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Abstract

The human circadian pacemaker maintains timing and consolidation of sleep—wake behavior by opposing the build-up of homeostatic sleep
pressure during the wake episode, particularly in the evening during the ‘wake maintenance zone'. We tested whether age-related changes in
sleep are a consequence of a weaker circadian arousal signal in the evening. Circadian rhythms and spectral components of the sleep EEC
were investigated in 17 young (20-31 year) and 15 older (57—74 year) volunteers under constant posture conditions during a 40-h nap protocol
(75/150 min sleep/wake schedule). Quantitative evidence for a weaker circadian arousal signal in aging arose from significantly more sleep
occurring during the wake maintenance zone and higher subjective sleepiness ratings in the late afternoon and evening in the older group.
In addition, we found a diminished melatonin secretion and a reduced circadian modulation of REM sleep together with less pronounced
day—night differences in the lower alpha and spindle range of sleep EEG activity in the older group. Thus, our data indicate that age-related
changes in sleep propensity are clearly related to a reduced circadian signal opposing the homeostatic drive for sleep.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction The two process model of sleep and wakefulness predicts
the day-to-day synchronization of an organism to its envi-
The mammalian circadian system, one of whose major ronment by the interaction of a circadian (C) and a homeo-
functions is the regulation of sleep and wakefulness, is gov- static process (98,21]. Two hallmarks of this system are
erned by the hypothalamic suprachiasmatic nuclei (SCN) remarkable: based on experimental findings and theoreti-
[52], for reviews se§s3,72,74] The differential neuronalac-  cal assumptionf26,47,68]a circadian arousal signal in the
tivation of the SCN is dependent on various input signals from evening opposes the homeostatic drive for sleep shortly be-
the environment such as light and social di3ds40]. Lesions fore melatonin onset and disappears prior to sleep onset (the
of the SCN eliminate circadian sleep—wake cycles in ani- ‘wake maintenance zone’). The opposite occurs in the early
mals as well as circadian regulated endocrine functions, mo-morning shortly after the CBT nadir, when the homeostatic
tor activity and core body temperature (CBT) rhythj8§]. need for sleep is lowest and yet the circadian drive for sleep
The rare human lesion data support these findjadst,62] appears high. Therefore, the progressive increase in the cir-
How the SCN communicates within its sub-sections and with cadian drive for sleep in the course of the nocturnal sleep
the rest of the brain and body to elicit physiological and be- episode counteracts the dissipation of homeostatic sleep pres-
havioral function adequately synchronized to the appropriate sure associated with consolidated sl§f47,68]
time of day is still the subject of intense ongoing research  Evidence for this model comes from so-called forced
[22,23,63] desynchrony (FD) studie§16] where the volunteers’
sleep—wake cycles are scheduled to artificial days longer or
shorter than 24 h (e.g. 28 or 20 h). Under such conditions, the
* Corresponding author. Tel.: +41 61 325 53 18; fax: +41 61 32555 77. circadian pacemaker can no longer entrain to the imposed
E-mail addresschristian.cajochen@upkbs.ch (C. Cajochen). sleep—wake cycle and ‘free-runs’ with its own endogenous

0197-4580/$ — see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.neurobiolaging.2005.03.004



1308 M. Miinch et al. / Neurobiology of Aging 26 (2005) 1307-1319

period. This means that sleep occurs at all different circadian and transmeridian flights within 1 month prior to the study.
phases, permitting assessment of the contribution of the cir-Each study volunteer underwent a physical examination, an
cadian pacemaker and the sleep—wake dependent process faterview, a neuropsychological test battery (only for the
sleep propensitj20]. older group) and a polysomnographically recorded adapta-
With age, some aspects of the sleep—wake cycle undergation night. Only volunteers with a clinical sleep EEG scoring
well-known changes, such as shallower nocturnal sleep with without any pathological findings [apnoea/hypopnoea-index
more arousals, less slow wave sleep (SWS) and the prevalencéAHI) <10; periodic leg movements (PLM) <10/h] were in-
of daytime napg1,5]. Most [19,71,77] but not all studies  cluded in the study. All participants gave written informed
[51,80]report a decline in the amplitude of circadian markers, consent. The study protocol, the screening questionnaires and
e.g. melatonin, CBT and cortisol. The elderly usufdly,35], consent form were approved by the local Ethical Committee
but not alwayq51] have earlier habitual bed- and wake-up and conformed with the Declaration of Helsinki.
times with an advanced circadian phase in relation to their
CBT minimum (and melatonin secretion maximum), when 2.2. Study participants
compared to young volunteers. The endogenous circadian
period remains rather stable with dd8]. It is not yet clear Seventeen healthy young (nine females, eight males, age
whether the circadian or homeostatic aspects of sleep regularange 20-31 year, mean: 25:8.3 S.D.) and 15 healthy
tion are more affected by age. We have recently obtained evi-older volunteers (seven females, eight males, age range 57-74
dence that although the sleep homeostat retains its capacity tyears, mean; 655.6 S.D.) were selected for the study.
respondto sleeplossin aging, thereis asignificantage-relatedrhe mean PSQI value was 2t11.3 S.D. for the young
decrease of frontal delta predominance in this respfitde and 3.4+ 1.7 S.D. {-test:p<0.05) for the older volunteers.
Even though circadian facets of sleep regulation seem to beThe ratings on the M/E questionnaire were slightly but sig-
affected by ag¢28], we do not know whether aging per se nificantly higher (earlier chronotype) in the older (mean
causes changes in the circadian regulation of sleep and wake18.8+ 3.0 S.D.) than in the young group (mean 1£4.3.2
fulness, or whether they are rather a consequence of a modS.D.;t-test:p< 0.05). The mean body mass index (BMI) was
ified regulation of circadian signaling downstream (or both). 21.54+1.6 (meant S.D.) for the young and 23:82.1 for
Moreover, to what extent the presumed dampened amplitudethe older volunteergtest:p<0.05). All subjects were free
of circadian rhythms (such as melatonin, cortisol, CBT) is from medical, neurological, psychiatric and sleep disorders
associated with changes in other physiological and neurobe-and were non-smokers without any drug abuse. The latter
havioral functions, has not been unambiguously clarified.  was verified for the young group by an urinary toxicolog-
We, therefore, hypothesized both an age-related decreasécal analysis, sensitive for amphetamines, benzodiazepines,
in the circadian secretion of melatonin and a less pronouncedopiates and tetrahydrocannabinol (Drug-Screen Card Multi-
day-night difference between sleep and wakefulness in the6®, von Minden GmbH, Moers, Germany). Except for five
older group. This implies more sleep and higher subjective young female subjects taking oral contraceptives, none took
sleepiness levels during the day and less sleep and lowerany medication. Young females started the study on day 1-5
subjective sleepiness levels during the night. after menses onset during the follicular phase of their men-
We tested our hypotheses in a 40 h multiple nap proto- strual cycle.
col carried out under stringent constant posture conditions,
with sleep and wakefulness occurring at different circadian 2.3. Study design
times, using quantitative sleep EEG analysis along the antero-
posterior axis, continuous assessment of subjective sleepiness One week prior to study begin (baseline week) partici-
and measurement of melatonin secretion. pants were instructed to keep their individual bed- and wake
times within a range of=30 min (compliance controlled by
a wrist activity monitor, Cambridge Neurotechnolofies

