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Study Objectives: To determine the effects of sleep and sleep depriva-
tion on plasma melatonin concentrations in humans and whether these
effects are age-dependent.

Design: At least 2 weeks of regular at-home, sleep/wake schedule fol-
lowed by 3 baseline days in the laboratory and at least one constant rou-
tine (sleep deprivation).

Setting: General Clinical Research Center (GCRC), Brigham and Wom-
en’s Hospital, Boston, MA.

Participants: In Study 1, one group (<10 lux when awake) of 19 young men
(18-30 y) plus a second group (<2 lux when awake) of 15 young men (20-28
y) and 10 young women (19-27 y); in Study 2, 90 young men (18-30 y), 18
older women (65-81y), and 11 older men (64-75 y). All participants were in
good health, as determined by medical and psychological screening.
Interventions: One to three constant routines with interspersed inversion
of the sleep/wake cycle in those with multiple constant routines.
Measurements and Results: Examination of plasma melatonin concentra-
tions and core body temperature. Study 1. There was a small, but significant
effect of sleep deprivation of up to 50 hours on melatonin concentrations

(increase of 9.81 £ 3.73%, P <0.05, compared to normally timed melato-
nin). There was also an effect of circadian phase angle with the prior sleep
episode, such that if melatonin onset occurred <8 hours after wake time,
the amplitude was significantly lower (22.4% + 4.79%, P <0.001). Study
2. In comparing melatonin concentrations during sleep to the same hours
during constant wakefulness, in young men, melatonin amplitude was 6.7%
1 2.1% higher (P <0.001) during the sleep episode. In older men, melatonin
amplitude was 37.0% + 12.5% lower (P <0.05) during the sleep episode
and in older women, melatonin amplitude was non-significantly 10.9% %
8.38% lower (P = 0.13) during the sleep episode.

Conclusions: Both sleep and sleep deprivation likely influence melato-
nin amplitude, and the effect of sleep on melatonin appears to be age
dependent.
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INTRODUCTION

THE HYPOTHALAMIC SUPRACHIASMATIC NUCLEUS
(SCN), THE CENTRAL CIRCADIAN PACEMAKER IN
MAMMALS, CONTROLS OR INFLUENCES THE DAILY
rhythmicity of many physiological variables, including pineal
melatonin synthesis, the sleep/wake cycle, and core body temper-
ature."> The SCN output to the pineal gland is multisynaptic and
controls the rhythmicity of pinealocyte arylalkylamine N-acetyl-
transferase activity, the rate limiting enzyme in the synthesis and
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the subsequent rhythm of melatonin in blood and cerebrospinal
fluid.** In both nocturnal and diurnal mammals, the pattern of
the rhythmicity is such that plasma melatonin concentrations are
high during the subjective night and low during the subjective
day, even under conditions of constant darkness, forming a near
square-wave pattern.? Light, however, when applied for several
minutes during the subjective night, can rapidly decrease plasma
concentrations of melatonin.®®

The rhythm of pineal melatonin production is determined pri-
marily by the SCN and properly phased light exposure, and there-
fore is considered a reliable marker of both phase and amplitude
of the central circadian pacemaker. Unlike other markers of the
circadian clock (e.g., core body temperature), the pattern of plasma
melatonin is thought to be minimally masked by exogenous fac-
tors such as stress or sleep.”!® There is some evidence, however,
that plasma melatonin concentrations may be influenced by exer-
cise!" and posture.'*'* Plasma melatonin concentrations may also
be affected by sleep deprivation, though the evidence is contradic-
tory and difficult to interpret due to differences in those studies,
including the lack of postural controls, use of stimulants to induce
wakefulness, and/or the use of elevated ambient light intensities, all
of which may have influenced plasma melatonin concentrations in
those studies.*'>* Due to the frequent use of melatonin as a marker
of the phase of the human circadian timing system, and the use of
extended wakefulness in protocols that examine the circadian clock
without the confound of sleep,* it is of great interest to understand
the interaction of sleep deprivation and plasma melatonin concen-
tration. We therefore conducted a post hoc analysis of data from
a series of studies conducted in our laboratory between 1990 and
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2002 in which plasma melatonin levels were measured throughout
extended episodes of wakefulness, and where the extended wake
episodes began at different circadian phases. In addition, in order to
better understand how aging might influence the effect of extended
wake on melatonin levels, we included in our analysis data from
young and older adults.

