects of MEL, the study of expression and distribution

of MT1 and MT2 receptors in different vessels is needed,

since the exact localization of the receptors and their

distribution in the vessel wall remain mostly unknown.

Using 125I-MEL binding, specific binding sites were

detected in rat cerebral arteries and the smooth muscle

layer of caudal arteries, while in the same study, aorta,

carotid, coronary, mesenteric, or renal arteries lacked

binding sites (Viswanathan et al. 1990). By RT-PCR, the

MEL binding sites in the tail artery and the cerebral

artery were unequivocally identified as being MT1 (Ting

et al. 1999; Chucharoen et al. 2003; Masana et al. 2002).

Expression of MT2 mRNA was not demonstrated in

cerebral arteries (Chucharoen et al. 2003) and remains

contradictory in caudal arteries (Ting et al. 1999; Masana

et al. 2002).

In the aorta, expression and function of MT1 was

attributed to the observed effects of MEL on rat aortic rings

in vitro (Lartaud et al. 2007), but the accumulated data

remain contradictory. While the expression of MT1 protein

had been shown (Benova et al. 2009), demonstration of

mRNA expression failed (Chucharoen et al. 2003), and
125I-MEL binding was not observed (Viswanathan et al.

1990). Finally, while MT2 mRNA expression was shown in

human aorta (Ekmekcioglu et al. 2003), a study in the rat

aorta failed to detect the same (Chucharoen et al. 2003).

The aim of this study was to evaluate the expression of

both MEL receptors and possible daily changes in receptor

expression in the rat aorta at the mRNA level by RT-PCR

using exon-spanning primers according to Ishii et al.

(2009) and real-time RT-PCR. To better understand a

possible function of MEL in the modulation of the car-

diovascular system activity, the receptor localization

in the aorta was investigated by immunofluorescence

microscopy.

Materials and Methods

Animals

Mature male Wistar rats were obtained from the Institute of

Experimental Pharmacology and Toxicology, Dobra Voda,

Slovak Republic. The rats received water and food

ad libitum, and were kept under a 12:12-h light:dark cycle

(lights on at 10:00 a.m.). The experimental protocol was

approved by the Ethical Committee for the Care and Use of

Laboratory Animals at the Comenius University Bratislava,

Slovak Republic.

Tissue Sampling

For mRNA isolation, aortas of 16 male Wistar rats (age

4 months) were used. Half of the aortas were obtained by

dissections 2 h before lights on (darktime group, n = 8)

and 2 h before lights off (lighttime group, n = 8). Rats

were killed by decapitation after CO2 anesthesia, and aortas

were quickly removed, snap frozen in liquid nitrogen, and

stored at -80�C. For western blot analysis eight male

Wistar rats of the same age were used (darktime group,

n = 4; lighttime group, n = 4). For immunofluorescence

microscopy, four mature male Wistar rats (age 9 months),

were killed during the daytime, and aortas were quickly

removed. The thoracic part of each aorta was fixated in

HOPE� solution (DCS, Hamburg, Germany) and embed-

ded in paraffin for sectioning. As positive controls for the

PCR experiments, rat brain and eye samples were used,

since the expression of both MT1 and MT2 mRNA in these

organs is well documented in rat (Ishii et al. 2009; Sallinen

et al. 2005; Fujieda et al. 1999, 2003).

RNA Isolation and Reverse Transcription

Total RNA was isolated using PeqGOLD� TriFast
TM

reagent (Peqlab, Erlangen, Germany) according to the

manufacturer’s instructions and was subsequently checked

for integrity by agarose gel-electrophoresis, and quantified

using a NanoDrop
TM

1000 (Nanodrop, Wilmington, USA)

spectrophotometer. RNA was subjected to reverse tran-

scription using the High Capacity cDNA Reverse Tran-

scription Kit with RNase Inhibitor (Applied Biosystems,

Carlsbad, CA, USA), according to the manufacturer’s

instructions.