2. Methods Cambridge, UK and sleep logs). They were also required
to abstain from excessive caffeine and alcohol consumption
2.1. Screening procedure as well as heavy physical exercise. After the baseline week,

the participants reported to the laboratory in the evening be-

All study participants were recruited via advertisements at fore day 1 Fig. 1). The timing of their sleep—wake schedule
different Swiss universities and in newspapers. Only candi- was calculated such that the 8 h sleep episode was centered
dates with a Pittsburgh sleep quality index (PSQI) scdbe at the midpoint of each subject’'s habitual sleep episode as
[6] and no extreme chronotype, i.e. ratings between 14 andassessed by actigraphy and sleep logs during the baseline
21 points on the morning-evening-type (M/E) questionnaire week. Habitual bedtimes did not vary significantly between
[69] were selected. Additionally, all potential study partic- groups (young: 23:34 56 min versus older: 23:1# 40 min;
ipants were asked about their sleep quality, life habits and meant S.D.; p=0.2, t-test; mean difference: 23 min). The
health state. Exclusion criteria were: smoking, medication study started with an 8 h adaptation night in the labora-
or drug consumption, shift work within the last 3 months tory. The following 16 h of wakefulness on day 1 were used
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Twelve EEGs, two electrooculograms, one submental elec-
tromyogram and one electrocardiogram were recorded. All
signals were low-pass filtered at 30 Hz (fourth order Bessel
type anti-aliasing, total 24 dB/October) at a time constant of
1.0 s. After online digitization by using a 12 bit AD converter
(0.15uV/bit) in the range of 61Q.V and a sampling rate at
128 Hz for the EEG, the raw signals were stored on a Flash
Day 2 RAM Card (Viking, USA) and later downloaded to a PC hard
drive. Sleep stages were visually scored per 20 s epochs (Vita-
port Paperless Sleep Scoring Software) according to standard

criteria[59].
Day 3 ] I I I I I EEG artifacts were detected by an automated artifact al-
gorithm (CASA, 2000 PhyVision B.V., Gemert, the Nether-
lands). Spectral analysis was conducted using a Fast Fourier
transformation (FFT; 10% cosine 4-s window) which yielded

a 0.25 Hz bin resolution. All EEG power spectra were calcu-
Dy lated during stage 2 in the frequency range from 0 to 32 Hz.
Stage 2 was chosen because its duration did not significantly

differ between night and day (see below). Finally, artifact
I | free 4-s epochs were averaged over 20-s epochs. Here, we

Day 1

4 8 18 24 report EEG data derived from the midline (Fz, Cz, Pz, Oz)
referenced against linked mastoids (A1, A2) in the range of
Time of Day (h) 0.5-25 Hz.
Bl -0 2.5. Sleep stages
[ ] wakefulness (<8 lux) Visually scored sleep stages, NREM sleep (stages 2—4)
and REM sleep were expressed as percentage of total sleep
[E="1 Constant posture in bed time (TST; stages 1-4 and REM sleep). Sleep efficiency (SE)

and wakefulness after lights off (WALO) were expressed as
Fig. 1. Overview of the 4-day study protocol. Black bars (0lux) indicate percentages of nap time (time after lights off until time of
scheduled sleep episodes and white bars scheduled wake episodes (<8 '“X]ights on) whereas sleep latencies to stages 1 (SLl) 2 (SLZ)
Hatched bars denote controlled posture (sem|-recumbentdurlngwakefulnessor REM latency (RL) onset were indicated in minutes. Sleep

stages were collapsed into 1.25 hourly bins per subject be-

to adjust the subjects to the experimental dim light condi- fore averaging over subjects. In order to illustrate the dynam-

tion (<8lux). During the morning a blood sample was taken ics within naps, TST of each group was binned into 5min

from the older participants in order to verify both a normal intervals. The time course of sleep stages within each age-

haemogram and physiological coagulation. The older vol- group was analyzed with the Friedman-test, and group dif-

unteers received a heparin low-dose injection on the threeferences were calculated with the mean values over 11 naps

consecutive days of each study block (Fraghid.2 ml, (Mann-WhitneyU-test).

2500 IE/Ul, Pharmacia AG, bendorf, Switzerland) in order

to prevent any venous thrombosis. In the afternoon of day 1,2.6. Subjective sleepiness ratings

all subjects were prepared for continuous polysomnographic

recording. After a second 8 h sleep episode (baseline night), Subjective sleepiness was assessed on the Karolinska

the subjects followed scheduled 75/150 min sleep—wake cy-Sleepiness scale (KSS) from 1 (very alert) to 9 (very sleepy)

cles during a 40 h protocol under constant conditions. This [37] every~30 min during scheduled wakefulness. Missing

included constant recumbent body posture, no time Cues,data were Iinearly interpolated. KSS values were collapsed

dim light conditions (<8 lux) during wakefulness and no light into 1.25 hourly bins per subject before averaging over sub-

(O |ux) during S|eep, and regu|ar small isocaloric meals and jeCtS. The very first Sleepiness rating taken |mmed|ate|y after

water (for details of the method sg&17)). the naps was not included in this average in order to exclude
sleep inertia effectpt3].

and supine during sleep), BL = baseline night, RC =recovery night.

2.4. EEG sleep recordings and spectral analysis
2.7. Salivary melatonin
Sleep was polysomnographically recorded with the VI-
TAPORT ambulatory system (Vitaport-3 digital recorder, Saliva collections were scheduled during wakefulness at
TEMEC Instruments B.V., Kerkrade, the Netherlands). the same time intervals (every30 min) as the subjective
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Table 1

Melatonin analyses for young € 17) and olderrf= 15) volunteers separately (mears.D.)

Variable Young &S.D.) Older ¢S.D.) p
Upward mean crossing time (h; clock time) 22:11.0 22.0+ 1.0 08
Downward mean crossing time (h; clock time) #91.0 74+ 1.0 01
Midpoint time of melatonin peak (h; clock time) 3#40.8 27+£09 02
Mean 24 h secretion (between 5 and 29h; pg/ml) D54 52+ 25 <Q05
Mean secretion (between upward mean crossing time-downward mean crossing time; pg/ml) + 1186 114+ 6.1 <Q05
Mean duration (upward mean crossing timdownward mean crossing time; h) HB81.0 9.3+ 0.6 01
Upward mean crossing timewake time (h; elapsed time awake) 14:60.7 148+ 1.1 06
Downward mean crossing timewake time (h; elapsed time awake) 24141.3 24.1+ 1.0 05

sleepiness ratings (KSS). A direct double-antibody radioim- Soft Inc., 2000—2004, STATISTICA for Windows, Tulsa,
munoassay was used for the melatonin assay (validated byOK, USA) were used. Mean values of visually scored sleep
gas chromatography—mass spectroscopy with an analyticalstages per nap sequence and KSS values were subjected to a
least detectable dose of 0.65 pm/miilBmann Laboratories,  Friedman-test for each age group separately with the repeated
Schbnenbuch, Switzerland75]). As for the sleepiness rat-  factor ‘nap sequence’. A Mann—Whitn&¢test was used for
ings, missing data were linearly interpolated and all mela- post-hoc comparisons since not all data reached the criterion
tonin values were collapsed into 1.25 hourly bins per subject for a normal distribution. Alpha adjustment for multiple com-
before averaging over subjects. For calculating mean mela-parisons was applied according to Curran-Evdft. For

tonin levels during the active secretion time, values of all the correlation between KSS and sleep efficiency a Spearman
samples between the upward- and downward-mean crossingank correlation was used. For day—night comparisons, aver-
points were averaged per subject and age grouplgae J). aged EEG power density across biological daytime naps was
compared with averaged values across biological nighttime
naps. Two- and three-way rANOVAS with the factors ‘age’
(young and older), ‘condition’ (biological day and night) and