METHODS
Study 1

Two groups of healthy, young subjects were studied: Group
1 (n=19, all male) ranged in age from 18-30 years (23.1 + 3.54
y, avg. = SD) and Group 2 (n=25, 15 males) ranged from 19-
28 years (23.2 + 2.26 y, avg. = SD). All subjects gave informed
written consent; all experimental procedures were carried out in
accordance with the principles of the Declaration of Helsinki and
approved by the Brigham and Women’s Hospital human research
committee. For at least two weeks, subjects maintained a regular
at-home sleep/wake schedule, verified by phone logs and further
confirmed by actigraphy (Ambulatory Monitoring Inc., Ardsley
NY) for at least 7 days before admission to the laboratory. During
the prestudy screening, and throughout the study itself, subjects
refrained from all prescription, nonprescription, over-the-counter,
and recreational drugs, as well as caffeine and alcohol (at-home
compliance verified by urinary toxicological screening upon in-
patient admission).

Subjects spent 9, 11, or 16 days in an individual study room
in the Environmental Scheduling Facility or the Intensive Physi-
ological Monitoring Unit of the General Clinical Research Center
at the Brigham and Women’s Hospital (for complete details, see
references 22-24). The 9-day study (n = 25, Group 2) had 3 base-
line days (16 h scheduled wake/8 h scheduled sleep), a constant
routine (CR, ~50 h, see below) in which the subjects remained
awake in bed in a constant, semi-recumbent posture, 1 day of an
inverted timing of the sleep/wake schedule (still 16 h wake/8 h
sleep), and a second CR (30 h). The 11-day study (n = 9, Group
1) had 3 baseline days (16 h wake/8 h sleep), a constant routine
in which the subjects remained awake in bed in a constant, semi-
recumbent posture (CR, ~32 h, see below), 3 days of an inverted
sleep/wake schedule, and a second CR (30-48 h). The 16-day
study (n = 10, Group 1) was identical to the 11-day study, with
the inclusion of a second set of 3 days on an inverted sleep/wake
schedule and a third CR (~48 h) (for details on the timing of the
individual studies, see references 22-24). Use of multiple CRs
both before and after the inversion of the sleep/wake schedule
allows for an analysis of melatonin profiles that occur at various
durations after waking.

For Group 1, illuminance was ~180 lux during the wake epi-
sodes of the baseline days, <10 lux during all other wake episodes
(CRs and inverted days), and <0.03 lux during all sleep episodes.
The illuminance pattern was similar for Group 2, except that the
illuminance was <2 lux during the last 8 hours of the third baseline
day, the CRs, and the inverted day, and they experienced a high
intensity experimental light pulse between the 2 CRs. Because
of the potential effects of this light pulse on the post-exposure
melatonin rhythm, only melatonin collected before the light pulse
was used from the subjects in Group 2. As the baseline light expo-
sure pattern in Groups 1 and 2 differed, and this might influence
melatonin,??*® these groups were analyzed separately. All lighting
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was produced with cool white fluorescent lamps, filtered for ultra-
violet light, and the measurements made represent the maximum
possible illumination at 183 cm vertical (corneal level).

All melatonin samples reported herein were obtained during
the CRs and the sleep episode immediately preceding the first
CR. The lighting was kept low and constant throughout the CRs
(<10 Iux in Group 1, <2 lux in Group 2) so as to not acutely
suppress plasma melatonin concentrations or significantly affect
the timing of the circadian oscillation.” Subjects were kept con-
tinuously awake for the duration of the CR by technicians who
remained with the subject. Throughout the CR, the subjects’ pos-
ture was semi-recumbent, and they were restricted to sedentary
activities that could be carried out while resting in bed; nutrients
were provided in equal, hourly aliquots.