RT-PCR

The RT-PCRs for b-actin, MT1, and MT2 were performed

using recombinant Taq-polymerase (Fermentas, St. Leon-

Rot, Germany) by the methods and primers as described

in Ishii et al. (2009) with the following modifications:
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RT-PCR for b-actin (resulting in a 496-bp product) was

carried out using cDNA corresponding to 50 ng RNA using

22 cycles, while RT-PCR for MT1 (resulting in a 316-bp

product) was carried out using cDNA corresponding to

400 ng RNA using 40 cycles. To amplify MT2, a nested

PCR was performed. The outer PCR primers were designed

from the published mRNA sequence for rat MT2 (Ishii

et al. 2009) (NCBI Reference Sequence NM_053676.1):

forward primer 50-TAG CAC TTG CTG GGC GGG GA-30,
reverse primer 50-AGG CTC GGT GGT AGG TCG CA-30

(resulting in a 540-bp product). The reaction mixture

contained 0.2 mM dNTPs, 0.2 lM forward primer, 0.2 lM

reverse primer, 1.5 mM MgCl2, and 1 U Taq-Polymerase

per reaction. The following temperature program was used:

initial denaturation at 95�C for 3 min, 40 cycles of 95�C

for 1 min, 57�C for 1 min, 72�C for 1 min, and then final

extension at 72�C for 10 min. The PCR was performed

using cDNA corresponding to 400 ng RNA. 1 ll of the

reaction product was used as template for the inner PCR

which was performed using the methods and primers as

described in Ishii et al. (2009), but with 20 cycles and an

annealing temperature of 57�C. The inner PCR resulted in

a 390-bp product. Negative controls were used in all the

reactions, which were treated exactly like the samples, but

containing water instead of cDNA. To ensure that the

observed amplicons resulted only from reversely tran-

scribed mRNA, samples with non-reversely transcribed

RNA were included in the PCR setup as well (-RT sam-

ples). The PCR products were analyzed by gel-eletropho-

resis using 1.5–2.0% agarose gels containing 0.05%

ethidiumbromide. For sequencing, bands were excised

from the gel, the PCR products were extracted and purified

using the QIAquick� Gel Extraction Kit (Qiagen, Hilden,

Germany) according to the manufacturer’s instructions,

and sequenced using MWG Eurofins Operon (Ebersberg,

Germany).

Real Time RT-PCR

Real time RT-PCR was performed using Taq-Man� gene

expression assays for rat MT1 (62618 G10) normalized

against b-actin (4352340E-0805007) on a StepOnePlus
TM

real time PCR system (all Applied Biosystems, USA).

cDNA corresponding to 100 ng RNA was used in tripli-

cates in 20 ll reactions. Negative controls containing water

instead of cDNA were included as well.

Western Blotting

Samples were homogenized in 0.3 M sucrose, 20 mM Tris

(pH 7.0) supplemented with a protease inhibitor cocktail (4-

[2-aminoethyl]benzenesulfonyl-fluoride, pepstatin A, E-64,

bestatin, leupeptin, aprotinin; Sigma, Saint Louis, MO,

USA), and subsequently centrifuged twice for 10 min at

3,5009g and once for 11 min at 12,0009g. Protein con-

centrations in the supernatants were measured (Lowry et al.

1951). Aliquots containing 40 lg of total protein were

denatured in loading buffer (10 mM Tris–HCl, 4% SDS,

20% glycerol, 0.05% coomassie brilliant blue, and 4%

2-mercaptoethanol) at 95�C for 5 min. Proteins were sepa-

rated by SDS-PAGE using 12% gels and transferred to

nitrocellulose membranes (Hybond-ECL, Amersham, UK).

To block nonspecific binding, membranes were incubated in

Tris-Buffered Saline (TBS) containing 1.2% Tween-20 and

5% nonfat dry milk (blocking buffer) overnight at 4�C. A

goat antibody directed against MT1 (MEL-1A-R (R-18);

sc-13186; Santa Cruz Biotechnology Inc., Santa Cruz, CA,

USA), diluted at 1:500 in blocking buffer was used as a

primary antibody, and a horseradish peroxidase-conjugated

donkey anti-goat IgG (sc-2033; Santa Cruz Biotechnology

Inc., Santa Cruz, CA, USA, dilution 1:1,000 in blocking

buffer) was applied as a secondary antibody, each for 1 h at

room temperature. Immunoreactive proteins were visualized

with the enhanced chemiluminiscence detection system

(ECL, Amersham, UK). Expression of glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) was used as internal

control (primary antibody: anti-GAPDH, 1:1,000, Chem-

icon, Temecula, CA, USA; secondary antibody: anti-

mouse IgG, HRP-linked antibody, 1:1,000, Cell Signaling,

Danvers, MA, USA). The results of the western blot analysis

were scanned and individual bands were evaluated densito-

metrically using Quantity One software (Bio-Rad, Hercules,

CA, USA) to assess the expression level (arbitrary units) of

MT1 protein in relation to GAPDH in individual samples.

