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Abstract

Oral melatonin can improve daytime sleep, but the hormone's short elimination half-life limits its
use as a hypnotic in shift workers, jet-lag and other situations. Here we show in healthy subjects
that transdermal delivery of melatonin during the daytime can elevate plasma melatonin and
reduce waking after sleep onset by promoting sleep in the latter part of an 8-hour sleep
opportunity. Thus, transdermal melatonin may have advantages over fast-release oral melatonin in
improving sleep maintenance at adverse circadian phases.
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The modern 24-hour society requires many individuals to seek sleep during the daytime. As
evidenced by the prevalence of premature awakenings in night workers, however,
maintaining sleep during the daytime is difficult.1-3 This difficulty has a biological basis in
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an altered relationship between the circadian and homeostatic sleep-regulatory processes:
when sleep is attempted during the daytime, the homeostatic sleep pressure that has built up
during wakefulness may be high enough to initiate sleep, but its gradual dissipation occurs
in the presence of increasing circadian wake drive, which can result in premature
awakenings.

Administration of melatonin during the daytime, i.e. outside of the phase of its endogenous
secretion, can facilitates sleep.4-10 Fast-release oral melatonin, however, has limitations if
the treatment goal is to maintain daytime sleep for ~8 h: due to the short elimination half-
life (~40 min), melatonin levels are already decreased at a time when the sleep-promoting
effect is needed most, i.e. when sleep pressure has decreased and the circadian wake drive is
increasing. Therefore, a relatively high oral dose of melatonin has to be administered, which
in turn may lead to desensitization of the melatonin receptors!! and potentially contribute to
the development of tolerance.8

To overcome the limitations of fast-release oral melatonin, controlled-release, transmucosal
and transdermal delivery have been tested.8:9:12-15 Testing of transdermal delivery has not
included polysomnography and quantitative electroencephalogram (EEG) analysis and thus
its effectiveness to improve sleep maintenance is unknown. The purpose of the present study
was to test an experimental skin patch designed to deliver melatonin such that plasma levels
steadily increase for 6-8 h, and thereby counteract the increasing circadian wake drive and
improve daytime sleep.

Eight healthy subjects received a skin patch (2.1 mg melatonin or placebo, randomized,
double-blind, crossover) one hour before an 8-h daytime sleep opportunity (09:00-17:00 h),
referred to as melatonin (MEL) or placebo (PL) sleep (see Methods for details).

Plasma melatonin and core body temperature

After a lag following application of the active patch, plasma melatonin levels increased
steadily, reached statistical significance over placebo after 3 h, and peak concentration (Cynax
+ SEM) of 690.4+138.8 pmol/L after (tnax) 8.58+0.63 h (Figure 1a, top). Melatonin reduced
body temperature by ~0.13°C during the last 4 h of administration (Figure 1a, middle).

Individual plasma profiles revealed marked gender differences in melatonin delivery (Figure
1b). The exogenous maximum in women (1018.7+76.5 pmol/L) was higher (P=0.002, t-test)
than in men (362.0£110.2 pmol/L). This difference was unlikely to be caused by the use of
oral contraceptives, as the maxima in the two users (1037.0, 806.3 pmol/L) and the two non-
users (1170.5, 1061.1 pmol/L) were similar. The rise rate in plasma concentrations as
estimated by linear regression of the mean levels in the interval beginning 1 h after patch
application and ending with the maximum 8 h later was 129.3+12.0 pmol/L/h (r2=0.94) and
39.623.2 pmol/L/h (r=0.96) for women and men, respectively.

While the maxima of the endogenous melatonin profiles before treatment correlated strongly
between the two conditions (r2=0.89, P=0.0004), the maxima of the endogenous and
exogenous profiles did not correlate (r?=0.003, P=0.89).

Sleep and EEG spectra

Data from seven subjects were used for sleep and EEG analysis. Transdermal melatonin
increased rapid-eye-movement (REM) sleep by 20.7 min (women: 14.5, men: 25.4 min), and
decreased wakefulness after sleep onset by 55.6 min (women: 59.3, men: 52.8 min) (Table
1) by promoting sleep in the latter part of the sleep opportunity (Figure 1a, bottom).
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Whereas no significant difference between conditions was found for any sleep parameter in
the first and second one-third of time in bed (T1B), melatonin increased sleep efficiency
(MEL: 77.2£7.8 vs. PL: 48.5+10.6 %), total sleep time (123.4+12.5 vs. 77.6£16.9 min),
stage 2 (67.8+£8.3 vs. 39.9£10.1 min), and REM sleep (30.9£4.4 vs. 22.0+6.1 min) during
the last one-third of TIB (P<0.05, Wilcoxon).

