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1 Based on our ®nding that melatonin decreased the lower limit of cerebral blood ¯ow
autoregulation in rat, we previously suggested that melatonin constricts cerebral arterioles. The goal
of this study was to demonstrate this vasoconstrictor action and investigate the mechanisms
involved.

2 The e�ects of cumulative doses of melatonin (10710 to 1076
M) were examined in cerebral

arterioles (30 ± 50 mM) of male Wistar rats using an open skull preparation. Cerebral arterioles were
exposed to two doses of melatonin (361079 and 361078

M) in the absence and presence of the mt1
and/or MT2 receptor antagonist, luzindole (261076

M) and the Ca2+-activated K+ (BKCa) channel
blocker, tetraethylammonium (TEA+, 1074

M). The e�ect of L-nitro arginine methyl ester (L-
NAME, 1078

M) was examined on arterioles after TEA+ superfusion. Cerebral arterioles were also
exposed to the BKCa activator, NS1619 (1075

M), and to sodium nitroprusside (SNP, 1078
M) in the

absence and presence of melatonin (361078
M).

3 Melatonin induced a dose-dependent constriction with an EC50 of 3.0+0.1 nM and a maximal
constriction of 715+1%. Luzindole abolished melatonin-induced vasoconstriction. TEA+ induced
signi®cant vasoconstriction (710+2%). No additional vasoconstriction was observed when
melatonin was added to the aCSF in presence of TEA+, whereas L-NAME still induced
vasoconstriction (710+1%). NS1619 induced vasodilatation (+11+1%) which was 50% less in
presence of melatonin. Vasodilatation induced by SNP (+12+2%) was not diminished by
melatonin.

4 Melatonin directly constricts small diameter cerebral arterioles in rats. This vasoconstrictor e�ect
is mediated by inhibition of BKCa channels following activation of mt1 and/or MT2 receptors.
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Introduction

We recently reported that melatonin increased the auto-
regulatory cerebrovascular dilatory capacity and improved

the cerebrovascular security margin in rats (ReÂ grigny et al.,
1998), suggesting a potential protective e�ect of melatonin
against hypotension-induced cerebral ischemia (Shuaib,

1992; Da�ertshofer & Hennerici, 1995; Skoog, 1997). We
suggested that melatonin increases the cerebrovascular
dilatory capacity by constricting not only large cerebral

in¯ux arteries but also cerebral microvessels (ReÂ grigny et
al., 1998). Melatonin is known to constrict large-diameter
cerebral arteries in vitro, following G protein-dependent
inhibition of Ca2+ activated large-conductance K+ (BKCa)

channels (Geary et al., 1997). In contrast, little is known of
the e�ects of melatonin on small diameter cerebral
arterioles which are involved in cerebral blood ¯ow

autoregulation.
The ®rst goal of this study was to investigate the

contractile e�ects of melatonin on small diameter (less than

50 mm) cerebral arterioles. The second goal was to determine
whether the contractile e�ect of melatonin on small diameter
cerebral arterioles was mediated by inhibition of BKCa

channels following activation of melatonin (mt1 and/or

MT2) receptors, as previously described for large-diameter
cerebral arteries (Geary et al., 1997). Experiments were

performed using an open skull preparation in anaesthetized
rats.

Methods

Animals and open skull preparation

Experiments were performed on adult, male Wistar rats
(Ico : WI, IOPS AF/Han; I�a-Credo, l'Arbresle, France, body
weight=538+22 g; 8 ± 9 months). Animals were allowed free
access to food and water, and housed at 248C under controlled

conditions of a 12 h light ± dark cycle, lights on at 0600 and o�
at 1800). Experiments were performed in accordance with the
guidelines of the European Union and the French Ministry of

Agriculture.
Animals were anaesthetized with sodium pentobarbitone

(60 mg kg71, i.p.) at 0900 h. A polyethylene cannula (Merck

Biotrol, Chennevieres, France) was introduced into the left
femoral artery, and connected to a low volume, strain-gauge
transducer (Baxter, Bentley Laboratories, Europe) for mea-
surement of blood pressure and heart rate. A polyethylene

cannula was introduced into the right femoral artery to
withdraw blood for measurement of arterial blood gases (pH,
PaO2, and PaCO2, mmHg; 170 pH/Blood Gas Analyzer,

Corning Medical, Med®eld, U.S.A). A silicone catheter (Sigma
Medical, Nanterre, France) was introduced into the left*Author for correspondence; E-mail: atkinson@pharma.u-nancy.fr
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femoral vein, and connected to a pump (Bioblock Scienti®c,
Paris, France) for infusion of sodium pentobarbitone (at a rate
of 0.25 ml h71; 20 mg kg71 h71) throughout the experiment

to maintain anaesthesia. Animals were intubated and
mechanically ventilated with room air (60 strokes min71;
10 ml kg71). Paralysis of skeletal muscle was obtained with
gallamine triethiodide (20 mg kg71 i.v.) repeated every hour.

