PHARMACODYNAMICS AND
DRUG ACTION
Sleep-inducing effects of low doses of
melatonin ingested in the evening
We previously observed that low oral doses of melatonin given at noon increase blood melatonin concentrations to those normally occurring nocturnally and facilitate sleep onset, as assessed using an involuntary muscle relaxation test. In this study we examined the induction of polysomnographically recorded sleep by similar doses given later in the evening, dose to the times of endogenous melatonin
release and habitual sleep onset. Volunteers received the hormone (oral doses of 0.3 or 1.0 mg) or placebo at 6, 8, or 9 PM. Latencies to sleep onset, to stage 2 sleep, and to rapid eye movement (REM) sleep
were measured polysomnographically. Either dose given at any of the three time points decreased sleep
onset latency and latency to stage 2 sleep. Melatonin did not suppress REM sleep or delay its onset
Most volunteers could clearly distinguish between the effects of melatonin and those of placebo when
the hormone was tested at 6 or 8 PM. Neither melatonin dose induced "hangover" effects, as assessed
with mood and performance tests administered on the morning after treatment. These data provide new
evidence that nocturnal melatonin secretion may be involved in physiologic sleep onset and that exogenous melatonin may be useful in treating insomnia. (CN PHARLMACOL THEm 1995;57:552-8.)
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sedative effect on humans was noted.' Although melatonin was subsequently shown to be secreted primarily
at night, when people sleep, 2 its role in physiologic
sleep remained uncertain. 3 Pharmacologic doses of the
hormone, which increase serum melatonin levels far
beyond their normal nocturnal range, could be shown
to produce hypnotic effects in humans; however,
smaller doses were rarely tested and yielded inconsistent results when examined.7 9 We started by testing
the midday administration of a pharmacologic dose
(240 mg, administered orally) of melatonin and, on
the basis of performance tests and self-reports, observed hypnotic-like effects.' 0 We next tested four
much lower (but still pharmacologic) doses of the hormone (10, 20, 40, or 80 mg) or placebo, given at
noon. Although the resulting mean serum melatonin
concentrations were roughly proportional to the doses
administered, all doses were equally effective, relative
to placebo. in inducing subjective sleepiness. These
doses were also equally effective in decreasing oral
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temperature. the number of correct responses in auditory vigilance. and self-reported vigor.'' Because the
effects were not related to dose. we concluded that the
biochemical mechanisms that mediate the behavioral
(and temperature) effects of melatonin had been saturated by all of the doses tested. In further pursuit of
this line of investigation. we examined the effects of
much lower oral doses (i.e.. 1.0. 0.3. and 0.1 mg of
melatonin or placebo, compared with a 10.0 mg reference dose) administered at noon. Sleep onset and duration were studied beginning 13/ hours after the administration of melatonin or placebo by means of a
positive pressure switch technique. Serum melatonin
concentrations were, again, roughly proportional to
dose, but the peak amplitudes observed after the 0.1
and 0.3 mg doses (mean
SEM. 48.4
37.1 and
121.45 ± 24.21. respectively) were within the normal
(nocturnal) range for human serum melatonin levels.
Sleep onset latencies after ingestion of any of the
doses tested were significantly shorter than those after
ingestion of placebo: peak effects were observed with
the 0.3 mg and 1.0 mg doses. This study was designed to determine whether such doses also facilitate
sleep onset when given in the evening, close to the
hour that most people elect to sleep. and whether the
hypnotic effect of the hormone can be detected polysomnographically.
METHODS
Six healthy male volunteers (mean age
SEM,
26.5
1.3 years) were paid to participated in the
study after each gave informed consent. The experimental protocol and the Subject's Consent Form was
approved by the Massachusetts Institute of Technology (MIT) Committee on the Use of Humans as Experimental Subjects. All volunteers reported that they
were free of habitual sleep disturbances and that they
were drug-free. Self-report questionnaires completed
by volunteers on each test day regarding their previous
nights' sleep indicated that their mean bedtime occurred at 12:40 AM - 22 minutes, mean sleep duration
was 7.2 - 0.32 hours, and mean estimated sleep onset latency at the habitual sleep time was 2i.6 + 4.26
minutes. Subjects were nonsmokers and were asked to
not consume alcohol or caffeine for 24 hours before
each test session. Meals (provided by the MIT Clinical Research Center) reflected a typical American diet:
15% protein, 35% fat, 50% carbohydrates; 3000 to
4000 calories per day.
The study consisted of three double-blind and placebo-controlled experiments. Treatment order for each
experiment was determined with use of a 3 x 3 Latin-
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square design to counterbalance for order effects.
Each volunteer participated in a total of nine test sessions. with at least 5 days elapsing between successive
sessions. In the first experiment. subjects underwent
three test sessions in which they received placebo or
melatonin 0.3 or 1.0 mg; Nestle Co.. Vevey. Switzerland) in gelatin capsules, orally at 6 PM. In the second and third experiments they received the same
doses of melatonin or placebo at 8 or 9 P. In the first
two experiments, the sleep test consisted of 2 hours of
polysomnographically recorded sleep that began when
the lights were turned off 2 hours after administration
of melatonin or placebo (i.e.. at 8 or 10 PM). In the
third experiment. subjects spent the night before the
test session in the Clinical Research Center, and their
sleep was recorded polysomnographically from 11 PM
to 7 AM. On the following night they retired in darkness at 10 PM, 1 hour after ingestion of melatonin or
placebo at 9 PM, and their sleep was recorded polysomnographically from 10 PM until 7 AM the following
morning.
For polysomnographic recordings, electroencephalographic electrodes, placed according to the International 10/20 System (with recordings from C4-A 1, C3A2, C3-01, and C4-02). and electro-oculographic and
submental electromyographic electrodes were used for
sleep staging. Signals from the electrodes and transducers were amplified by 18-channel preamplifier/multiplexor units; they were then digitized and recorded
(DigiTrace Care Services Inc., Boston, Mass.). Thirtysecond epochs were staged according to the criteria of
Rechtschaffen and Kales' 3 : wake; stages 1, 2. 3, or 4;
and rapid eye movement (REM) sleep. Sleep onset latency was defined as the time elapsing between the time
that lights were turned off and the appearance of three
consecutive epochs of stage I sleep, or of one epoch of
any other sleep stage. Latency to REM sleep was defined as the time elapsing between sleep onset and the
appearance of one epoch of REM sleep. Complete sets
of polysomnographic recordings were obtained from all
six of the subjects, except as noted below, after treatment at 8 and 9 PM and from two of the subjects after
treatment at 6 PM. (No polysomnographic recording was
obtained for subject 6 after he received 1.0 mg melatonin at 9 PM.) To test the subjective responses of the volunteers to treatment. subjects given melatonin or placebo at 6 or 8 PM were asked at the end of each sleep test
whether they thought that the day's treatment had been a
placebo or a hypnotic, and their answers were recorded.
On the morning after treatment, subjects completed
a battery of computerized performance tasks and
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Table I. Effects of melatonin, ingested at 9 P.M. on
sleep patterns*
Dose