The first 75 min after lights off in the recovery night were derivation’ (Fz, Cz, Pz, Oz) were performed. Aﬂvatlues
considered as an additional nap. In order to compare EEGUerived from rANOVAs were based on Huynh-Feldt's (H-F)
sleep spectra between ‘night’ and ‘day’ naps, the 24 h meancorrected degrees of freedom (significance lepe&l0.05).
melatonin concentration (between hours 5 and 29 of the
40h protocol) was calculated for each subject. This overall
mean was 9.1 5.4 pg/ml for the young and 522.4 pg/ml 3 Results
(meant= S.D.;t-test:p< 0.05) for the older group. A nap was
rated as a night nap if the melatonin concentration of the 5 1 Sleep stages during the naps
last saliva sample before the nap was above the individual
mean; otherwise, it was rated as a day nap. We defined the - gjeey measures derived from visual scoring are summa-
te_rm; k_)l(_)loglcal day gnd biological night” according 10 yizeq inTable 2 There were no significant age differences in
this |nd|V|duaI melaton!n mean. The mean number of day TST, SE, WALO and stage 1 (Mann-Whitngtestp > 0.1).
and night naps per subject was 8.8 (meant S.D.;day)  ojder volunteers had significantly less SWS (stages 3 +4)
and 3.2+ 0.8 (night), for the young and 8£0.8 (day) and 504 REM sleep during the nap protocol than the young at
2.9 0.8 (night), for the older volunteers and did not differ e ost of significantly more stage 2, also reflected in more
significantly between groupp¢ 0.1). Only day and night  \pey sleep p for all <0.006). SL1 revealed no signifi-
naps containing a total stage 2 duration of at least 5 min were .+ age differencept 0798), whereas RL was significantly
included in the EEG spectral analysis. The duration of stage g, ter <0.001) and SL 2 tended to be longer in young
2 sleep within both age groups did not differ significantly volunteersfg = 0.07). Post-hoc comparisons (Mann-Whitney
between day and night naps [one-way rANOVA factor ‘con- _test) revealed that the young participants slept significantly
dition” (night nap versus day napf; 16=0.2,p=0.6 for 55 guring naps 4 and 10 and significantly more during naps
the young andr;,14=1.3,p=0.3 for the older subjects] nor - 5 54 g < 0.036:Fig. 2A). The same results were obtained
was there a significant interaction between the factors ‘age’ ¢, g g < 0.036:Fig. 2E) with a tendency in the latter dur-
and ‘biological day’ versus ‘biological night' (two-way rA- iy nan 7 < 0.073). This was also reflected in the duration
NOVA; F1,30=0.49;p=0.5). of wakefulness (WALO) where older subjects had signifi-

cantly less wakefulness during the wake maintenance zone

2.8. Classification of day and night naps

2.9. Statistics (naps 4 and 10) and more during naps 5, 7 and 8 than the
young < 0.032; graph not shown). Older subjects had more
For all analyses, the statistical packages SASAS Insti- NREM sleep duringnaps 1, 4, 7 and p6<0.036;Fig. 2B). In

tute Inc., Cary, NC, USA: Version 6.12) and Statisti¢Stat- parallel, the elderly had significantly more stagé-Ry( 2D)
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Fig. 2. Time course of sleep stages (2A—2H) across the 40-h nap protocol. Open circles: young volnrtg@jsfilled circles: older volunteers € 15;
meart: S.E.M.),"p<0.05;°p<0.1.
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Table 2

Sleep stages derived from visual scoring for both age groups, averaged across naps 1-11

Sleep variable Young Older p x2 young x2 older
TST (min) 510.0+ 19.6 487.3+ 24.4 Q42 83.2() 69.1 (")
SE (%) 62.1+ 2.4 59.0+ 3.0 040 83.2() 68.3 (")
WALO (%) 375+ 2.2 41.0+ 3.0 034 85.3() 68.3 (")
Stage 1 (%) 26.3- 2.8 25.6+ 2.4 084 17.10) 17.6 €)
Stage 2 (%) 35.6: 2.1 58.7+ 3.1 <Q0001 35.30) 16.8 (ns)
Stage 3 (%) 10.6- 0.7 6.0+ 1.1 0002 54.07) 26.9 ()
Stage 4 (%) 7.3 1.2 1.2+ 0.5 <Q0001 53.77) 25.1()
SWS (%) 17.9+ 1.4 71+ 1.4 <0001 59.6 () 26.1()
NREM sleep (%) 53.5k 2.1 65.8+ 2.1 <Q001 56.77) 11.5 (ns)
REM sleep (%) 11.H 1.2 6.1+ 1.0 0006 7857() 49.1 (")
SL1 (min) 18.3+ 2.3 18.1+ 2.1 098 79.0() 87.4(")
SL2 (min) 32.3+ 2.3 25.84+ 2.3 Q07 66.6 ") 80.1 (")
RL (min) 52.1+ 2.9 64.8+ 1.7 <Q001 73.07) 435 (")

Values are indicatedS.E.M.,n=17 for young anch= 15 for older subjects. TST =total sleep time (min; stages 1-4 + REM sleep); S.E. =sleep efficiency [%;
(TST/time after lights off)x 100]; WALO = wake after lights off [%; (wakefulness + movement time)/time after lights off]; SWS = slow-wave sleep (% of TST;
stage 3 +4); NREM sleep = non-rapid eye movement sleep (% of TST; stage 2—4); SL1 (min) =sleep latency to stage 1; SL2 (min) =sleep latency to stage 2
RL (min) = latency to REM sleep (after sleep onsetlalues between age groups (fourth column; Mann—-Whitdagst) as well as in Chi-squarg?) and

p-values from the Friedman-test for each group £dL0) are indicated (fifth and sixth columrip<0.1; ns, not significant.

¥ p<0.05.
* p<0.001.

during all naps§<0.014) except for naps 3 and 11. On the circadian modulation of REM sleep was clearly present in

other hand, the young participants had more SW§.(2C) both groups.

during naps 31§<0.036), 5, 8 and 9 (with a tendency dur-

ing naps 2, 7 and 151<0.073) than the older subjects. SL2 3.2. Time course of TST for young and older volunteers
(Fig. 2F) was shorter for the older group during nap 1 and within naps

during the wake maintenance zone (naps 4 and 10) as well as

during nap 7 §<0.036). The significant longer SL2 in nap
7 for the young group could be explained with the very short nap sequence is shown as a function of relative clock time in

RL in this nap. RL was longer for the older group during Fig. 3. There are sharp blue ‘valleys’ in the left panel which
naps 1, 7, 8if<0.04; with a tendency during naps 3 and 6, illustrate no or very little sleep for the young group at these
p<0.082;Fig. 2G), which was exactly the time of day when specific time points in the evening (during naps 4 and 10).
most REM sleepKig. 2H) occurred. The older subjects had During the other naps, TST was relatively high in the young
significantly less REM sleep during naps 2, 7,p08<(0.04) as indicated by the more long-wavelength colors (yellow and
and a tendency during the first ngp<(0.082) although the  orange). The right hand panel Big. 3illustrates the same

The time course of sleep within the naps and TST of each

Young Older

mmmm 0-1 Minute
75 mmmm 1-2 Minutes
mmmm 2-3 Minutes
——= 3-4 Mintues
=== 4-5 Minutes

@
Lights of
[3,]
Lights o

P
[l

Minutes after
Minutes
Minutes afte,

_ [ g
9 13 17 20 o4
Relative Clock Time (h)