Because the animals were paralyzed, the depth of anaesthesia
was evaluated by applying pressure to the tail and observing
changes in heart rate and blood pressure. Rectal temperature

was maintained at 37 ± 388C with a heating pad. To comply
with Home O�ce regulations, at the end of the experiment,
animals were killed while under general anaesthesia.

Measurement of arteriolar diameter

We measured the diameter of ®rst order arterioles of the
cerebrum (Harper & Bohlen, 1984) through an open skull
preparation (Chillon et al., 1996; 1997). The head was placed
in an adjustable head holder, and a 1 cm incision was made in

the skin to expose the skull. The skin edges were retracted with
sutures, and ports placed for in¯ow and out¯ow of arti®cial
cerebrospinal ¯uid (aCSF). Craniotomy was performed over

the left parietal cortex, and the dura was incised to expose
cerebral vessels. The exposed brain was continuously su�used
(3 ml min71) with aCSF, warmed to 37 ± 388C and equili-

brated with a gas mixture of 5% CO2 ± 95% N2. The
composition of the aCSF was (mM) KCl, 3.0; MgCl2, 0.6;
CaCl2, 1.5; NaCl, 131.9; NaHCO3, 24.6; urea, 6.7; and glucose,

3.7 (Chillon et al., 1996; 1997).
Arterioles were monitored through a microscope (Stemi

2000-C, Carl Zeiss Jena GmbH, Jena, Germany) connected to
a closed-circuit video system with a ®nal magni®cation of

6400. Images of arterioles were digitized using a video frame.
Arteriolar diameter was measured from the digitized images
with image analysis software (Saisam1, Microvision Instru-

ments, Evry, France). The precision of this system is 0.5 mm
(1 pixel=0.5 mm).

Experimental protocols

In a ®rst experiment, we determined the e�ects of melatonin on
cerebral arterioles. We examined latency and duration of the

response induced by melatonin. For this we measured cerebral
arteriolar diameter (n=5) every 5 min during perfusion with
aCSF plus melatonin (1076

M). After 25 min, melatonin

perfusion was stopped and we measured return in diameter
to baseline. A cumulative concentration ± response curve for
melatonin (n=8) was constructed by adding increasing

concentrations of melatonin in the range of 10710 to 1076
M.

For each rat, a sigmoid curve ®t was then calculated with the
least squares method:

Y � min� �maxÿmin�=�1� �10logEC50=10
logX�slope�

where: Y=diameter variation (mm), X=dose of melatonin
(M), min=minimum, max=maximum, EC50=the half-max-
imum e�ect, and slope=the slope of the curve.

The averages of min, max, EC50 and slopes were then used
to determine the average response curve. For the remainder of
the experiments, two doses of melatonin, 361079

M (EC50, see

results) and 361078
M (inframaximal, see Results) were used.

In a second set of experiments, we explored the mechanisms
by which melatonin induced contraction of cerebral arterioles.
The e�ects of the melatonin receptor (mt1 and MT2)

antagonist, luzindole (Dubocovich, 1995) (n=7), and the

BKCa channel blocker, tetraethylammonium (Brayden &
Nelson, 1992) (TEA+, n=6) on arteriolar vasoconstriction
induced by melatonin were determined. Cerebral arterioles

were exposed to two cumulative doses of melatonin (361079

and 361078
M) prior to and after 20 min of superfusion of the

cranial window with aCSF plus luzindole (261076
M) or

TEA+ (1074
M). In order to verify that cerebral arterioles were

still able to constrict after TEA+, we repeated this experiment
(n=4) with L-nitro arginine methyl ester (L-NAME, 1078

M, a
concentration which induced constriction of amplitude similar

to that induced by melatonin, 361078
M) instead of

melatonin. The e�ect of melatonin on the vasodilatation of
cerebral arterioles induced by the BKCa channel activator

NS1619 (Holland et al., 1996) (n=6) was also assessed in the
same rats. For this, cerebral arterioles were exposed to NS1619
(1075

M) prior to and 15 min after addition of melatonin at

361078
M in the aCSF. To verify that the e�ect of melatonin

on NS1619-induced vasodilatation was speci®c, we repeated
this experiment (n=4) with another vasodilatator, sodium
nitroprusside (SNP, 1078

M, a concentration which induced a

similar degree of dilatation to that induced by NS1619).
Finally, to verify that NS1619 acts via BKCa channel in this
preparation, we studied the e�ect of TEA+ (1074

M) on

NS1619-induced vasodilatation (1075
M, n=6). For this,

cerebral arterioles were exposed to NS1619 prior to and
15 min after addition of TEA+ in the aCSF.