During the CR (Group 1 only), a rectal thermistor (YSI, Yel-
low Springs OH) recorded core body temperature (stored as the
average of 1 min intervals). On baseline day 2 in all subjects (2
days before the first CR), an intravenous catheter, attached to a
3.7 m narrow-lumen tube that extended through a porthole to out-
side the room, was inserted into a forearm vein and used to collect
frequent (1-6 times/h) blood samples. Catheters were replaced
once every 7 days or as needed for comfort. The extended tubing
length allowed for collection of blood samples from outside of
the subject’s room, during both wake and sleep episodes. Blood
samples were spun in a centrifuge and the plasma frozen for later
radioimmunoassay of melatonin (Group 1: DiagnosTech, Osceola
WI; assay sensitivity of 5 pg/mL; intrassay and interassay coeffi-
cients of variation, 8% and 13%, respectively; Group 2: Brigham
and Women’s Hospital GCRC Core Lab; ALPCO RK-MEL assay
kit; assay sensitivity of 0.2 pg/mL; intrassay and interassay coef-
ficients of variation, 8% and 12%, respectively).

Melatonin is secreted in a near square-wave form, being at low
plasma concentrations during the subjective day and elevating
10-fold or greater during the subjective night.”” We define, for
the purposes of this analysis, the start and end of a melatonin
secretion episode as the time at which plasma melatonin concen-
trations rose above (onset) and fell below (offset), respectively,
10 pg/mL (43.05 pM).»*® For each episode that occurred dur-
ing a CR, the duration that plasma melatonin concentrations were
above 10 pg/mL, and the average of these concentrations, were
calculated. The amplitude of each melatonin “peak” was calcu-
lated by taking the trapezoidal area under the curve for a 14-h
segment encompassing the episode (from 2 h before melatonin
onset until 12 h after melatonin onset). By examining a fixed time
frame, the duration of integration was kept constant within and
across subjects, regardless of the duration of the individual mela-
tonin episode. Because the start or end time of integration usually
did not have a corresponding blood sample taken at that precise
minute, the concentration of plasma melatonin was interpolated
from adjacent time points. Because of the high frequency of blood
sampling (every 20-60 min), and because the interpolated con-
centration was at a time of typically low plasma concentrations
(i.e., subjective day), interpolation can provide a good estimation
of these plasma concentrations. To account for the large variation
in melatonin amplitude between subjects,?” each 14-h amplitude
measurement was normalized to the trapezoidal area under the
curve calculated for the 8-h sleep episode that directly preceded
the first CR.

Core body temperature data from Group 1 were fit with a 2-
harmonic regression model*® restricted to a cycle length in the
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range of average circadian period (24.0 to 24.3 h).’! Data from
the first 5 h of the CR were excluded. The remaining data were
binned in 17-h intervals, the shortest length of time that yields ac-
curate amplitude analysis using the 2-harmonic regression model
(EB Klerman, ME Jewett, JF Duffy, personal communication).
The amplitude of the fundamental component of the fitted model
was used in these analyses.

Melatonin and temperature amplitude data were fit with a lin-
ear regression model (Origin 6.0, Microcal, Northampton MA)
and melatonin data were tested with ANOVA or paired and un-
paired, 2-tailed t-tests, as appropriate (Microsoft Excel 2002,
v.10.2614.2625). Outliers in the normalized melatonin amplitude
data were analyzed with a Grubbs’ test (extreme studentized de-
viate) at a significance level of 0.01 (one detected and removed
from Group 1). An additional 4 subjects (not described here) were
excluded from Group 2 due to the occurrence of only a single
peak of melatonin in an analysis that required 2 peaks during the
same CR (one peak was partially during the sleep episode, see
below).

Study 2

Three groups were studied: a group of 90 young males aged
18-30 (23.4 £+ 3.52 years, avg. = SD), a group of 11 older males
aged 64-75 (67.9 + 3.24 years) and a group of 18 older females
aged 65-81 (68.7 £ 4.18 years). Each subject had the same
prestudy and screening conditions as described for Study 1. As
with the young subjects, all of the older subjects were in good
physical and mental health with no chronic or acute medical
conditions. All subjects underwent 3 standard days in the labo-
ratory followed by a constant routine of at least 30 h. Baseline
days and the constant routine are as described above for Group
1 in Study 1. A different analysis of these melatonin data has
previously been reported.?” Subjects from this published data set
were excluded if they had insufficient melatonin data collected
during the sleep episode immediately preceding the CR (<4
blood samples assayed from the 8-h sleep episode). The average
plasma melatonin concentration during this 8-h sleep episode
immediately preceding the CR was calculated for each subject.
The average plasma melatonin concentration during the same 8
clock hours, but occurring during the sleep-deprived wakeful-
ness of the constant routine 24 h later, was also calculated for
each subject. A simple ratio between the sleep episode mela-
tonin and the constant routine melatonin was then determined.
Data were analyzed with 2-tailed t-tests; 2-tailed, paired t-tests
are noted (Microsoft Excel 2002, v.10.2614.2625). All data are
presented as average + SEM.