14 18 29 2 ‘

Fig. 3. Quasi three-dimensional plots of TST for both age groups. Left panel: yauriy7) and right panel older subjects< 15). Thex-axis represents the
averaged mid-nap clock times for both age groups ang-thes the time course within the respective naps (3—4 min).Zideas specifies the amount of sleep
(TST) per 5 min bin of each nap (min). Short-wavelength colors (blue, green) illustrate less sleep, longer wavelength colors (yellow, oranigep.more s
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Nap # phase relationship and the mean secretion of melatonin are
1 2 3 4 5 6 7 8 9 101 summarized ifmable 1
O Young KSS values (lower panel) of both age groups exhibited
@ Oldar a clear circadian modulation with highest sleepiness levels
around the acrophase of their melatonin secretion. The time
course of KSS ratings yielded a significant effect for each
age group (Friedman-tegt< 0.001;x2 = 102.6 for the older
and x2=171.4 for the younger groupfd= 21;). Older vol-
unteers felt significantly sleepier in the late afternoon and
evening of the first as well as in the evening of the sec-
ond day (post-hoc comparisonss 0.045 Mann—Whitney
U-test). The young subjects tended to feel sleepier after wak-
ing from a night's sleep (first wake episoge: 0.09). The
mean sleepiness ratings averaged across all wake episodes
did not significantly differ between groups. (380.5 S.D.
for the young and 4.1 0.8 S.D. for the older volunteers;
Mann—-WhitneyU-test: p=0.2). The time course of subjec-
tive sleepiness differed from that of sleep efficiency (or to-
tal sleep timeFig. 2A). Correlation analyses between these
two measures (i.e. the mean of each wake and adjacent sleep
episode separately) revealed that the correlation coefficients
I B EEEEENENS were relatively low (0.2 <r <0.3) and not significant for all
9 12 16 20 23 3 7 M 14 18 22 the naps (Spearman rank correlation).
Relative Clock Time (h)

Melatonin (pg/ml)
> o o 3 @ 8 R

o

b

Karolinska Sleepiness Scale

w

] ) ] ] 3.4. Day-night differences in the EEG sleep spectra
Fig. 4. The top panel shows the melatonin secretion during the 40-h nap

protocol between young (white circles) and older volunteers (black circles,

mean value + o S.E.M. (1=17 for the young ana= 15 for the older). The abSOIUte_ mean of biOIOQical_ day- and night-spectra
The bottom panel represents subjective sleepiness ratings (KSS) of both agere illustrated inFig. 5 (left and right hand panel) for
groups during scheduled wake episodep<(0.05;°p<0.1). both age groups. A significant interaction between the fac-

tors ‘age’, ‘derivation’ and ‘condition’ §< 0.05, three-way
three-dimensional interaction of relative clock time, minutes rfANOVA; performed on log-transformed data) occurred
after lights off and the amount of TST per 5min bin for the in the frequency range 0.75-2, 2.5-2.75, 3-3.25, 6.5-7,
older volunteers. There was no significant difference in TST 7.25-8.75, 13.5.14 and 15-15.5Hz. The day—night differ-
between both age groups, averaged over the entire 40-h nagnces between both groups were significant in the frequency
protocol, but the lack of clear-cut blue valleys during the ranges: 7.75-8.0, 8.25-8.75, 11.0-14.0 and 14.5-15.75 Hz.
wake maintenance zone (naps 4 and 10) indicates that theyoung volunteers developed an overall higher EEG den-
older volunteers were able to sleep significantly more at this sity power during the biological day and night in the
time of day even though SL was also longer in these napsdelta (0.5-4.5Hz), theta (4.5-8.25Hz), as well as in the
(f(_)r statistics sedable 2)._On the other hand, time intervals  spindle range (12.0-15.25Hz) in all derivations (main ef-
with much sleep (4-5min, yellow and orange) were more fect of age;p<0.05). Fig. 6 illustrates the EEG biolog-
scarce in the older than in the younger group, indicating a ical night spectra expressed as a percentage of the bio-
higher amount of wakefulness during naps outside the wake|ogical day spectra (=100%). A two-way rANOVA per-

maintenance zone. formed on relative EEG values (day/night ratio) of all
derivations revealed a significant higher nocturnal EEG ac-

3.3. Time course of salivary melatonin, subjective tivity in the lower alpha (7.75-8.0Hz, 8.25-8.75Hz) and

sleepiness and sleep efficiency lower spindle range (11.0-14.0Hz) in the younger group,

whereas the higher spindle range (14.5-15.75Hz) yielded
The circadian rhythms of melatonin and subjective sleepi- significant higher relative values in the older group (main
ness (KSS) are illustrated Fig. 4 (upper and lower panel). effect of age;F>4.6, p<0.05). These age differences
Older participants had a significant lower mean melatonin were significant in all derivations and by visual inspec-
secretion (11.4-6.1 older versus 188 12.6 pg/ml young tion most pronounced in the parietal derivation. A signifi-
group;£S.D.,p<0.05;t-test two-tailed forindependent sam-  cant interaction between the factors ‘condition’ and ‘deriva-
ples; see als@able J). Moreover, a two-way rANOVA with tion’ performed for each age group separately was found
the factors ‘age’ and ‘nap sequence’ yielded a main effect of in the following frequency ranges for the young volun-
age F1,30=6.9;p<0.05) and a tendency for the interaction teers: 5.5-12.5, 12.75.0-14.75, 16.5-17.75, 18.5-19.0Hz
of these factors<0.1). Detailed measures of the timing, and for the older group between: 0.5-0.75, 1-1.25, 1.5-2.25,
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Fig. 5. Absolute biological day (left hand panel) and absolute biological night EEG sleep spectra during stage 2 (right hand panels)rof $@undite

circles) and older volunteer®\E 15; black circles) are shown in the frequency range between 0.5 and 25Hz for Fz, Cz, Pz and Oz. Black circles near the
abscissa indicate the frequency bins with significant age differences, the horizontal white circles show significant interaction betwedmigbtagidaday

for both age-groups and horizontal black triangles show significant interactions between age and derivation. For open triangles at the bettactidhe int
‘age’ x ‘derivation’ x ‘condition’ yielded significancep(< 0.05).

2.5-2.75, 10.75-11, 12.75-15.25, 17.25-18, 18.25-18.5,pothesis of an age-related attenuation of melatonin secretion

18.75-19, 19.25-19.75, 20.0-21.25, 21.75-22.25, andduring the biological night in the healthy older group. Rel-

22.75-23.5, 23.75-24, 24.25-24.75 Hz (two-way rANOVA, ative EEG power density during the biological night (per-

p at least<0.05). centage of daytime values) revealed a significant age-related
reduction in the lower alpha (7.75-8.0 and 8.25-8.75 Hz) and
in the lower spindle range (11.0-14.0 Hz), whereas the rel-

4. Discussion ative decrease in EEG power density in the higher spindle
frequency range (14.5-15.75 Hz) was significantly less pro-

The study provides quantitative evidence for an age- nounced in the older group during the biological night.
dependent decrease of the circadian arousal signal in the

evening. This is manifested in significantly more sleep in 4.1. Sleep stages

the older group during the wake maintenance zone. Further-

more, older subjects felt significantly more sleepy at circa-  When the eleven scheduled 75 min naps were averaged,

dian times corresponding to the late afternoon and eveningthere were no age-related differences in sleep duration (TST)

(16:00-22:00 h). The study additionally confirmed the hy- and sleep efficiency. However, the distribution of sleep stages
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across and within sleep episodes was significantly altered