All experiments started 30 min after completion of surgery
which lasted about 2 h. All drugs, individually or in
combination, were added to the aCSF at their ®nal concentra-

tion and superfused in the cranial window until a stable
response was obtained. For each drug concentration, diameters
of cerebral arterioles, arterial blood pressure, heart rate, and
blood gases were measured prior to the infusion of the drug and

after stabilization of the diameter under drug infusion (about
20 min). Responses of cerebral arterioles to the various drugs
were de®ned as the di�erences in diameters measured at the

same point on the cerebral arteriole prior to and during drug
infusion. Responses of cerebral arterioles were expressed either
as absolute change in diameter (mm) or as percentage change,

using the diameter measured prior to drug infusion as baseline.
The cranial window was continuously superfused with aCSF
between drug exposure for 30 min to washout drugs and allow
the diameter of the cerebral arterioles to return to baseline.

Substances used

Melatonin, luzindole, TEA+, NS1619, SNP, L-NAME and
gallamine triethiodide were purchased from Sigma Chemical
Company (St. Louis, MO, U.S.A). Melatonin, luzindole and

NS1619 were dissolved in aCSF plus absolute ethanol (0.1% v
v71) and protected from light. Control studies showed that the
solvent had no e�ect on cerebral arteriolar diameter (43+3 vs

baseline 45+2 mm). Doses are expressed as base. Gases were
purchased from Air Liquide (Nancy, France). Sodium
pentobarbitone was purchased from Sano® SanteÂ Animale
(Libourne, France). KCl, MgCl2, CaCl2, NaCl, NaHCO3, urea

and glucose were purchased from Merck KGaA (Darmstadt,
Germany).

Statistical analysis

Results are expressed as means+s.e.mean. The experimental

protocol was designed to use one-way analysis of variance
(ANOVA). Signi®cant di�erences between means were
determined using the Bonferroni test. The probability level
chosen was P40.05.
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Results

Cumulative concentration-response curve for melatonin

Melatonin induced dose-dependent constriction of cerebral

arterioles (Figures 1, 2 and 3). The constriction of cerebral
arterioles was maximal after 10 min perfusion with aCSF plus
melatonin (1076

M). Thirty minutes after the end of the

melatonin superfusion, cerebral arteriolar diameter returned to
baseline values (Figure 3). The responses of cerebral arterioles
to cumulative doses of melatonin were ®t to a sigmoid curve

(Y=(75.6+ 0.2)+ ((5.7+ 0.5) / (1+(108.5+0.2/10logX) )1.0+0.1);
R2=0.98; P50.01) with an EC50 of 3.0+0.1 nM, a maximum
constriction of 75.6+0.2 mm (715+1% vs baseline 38+
2 mm) and a slope of 1.0+0.1 mm.mmol71.L.

E�ects of luzindole on melatonin-induced constriction

Luzindole (261076
M), had no signi®cant e�ect on cerebral

arteriolar diameter (46+2 mm vs baseline diameter: 46+2 mm)
but abolished the constriction induced by melatonin (Figure

4).

E�ects of TEA+ on melatonin-induced constriction

The BKCa channel blocker, TEA+ (1074
M), induced sig-

ni®cant constriction of cerebral arterioles (710+2% vs
baseline 48+2 mm) of a similar amplitude to that induced by

melatonin (361078
M : 714+1% vs baseline 47+3 mm). No

additional vasoconstriction was observed when melatonin
(3 61079 and 3 61078

M) was added to the aCSF in presence

of TEA+ (Figure 5).

Figure 1 Cumulative concentration-response curve for melatonin.
Results are expressed as change in diameter from baseline. Values are
means+s.e.mean; n=8. The sigmoid curve was calculated as the
average of the individual curves obtained by least squares analysis of
each data set (see Methods).

Figure 2 Cerebral arterioles (a) and cerebral veins (v) superfused
with aCSF (A) or with aCSF plus melatonin (1076

M; B). Arrows
show the reduction in arteriolar diameter induced by melatonin.