60
Subject No.

40

r

Placebo

0.3 mg

Sleep onset latency min)

M;

20
0
0.0

0.3

1.0

B

80
In
W

60

.

40

1
2
3

187
23
23

12
4
6

8
7
6

4
5

34
5

8
2

7
1

6

56

10

t

17
6
13
10
2
12

28
14
7
9
1
t

95
89
67
70
48
106

173
78
144
78
65
t

Latency to stage 2 (min)

1
2
3
4
5
6

r

2

20
0
0.0

0.3

1.0

Fig. 1. Effects of melatonin (ingested at 8 PM) on aver-

age (SEM) latency to sleep onset (A)and sleep stage 2 (B).
*p < 0.001.

mood inventories that previous studies have shown to
be adequate for evaluating of the level of sleepiness:
Four Choice Reaction Time. Simple Auditory Reaction Time, Profile of Mood States, and Stanford
Sleepiness Scale (for details see Dollins et al. l ).
Because of the high variability of characteristic
sleep patterns among subjects, the nonparametric
Friedman's test'4 was used to evaluate differences associated with the three treatment conditions. Group
mean values were substituted for the missing data
points from subject 6 (1.0 mg at 9 PM). Regression
analysis was used to evaluate the relationship between
the sleep onset latency after treatment and habitual
sleep onset latency.

214
25
28
35
6
59

Latency to REM sleep (min)
163
1
80
2
103
3
63
4
41
5
141
6

·Six subjects rtceved melatonn oral doses of 0.3 or 1.0 mg) or placebo
at 9 PM. and were allowed to sleep after 10 PM.
tMissing value.

