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Thermoregulatory processes have long been implicated in the initiation of human
sleep. In this paper, we review our own studies conducted over the last decade
showing a crucial role for melatonin as a mediator between the thermoregulatory
and arousal system in humans. Distal heat loss, via increased skin temperature,
seems to be intimately coupled with increased sleepiness and sleep induction. Exogen-
ous melatonin administration during the day when melatonin is essentially absent
mimics the endogenous thermophysiological processes occurring in the evening and
induces sleepiness. Using a cold thermic challenge test, it was shown that melatonin-
induced sleepiness occurs in parallel with reduction in the thermoregulatory
set-point (threshold); thus, melatonin may act as a circadian modulator of the
thermoregulatory set-point. In addition, an orthostatic challenge can partially block
the melatonin-induced effects, suggesting an important role of the sympathetic
nervous system as a link between the thermoregulatory and arousal systems. A topo-
graphical analysis of finger skin temperature with infrared thermometry revealed
that the most distal parts of the fingers, i.e., fingertips, represent the important skin
regions for heat loss regulation, most probably via opening the arteriovenous anasto-
moses, and this is clearly potentiated by melatonin. Taken together, melatonin is
involved in the fine-tuning of vascular tone in selective vascular beds, as circulating
melatonin levels rise and fall throughout the night. Besides the role of melatonin as
“nature’s soporific”, it can also serve as nature’s nocturnal vascular modulator.

Keywords Melatonin, Circadian rhythm, Thermoregulation, Sleepiness, Body
temperature

INTRODUCTION

The idea that body temperature and sleep are interrelated is based on
evolutionary history. Mammalian sleep evolved in association with endo-
thermy (Zepelin, 2000), and all species, regardless of level of development,
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and independent of temporal niche, usually rest or sleep during the circa-
dian trough of their core body temperature (CBT) rhythm (Glotzbach and
Heller, 2000). Early studies in humans revealed a close temporal relation-
ship between sleep onset and the CBT rhythm (Czeisler et al., 1980; Zulley
etal., 1981). Sleep is typically initiated on the declining portion of the CBT
curve when its rate of change and body heat loss are maximal (Zulley et al.,
1981; Campbell and Broughton, 1994). A variety of sleep-promoting
manipulations, and agents like benzodiazepines or alcohol, have soporific
effects (Dawson and Reid, 1997; Gilbert et al., 1999), at least partially
through enhancing heat loss mechanisms, i.e., increase of distal skin
temperature (DIST, the mean skin temperatures of hands and feet;
Kriuchi et al., 1997c). Thus, the concept it is the increased DIST (and
hence body heat loss) that is crucial for sleepiness and sleep initiation is
supported by a number of studies (Baker et al., 1976; Brown, 1979;
Krduchi et al., 1999a). In this paper, we review our own studies done
during the last decade showing a crucial role for melatonin in the relation-
ship between the thermoregulatory and arousal systems in humans. In
order to understand how melatonin influences thermophysiology and
sleepiness, it is necessary to first elucidate how the circadian rhythm of
CBT is regulated.

THE CIRCADIAN REGULATION OF CBT AND SKIN
TEMPERATURES IN RELATION TO MELATONIN
AND SLEEPINESS

CBT, which reflects about 70% of body heat content, is determined by
the balance between heat production and heat loss, which changes over
time as revealed by the circadian rhythm of CBT (Aschoff et al., 1974).
Heat production undergoes a circadian rhythm, which is phase advanced
by ~1h compared to the circadian rhythm in heat loss, and this phase
angle difference determines the circadian amplitude of ~0.25°C in CBT
(Aschoff et al., 1974). However, the circadian pattern of heat loss and
heat production is not represented by uniform sine waves; heat loss in
the evening is more dominant than reduction in heat production, and
vice versa in the morning (Krduchi and Wirz-Justice, 1994).