Figure 3 Latency and duration e�ect of melatonin (1076
M) on

cerebral arteriolar diameter. Arrow shows the end of the melatonin
perfusion. Values are means+s.e.mean; n=5. *P40.05 vs baseline.

Figure 4 E�ect of melatonin (361079 and 361078
M) prior to

(aCSF) and after luzindole (261076
M). Values are means+s.e.-

mean; n=7. *P40.05 vs baseline. {P40.05 vs responses induced by
melatonin alone.

Figure 5 E�ect of melatonin (361079 and 361078
M; n=6) or L-

NAME (1078
M; n=4) prior to (aCSF) and after TEA+ (1074

M).
Values are means+s.e.mean. *P40.05 vs baseline. {P40.05 vs
responses induced by melatonin alone.

Melatonin and rat cerebral arterioles1668 O. ReÂgrigny et al



E�ects of L-NAME on TEA+-induced constriction

The absence of vasoconstriction in cerebral arterioles

preconstricted with TEA+ was speci®c for melatonin as L-
NAME (1078

M) in the presence of TEA+ induced an
additional, signi®cant vasoconstrictor response (Figure 5).

E�ects of melatonin on NS1619- or SNP-induced
dilatation of cerebral arterioles

The BKCa channel activator NS1619 (1075
M) induced a

signi®cant increase in cerebral arteriolar diameter (+11+1%;
vs baseline 45+3 mm; Figure 6). Melatonin (361078

M)

induced signi®cant constriction of cerebral arterioles
(713+1% vs baseline 45+3 mm). NS1619-induced vasodila-
tation in the presence of melatonin was reduced by 50%

(+5+1% vs baseline 39+3 mm; Figure 6). TEA+ signi®cantly
reduced vasodilatation induced by NS1619 (+16+2% vs
+8+1%).

SNP (1078
M) induced signi®cant vasodilatation

(+12+2%; vs baseline 39+6 mm; Figure 6). Melatonin
(361078

M) induced signi®cant constriction of cerebral
arterioles (712+1% vs baseline 37+6 mm). The vasodilator

response to SNP in the presence of melatonin (+17+4% vs
baseline 33+6 mm) was equal to that obtained prior to
melatonin superfusion (Figure 6).

Luzindole, melatonin, TEA+, NS1619, L-NAME or SNP in
the cranial window had no signi®cant e�ect on systemic
haemodynamics or blood gas parameters as heart rate

(357+14 bpm), mean arterial blood pressure (120+2 mmHg),
pH (7.39+0.01), PaO2 (96+3 mmHg) and PaCO2

(36+1 mmHg) did not change signi®cantly throughout the
experiment.

Discussion

The present study shows that melatonin constricts small
diameter cerebral arterioles in situ in anaesthetized rats. This

e�ect appears to be mediated by the binding of melatonin on
mt1 and/or MT2 receptors as the melatoninergic receptor (mt1
and MT2) antagonist, luzindole, abolished the response of

cerebral arterioles to melatonin. Furthermore, our results
suggest that the vasoconstriction induced by melatonin is due
to inhibition of BKCa channels as melatonin failed to elicit

vasoconstriction when BKCa channels were already inhibited
by TEA+ and reduced the vasodilatation induced by the BKCa

activator, NS1619.
We previously suggested that melatonin constricts not only

large cerebral in¯ux arteries but also cerebral arterioles
(ReÂ grigny et al., 1998). A direct vasoconstrictor e�ect of
melatonin on large-diameter cerebral arteries has already been

established (Geary et al., 1997). Our hypothesis that melatonin
would vasoconstrict small diameter cerebral arterioles was
based on the following observations. First, the cerebrovascular

response to carbon dioxide, which is a measure of the dilatory
capacity of cerebral microvessels (Heistad et al., 1980; Wei et
al., 1980; Jones et al., 1989), was increased in a concentration-

dependent manner following melatonin infusion (ReÂ grigny et
al., 1998). Second, melatonin infusion shifted the lower limit of
cerebral blood ¯ow autoregulation towards a lower level of
blood pressure (ReÂ grigny et al., 1998), an e�ect that, according

to the hypothesis of Paulson & Waldemar (1990), would only
be observed if melatonin constricted not only large diameter
cerebral arteries but also cerebral microvessels.