27.39 minutes (placebo) to
decreased from 54.8
1.61 minutes (0.3 mg dose) or 6.0 ± 1.07 min7.1
utes (1.0 mg dose). Latency to sleep stage 2 provided
a more sensitive index of the hypnotic effect of melatonin. At 6 PM, latency decreased from 65.3

14.38

1.25 minutes (0.3 mg
minutes (placebo) to 19.0
dose) or 14.0 ± 3.75 minutes (1.0 mg dose): at 8 PM,
it decreased from 33.8 + 10.06 minutes (placebo) to
3.23
1.96 minutes (0.3 mg dose) or 11.4
7.2
minutes (1.0 mg dose); at 9 PM, it decreased from
61.25 ± 31.34 minutes (placebo) to 10.1

RESULTS
Both doses of melatonin given at 8 PM (Fig. 1) or at
9 PM (Table I) significantly decreased sleep onset latency and latency to stage 2 sleep (p < 0.001) relative
to placebo, as assessed polysomnographically. The
hormone was equally effective in the two subjects
studied at 6 PM. Thus, latency to sleep onset after
treatment at 6 PM decreased from 57.3 ± 17.88 (SEM)
minutes (placebo) to 10.8 ± 0.13 minutes (0.3 mg
dose) or 8.5 ± 1.50 minutes (1.0 mg dose); at 8 PM,
latency decreased from 29.4 ± 10.77 minutes (placebo) to 6.4 - 1.88 minutes (0.3 mg dose) or 7.2 1.13 minutes (1.0 mg dose); and at 9 PM, latency

I

I mg

-+ 2.17

min-

3.7 minutes (1.0 mg
utes (0.3 mg dose) or 11.3
dose). The effects of the physiologic (0.3 mg) and low
pharmacologic (1.0 mg) doses of melatonin did not
differ significantly with respect to any of the parameters measured; therefore the higher dose did not enhance the hypnotic effect. We did not find statistically
significant differences in latency to REM sleep after
melatonin or placebo administration at 9 PM, although
in three of the six subjects this interval decreased
somewhat after administration of the lower dose. (Table I).
The ability of melatonin to decrease the sleep onset
latency of any subject varied in proportion to his sleep
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latency after placebo administration (r = 0.99 for the
0.3 mg dose and r = 0.94 for the 1.0 mg dose: Fig.
2), and in proportion to. his self-reported sleep onset
latency at his usual bedtime (r = 0.86). Thus, subjects who required more than 20 minutes to fall asleep
after placebo treatment exhibited the more robust responses to the exogenous hormone (Table I). Analysis
of subjective sleepiness and of reaction times in response to visual or auditory stimuli on the morning after treatment (at 7:30 or 9:30 AM) revealed no hangover effects of melatonin treatment (Fig. 3).
None of the volunteers mistook the placebo for melatonin in their self-reports. At 8 PM, four of the subjects receiving the 0.3 mg dose and five of the subjects receiving the 1.0 mg dose recognized that they
had been treated with a hypnotic. Most subjects perceived the hypnotic effect within an hour of melatonin
ingestion.

Time, measured at 7:30
bars).

DISCUSSION
These data show that low oral doses.of melatonin,
which were previously shown to increase serum melatonin concentrations to levels normally occurring at
night,L2 produce acute hypnotic effects when given in
the evening (Fig. 1, Table I). Moreover, these effects
are discernible both subjectively and by standard polysomnographic methods. These observations complement our earlier finding that similar small melatonin
doses given at noon decrease sleep latency, as measured electromechanically,' 2 and support the idea that
the physiologic increase in blood melatonin levels that
occurs late in the evening, 1 to 2 hours before habitual
bedtime. is involved in the mechanisms that normally
trigger sleep onset.
Normally, the daily alternation of environmental

light and darkness. mediated through the eyes,' 5 adaptively harmonizes the rhythmic secretion of melatonin
from the pineal gland with other circadian rhythms.
The nocturnal release of melatonin from the pineal
gland is coincident with the habitual hours of sleep in
people with entrained 24-hour sleep-wake rhythms.2
In blind persons. deprived of this environmental zeitgeber, endogenously driven circadian rhythms tend to
free-run and become, to varying degrees. dissociated:
sleep becomes disrupted, and daytime alertness is diminished. ' 6 However. in a blind patient who exhibited
free-running circadian rhythms. the daily pattern of
sleep propensity and the onset of melatonin secretion
were found to exhibit a normal relationship. " This as-
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Fig. 3. Mood and performance on the morning after melato-

nin treatment: Simple Reaction Time (A); Profile of Mood
States (fatigue/inertia scale) (B); and Four Choice Reaction
AM