175 | o Young by age, such that SWS and REMS was reduced in favor of
e Older Fz stage 2. Our results corroborate findings from a nap-study
150 - with ultra short sleep—wake cycles (7/13 mi88], whereby
older subjects exhibited a higher sleep propensity (reflected
125 { 3 in TST) during the ‘wake maintenance zone’. Our young
volunteers slept longer during several naps except for those
100 { during the wake maintenance zone, characterized by longer
duration of wakefulness (WALO) and longer sleep laten-
75 | cies to stage 2 at this circadian time. On the other hand,
0 5 10 15 20 25 neither WALO, nor sleep latency to stages 1 and 2 dif-
fered significantly between age groups. This is in contrast
175 | to FD studies, where older subjects slept less and were sig-
nificantly longer awake during scheduled sleep at all cir-
cadian phaseR8]. One possible explanation might be the
150 . -
age-related vulnerability to the desynchronizing effect of the
FD protocol, (i.e. the problems of sleeping at adverse cir-
125 | L . ; i
3 cadian times). This argument is further supported by simu-
> 100 lated jet lag and shift work studies where older volunteers
g show a higher susceptibility to circadian phase misalignment
S [11,50] Additionally, the higher amount of prior wakeful-
> 75 ! . .
> ness (i.e. the wakefulness during scheduled sleep episodes
o and during the scheduled wakefulness) among the older vol-
S unteers in the FD protocol could have led to a modified pro-
> 175 portion of sleep/wake cycles and therefore biased the duration
*E Pz and frequency of awakenings in those studies. In this sense,
§ 150 - the multiple nap protocol has the advantage of being less
& masked by such evoked responses, because the frequency of
125 - scheduled sleep times was high (every 150 min) and the to-
tal duration of sleep episodes of 13.75h was long enough
100 | it s to effectively ‘counteract’ the build-up of homeostatic sleep
VN pressure.
75 1 ‘ . . . . The age-related reduction of SWS in our study was in
0 5 10 15 20 25 accordance with many othefs,46] and clearly shows re-
duced NREM sleep intensity with aging. Interestingly, the
175 | portion of visually scored sleep stage 2 was significantly
higher during all but the third and the last nap, which is at
150 | variance to other studig28] where older subjects did not
have more stage 2 sleep. The amplitude criterion of visual
125 | scoring (which according to Rechtschaffen and Kd&3
is confined to 7.V for delta waves) might play a role in
100 | this difference, since older subjects tend to have lower EEG
delta wave amplitudes. The significant difference between
zg:xDerivaﬁon 75 | the age groups in stage 2 was presumably due to the fact

that most young volunteers were not able to sleep during the
wake maintenance zone. Based on the findings of Steriade
et al. [67] (for a review sedg66]), another possible inter-
Fig. 6. Relative EEG spectra during the biological night (expressed as per- pretation OT our data may be an ag_e-related de_crease in the
centage of biological day values) are shown (all EEG spectra were ana- Nyperpolarized state of thalamocortical and cortical neurons
lyzed during stage 2). Open circles indicate the youmg 17; +S.E.M.) and thus less synchronization and shorter periods of ‘deep
and filled circles the older subjects£ 15; —S.E.M.). Circles near the ab-  gleep’ in favor of stage 2. Whether only the electrical poten-
Fcis%;a .T;pec_ify _the’ sign_ifica_nt interactions_between ‘age’ (black circles) and tial is dampened with age or the number of neurons firing is
age’ x ‘derivation’ (white circles), respectivelipt 0.05). reduced remains to be elucidated. A third interpretation for
the SWS reduction with age might be a diminished home-
ostatic drive for sleep in the older group. According to the
two process model of sleep regulati@R21], SWS and SWA

Frequency (Hz)
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depend exclusively on prior duration of wakefulness and ex- rupted during the biological night (three naps of 75 min)

hibit age-related lower absolute levdlq, however, a full may have led to a short-term enhancement of homeostatic

‘dose—response curve’ with different levels of sleep pressure sleep pressure. Clarification awaits the final analysis of EEG

has not been carried out so far with aged subjects. A recentlow frequency components during wakefulness in both age

study has found that young and older adults manifest a sim-groups.

ilar homeostatic response to ndf6]. This is in accordance

with previous[27] as well as our dat§4] looking at the 4.3. Melatonin secretion

age-related changes in the homeostatic response after sleep

deprivation. Comparedto the young volunteers, the mean melatonin se-
Across the 40-h, the older group showed a shorter meancretion in our older group was decreased during the biological

REM sleep duration, implying a diminished circadian rhythm night, in accordance with several other stud#&61,71]for

of REM sleep compared to the young volunteers. Such agereviews se¢39,60]. The reason for this decline of hormonal

differences in mean REM duration have not been found in secretion with age is unknown and not correlated with the

all studieg[28,29] (for a review segl]), even though a sig-  size of the pineal orgajd4].

nificantly shorter REM duration has been referred from a It is well established that melatonin secretion is enor-

nap-study with ultra-short sleep—wake cyd88]. Interest- mously different between individuals (‘low secretor’ versus

ingly, mean RL was longer in our aged study group, which is ‘high secretor’), which could be a reason why not all popula-

in contrast to a FD study where significantly shorter mean RL tions studied reveal such age differen{&8]. When young

for the older subjects was reportftB,29] Thus, the dura-  and older subjects of that study with the lowest plasma mela-

tion of the imposed sleep—wake cycle may have contributed tonin values were binned together (e.g. the lower 15 per-

to this difference. centile of each group), a significant reduction in the older
group could be demonstrated in the 24-h average melatonin
4.2. Subjective sleepiness secretion and in the average nocturnal peak concentration

[80]. Absolute levels of melatonin secretion do not correlate

Older volunteers were significantly sleepier during the with sleep quality in the elderly78] nor does administration
wake maintenance zone than the young. Whereas higherofexogenous melatonin unambiguously improve sleep—wake
sleepiness in the older group began already during the firstbehavior in healthy older people (for a review $8@]). On
afternoon, it remained low in the young volunteers outside the other hand, there is an established association between
the melatonin secretion phase. Two interpretations are possithe nocturnal ‘sleep gate’ and the onset of melatonin secre-
ble: first, the recuperative effect of napping during daytime tion[70] in younger subjects, shortly before habitual bedtime
to decrease homeostatic sleep pressure might be attenuateaind immediately after the wake maintenance zone. When
with age, resulting in higher accumulated sleepiness in the exogenous melatonin is administered in the late afternoon,
afternoon and evening. Second, the circadian arousal signathe sleep time of young volunteers is advanced, permitting
in the evening fails to adequately oppose increasing homeo-sleep even during the wake maintenance zone, which sup-
static sleep pressure in the older group. If the first argument ports the tight association between melatonin onset and sleep
is true, an age-related increase of homeostatic EEG mark-gating[58]. From this, one could argue that changes in the
ers during daytime, e.g. an increase of SWA in naps during timing of melatonin onset have repercussions on the tim-
the biological day and/or theta activity measured in the wake ing of sleep[9]. Interestingly, the often reported age-related
EEG should be observed in the older volunteers. However, advanced sleep timing relative to circadian phase markers
there was no significant difference in SWA between the age such as melatonin or CB[B2,33,35,79]was not found in
groups during naps in the biological daytime. On the other our study nor by other&1]. We found no phase advance in
hand, sleepiness and TST during the wake maintenance zon¢he upward mean crossing time nor the midpoint of mela-
were higher in the older group, which corroborate the secondtonin secretion, nor in the duration of secretion in the older
argument. The time course of subjective sleepiness and sleemge group; neither did the average bed- and wake-up times
efficiency (or TST) were not correlated, indicating that sub- reveal significant differences between the age groups. More-
jective sleepiness and the ability to get enough sleep is notover, there were no significant age differences in the phase
implicitly related. angles (e.g. melatonin upward- and downward mean crossing