Immunofluorescence Microscopy

Paraffin-sections (4 lm) were de-paraffined and rehydrated

according to HOPE� manufacturer’s instructions, and

antigen retrieval was performed by incubation for 15 min

in steaming hot 10 mM citrate buffer, pH 6. Afterward, the

sections were incubated in blocking buffer, consisting of

5% goat serum (Jackson Immuno Research, Newmarket,

UK) in phosphate buffered saline, pH 7.4 (PBS) containing

0.05% saponin for 1 h. The sections were then stained

using rabbit anti-MT1 (Abbiotech, San Diego, CA, USA;

250761), diluted 1:10 in blocking buffer, as primary anti-

body (overnight) and goat anti-rabbit AlexaFluor 647

(Invitrogen molecular probes, Carlsbad, CA, USA;

A21244), diluted at 1:1,000 in blocking buffer, as sec-

ondary antibody (1 h). Finally, nuclei were labeled with

40,6-diamidino-2-phenylindole, dihydrochloride (DAPI;

Roche, Penzberg, Germany). The sections were mounted in

Mowiol (Sigma–Aldrich, St. Louis, MO, USA). After

drying, all the stained sections were photographed with

identical exposure times using an automated AxioImager
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Z1 epifluorescence microscope (Zeiss, Oberkochen, Germany),

equipped with TissueFAXS-motorized stage and software

(TissueGnostics GmbH, Vienna, Austria) using an EC-Plan

Neofluar 209/0.5 objective (Zeiss).

Results

MT1 mRNA and Protein are Expressed in the Rat Aorta

To verify synthesis of MT1 mRNA in the rat aorta, PCR

amplification of cDNA prepared from 16 frozen specimens

was performed according to Ishii et al. (2009) with some

modifications detailed in the method section. In order to

study variations in the daily expression, half of the aortas

were collected 2 h before lights on (darktime group,

D1–D8), and the other half of the aortas were collected 2 h

before lights off (lighttime group, L1–L8). The successful

amplification of b-actin (496 bp) proved correct reverse

transcription (Fig. 1a, upper panel). Bands of the expected

length for MT1 (316 bp) could be detected in all but one

(L2, lighttime group) aortic samples using 40 cycles of

PCR amplification (Fig. 1a, lower panel). A positive con-

trol (eye) was investigated as well, exhibiting a strong band

at the expected length (not shown). To confirm their

identity, the alleged bands for MT1 were purified and

sequenced. Sequence analysis showed 100% identity of the

amplicons to nucleotides 169–484 of the published Rattus

norvegicus MEL receptor 1a (MTNR1A) mRNA sequence

(NCBI Reference Sequence NM_053676.1, data not

shown).

The levels of MT1 varied in intensity to a quite high

degree throughout the lighttime and darktime sample

range. Overall, the bands in the daytime group appeared

slightly less intense than those in the nighttime group, and

especially D7 and D8 (both of the darkttime group)

exhibited quite strong bands (Fig. 1a, lower panel). To

verify any quantitative difference in MT1 mRNA expres-

sion levels between aortas from lighttime and darktime

groups, a real-time RT-PCR experiment was subsequently

performed. A positive control (eye) showed the highest

expression of MT1 (CT value 32), while the CT values for

MT1 in the aortas were high (35–38), indicating generally

low expression of MT1 mRNA in the aortas. The calcula-

tion of DCT values based on the mean b-actin CT values

demonstrated that the amount of MT1 expression varied

strongly among the individual samples (Fig. 1b). Analysis

of the mean expression levels showed no significant dif-

ference in MT1 mRNA expression between the lighttime

and the darktime groups (Fig. 1c).

Western blotting of the MT1 in the rat aorta samples

(n = 4 for lighttime and 4 for darktime) revealed an

immunoreactive protein at approximately 60 kDa (Fig. 2),

which correlates to a glycosylated form of the MT1

receptor (Brydon et al. 1999). As seen at the mRNA level,

protein expression of MT1 varied among the individual

aorta samples. For quantification of protein expression,

densitometric analysis of the MT1 protein expression was

performed and normalized to the respective GAPDH

expression in the individual samples. Mean MT1 protein

expression in the lighttime group was not significantly

different from MT1 protein expression in the darktime

group (Fig. 2).