RESULTS
Study 1

From the 19 subjects in Group 1, a total of 64 melatonin epi-
sodes collected during CRs were analyzed. One episode was ex-
cluded as an outlier. In the remaining 63 episodes, as the time
between awakening and the onset of the melatonin secretion
increased, the melatonin amplitude significantly increased (P <
0.005, ANOVA) (Figure 1). This increase, however, was due to
the fact that melatonin onsets that occurred less than 8 h after
wake time (i.e., melatonin onset during the behavioral daytime
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Figure 1—Increase in normalized plasma melatonin amplitude with
time awake. A fitted linear regression (dashed line) is shown. The
dashed box indicates the normal phase position of melatonin onset in
entrained, young adults (12.5-17.1 h after wake onset?). Note, 14 h
of melatonin data (CR) are normalized to 8 h of melatonin data (sleep
episode) for the purposes of this analysis; thus, an amplitude of 1.0
does not mean that melatonin during the constant routine was equal to
melatonin during the sleep episode. Normalization is necessary given
the large interindividual variation of plasma melatonin peaks.

following a sleep inversion) were significantly lower in ampli-
tude than those that occurred after at least 8 h of wakefulness (P
<0.001, t-test). There was no significant effect of wake duration
on melatonin amplitude once wake duration exceeded 8 h (P =
0.78, ANOVA). However, only melatonin episodes that started
up to 32 h after wake onset were analyzed. To ensure that these
results were not secondary to our normalization procedure, we
analyzed a subset of 16 pairs of melatonin peaks (32 of the 64
total peaks) from 12 of the 19 subjects (4 of the subjects had 2
pairs from 2 separate CRs). CRs with only one melatonin peak
were not included in this analysis. Each pair of melatonin peaks
occurred during the same CR, with the first occurring <8 h af-
ter wake onset and the second ~24 h later. As all the data were
paired, raw amplitudes (rather than normalized) were used in
the analysis (pairing removes effects of large intersubject vari-
ability in melatonin amplitude). Consistent with the total group
findings using normalized amplitudes in which peaks occurring
>8 h after wake onset were 22.6 % larger than those occurring
closer to wake time, using this subset of raw, paired amplitudes
revealed that within a given CR the earlier peaks of melatonin
were 22.4% + 4.79% smaller than the later peaks (P <0.001,
paired t-test).

The difference in melatonin amplitude between the 2 groups
(i.e., melatonin onset >8 h or <8 h after wake time) could be ex-
plained either by an increase in the amount of time that melato-
nin concentrations are elevated (i.e., the “duration” of the pulse),
an increase in the average amount of melatonin during the time
of elevation, or a combination of the two. Normalized melatonin
amplitudes in the <8-h group averaged 0.947 + 0.0395, while they
averaged 1.16 + 0.0305 in the >8-h group (P <0.001, t-test). The
duration of the melatonin pulse was accordingly shorter in the
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<8-h group (8.96 + 0.343 h) as compared to the >8-h group (10.1
+0.229 h) (P <0.05, t-test). The average melatonin level was also
significantly different, being 89.2 + 4.99 pM in the <8-h group
and 126 + 11.6 pM in the >8-h group (P <0.01, t-test). Thus, mela-
tonin concentrations were both lower overall and elevated for a
shorter duration when the onset of melatonin occurred less than 8
h after the onset of wakefulness.

To determine if the increase in melatonin amplitude with time
awake was due to an increase in the amplitude of the circadian
clock (an effect upstream from the source of melatonin production
in the pineal gland), we examined the amplitude in the rhythm of
core body temperature during the same CRs as were analyzed for
melatonin in Group 1. Core body temperature in humans, when
properly unmasked during a constant routine, has been shown to
be a good marker of both the phase and amplitude of the central
circadian clock.! We found, however, no significant change in the
fitted amplitude of the circadian rhythm of core body temperature
relative to the duration of time awake (P = 0.41, ANOVA, n =
19).