The EEG spectra in non-rapid-eye-movement (NREM) sleep did not differ between
conditions during the first two hours of TIB. In both MEL and PL, the EEG underwent the
typical changes associated with the dissipation of homeostatic sleep pressure: compared to
the first two hours of TIB, power density in the remaining six hours was reduced in the
lower frequencies, with the largest reduction being present in the delta (0.75-4.5 Hz) range
(Figure 2, top). Compared to PL, melatonin delivery further decreased power density in the
delta/theta frequencies (2.5-6.5 Hz) and tended to increase it (P=0.058) within the frequency
range of sleep spindles (13.25-13.5 Hz) (Figure 2, bottom). Additional analyses revealed
that the EEG changes were not simply a consequence of melatonin's effects on NREM sleep
duration and associated dissipation of sleep pressure, and that they were unrelated to the
hormone's effect on body temperature (see Supplemental Material online). Melatonin did not
affect EEG power spectra during REM sleep (data not shown).

Alertness and attention after patch removal

While plasma melatonin remained elevated in the MEL condition after daytime sleep, it did
not reduce subjective alertness (Karolinska Sleepiness Scale), or visual attention
(Psychomotor Vigilance Task) during that time (see Supplemental Material online).

Discussion

Transdermal melatonin delivery was effective in elevating plasma melatonin for an extended
duration during the daytime. The plasma profile differed greatly from a typical profile
following fast-release oral melatonin administration and resembled the endogenous
nocturnal profile more closely.

Consistent with previous reports12:14 we found considerable inter-individual variation in
melatonin delivery. The current data suggest gender as a significant source of variation:
plasma levels in women were higher than in men. Pharmacokinetic studies® have indicated
that clearance of melatonin does not differ systematically between genders. Moreover, given
the absence of a correlation between endogenous and exogenous plasma melatonin levels in
the present study, it is more likely that differences in transdermal absorption possibly arising
from gender differences in the physiology of the stratum corneum?’ rather than disparities in
clearance played a role.

Dermal deposition of melatonin is another factor that influences the plasma profile during
transdermal delivery. This is evident from a comparison with a study’4 that used a higher
dose (8 mg) and a larger patch surface (20 cm?2). Our data indicate that in order to minimize
dermal deposition and approach an endogenous melatonin profile, a lower dose and a
smaller patch surface are advantageous. It should be noted however that since our protocol
was not long enough and towards the end overlapped with the onset of endogenous
melatonin secretion, it was not possible to quantify the kinetics of melatonin's disappearance
from the blood.

Transdermal melatonin delivery was effective in improving daytime sleep, inducing changes
the spectral composition of the NREM sleep EEG, and lowering core body temperature.
This profile of effects is consistent with other melatonin studies.18 Many of these studies —
the vast majority of which used oral administration — focused on immediate or short-term
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action, such as the reduction of sleep latency, and the facilitation of nap sleep. In contrast,
the present results highlight melatonin's efficacy to facilitate sleep late within an 8-h daytime
sleep opportunity, similar to a sustained-release preparation.8 Transdermal delivery may be
of particular use when there is a need for sleep to begin in the morning and last until the
afternoon/early evening, as typically desired by night workers and rotating shift workers.
19,20 Importantly, the added sleep in the last third of the sleep opportunity consisted of stage
2 and REM sleep, i.e., precisely those sleep stages that are reduced in shift workers.2
Judiciously timed melatonin delivery may also hold promise as a countermeasure against
early morning awakenings, a sleep problem associated with old age.?!

The present results corroborate the reported small reduction of EEG power density in
NREM sleep in the low frequency range and increase within the range of sleep spindles.22
As noted before, these effects are reminiscent of those induced by hypnotics binding to the
type-A gamma-aminobutyric acid (GABA) receptor, in particular benzodiazepines and
their analogs.23:24 However, while GABA receptors may mediate some of melatonin's
effects,2® EEG studies with the GABA-benzodiazepine receptor antagonist flumazenil have
suggested the involvement of other receptors.2® The differences in EEG power spectra
between MEL and PL are also similar to the differences between nighttime and daytime
sleep, indicating that melatonin administration during the day induces sleep which is more
similar to nighttime sleep both with respect to its spectral composition as well as its
duration.