A presumably different impact of the protocol on both times since elapsedtime awake). The only melatonin parame-
age groups should also be taken into account, as spectrater which differed significantly was the lower mean melatonin
analysis of the wake EEG in the young subjects revealed thatsecretion during the biological night (see above). Taken to-
EEG low frequency components (1-7 Hz) during wakeful- gether, the altered age-related change in the sleep—wake pat-
ness, an index of homeostatic sleep pressure during waketern was presumably not determined by a phase advance in
fulness[8], were slightly enhanced on the second when sleep—wake timing nor in shifts of the circadian phase marker
compared with the first day of the nap proto¢8]. This (melatonin) in relation to the timing of sleep and wakefulness
suggests that even though theoretically sufficient sleep op-[the CBT analyses point in the same direction (unpublished
portunities were presented, the fact that sleep was inter-data)].
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4.4. Biological day night differences of the EEG spectra less sensory inhibition of the thalamic nuclei, implying a re-
duced circadian modulation of sleep and wakefulness in the
Significant biological day-night differences between aging organism. More detailed analyses of the age-related
young and older volunteers were mainly found in the lower changes in the EEG spindle range will be reported elsewhere
alpha and in the spindle range. Several studies have previ{42].
ously demonstrated an age-related reduction in EEG spindle  Although no neurobiological substrate of the circadian
activity [12,24,46,73,76]The circadian modulation of sleep arousal signal has been identified so far, our results confirm
spindleg25] and the influence of exogenous melatonin dur- and extend previous findings that demonstrate age-related
ing daytime in enhancing activity in the low spindle frequency deteriorated output functions in this particular aspect of cir-
range (13.75-14 Hz) and reducing activity in the high spin- cadian sleep—wake behavior.
dle frequency range (15.25-16.5Hz) has been described in
young subject$30]. During the biological night (when en-
dogenous melatonin is secreted) the peak in the EEG spindleA
range is (in young subjects) at a lower frequency range than
during the biological day (outside the melatonin secretion
window) [30,31,41] These biological day—night shifts were
found in both age groups of our study. However, in the older

volunteers the nocturnal peak in the lower spindle frequency volunteers for their great compliance in a demanding study.

range was §ignificantly attenuated and the ”OCW”‘?‘! reduc'This research was supported by Swiss National Foundation
tion in the higher spindle frequency range was significantly Grants START 3100-055385.98 and 3130-054991.98 to CC,

I_ﬁ?s pri)l?[_ounced, tW r;eg_ﬁcompareq toﬂ;[he you dr;g }/olunteersthe Velux Foundation (Switzerland) andiBlmann Labora-
e relative spectral differences in the spindle frequency (i .oc Allschwil (Switzerland).

range demonstrate a smaller shift between biological day and

night spectra in the older group and were found in all deriva-

tions, but most pronounced in Pz. The supposed relationship

between an age-related attenuated melatonin secretion anéReferences

the altered activity in the nocturnal EEG spindle frequency

range is not fully understood. The effects of exogenous mela- [1] Bliwise DL. Sleep in normal aging and dementia. Sleep

; - . 1993;16:40-81.
tonin on the sleep EEG are reminiscent of those induced by [2] Bloch K, Brack T, Wirz-Justice A. Transient short free-running cir-

cknowledgements

We thank Claudia Renz, Marie-France Dattler, Giovanni
Balestrieri, Dr. Peter Graw and the student shift workers for
their excellent help in data acquisition. We also thank all

be_nzodiazepine_s, WhiCh_ actas GABAgoniSIS. and enhance cadian rhythm in a case of aneurysm near the suprachiasmatic nuclei.
spindle generation (particularly in the low spindle frequency J Neurol Neurosurg Psychiatry 2005, in press.
range[4]) in the nucleus reticularis of the thalamd$]. [3] Borbély AA. A two process model of sleep regulation. Hum Neu-

Whether the circadian rhythms of sleep spindles are gen- __ robiol 1982,1:195-204.
[4] Borbely AA, Mattmann P, Loepfe M, Strauch I, Lehmann D. Effect

ergteq by the_ SCN directly through neur_onal pathwags of benzodiazepine hypnotics on all-night sleep EEG spectra. Hum

or indirectly via other pathways (or both) is not known. In ro- Neurobiol 1985:4:189-94.

dents, direct projections from to the SCN to the thalamus (par- [5] Buysse D, Browmann K, Monk T, Reynolds Ill CF, Fasiczka A,

aventricular nucleus) with highest neuronal activation during Kupfer D. Napping and 24-hour sleep/wake patterns in healthy el-

daytime have been recently reportﬁﬁ]. Concomitantly, derly and young adults. J Am Geriatr Soc 1992;40:779-86.

the SCN may project indirectly via the dorsomedial hypotha- [6] Buysse D, Reynolds Ill CF, Monk TH, Berman SR, Kupfer DJ.
Yy proj y ) ) yp The Pittsburgh sleep quality index: a new instrument for psychiatric

|amus (DMH) to the VLP_q13] with most active neurons practice and research. Psychiatry Res 1989;28:193-213.

during sleef65], for a review se¢57]. The VLPO projects [7] Cajochen C, Khalsa SBS, Wyatt JK, Czeisler CA, Dijk DJ. EEG

via GABAergic neurons to wake-promoting regions such as and ocular correlates of c_ircadian melatonin phase gnd human per-

the histaminergic tuberomammillary nucleus and other mon- formance decrements during sleep loss. Am J Physiol Regul Integr

. . . . Comp Physiol 1999;277:R640-9.
aminergic nuclei and has therefore a sleep-promoting effect [8] Cajochen C, Knoblauch V, Kuchi K, Renz C, Wirz-Justice A.

[48,64]- Dynamics of frontal EEG activity, sleepiness and body temperature
A negative correlation between neuronal activity of the under high and low sleep pressure. NeuroReport 2001;12:2277-81.
VLPO and the PVT seems likely to play a role in the regu- [9] Cajochen C, Kauchi K, Wirz-Justice A. Role of melatonin in the
lation of sleep and wakefulness, at least in rod@ﬁﬁs56]. rz%%lgalt?; og human circadian rhythms and sleep. J Neuroedocrinol
Therefore, t_he significantly smaller day—mgh_tdlfferencesm [10] Campbell I, Feinberg |. Homeostatic sleep response to naps is
the EEG spindle frequency range as well as in the alpha fre-~ ~ gimilar in normal elderly and young adults. Neurobiol Aging
quency range of our aged human study group might be due  2005;26:135-44.
to an age-related attenuation of the circadian signal emanat{11] Campbell S. Effects of timed bright-light exposure on shift-work
ing from the SCN to the DMH and hence the VLPO, with adaptanon in middle-aged subjects. Sleep 1995;18:408-16.
. . . [12] Carrier J, Land S, Buysse DJ, Kupfer DJ, Monk TH. The ef-
Cor_]sequent_ly r?duced |nh|b|t|qn of _the b_ram s_tem_ascend_lng fects of age and gender on sleep EEG power spectral density in
may further result in higher arousability during sleep with 2001;38:232-42.