Under resting conditions, the thermoregulatory system in humans
consists of two compartments, the heat-producing core and the heat-
loss-regulating shell (Aschoff, 1971). To regulate the endogenous circadian
CBT rhythm, changes in shell size take place. DIST rises in the evening;
whereas, proximal skin temperature (PROX; weighted mean skin tempera-
tures of the thigh, stomach, infraclavicular region, and forehead; Kriauchi
etal., 1997¢), heat production, and CBT decline, and this pattern switches
in the morning (Aschoff and Heise, 1972; Kriuchi and Wirz-]Justice, 1994).
Convective blood transport is the main route of heat redistribution from
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the core to the distal extremities (Aschoff, 1971). These distal parts of the
body (e.g., fingers) have ideal (round) surface shapes for good heat transfer
to the environment. They are the main heat loss effectors of the body
(Aschoff, 1971). The core is homeostatically regulated within a narrow
range. In contrast, the shell is rather poikilothermic and therefore
largely dependent on environmental conditions. The shell represents
the thermo-effector-site of a feed-forward regulation for the core and
serves as a kind of thermic protector for it (Aschoft, 1971), i.e., the shell
is regulated before CBT is influenced. In a cold environment, the
shell is large, in a warm environment the shell is small (Aschoff, 1971).
Shell size is regulated via constriction or dilatation of peripheral blood
vessels, mainly the smooth muscles of the arterioles, and additionally, in
distal skin regions, the smooth muscles in arteriovenous anastomoses
(AVAs) (Aschoff, 1971; Hales, 1985).

Furthermore, it has been established the homeostatic control of CBT is
mediated by a hierarchically organized set of neuronal mechanisms, with
the preoptic area of the hypothalamus at the top of the hierarchy (Satinoff,
1978). In addition to the homeostatic principle, a rostral projection from
the circadian pacemaker (in the suprachiasmatic nuclei [SCN]) to the
preoptic area serves the circadian modulation of CBT (Moore and
Danchenko, 2002). Nocturnal secretion of the pineal hormone melatonin,
which is also under the control of the SCN, plays a crucial role in the
endogenous regulation of CBT in the evening (Cagnacci et al., 1997).
There is now emerging evidence to indicate that changes in body tempera-
tures may trigger somnogenic brain areas, e.g., medial preoptic area
(Szymusiak et al., 2001) and ventrolateral preoptic area (Saper, 2002), to
initiate sleep, either indirectly through nerve afferents activated by cold
and warm receptors located in the dermis and core, or directly through
changes in core blood temperature leading to changed spinal cord and
brain temperatures (Van Someren, 2000). However, the interrelationship
between thermoregulatory and sleepiness/sleep regulatory mechanisms is
rather complex. Recent studies indicate that the medial preoptic area
controls sleep and temperature through independent, but overlapping,
neuronal circuits (for reviews see Van Someren, 2000; Saper, 2002;
Kumar, 2004), whereby the role of melatonin in the sequence of events
remains to be clarified.

In summary, the endogenous down-regulation of CBT in the evening
is a result of well orchestrated thermophysiological processes, with body
heatloss being an important determining component. So the next question
is how is the thermophysiological orchestra that occurs in the evening
related to melatonin secretion and increased sleepiness?