As the range of CR durations limited our previous analysis as
to exclude the potential effects of very long sleep deprivations on
melatonin, we expanded our analysis to a second cohort (Study
1, Group 2 in Methods) that had CRs of approximately 50 h in
length in <2 lux, during which 2 full melatonin peaks occurred.
The initial peak (n=25), which occurred at a normal phase angle
to sleep (i.e., starting 14.6 + 0.243 h after wake time), had an
AUC of 2465 + 254.8 pM*14 h, while the second peak, which
started 38.4 + 0.217 h after wake time, had an AUC of 2696 +
300.1 pM*14 h (Figure 2). This represents a 9.81% = 3.73% in-
crease in melatonin AUC between the first and second peaks (P
<0.05, paired t-test). There was, therefore, a small, but significant
increase of ~0.41%/h in the amplitude of melatonin peaks that oc-
curred at or after a normal (12.5 h) phase relationship with wake
onset, independent of the change associated with onsets that occur
earlier than 8 hours after awakening.
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Figure 2—Average (+SEM) plasma melatonin during a single epi-
sode of extended (50 h) wakefulness (n=25, young men and women,
Group 2 in Study 1). Data were averaged per hour within and then
between subjects. The first melatonin cycle is replotted as a dashed
line in the time frame of the second cycle for comparison.

Study 2

The young males (n = 90) had an average plasma melatonin
concentration of 195.2 + 11.99 pM during the sleep episode and
175.5 = 11.00 pM during the same clock hours while awake on
the constant routine 24 h later (Figure 3A), averaging 6.71% =+
2.12% higher during the sleep episode as compared to the CR (P
<0.0001, paired t-test). The older subjects had an average plasma
melatonin concentration of 148.7 £ 18.95 pM during the sleep
episode and 166.06 £ 20.95 pM during the same clock hours
on constant routine (Figure 3B), resulting in plasma melatonin
concentrations that were 20.8% + 7.30% lower during the sleep
episode than during the CR (P <0.02, paired t-test). In comparing
the ratio of melatonin during the sleep episode to that during the
CR (i.e., relative change) between the 2 age groups, there was a
significant difference between the young and older subjects (P
<0.001, t-test). There was no difference between the young and
older subjects in the average level of melatonin during the 8 h of
the CR corresponding to the usual sleep episode (P = 0.68, t-test;
24:00-08:00 in Figure 3), which agrees with our earlier findings
from the entire CR data train in these same subjects.?” There was a
trend for a lower average melatonin level during the sleep episode
in the older compared to the young subjects, although this did not
reach significance (P = 0.052, t-test).
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Figure 3—Average (:SEM) plasma melatonin in young (top, n=90)
and older (bottom, n=29) subjects during a normally phased sleep
episode (closed boxes) and a constant routine where they remained
awake at the same clock hours (open circles). Data were aligned such
that each subject’s wake time was graphically adjusted to 08:00 and
the data from the baseline day and night and from the CR expressed
relative to wake time; sleep time is from 24:00 to 08:00. Melatonin
data were averaged hourly within and then across subjects.
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Our groups of young and old subjects were not balanced for sex
(all men in the young group, 38% men in the older group), so we
also examined the possibility that a sex difference could explain
the observed difference in sleep vs. CR melatonin level. Older
men had melatonin concentrations of 119.4 + 34.40 pM during
their sleep episode and 139.8 + 34.84 pM during the same clock
hours during the CR (37.0% + 12.5% increase, P <0.05 paired
t-test); the sleep:CR ratio was 0.76 + 0.063. Older women had
melatonin concentrations of 166.6 + 21.85 pM during their sleep
episode and 182.1 4+ 26.24 pM during the same clock hours during
the CR (nonsignificant 10.9% =+ 8.38% increase, P = 0.13, paired
t-test); the sleep:CR ratio was 0.94 + 0.074. There were no sig-
nificant differences between older men and women in the average
melatonin during the sleep episode (P = 0.23, t-test), during the
same 8 clock hours during the constant routine (P = 0.34, t-test),
or in the sleep:CR ratio (P = 0.07, t-test), although this last com-
parison does near significance. In comparing the older women to
the young men, there was no significant difference between the
sleep episode (P =0.32, t-test) or constant routine (P = 0.81, t-test)
melatonin averages, but the sleep:CR ratio was significantly high-
er in young males (P <0.05, t-test), as was observed for the total
data set. In comparing the older men to the young men, there was
no significant difference in the constant routine melatonin average
(P =0.29, t-test), but the sleep:CR ratio was significantly lower in
the older men (P <0.001, t-test) and the average melatonin level
during the eight hour sleep episode was also significantly lower
in the older men (P <0.05, t-test), which was not observed in the
total data set comparison.