1318 M. Minch et al. / Neurobiology of Aging 26 (2005) 1307-1319

[13] Chou TC, Bjorkum AA, Gaus SE, Lu J, Scammell TE, Saper [33] Duffy JF, Dijk DJ, B KE, Czeisler CA. Later endogenous circadian

CB. Afferents to the ventrolateral preoptic nucleus. J Neurosci temperature nadir relative to an earlier wake time in older people.
2002;22:977-90. Am J Physiol Regul Integr Comp Physiol 1998;275:R1478-87.

[14] Cohen RA, Albers HE. Disruption of human circadian and cognitive [34] Duffy JF, Kronauer RE, Czeisler CA. Phase-shifting human circadian
regulation following a discrete hypothalamic lesion: a case study. rhythms: influence of sleep timing, social contact and light exposure.
Neurology 1991;41:726-9. J Physiol 1996;495:289-97.

[15] Curran-Everett D. Multiple comparisons: philosophies and illustra- [35] Duffy JF, Zeitzer JM, Rimmer DW, Klerman EB, Dijk DJ,
tions. Am J Physiol Regul Integr Comp Physiol 2000;279:R1-8. Czeisler CA. Peak of circadian melatonin rhythm occurs later

[16] Czeisler C, Allan J, Kronauer R. A method for assaying the effects within the sleep of older subjects. Am J Physiol Endocrinol Metab

of therapeutic agents on the period of the endogenous circadian 2002;282:E297-303.
pacemaker in man. In: Montplaisir J, Godbout R, editors. Sleep and [36] Edgar DM, Dement WC, Fuller CA. Effect of SCN lesions on sleep

biological rhythms: basic mechanisms and applications to psychiatry. in squirrel monkeys: evidence for opponent processes in sleep-wake
New York: Oxford University Press; 1990. p. 87-98. regulation. J Neurosci 1993;13:1065-79.

[17] Czeisler CA, Brown EN, Ronda JM, Kronauer RE, Richardson GS, [37] Gillberg M, Kecklund G, Akerstedt T. Relations between perfor-
Freitag WO. A clinical method to assess the endogenous circadian mance and subjective ratings of sleepiness during a night awake.
phase (ECP) of the deep circadian oscillator in man. Sleep Res Sleep 1994;17:236-41.

1985;14:295. [38] Haimov |, Lavie P. Circadian characteristics of sleep propensity

[18] Czeisler CA, Duffy JF, Shanahan TL, Brown EN, Mitchell JF, Rim- function in healthy elderly: a comparison with young adults. Sleep
mer DW, et al. Stability, precision, and near-24-hour period of the 1997;20:294-300.
human circadian pacemaker. Science 1999;284:2177-81. [39] Kennaway DJ, Lushington K, Dawson D, Lack L, Van Den Heuvel

[19] Czeisler CA, Dumont M, Duffy JF, Steinberg JD, Richardson GS, C, Rogers N. Urinary 6-sulfatoxymelatonin excretion and aging:
Brown EN, et al. Association sleep-wake habits in older people with new results and a critical review of the literature. J Pineal Res
changes in output of circadian pacemaker. Lancet 1992;340:933-6. 1999;27:210-20.

[20] Czeisler CA, Khalsa SBS. The human circadian timing system and [40] Klerman EB, Rimmer DW, Dijk DJ, Kronauer RE, Rizzo IlI
sleep-wake regulation. In: Principles and practice in sleep medicine. JF, Czeisler CA. Nonphotic entrainment of the human circadian
Philadelphia: WB Saunder; 2000. p. 353-75. pacemaker. Am J Physiol Regulatory Integrative Comp Physiol

[21] Daan S, Beersma DGM, Bagly AA. Timing of human sleep: re- 1998;274:R991-6.
covery process gated by a circadian pacemaker. Am J Physiol Regul [41] Knoblauch V, Martens W, Wirz-Justice A, Kuchi K, Cajochen C.
Integr Comp Physiol 1984;246:R161-83. Regional differences in the circadian modulation of human sleep

[22] Deboer T, Vansteensel MJ, éfari L, Meijer JH. Sleep states spindle characteristics. Eur J Neurosci 2003;18:155-63.
alter activity of suprachiasmatic nucleus neurons. Nat Neurosci [42] Knoblauch V, Minch M, Blatter K, Martens W, Kauchi K, Schnit-
2003;6:1086—90. zler C, et al. The circadian modulation of sleep spindle frequency is

[23] Deurveilher S, Semba K. Indirect projections from the suprachias- attenuated with age. J Sleep Res 2004;13(Suppl.):401.
matic nucleus to major arousal-promoting cell groups in rat: impli- [43] Krauchi K, Cajochen C, Wirz-Justice A. Waking up properly: is
cations for the circadian control of behavioural state. Neuroscience there a role of thermoregulation in sleep inertia. J Sleep Res
2005;130:165-83. 2004;13:121-7.

[24] Dijk DJ, Beersma DGM, Van Den HoofdakkerBeersma RH. All night  [44] Kunz D, Schmitz S, Mahlberg R, Mohr A, &er C, Wolf KJ,
spectral analysis of EEG sleep in young adult and middle-aged male Herrmann WM. A new concept for melatonin deficit: on pineal
subjects. Neurobiol Aging 1989;10:677-82. calcification and melatonin excretion. Neuropsychopharmacology

[25] Dijk DJ, Czeisler CA. Contribution of the circadian pacemaker and 1999;21:765-72.
the sleep homeostat to sleep propensity, sleep structure, electroen{45] Lancel M. Role of GABA a receptors in the regulation of sleep:
cephalographic slow waves, and sleep spindle activity in humans. J initial sleep responses to peripherally administered modulators and
Neurosci 1995;15:3526-38. agonists. Sleep 1999;22:33-42.

[26] Dijk DJ, Czeisler CA. Paradoxical timing of the circadian rhythm [46] Landolt HP, Dijk DJ, Achermann P, Baogly AA. Effect of age on
of sleep propensity serves to consolidate sleep and wakefulness in the sleep EEG: slow-wave activity and spindle frequency activity in
humans. Neurosci Lett 1994;166:63-8. young and middle-aged men. Brain Res 1996;738:205-12.

[27] Dijk DJ, Duffy JF, Czeisler CA. Contribution of circadian physiol-  [47] Lavie P. Ultrashort sleep-waking schedule Il “Gates” and “for-
ogy and sleep homeostasis to age-related changes in human sleep.  bidden zones” for sleep. Electroencephalogr Clin Neurophysiol

Chronobiol Int 2000;17:285-311. 1986;63:414-25.

[28] Dijk DJ, Duffy JF, Riel E, Shanahan TL, Czeisler CA. Ageing [48] Lu J, Bjorkum A, Xu M, Gaus S, Shiromani P, Saper C. Selective
and the circadian and homeostatic regulation of human sleep during activation of the extended ventrolateral preoptic nucleus during rapid
forced desynchrony of rest, melatonin and temperature rhythms. J eye movement sleep. J Neurosci 2002;22:4568—76.

Physiol 1999;516:611-27. [49] Magri F, Sarra S, Cinchetti W, Guazzoni V, Foravanti M, Cravello

[29] Dijk DJ, Czeisler CA. Age-related increase in awakenings: im- L, et al. Qualitative and quantitative changes of melatonin levels in
paired consolidation of non REM sleep at all circadian phases. Sleep physiological and pathological aging and in centenarians. J Pineal
2001;24:565-77. Res 2004;36:256-61.