The present results con®rm our hypothesis that melatonin
constricts small diameter cerebral arterioles. In our study,
melatonin constricted cerebral arterioles in situ with a potency

(EC50=3.0+0.1 nM) similar to that described for large
diameter cerebral arteries in vitro pressurized to physiological
levels (EC50=2.7 nM) (Geary et al., 1997) or for pressurized

tail arteries (0.7 ± 3.2 nM) (Ting et al., 1997). Furthermore, the
maximal decrease in diameter observed in our study (715%)
was also similar to that measured in large-diameter cerebral
(10 ± 17%) (Geary et al., 1997) or in tail arteries (19 ± 20%)

(Ting et al., 1997). The response to melatonin was similar to
that produced by maximum dose of another vasoconstrictor,
endothelin (22+5%) (Faraci, 1989).

The contractile e�ect of melatonin on cerebral arterioles
was abolished by pretreatment with luzindole, a melatoniner-
gic receptor antagonist (Krause & Dubocovich, 1991) at a

concentration that has been reported to antagonize melatonin-
induced vasoconstriction in isolated middle cerebral arteries
(Geary et al., 1997). This result supports the hypothesis that, as
in large-diameter cerebral arteries (Geary et al., 1997),

melatonin acts on a vascular mt1 and/or MT2 receptor.
However, as melatonin is known to be an anti-oxidant (Reiter,
1997) and as free radicals are known to dilate blood vessels via

e�ects on potassium channels (Archer et al., 1994) we cannot
rule out the possibility that such a mechanism is at least partly
responsible for melatonin-induced constriction in our experi-

ments.
In large diameter cerebral arteries, such as the middle

cerebral artery, melatonin induces vasoconstriction by block-

ade of receptor-coupled BKCa (Geary et al., 1997). The present
results suggest that the same mechanism operates in arterioles.
Melatonin failed to elicit further vasoconstriction in cerebral
arterioles preconstricted with the BKCa channel blocker TEA

+,

suggesting that the two drugs act via the same pathway. This
was con®rmed when we examined the e�ect of a vasocon-
strictor with a di�erent mechanism of action, L-NAME, on

cerebral arterioles preconstricted with TEA+. L-NAME
signi®cantly constricted cerebral arterioles preconstricted with
TEA+. An additional indication that melatonin-induced

vasoconstriction in cerebral arterioles is mediated by the BKCa

channels is given by the results of the experiment using
NS1619. NS1619, a BKCa channel opener, induced vasodilata-
tion in cerebral arterioles and this was antagonized by

Figure 6 E�ect of melatonin (361078
M) on the vasodilatory

response to NS1619 (1075
M; n=6) or SNP (1078

M; n=4). Values
are means+s.e.mean. *P40.05 vs baseline. {P40.05 vs responses
induced by NS1619.
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melatonin and TEA+. This e�ect of melatonin appears to be
speci®c for the BKCa channel opener, NS1619, as melatonin
failed to antagonize vasodilatation of cerebral arterioles

induced by a vasodilatory agent with a di�erent mechanism
of action, SNP. NS1619 has been shown to inhibit L-type Ca2+

channels and voltage-activated K+ channels (Holland et al.,
1996), however the fact that TEA+ inhibits NS1619

vasodilatation is consistent with an e�ect of NS1619 on BKCa

channels in our preparation.

Implications of our ®ndings

In conclusion, the present results show that melatonin

vasoconstricts small diameter cerebral arterioles. This direct
constrictor e�ect of melatonin in small diameter cerebral
arterioles appears to be mediated by melatoninergic (mt1 and/

or MT2) receptors. The results also suggest that, as observed in
large-diameter cerebral arteries (Geary et al., 1997), vasocon-

striction induced by activation of the receptor is mediated by
inhibition of BKCa channels. This direct vasoconstrictor e�ect
of melatonin observed in vivo on cerebral arterioles, together

with the vasoconstrictor e�ect of melatonin observed in vitro
on large-diameter cerebral arteries (Geary et al., 1997), may
explain the increase in the cerebrovascular dilatory capacity
and the decrease of the lower limit of cerebral blood ¯ow

autoregulation that we have previously described (ReÂ grigny et
al., 1998).

This study was funded by grants from the French Ministry of
Education and Research (EA/JE2166, Paris, France), the Regional
Development Committee (Metz, France), the Greater Nancy Urban
Council (Nancy, France), the Henri PoincareÂ University (Nancy,
France) and Institut de Recherches Internationales Servier (Cour-
bevoie, France). Part of these results was presented at the Winter
Meeting of the British Pharmacological Society, Brighton, U.K.
(Chillon et al., 1999).
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