In humans, the circadian CBT rhythm is 12 h out of phase from the
circadian melatonin rhythm, and it is, at least partially, involved in the
regulation of its circadian amplitude (Cagnacci et al., 1992). The circadian
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rhythm of melatonin is in phase with DIST; whereas, the temporal
patterns in CBT and PROX are phase locked to the inverse pattern of
subjective ratings of sleepiness, i.e., alertness (Lack and Gradisar, 2002;
Gradisar and Lack, 2004). The inverse regulation of DIST and PROX
can be explained by the different vascular regulation of blood flow in
these skin regions. Proximal skin regions contain exclusively capillaries
having mainly nutritive functions. Skin blood flow through capillaries is
a slow process. Therefore, the circadian time course of blood flow
through capillaries in the proximal skin regions follows the time course
of core body temperature, and CBT and PROX show similar circadian
amplitudes of about 0.25°C. Distal skin regions (e.g., fingertips and toes)
contain not only capillaries but are enriched with AVAs having mainly
thermoregulatory function (Hales, 1985). Moreover, with respect to
CBT, the circadian time courses of melatonin and DIST are about 2h
phase advanced. This circadian phase relationship provides correlative
hints about the causality between melatonin secretion, DIST, PROX,
CBT, and sleepiness. DIST and melatonin seem to be better predictors
of sleepiness than PROX and CBT (Kréuchi et al., 1999a, 2000). Results
of the following study are more than correlative, since it showed that mel-
atonin administered in the afternoon at 13:00h, when its endogenous
secretion is low, increases heat loss via distal skin regions. Subsequently
PROX and CBT decline, together with induction of sleepiness. Therefore,
exogenous melatonin mimics the effects occurring naturally in the evening
(Krduchi et al., 1997a); however, the dose of melatonin administration
seems to be of importance (for discussion see, e.g., Cagnacci et al., 1997;
Reiter and Tan, 2003; Van den Heuvel et al., 2005).

HOW DOES MELATONIN AFFECT THE THERMOSTAT?

In order to test how melatonin affects the thermostat of the thermo-
regulatory system, a cold challenge test was done 2h after daytime
melatonin (5 mg per os) or placebo administration. The cold stimulus
was given in the form of eating 200 g crushed ice, which induces peripheral
vasoconstriction by a central reflex. The aims of the study were to clarify
whether: i) the melatonin-induced effects can be blocked by core body
cooling, ii) melatonin changes the set-point (threshold) or sensitivity
(gain) of the thermoregulator, and iii) sleepiness is related to increased
heat loss or decreased CBT (Kriuchi et al., 1999b).

Within the first 2 h after melatonin administration, DIST (mean skin
temperature of the hands and feet) and sleepiness increased significantly;
whereas, CBT (rectal temperature) and PROX—the weighted mean skin
temperature of the forehead, stomach, thigh, and infraclavicular skin
region (for details see Krduchi et al., 2000)—decreased (Figure la). After
placebo administration, core body cooling decreased both the CBT and
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skin temperatures, especially DIST, together with a decrease in sleepiness.
Core body cooling after melatonin administration induced the same
responses as in the placebo condition, indicating that CBT was defended
at a lower level. In other words, melatonin decreased the thermoregula-
tory threshold (or set-point) for distal vasoconstriction. This conclusion
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FIGURE 1 A. Mean + SEM. (vertical lines on the right) of core body temperature (CBT), proximal
and distal skin temperatures (continuously measured at 2 min intervals) and subjective ratings of slee-
piness (KSS, Karolinska Sleepiness Scale: 1 = very alert, 9 = very tired) assessed at 20 40 min intervals
of 10 healthy men (mean + SD: 25+4 yrs). Subjects received either melatonin (5 mg per os; black
lines) or placebo (gray lines) at 13:00h in a balanced order. The subjects remained supine in bed
under unmasking conditions of a constant routine protocol from 09:45 h until the end of the study.
200 gm of crushed ice was ingested in 5 to 10 min. The results were analyzed by two-way ANOVAs
for repeated measures (Krduchi et al., 1999b). B. Core body temperature vs. distal skin temperature
plot of mean melatonin (dots) and mean placebo (crosses) data from 12:30 to 17:00h. The black
lines indicate mean slopes of ice cooling data between 15:05 to 17:00 h (individual slopes were not sig-
nificantly different after placebo and melatonin administration; Wilcoxon signed rank test, p > 0.1).
Studies were conducted in accordance with the international and Journal standards for research on
human subjects (Touitou et al., 2004).