The EEG changes occurred at melatonin concentrations that are lower than previously
reported. Whereas the doses used in other EEG studies produce plasma levels that are at
least 5-10 times above the endogenous levels, the concentrations observed here were within
or close to the physiological range. These observations have important implications for
understanding the influence of endogenous melatonin on the sleep EEG; they provide new
evidence that the circadian variation in plasma melatonin concentration may indeed be large
enough to contribute to the circadian variation of EEG activity in the low-frequency range,?’
and spindle frequency range.27-29

In conclusion, transdermal melatonin delivery may provide important advantages over oral
administration as a countermeasure for certain sleep problems: 1) it can elevate plasma
melatonin for an extended duration while maximal concentrations remain relatively close to
the physiological range; 2) the shape of the induced plasma melatonin profile with its
gradual rise and delayed maximum is well suited to counteract the circadian wake drive
during the biological day. Thus, transdermal melatonin delivery may represent a more
effective way to help shift workers and individuals in jet-lag situations to maintain sleep at
adverse circadian phases.

Eight volunteers (mean age + SD: 27.8+3.6, range: 24-34 years; 4 women) completed the
study. The protocol was approved by the Human Research Committee of Partners
Healthcare System. Subjects gave written informed consent to all procedures prior to
participation. They were in good health as established by medical history, psychological
questionnaires, physical exam, electrocardiography, blood and urine tests, and overnight
clinical polysomnography. Subjects' body weight (mean + SD) was 66.9+8.7 kg (women:
60.8+£3.9, men: 73.0£8.0 kg).
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The protocol consisted of two inpatient visits that were 7-16 days apart. For three weeks
prior to the first visit and between visits, subjects were instructed to refrain form alcohol,
caffeine, nicotine and any drug except oral contraceptives. Compliance was verified at each
admission by urine toxicology. Subjects maintained a fixed sleep/rest schedule (23:00-07:00
h) as verified with actigraphy (Actiwatch-L, Minimitter Inc., Bend, OR) during one week
prior to the first visit, and between visits. Each visit lasted ~36 h and included a nap
opportunity (15:00-19:00 h) on day 1, and a daytime sleep opportunity (09:00-17:00 h) on
day 2. The sleep opportunities were scheduled such in order to approximate a sleep/wake
schedule typically recommended to shift workers as they rotate to a night duty.19 Subjects
wore a patch (melatonin or placebo) between 08:00 and 18:00 h on day 2. During the
scheduled wake episodes, the light intensity was ~0.0048 W/m? (~1.8 lux; horizontal
angle). Subjects were accompanied by a staff member between 00:00 and 09:00 h on day 2
to ensure wakefulness. The study was carried out in an environment free of time cues (no
windows, clocks, TV, radio, telephone, or internet).

Patches (Biotek Inc., Wellesley, MA) contained 2.1 mg melatonin or no active drug
(placebo) in a solvent formulation of water, ethyl alcohol, propylene glycol, lauric acid, and
hydroxypropylcellulose. They had a porous, non-rate-limiting membrane and an active
contact area of 1.2 cm2. Extensive ex-vivo experiments with human skin indicated that the
chosen dose was best suited to produce the intended plasma profile (see Introduction).
Patches were attached medially on the forearm after the site was briefly washed with regular
soap and dried with a towel.

Melatonin measurements

Blood samples were obtained through an indwelling intravenous catheter in the forearm.
Extended plastic tubing permitted drawings during sleep from an adjacent room without
disturbing the subjects. A heparinized solution (5 IU heparin/ml 0.45% NaCl) was infused
(40 ml/h) between samples. Plasma was analyzed for melatonin by radioimmunoassay
(Pharmasan Inc., Osceola, WI). Intra-assay and inter-assay coefficients of variation were
<12.1% and <13.2%, respectively.

Core body temperature measurements

Temperature recordings were made with an indwelling rectal sensor at 1-min intervals
(YYellow Springs Instruments Company, Yellow Springs, OH).