[30] Dijk DJ, Roth C, Landolt HP, Werth E, Aeppli M, Achermann P, [50] Moline M, Pollak C, Monk T, Lester L, Wagner D, Zendell S.
Borbely AA. Melatonin effect on daytime sleep in men: suppression Age-related differences in recovery from simulated jet lag. Sleep
of EEG low frequency activity and enhancement of spindle frequency 1992;15:28-40.
activity. Neurosci Lett 1995;201:13-6. [51] Monk TH, Buysse DJ, Reynolds |, Charles F, Kupfer DJ, Houck

[31] Dijk DJ, Shanahan TL, Duffy JF, Ronda JM, Czeisler CA. Variation PR. Circadian temperature rhythms of older people. Exp Gerontol
of electroencephalographic activity during non-rapid eye movement 1995;30:455-74.
and rapid eye movement sleep with phase of circadian melatonin [52] Moore RY, Eichler VB. Loss of a circadian adrenal corticosterone
rhythm in humans. J Physiol 1997;505:851-8. rhythm following suprachiasmatic lesions in the rat. Brain Res

[32] Duffy JF, Czeisler CA. Age-related change in the relationship be- 1972;42:201-6.

tween circadian period, circadian phase, and diurnal preference in [53] Moore RY, Speh JC, Leak RK. Suprachiasmatic nucleus organiza-
humans. Neurosci Lett 2002;318:117-20. tion. Cell Tissue Res 2002;309:89-98.



M. Minch et al. / Neurobiology of Aging 26 (2005) 1307-1319 1319

[54] Munch M, Knoblauch V, Blatter K, Schder C, Schnitzler C, [66] Steriade M. The corticothalamic system in sleep. Front Biosci

Krauchi K, et al. The frontal predominance in human EEG 2003;8:878-99.
delta activity after sleep loss decreases with age. Eur J Neurosci [67] Steriade M, McCormick DA, Sejnowski TJ. Thalamocortical oscil-
2004;20:1402-10. lations in the sleeping and aroused brain. Science 1993;262:679—

[55] Novak C, Smale L, Nunez A. Rhythms in Fos expression in brain 85.
areas related to the sleep—wake cycle in the diuAmaicanthis niloti- [68] Strogatz SH, Kronauer RE, Czeisler CA. Circadian pacemaker inter-
cus Am J Physiol Regul Integr Comp Physiol 2000;278:1267-74. feres with sleep onset at specific times each day: role in insomnia.

[56] Novak CM, Harris JA, Smale L, Nunez AA. Suprachiasmatic nucleus Am J Physiol Regul Integr Comp Physiol 1987;253:R172-8.
projections to the paraventricular thalamic nucleus in nocturnal rats [69] Torsvall L, Akerstedt T. A diurnal type scale. Construction, consis-
(Rattus norvegicysand diurnal nile grass rat#\fviacanthis niloti- tency and validation in shift work. Scand J Work Environ Health
cu9. Brain Res 2000;874:147-57. 1980;6:283-90.

[57] Pace-Schott EF, Hobson JA. The neurobiology of sleep: genetics, [70] Tzischinsky O, Shlitner A, Lavie P. The association between the noc-
cellular physiology and subcortical networks. Nat Rev Neurosci turnal sleep gate and nocturnal onset of urinary 6-sulfatoxymelatonin.
2002;3:591-605. J Biol Rhythms 1999;8:199-209.

[58] Rajaratnam SM, Middleton B, Stone BM, Arendt J, Dijk D-J. Mela- [71] van Coevorden A, Mockel J, Laurent E, Kerkhofs M, L'Hermite-
tonin advances the circadian timing of EEG sleep and directly facil- Baleriaux M, Decoster C, et al. Neuroendocrine rhythms and sleep
itates sleep without altering its duration in extended sleep opportu- in aging men. Am J Physiol 1991;260:E651-61.
nities. J Physiol (Lond) 2004;561:339-51. [72] Van Esseveldt LE, Lehman MN, Boer GJ. The suprachiasmatic nu-

[59] Rechtschaffen A, Kales A. A manual of standardized terminology, cleus and the circadian time-keeping system revisited. Brain Res Rev

techniques and scoring system for sleep stages of human subjects. 2000;33:34-77.
Bethesda, MD: US Department of Health, Education and Welfare, [73] Wauquier A. Aging and changes in phasic events during sleep. Phys-
Public Health Service; 1968. iol Behav 1993;54:803-6.

[60] Riemersma R, Mattheij C, Swaab D, Van Someren E. Melatonin [74] Weaver D. The suprachiasmatic nucleus: a 25-year retrospective. J
rhythms, melatonin supplementation and sleep in old age. In: Straub Biol Rhythms 1998;13:100-12.
R, Mocchegiani E, editors. The neuroendocrine immune network in [75] Weber JM, Schwander JC, Unger I, Meier D. A direct ultrasensitive

ageing. Elsevier Science B.V.; 2004. p. 195-211. RIA for the determination of melatonin in human saliva: comparison
[61] Sack RL, Lewy AJ, Miller LS, Singer CM. Effects of morning ver- with serum levels. J Sleep Res 1997;26:757.

sus evening bright light exposure on REM latency. Biol Psychiatry [76] Wei HG, Riel E, Czeisler CA, Dijk DJ. Attenuated amplitude of cir-

1986;21:410-3. cadian and sleep-dependent modulation of electroencephalographic
[62] Schwartz W, Busis N, Hedley-Whyte E. A discrete lesion of ventral sleep spindle characteristics in elderly human subjects. Neurosci Lett

hypothalamus and optic chiasm that disturbed the daily temperature 1999;260:29-32.

rhythm. J Neurol 1986;233:1-4. [77] Weitzman ED, Moline ML, Czeisler CA, Zimmerman JC. Chrono-
[63] Schwartz WJ, Meijer JH. Real-time imaging reveals spatiotem- biology of aging: temperature, sleep-wake rhythms and entrainment.

poral dynamics of cellular circadian clocks. Trends Neurosci Neurobiol Aging 1982;3:299-309.

2004;27:513-6. [78] Youngstedt SD, Kripke DF, Elliott JA. Melatonin excretion is not
[64] Sherin JE, Elmquist JK, Torrealba F, Saper CB. Innervation of his- related to sleep in the elderly. J Pineal Res 1998;24:142-5.

taminergic tuberomammillary neurons by GABAergic and galaniner- [79] Youngstedt SD, Kripke DF, Elliott JA, Klauber MR. Circadian ab-

gic neurons in the ventrolateral preoptic nucleus of the rat. J Neurosci normalities in older adults. J Pineal Res 2001;31:264-72.

1998;18:4705-21. [80] Zeitzer JM, Daniels JE, Duffy JF, Klerman EB, Shanahan TL, Dijk
[65] Sherin JE, Shiromani P, Mc Carley RW, Saper CB. Activation of DJ, et al. Do plasma melatonin concentrations decline with age. Am

ventrolateral preoptic neurons during sleep. Science 1996;271:216-9. J Med 1999;107:432-6.



	Age-related attenuation of the evening circadian arousal signal in humans
	Introduction
	Methods
	Screening procedure
	Study participants
	Study design
	EEG sleep recordings and spectral analysis
	Sleep stages
	Subjective sleepiness ratings
	Salivary melatonin
	Classification of day and night naps
	Statistics

	Results
	Sleep stages during the naps
	Time course of TST for young and older volunteers within naps
	Time course of salivary melatonin, subjective sleepiness and sleep efficiency
	Day-night differences in the EEG sleep spectra

	Discussion
	Sleep stages
	Subjective sleepiness
	Melatonin secretion
	Biological day night differences of the EEG spectra

	Acknowledgements
	References