Expression of MT2 mRNA in Rat Aortas

To analyze MT2 mRNA expression in rat aortas, a nested

RT-PCR was performed on the rat aorta samples (n = 3 for

lighttime and 3 for darktime) as well as rat eye and rat

brain, the latter two used as positive controls. Amplifica-

tion occurred only in the two positive controls, where, the

bands were very intense and at the expected length of

390 bp (Fig. 3). Correct amplification of MT2 in the posi-

tive controls was confirmed by sequencing. 100% identity

of the amplicons to nucleotides 60–450 of the published R.

norvegicus MEL receptor 2a (MTNR1B) mRNA sequence

(NCBI Reference Sequence: NM_001100641.1) was found

(data not shown). No bands were visible in the aorta

samples (Fig. 3) leading to the conclusion that MT2 mRNA

is not expressed in the rat aorta.

Localization of MT1 Protein in the Rat Aorta

by Immunofluorescence Microscopy

Finally, we investigated the localization of MT1 on paraffin

sections of rat aortas by immunofluorescence microscopy.

An anti-MT1 primary and an AlexaFluor647-conjugated

secondary antibody were used for localization of MT1,

nuclei were identified by DAPI staining. Specificity of the

antibodies was tested on paraffin sections of brain that is

known to express high levels of MT1, and region-specific

staining was observed (manuscript in preparation). In the

rat aorta, a staining was primarily visible in the tunica

adventitia. To a lesser extent, cells of the tunica media and

tunica intima were also stained (Fig. 4a). Omission of the

primary antibody abolished this staining (Fig. 4b).

Discussion

Our study demonstrates the presence of MT1 mRNA in the

rat aorta, and the identity of the amplicon was confirmed by

sequencing of the PCR products. Expression of MT1 was

additionally confirmed at the protein level by Western

blotting. These results extend our previous findings in the
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Fig. 1 RT-PCR analysis of MT1 mRNA expression in rat aortas

collected during light (L1–L8) or dark (D1–D8) with a difference of

12 h. a Total RNA isolated from aortas was subjected to RT-PCR

using specific primers for b-actin (upper panel, 496 bp) and MT1

(lower panel, 316 bp) cDNAs. Negative controls (Neg, water instead

of cDNA) and -RT samples (RNA instead of cDNA) are included.

b Real time quantitative RT-PCR analysis was performed using the

MT1 and b-actin gene-specific primers as described in Materials and

Methods. A positive control (eye) was included. Gene expression of

MT1 in each aortic sample was normalized with the respective

expression of b-actin mRNA and is shown as DCT value. Values are

mean ± SEM for three replicates of each aorta. c Mean expression

levels of MT1 in the lighttime (n = 8) and darktime (n = 8) groups of

aortas

Fig. 2 Western blot analysis of MT1-expression in rat aortas.

Homogenates from four samples (40 lg per lane) of the lighttime

and four samples of the darktime group from rat aortas were subjected

to western blot analysis using the anti-MT1-receptor-antibody (upper
panel) or an anti-GAPDH-antibody (lower panel) as described in the

Materials and Methods section. The immunoreactive band represent-

ing MT1 is located at approximately 60 kDa. A densitometric analysis

of the mean expression levels of MT1 normalized to GAPDH

expression in the lighttime group versus the darktime is shown
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rat aorta (Benova et al. 2009) and are in line with the MT1

presence in other blood vessels in rats (Dubocovich and

Markowska 2005) and the human aorta (Ekmekcioglu et al.

2001). We confirmed the presence of MT1 mRNA by two

different RT-PCR techniques applying two different sets of

primers and identified the amplicon by sequencing. Meth-

odological differences, especially different numbers of

amplification cycles may explain the discrepancy observed

between our result and the results of Chucharoen et al.

(2003) who were not able to demonstrate MT1 mRNA in

the rat aorta.

In contrast to the distinct expression of MT1 receptors in

the rat aorta, we failed to demonstrate the presence of MT2

mRNA in this vessel. The absence of the signal was proven

by a nested PCR applying exon spanning self-designed

outer primers and inner primers used by Ishii et al. (2009).

Positive controls using samples of the brain and eyes

proved a massive expression of MT2 in both these neural

organs, and the specificity of signals was confirmed by

sequencing of PCR products. The presence of MT2 was

reported in caudal arteries of rats (Masana et al. 2002) and

cardiac arteries and aortas of man (Ekmekcioglu et al.

2001) suggesting important tissue and species differences

in this type of MEL receptors whose function is still not

well understood.