Polysomnography and EEG analysis

The EEG (C3/A2, C4/Al, O1/A2, 0O2/A1), electrooculogram (EOG), and submental
electromyogram (EMG) were recorded with the Vitaport-3 system (TEMEC Instruments
B.V., Kerkrade, The Netherlands). Signals were high-pass filtered [time constants: 0.68 s
(EEG, EOG), or 0.015 s (EMG)], low-pass filtered [Bessel, 24 dB/octave; -6 dB at 70.1 Hz
(EEG), 34.8 Hz (EOG), or 55.1 Hz (EMG)], digitized (resolution: 12 bit, sampling rate: 256
Hz, storage rate: 128 Hz), and scored on a 30-s basis.3? The EEG (C3/A2) was subjected to
an offline fast-Fourier-transform routine (Vitagraph, TEMEC Instruments B.V.) using 4-s
epochs (rectangular window). Spectra from up to ten overlapping 4-s epochs were averaged
into 30-s epochs after discarding visually identified artifacts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Plasma melatonin, core body temperature, and sleep efficiency before and during
transdermal melatonin administration during daytime. Data in (a) represent hourly means
1 SEM (N=8 for melatonin and body temperature; N=7 for sleep efficiency). Application
and removal of the dermal patch are indicated by dashed vertical lines. Note that elevated

melatonin levels prior to patch application are due to endogenous secretion. Horizontal black

bars on top and bottom indicate scheduled sleep opportunities. Gray bars indicate scheduled
wake episodes in ~1.8 lux. Subjects maintained a semi-recumbent position (upper part of
bed at 45°) for the 6 h before and for the hours after the 8-h daytime sleep opportunity to
allow for measurements of body temperature undisturbed by changes in body position.
During the sleep episodes subjects were supine. Note that at 20:00 h and 21:00 h in the
placebo condition blood samples could only be obtained from 6 subjects. Mixed-model
ANOVA on log-transformed hourly melatonin values following patch application was
significant for Condition, Time, and Condition x Time (P<0.0001 in all cases). ANOVA on
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temperature data was significant for Condition and Time (P<0.0001), but not for their
interaction (P=0.99). Black diamonds indicate significant differences from placebo [P<0.05,
t-tests (melatonin, body temperature) or Wilcoxon signed rank test (sleep efficiency) for
planned comparisons]. (b) Individual melatonin profiles in males (top) and females
(bottom). Note that one male subject with very low exogenous plasma melatonin levels also
had very low endogenous melatonin levels.
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Figure 2.

Effect of transdermal melatonin administration on EEG power density during NREM sleep
during daytime. Top: for both melatonin and placebo, power densities in the last 6 h of time
in bed were expressed as percentage of first 2 h. Data represent means + 1 SEM (N=7).
Filled (melatonin) and open (placebo) diamonds above abscissa indicate frequency bins for
which difference from the first 2 h was significant (P<0.05, paired t-tests on log-transformed
values). Power density values and significance are plotted at upper limit of 0.5-Hz frequency
bins. Two-way mixed-model ANOVA on log-transformed power densities was significant
for Condition, and EEG Frequency bin (P<0.0001), but not for their interaction (P=0.23).
Bottom: power densities in last 6 h of melatonin condition were expressed relative to
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corresponding interval of placebo. Filled triangles refer to significant differences from
placebo (P<0.05, t-tests), and gray triangle to a statistical tendency (P=0.058).
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TABLE 1

Sleep parameters during placebo and melatonin treatment

Placebo Melatonin P
Total sleep time 356.5+16.6 4089+184 0.063
Sleep efficiency (%) 74335 85.2+3.8 0.063
Sleep latency (to stage 2) 58+1.0 76+1.1 0.297

REM latency (from stage 2)  46.0+8.8 53.6+6.3 0938
Waking after sleep onset 1196+17.1 640+18.8 0.047

Stage 1 31570 36.9+5.0 0.469
Stage 2 1715+13.2 2004+138 0.219
Slow wave sleep 75.1+13.4 72.6+10.2 0.688
REM sleep 78.4+11.3 99.1+104 0.016

Data represent means (in minutes unless indicated otherwise) + SEM (N=7). Placebo and Melatonin refer to 8-h daytime sleep opportunity
(09:00-17:00 h) following application of placebo patch and melatonin patch, respectively. Sleep efficiency corresponds to total sleep time
expressed as a percentage of time in bed. P-values are derived from Wilcoxon signed rank tests. Sleep parameters did not differ between conditions
in evening nap (15:00-19:00 h) prior to treatment. Sleep data from one female subject were excluded from analysis since this subject exhibited
extremely low sleep efficiency (17%; no REM sleep; 1 min of slow wave sleep) during the preceding evening nap, and by far the highest sleep
efficiency (97%) during subsequent placebo sleep, indicating that she was sleep deprived. Melatonin data from this subject are represented by open
triangles in Figure 1b (bottom).
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