(continued)
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FIGURE 1 Continued.

has been confirmed by a CBT vs. DIST plot analysis (Figure 1b); melatonin
did not change the gain (or sensitivity) of the thermoregulatory system
after ice intake (similar slopes), but clearly reduced the threshold (set-
point) to a lower CBT level. This finding makes sense from a thermophy-
siological point of view; that is, if there would be no influence of melatonin
on the central thermostat, the latter would immediately induce counter-
reactions to achieve a constant CBT level, i.e., via distal vasoconstriction.
Clearly this was not the case. Isolated peripheral effects of melatonin,
e.g., on AVAs, therefore do not occur. The results further show a parallel
time course of sleepiness and DIST after melatonin administration and ice
ingestion (Figure 1), which is in contrast to the changes of CBT. This
finding indicates that sleepiness is intimately connected with DIST and
not primarily with reduction of CBT.

In a recent placebo-controlled study the influence of exogenous mela-
tonin (3 mg per os at 11:00 h) on cutaneous vasodilatation and local sweat
rate of the forearm was tested during local body warming, ¢.e., placement
of lower limbs in a hot water bath at 42°C (Aizawa et al., 2002). Melatonin
administration lowered the thermoregulatory set-point for the autonomic
thermoregulation of vasodilatation and sweat secretion. Therefore, it can
be postulated that the well-described circadian rhythm in the set-point
(threshold) of the thermoregulator (e.g., Johnson, 1986) can also be
mediated by melatonin.

In summary, this study demonstrates that i) the soporific and thermo-
regulatory action of melatonin cannot be blocked by core body cooling, ii)
melatonin induces a change in the threshold and not in the gain of the
thermoregulatory system, and iii) a decrease in CBT per se does not
always induce sleepiness, .., sleepiness is associated with heat loss and
not primarily with a decrease in CBT.

In a subsequent study, we investigated whether an orthostatic
challenge counteracts the melatonin-induced thermoregulatory and
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soporific effects (Cajochen et al., 1997; Kriauchi et al., 1997b). A shift from a
supine to standing position is a severe challenge to the human cardiovas-
cular system, evoking a central and local reflex via the rise in sympathetic
nervous activity. Specific melatonin receptors are located in rat peripheral
arteries, suggesting a role for melatonin in vascular regulation. Indeed, in
rat-tail arteries (the tail is the main thermoeffector site in this animal),
melatonin interacts with noradrenaline in vasoconstrictor activity
(Viswanathan et al., 1990; Dubocovich et al., 2000; Masana et al., 2002).
MTT1 receptors potentiate the vasoconstrictory effect of noradrenaline at
low doses of melatonin (nM-range); whereas, MT2 receptors reduce the
vasoconstrictory effect of noradrenaline in micromolar concentrations
(Dubocovich et al., 2000; Masana et al., 2002). This suggests that in
humans as well, melatonin could produce its effects on the thermoregula-
tory system via modulation of sympathetic nerve activity. We therefore
administered melatonin (5 mg per os) or placebo at 13:00h at the same
time as when the subjects had to stand up from a supine position and
remain standing for 2h (Krduchi et al., 1997b). Standing up decreased
skin temperatures and sleepiness and increased CBT. The decreases in
skin temperatures after orthostatic challenge were most pronounced in
lower body sites. These changes were totally reversed at the end of the sub-
sequent supine period (except for distal skin regions). The hand, a skin
region that undergoes minor changes with orthostasis, showed a signifi-
cant increase in temperature after melatonin administration and remained
unaffected by the postural changes. However, the orthostatic challenge
almost completely blocked all other melatonin-induced changes. In the
subsequent supine period, CBT reduction as well as augmented sleepiness
was more pronounced after melatonin than after placebo ingestion. This
finding indicates that the thermoregulatory and soporific effects of
melatonin can be partially blocked by orthostatic changes, probably via
modulation of sympathetic nerve activity (Ray, 2003).

THROUGH WHICH DISTAL SKIN REGION DOES MELATONIN
INDUCE HEAT LOSS?