Localization of MT1 receptors in the adventitia of rat

aorta is the most important result of this study. Distribution

of MEL receptors in the blood vessel wall has been studied

only to a limited extent, although it can elucidate a

potential role of MEL in the cardiovascular system. In the

rat caudal artery activation of the MT1 receptors was

reported to cause vasoconstriction and activation of MT2

receptors vasodilatation (Doolen et al. 1998; Masana et al.

2002). In line with these effects, a predominant localization

of both receptors in the tunica media has been shown,

where they can constrict or relax the caudal artery and

contribute to thermoregulation (Viswanathan et al. 1990).

Since no investigations on MT1 localization in the aorta

and other large conduit blood vessels were performed, we

conducted the present study. Surprisingly, the strongest

staining for MT1 in aortas was associated with the tunica

adventitia, and we detected only a sparse staining for MEL

receptors in the endothelium and the tunica media. Simi-

lar results have been reported for cerebral vessels from

Alzheimer patients where immunohistochemical staining

demonstrated MT1 only in the adventitia (Savaskan et al.

2002).

The absence of MT2 in the aorta and the presence of

MT1 only in the adventitia in our study suggest that MEL

does not contribute directly to relaxation or contraction of

Fig. 3 Nested RT-PCR analysis of MT2 mRNA expression in 6 rat

aortas collected at light (L, n = 3) or dark (D, n = 3). Total RNA

isolated from aortas was subjected to two subsequent RT-PCR

reactions using specific outer primers (product length of 540 bp, data

not shown) and inner primers (product length of 390 bp) for MT1

cDNAs. Two positive controls (brain and eye) and a negative control

(Neg, water instead of cDNA) were included

Fig. 4 MT1 protein localization in the rat aorta. Paraffin-embedded

sections from aortic tissue were stained for MT1 using a specific

primary and an AlexaFluor647-conjugated secondary antibody (white
staining) and analyzed by immunofluorescence microscopy. Nuclei

were stained with DAPI (blue staining). a Aorta section stained for

MT1. Arrows indicate staining in the TA and TI. b Negative control

(secondary antibody only). TA tunica adventitia (connective tissue),

TM tunica media (smooth muscle cells and elastic lamellae), TI tunica

intima (endothelium)
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the aorta as was demonstrated for the caudal artery. It

seems to be oversimplifying to generalize the vasocon-

strictive functions of MT1 and vasodilatating effects MT2

to all blood vessels since this conclusion is based on studies

using caudal arteries (Doolen et al. 1998; Masana et al.

2002) that have mainly thermoregulatory function. There-

fore, an alternative role of MEL and MEL receptors in the

adventitia of the aorta, and possible in other large conduit

arteries, should be assumed.

The adventitia of the vessel wall received much less

attention compared with the endothelium or media, and

was considered to have mainly a supportive function. In

addition to matrix proteins the adventitia contains (1) the

specialized nerve system consisting of afferent and efferent

autonomic nerves, and (2) a specialized network of small

capillaries (vasa vasorum) that provide nutrients and oxy-

gen to large conduit arteries (Gingras et al. 2009). Recent

findings demonstrate that functional changes within the

adventitia and especially its vasa vasorum, contribute

substantially to vascular function, including the mainte-

nance of elasticity of large arteries. Function of adventitial

vasa vasorum is influenced by daily and seasonal rhythms

(Nawrot et al. 2005), and it is very well possible that MEL

via its MT1 receptors can transfer information about the

environmental cycles to vessels. Moreover, vascular

physiology exhibits profound circadian rhythms that may

be of significant importance for the progression of vascular

diseases (Rudic 2009). Mice with the genetic disruption of

clock genes bmal1 and clock exhibited pathological vas-

cular remodeling after vessel ligation (Anea et al. 2009). It

is not known if MEL can influence rhythmic expression of

clock genes in blood vessels as it was shown in the heart

(Zeman et al. 2009). We did not find differences in MT1

mRNA expressions between aortas sampled 2 h before

lights on and 2 h before lights off. In these time points, the

highest receptor expression in the suprachiasmatic nucleus

was reported (Poirel et al. 2002). Since only two points

from the whole 24-h cycle were analyzed, we cannot

completely exclude possible daily changes in MT1 mRNA

expression over the day. However, distinct rhythm in

plasma MEL concentrations might be sufficient to keep

circadian variation without further amplification at the

level of its receptor.

Vascular wall inflammation and increased production of

ROS play an important role in the initiation and progression

of cardiovascular diseases. It has been traditionally expected

that vascular wall inflammation originates in the subendo-

thelial space and increases ROS production in the vessel

(Lusis 2000). However, recent experimental data support a

new paradigm in which the inflammation is initiated in the

adventitial layer and progresses through the media toward

the intima (Maiellaro and Taylor 2007; Csanyi et al. 2009).