DISCUSSION

Our data indicate that melatonin concentrations are significant-
ly affected by both sleep and sleep deprivation, and also quite
strongly by the phase angle of melatonin onset to the offset of the
prior sleep episode. In examining normalized melatonin data in
young men, when melatonin onset occurs within 8 h of wake time
(an unusual phase relationship that might occur during travel or
shift work), the duration of the elevated plasma levels and aver-
age concentration of melatonin during this time are ~22% shorter
and smaller than they would have been had the melatonin onset
occurred at a normal phase angle. When melatonin onset occurs
at a normal phase angle (n.b., normally, melatonin onset occurs
12.5-17.1 h after wake time in healthy, young men*?) or any time
up to 30 h after wake time, there is no significant association of
melatonin amplitude with duration of wake. When melatonin on-
set occurs after 36 h of wake time (i.e., a second melatonin peak
during the same continuous episode of wakefulness), the ampli-
tude is significantly increased by ~10% over the melatonin peak
that occurred earlier in the wake episode.

The observed reduction in melatonin episode duration and av-
erage level associated with melatonin onsets that occur within 8 h
of waking does not appear to be due to a change in the amplitude
of the central circadian pacemaker, because no associated change
in temperature amplitude was observed in the same subjects. It is
likely that there is either a residual effect of sleep on the pineal
gland, or that there is a homeostatic phenomenon such that after
8 h of wakefulness, there is a near plateau of homeostatic pres-
sure on pineal production of melatonin. Another possibility is that
the photoreceptors responsible for transmitting light information
from the retina to the SCN have been dark adapted during the 8
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hours of scheduled sleep in darkness® and are sensitive enough to
evoke a suppression of melatonin early, but not late, in the course
of the CR. A final possibility is that the changes in the sympa-
thetic and parasympathetic activity that accompany awakening
diminish pineal production of melatonin.

Besides this possibly indirect effect of sleep on melatonin,
sleep has a direct effect on melatonin in young men. In these in-
dividuals, plasma melatonin during sleep is elevated compared to
the same clock hours during wakefulness under CR conditions.
Previous investigators have shown either no difference between
melatonin during a sleep episode and melatonin during the same
clock hours, but with sleep deprivation,*'”** or have reported el-
evated melatonin during the sleep deprivation episode.'*'* Those
earlier studies, however, failed to control for the effects of light
capable of partially suppressing melatonin concentrations during
the sleep deprivation 7** and did not take into account postural or
activity level differences between the sleep and sleep deprivation
conditions. Under our conditions of controlled dim light expo-
sure, low activity levels, and controlled posture, we observed a
small increase in melatonin during sleep, as compared to sleep
deprivation. This difference may be due to any number of factors
that differ between the sleep episode and the CR, including sleep
itself, posture, food intake, activity, and even the very low light
level. Prior to the onset of the sleep episode, subjects change from
the standing to the supine posture, which has been shown to affect
melatonin concentrations.'>!* During the CR in Study 2, subjects
have been in a semi-recumbent posture for ~16 h before the mela-
tonin episode occurs. Therefore, one would expect that a change
in melatonin associated with a shift in posture would be most
prominent at the beginning of the sleep episode, when compared
with the CR data. As can be seen in Figure 3, however, it is not
until the second hour of the sleep episode that changes in mela-
tonin are manifested, and these changes last until the end of the
melatonin secretory episode. Thus, not only is there a delay from
the change in posture to a change in melatonin, but the effects last
longer that would be expected with a postural change; though a
change in posture having an influence remains a possibility.