For some decades it has been known that the hand and fingertip,
especially the nail bed, contains the greatest number of AVAs, the dorsal
proximal parts the fewest, and the planar sites of the phalanxes an inter-
mediate number (Grant and Bland, 1931). Based on these findings, we
focused in the next study on the fingers, which are a good model to
study the specificity of melatonin’s action on blood flow elevation and,
hence, increases in skin temperature and heat loss. In a topographical
analysis of finger skin temperature using infrared thermometry, melato-
nin (5 mg per os) or placebo was administered in a double-blind balanced
order at 14:00h (Kriuchi et al., 2002). Melatonin once more exhibited
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significant thermolytic and soporific effects (ACBT: —0.07 + 0.03°C;
mmVAS sleepiness: +15.4 + 6.8 mm; ANOVA for repeated measures,
p < 0.05). Baseline skin temperatures were highest on the fingernail
(third phalanx, dorsal) and lowest on the most proximal first phalanx.
The skin temperature on the palmar site of the third phalanx was 1.1°C
lower than it was on the fingernail. Melatonin induced a uniform increase
in skin temperature of 0.81°C, which was independent of skin regions.
A typical result is shown in Figure 2. It is known that, in order to
achieve a skin temperature-increase of similar magnitude on proximal
and distal regions, a much larger increase of blood flow is required in
the distal than proximal parts, i.e., skin regions with similar skin tempera-
ture loose more heat from distal than proximal sites. Therefore, our results
indicate a higher skin blood flow elevation by melatonin in the fingertip
than in the proximal finger, most probably by opening of the AVAs.

An important question is whether melatonin in human beings acts
directly on melatonin receptors (MT1 and MT2) in blood vessel muscles
of diverse skin regions at proximal and distal sites. To our knowledge,
no such studies exist. The observation that endogenous or exogenous mel-
atonin decreases PROX and increases DIST, fit nicely with the idea that
melatonin MT1- and MT2-receptors are differently located in diverse

S#6

1h after: Placebo Melatonin

FIGURE 2 11 healthy men (mean + SD: age = 26 yr 4+ 2; BMI 22.2 + 1.7) received melatonin (5 mg
per os) or placebo at 14:00 h in a balanced order. Skin temperatures of the fingers were measured by an
infrared cam (TH3100mr Thermo Tracer; NEC San-ei Instruments Ltd., Tokyo, Japan; room temp-
erature: 26 + 1°C) 30 min before and 60 min after ingestion of melatonin or placebo. CBT (sublingual)
and subjective ratings of sleepiness (mm VAS; 0 mm = extremely alert, 100 mm = extremely tired)
were measured in parallel (for results see text). The subjects remained in a sitting position 30 min
before and during assessments. Mean skin temperatures of dorsal and palmar skin regions of the
first, second, and third phalanx of the middle finger were analyzed (Krauchi et al., 2002). Studies
were conducted in accordance with the international and Journal standards for research on human
subjects (Touitou et al., 2004).
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vascular beds. MT1-receptors with their vasoconstrictory properties might
be preferentially located in the precapillary smooth muscles in both prox-
imal and distal skin regions; whereas, MT2-receptors with their vasodilata-
tory properties might be preferentially located in AVAs in distal skin
regions. Our initial pilot studies in this direction found no MT1- or
MT2-immunoreactivity in post-mortem finger tip preparations (K.
Beier, E. Savaskan, F. Meier; unpublished data). However, for a final con-
clusion further studies are needed. It also remains to be established
whether melatonin acts solely as a peripheral hormone on vascular
smooth muscles, or as a central agent, e.g., modulating sympathetic
nerve activity, or both.

In conclusion, there is growing evidence that melatonin is involved in
the fine-tuning of vascular tone in selective vascular beds as circulating mel-
atonin levels rise and fall throughout the night. Melatonin not only seems
to be “nature’s soporific,” but also nature’s nocturnal vascular modulator.
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