(open bars) or 9:30
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sociation supports the hypothesis that melatonin is involved in normal nocturnal sleep onset.
Because repeated daily doses of melatonin can shift
the phasing of the daily rhythm in human melatonin
levels."s it has been suggested that this treatment can
also. as a consequence. shift the sleep rhythm'9' 2
i.e.. that the effect of exogenous melatonin on sleep
is regulated by induced changes in the endogenous
rhythms}. This does not seem to be a likely explanation for the changes in sleep latency observed here
(Fig. : Table I) or in our previous study 12 in which
melatonin was administered at noon and steep onset
measured at 2 PM. The extent to which a single dose of
melatonin can shift the daily melatonin rhythm has
been measured with use of repeated daily administration of the hormone at various time points, 21 or melatonin infusions over 3-hour intervals. 2 2 and found to
be less than I hour per day of treatment. regardless of
the time of dav that melatonin was administered. Our
present and previous findings' 2 show that a single
physiologic 10.3 mg) dose of melatonin can provoke
sleep onset 5 to 11 hours earlier than sleep would otherwise occur. Similarly, Tzischinsky and Lavie, 23 using a pharmacologic dose of melatonin (5 mg), found
that the hormone facilitated sleep onset and sleep propensity 2 hours after it was administered at noon or at
5 PM. Such effects are clearly unrelated to a general
shift in circadian rhythms. Our findings and those of
the Israeli group 23 suggest that the induced elevation
of circulating melatonin concentrations triggers the
onset of sleep, regardless of the prevailing phase of
endogenous circadian rhythms. This acute effect of
melatonin on sleep. considered in view of the reported
increase in plasma melatonin levels2' and the increase
in urinary melatonin during sleep deprivation. 25 supports the idea that endogenous melatonin may serve as
a link between circadian rhythmicity and the homeostatic mechanisms of sleep. This may account for the
observed reduction of sleep latency as a function of
sleep deficiency reported by Carskadon and Dement.2 6
Thus a critical serum melatonin level may be basic to
normal nocturnal sleep induction in humans.
In our studies, the extent to which melatonin accelerated sleep onset in any subject varied with his characteristic sleep latency in the untreated state. The
sources of intersubject variability in sleep onset latency are unknown but could be related in part to differences in subjects' characteristic 24-hour serum melatonin patterns. which were not documented in this
study. A similar relationship could also underlie the
well-known increase of sleep pathology among older
people.2 inasmuch as nocturnal melatonin production

i
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also declines with advancin age. -' 29 Because only
young volunteers were involved in our studies. we do
not have data on possible age-related differences in
the sleep-inducing effect of melatonin. However. Haimov et al. 30 found that older people with insomnia
have lower nocturnal melatonin levels than those of
young people and of older subjects without insomnia.
Available data suggest that the sleep-inducing properties of melatonin may differ from those of the benzodiazepines. Benzodiazepines decrease the duration
of REM sleep after the single administration of a high
dose 31 or of longer-term administration of low
doses 32 33; they also reduce slow wave sleep, 3 4 thus
negatively influencing sleep quality. In our study, using a single low melatonin dose, we observed no suppression of REM sleep, and some of the subjects underwent REM sleep sooner after melatonin treatment
than after placebo (Table ). It is interesting to note
that the benzodiazepines reportedly also suppress the
nocturnal increase in plasma melatonin and may increase daytime plasma melatonin levels.35 36 Such effects could account for the residual daytime sedation
that frequently occurs after benzodiazepine treatment,
as well as for the rebound insomnia that can follow
the termination of such treatment. Infusion of L-tryptophan 37 3 9 or of Delta-Sleep-Inducing Peptide, 4 0
which can provoke sleep onset, also reportedly increase circulating melatonin levels.4 4' 3 In contrast,
3-adrenergic blocking agents4 45 or nonsteroidal antiinflammatory drugs (e.g., aspirin),4 6 47 which disturb
sleep, decrease blood melatonin levels.
In the design of our experiments, the objective
"sleep tests" were initiated only I or 2 hours after ingestion of melatonin; thus we lack data on the minimum latency of the hormone's effect. However, selfreports of the volunteers indicated that their usual
latency to its hypnotic effect was 25 to 60 minutes. In
previous polysomnographic studies of the effect of
melatonin on sleep latency positive results were obtained when melatonin was given I to 2 hours before
the effect was observed (80 mg 6 and 5 mg23), and
negative results were obtained when it was administered 15 minutes before bedtime (I or 5 mgs 9 ). Further studies are needed to determine the time course of
the effect of physiologic melatonin doses on sleep latency.
One of the major problems with existing hypnotic
agents (e.g., the benzodiazepines) is a hangover effect; that is. on the morning after treatment, patients
experience inappropriate sleepiness, changes in mood,
and diminished performance. In this study, we used a
battery of computerized tests previously shown to be

------
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sensitive to the mood and performance changes induced by hypnotic agents. They revealed no hangover
effects the morning after evening administration of
melatonin.
Our findings" (Table I; Fig. 1) strongly suggest
that the sleep onset, which is provoked by a single
dose of melatonin. results not from its effect on biological timing mechanisms. but from a direct action of
the elevated circulating melatonin per se.
We thank Joseph McCarthy for technical assistance. the
nursing staff of the MIT Clinical Research Center for assistance in experiments, and DigiTrace Care Services. Inc..
Boston. Mass.. for loan of the recording equipment.
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