A difference in activity is also unlikely to have a large impact
on our finding of a higher melatonin level during sleep than during
wakefulness at the same clock hours in young men. The studies
in which locomotion has been shown to have an acute effect on
melatonin concentrations used an exercise-condition locomotion.
Subjects in our study were either lying in bed attempting to sleep
(in the sleep condition) or were limited to activities that could be
done while confined to bed during the CR (and a member of the
technical staff remained in the room with them during the CR to
ensure that only very low levels of activity occurred). It is pos-
sible that the hourly aliquots of food and water during the CR (as
opposed to the absence of food and water intake during the sleep
episode) influenced melatonin, but there was no unusual compo-
sition to the food that would obviously account for the change
(e.g., high tryptophan).

It is also possible that the low light levels during the CR were
suppressing melatonin levels in the young males, though we did
not observe consistent suppression of melatonin with light of this
low an illuminance 7* nor did we observe a significant difference
in melatonin levels in CRs conducted in <10 lux (Study 1, Group
1) and in <2 lux (Study 1, Group 2) (P =0.26, t-test). There has
been observed, however, a correlation between lower melatonin
concentrations in dim light (5-13 lux) and phase shift responses to
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the dim light,* indicating that even dim light might have the abil-
ity to both affect the circadian pacemaker and slightly suppress
plasma melatonin concentrations.

Another likely possibility is that sleep itself caused an aug-
mentation of the melatonin amplitude. It is possible that changes
in sympathetic (superior cervical ganglion) or parasympathetic
(sphenopalatine ganglion) innervation of the pineal gland during
sleep elicit this alteration. Alternatively, central brain mechanisms
(e.g., decrease in monoaminergic tone) or peripheral organs (e.g.,
decreased catabolism by liver during sleep) may be involved in
this mechanism. These types of changes may also underlie the
change in melatonin amplitude that occurs when melatonin occurs
before 8 h of wakefulness have elapsed.

Paradoxically, in older men and women, melatonin concentra-
tions are lower during the sleep episode than during the same 8 h
that occur during the wakefulness of a CR. Rather than being ~7%
higher during the sleep episode (as in the young men), melatonin
concentrations in older men and women were 21% lower during
the sleep episode as compared with the same clock hours during
the CR. This appears mainly due to results from the older men,
who had melatonin concentrations that were 37% lower during
the sleep episode. In contrast, the older women had only an 11%
decline during the sleep episode. As with the elevated melatonin
levels observed during the sleep episode of the young men, the
mechanism resulting in lower melatonin during the sleep episode
of older men and women is unknown. It does further indicate that
there may be significant sex-related differences in age-related
changes in sleep physiology.*

The finding that melatonin levels during the wakefulness of
the CR are higher in older subjects and lower in younger sub-
jects, both in comparison to their respective sleep episode values,
has important implications for the debate over whether melatonin
concentrations decline with healthy aging. Since 1979, there have
been more than 63 primary manuscripts addressing changes in
melatonin with age. Of those papers, 34 indicated that melatonin
was lower in older individuals, 22 showed no change with age, 6
had mixed results, and 1 described an increase in melatonin levels
with age. All but 2 of the studies analyzed melatonin rhythms in
the presence of a sleep-wake cycle. In our current analysis, we
observed a significant difference between sleep episode melatonin
in the young and older men, though not between the young men
and older women. As we reported earlier using this same subject
group but comparing the entire CR melatonin profile between the
age groups,”’ we did not find a significant difference with age in
the circadian amplitude of melatonin concentrations during the
wakefulness of a CR. By examining melatonin during the sleep
episode in the present report, we found a decline in melatonin
level in the older men, but not the older women, as compared to
the young men. In the present study we also examined melatonin
during the nighttime hours of the CR when the subjects remained
awake, and again there was no decline in either the older men or
women, as compared to the young men. Our experimental proto-
col, using 2 weeks of at-home sleep/wake stabilization, 3 baseline
days in the laboratory, and a CR, was designed to examine the
underlying circadian rhythm of melatonin. This also tries to an-
swer the question: does the human pineal change with age such
that it no longer has the capacity to function (i.e., produce melato-
nin) when compared with a younger pineal? There are, obviously,
changes with aging, likely associated with changes in response
to sleep, that are able to independently affect plasma melatonin
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levels. While the capacity of the system to produce melatonin ap-
pears not to change significantly, there do appear to be changes
with aging, possibly the well-described change in sleep architec-
ture or continuity, that can affect plasma melatonin concentra-
tions. It will be critical in future experiments to determine the
cause of these changes and whether they have a significant clini-
cal impact upon sleep.
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