This ‘‘outside–in’’ hypothesis is supported by a relatively

high adventitial infiltration of leukocytes, increased vasa

vasorum neovascularization, and enhanced production of

ROS by adventitial fibroblasts. Moreover, activation and

migration of adventitial myofibroblasts into the intima par-

ticipate in vascular remodeling (Siow and Churchman 2007).

There is a positive correlation among the magnitudes of

adventitial inflammation, the severity of atherosclerosis and

the inflammation progresses from the adventitia to intima

(Pagano and Gutterman 2007). Adventitial NADPH oxidase

appears to have a major contribution to vascular ROS pro-

duction (Pagano et al. 1995) and ROS can initiate vascular

remodeling (Csanyi et al. 2009). Since MEL has been proven

as an effective antioxidant that can protect tissue against

ROS (Reiter et al. 2007), this indolamine and its MT1

receptors in the adventitia may have the important role of

preventing structural and functional modifications of the

arterial wall. MEL can both directly scavenge ROS in the

free radical scavenging cascade (Tan et al. 2007) and

upregulate antioxidant enzyme expression and activity

through receptor-mediated processes (Reiter et al. 2007).

Such a protective role of MEL can be especially important in

the adventitia, since here it may inhibit inflammation, protect

elastic fibers, and influence extracellular matrix production.

Recently, a significant improvement in mesenteric artery

structure and function was observed in rats treated with MEL

(Rezzani et al. 2010), and this effect was independent of

blood pressure reduction. Similarly, treatment with exoge-

nous MEL resulted in reduced collagen content in the left

ventricle (Simko et al. 2009) and can reduce the myocardial

remodeling.

In conclusion, MT1 but not MT2 were found in the rat

aorta. The allocation of MT1 mainly to the adventitia sug-

gests that MEL in this vessel does not participate directly in

its vasoconstriction or vasodilatation. Since the adventitia

recently was found to play an important role in the large

conduit vessel function, MEL via MT1 receptor-mediated

mechanisms could protect against vessels inflammation and

subsequent arterial stiffness and modulate signal transduc-

tion via sympathetic nerve endings. We did not find daily

changes of MT1 receptor expression in the aorta and specu-

late that circadian changes of circulating MEL concentra-

tions are sufficient to mediate the reported daily and seasonal

changes in adventitia function and protection.
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Poirel VJ, Masson-Pévet M, Pevét P, Gauer F (2002) MT1 melatonin

receptor mRNA expression exhibits a circadian variation in the

rat suprachiasmatic nuclei. Brain Res 946:64–71

Pozo MJ, Gomez-Pinilla PJ, Camello-Almaraz C, Martin-Cano FE,

Pascua P, Rol MA, Acuña-Castroviejo D, Camello PJ (2010)

Melatonin, a potential therapeutic agent for smooth muscle-

related pathological conditions and aging. Curr Med Chem

17:4150–4165

Reiter RJ, Tan DX, Manchester LC, Pilar Terron M, Flores LJ,

Koppisepi S (2007) Medical implications of melatonin: receptor-

mediated and receptor-independent actions. Adv Med Sci

52:11–28

1264 Cell Mol Neurobiol (2011) 31:1257–1265

123



Reppert SM, Weaver DR, Ebisawa T (1994) Cloning and character-

ization of a mammalian melatonin receptor that mediates

reproductive and circadian responses. Neuron 13:1177–1185

Reppert SM, Godson C, Mahle CD, Weaver DR, Slaugenhaupt SA,

Gusella JF (1995) Molecular characterization of a second

melatonin receptor expressed in human retina and brain: The

Mel1b melatonin receptor. Proc Natl Acad Sci USA 12:8734–

8738

Rezzani R, Porteri E, De Ciuceis C, Bonomini F, Rodella LF, Paiardi

S, Boari GE, Platto C, Pilu A, Avanzi D, Rizzoni D, Agabiti

Rosei E (2010) Effects of melatonin and Pycnogenol on small

artery structure and function in spontaneously hypertensive rats.

Hypertension 55:1373–1380

Rudic RD (2009) Time is of the essence: vascular implications of the

circadian clock. Circulation 120:1714–1721

Sallinen P, Saarela S, Ilves M, Vakkuri O, Leppäluoto J (2005) The
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