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AbstractöIn mammals, a number of anatomical and functional changes occur in the circadian timing system with aging.
In certain species, aging can be modi¢ed by various factors which induce a number of pathological changes. In a small
primate, the gray mouse lemur (Microcebus murinus), long-term acceleration of seasonal rhythms by exposing the animals
to a shortened photoperiodic regime (up to 2.5 times the natural photoperiodic regime) alters longevity, based on survival
curves and morphological changes. This provides a model for challenging the idea that modi¢cations of the circadian
pacemaker are related to chronological (years) versus biological (photoperiodic cycles) age.

To assess the e¡ect of aging and accelerated aging on the circadian pacemaker of this primate, we measured body
weight variations, the daily rhythm in urine 6-sulfatoxymelatonin and the light-induced expression of the immediate early
gene (Fos) in the suprachiasmatic nucleus of mouse lemurs that had been exposed to di¡erent photoperiodic cycles. Urine
samples were collected throughout the day and urine 6-sulfatoxymelatonin levels were measured by radioimmunoassay.
Light-induced Fos expression in the suprachiasmatic nucleus was studied by exposing the animals to a 15-min mono-
chromatic pulse of light (500 nm) at saturating or sub-saturating levels of irradiance (1011 or 1014 photons/cm2/s) during
the dark phase. The classical pattern of 6-sulfatoxymelatonin excretion was signi¢cantly altered in aged mouse lemurs
which failed to show a nocturnal peak. Fos expression following exposure to low levels of irradiance was reduced by 88%
in the suprachiasmatic nucleus of aged mouse lemurs. Exposure to higher irradiance levels showed similar results, with a
reduction of 66% in Fos expression in the aged animals. Animals subjected to arti¢cially accelerated aging demonstrated
the same alterations in melatonin production and Fos response to light as animals that had been maintained in a routine
photoperiodic cycle.

Our data indicate that there are dramatic changes in melatonin production and in the cellular response to photic input
in the suprachiasmatic nucleus of aged mouse lemurs, and that these alterations depend on the number of expressed
seasonal cycles rather than on a ¢xed chronological age. These results provide new insights into the mechanisms under-
lying arti¢cial accelerated aging at the level of the molecular mechanisms of the biological clock. ß 2001 IBRO.
Published by Elsevier Science Ltd. All rights reserved.
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In mammals, the suprachiasmatic nucleus (SCN) con-
tains a circadian pacemaker that regulates a variety of
physiological and behavioral rhythms. This circadian
organization allows an optimal adaptation of the organ-
ism to cyclic changes in the environment of which the
daily light/dark cycle is the most reliable and predictable
cue. With age, changes in several basic parameters of
circadian rhythms have been observed in mammals
(Brock, 1991), including decreased amplitude and
increased fragmentation of the locomotor activity

rhythm (Penev et al., 1997), changes in period length
under free-running conditions (Pittendrigh and Daan,
1974; Davis and Menaker, 1980; Morin, 1988; Mayeda
et al., 1997), and decreased rate of reentrainment follow-
ing a shift in the light/dark cycle (Zee et al., 1992; Zhang
et al., 1996).

Age-related changes in the circadian timing system
have been correlated with anatomical and functional
alterations within the SCN which is the target of a num-
ber of modi¢cations. Indeed, age-related changes in cir-
cadian rhythmicity may be correlated with decreased
sensitivity of the circadian system to light (Witting et
al., 1993), demonstrated by the reduced Fos expression
in response to light by the SCN (Sutin et al., 1993;
Zhang et al., 1996; Benloucif et al., 1997). Altered mel-
atonin production with age is also observed (Touitou
and Haus, 1994) and melatonin-related compounds
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have been found to improve circadian disorders associ-
ated with aging (Weibel et al., 2000). The consequences
of disruptions of temporal organization have been sug-
gested to reduce individual ¢tness (Folkard et al., 1985;
Sakellaris et al., 1975) and a¡ect longevity. Indeed, a
study on fruit £ies has demonstrated that a disrupted
circadian resonance can induce a decrease in longevity
(Pittendrigh and Minis, 1972). However, the underlying
causes of the observed changes in circadian rhythmicity
remain unknown and the relationship between disrupted
circadian function and longevity awaits clari¢cation.

The gray mouse lemur (Microcebus murinus), a prosi-
mian primate, exhibits seasonal and circadian rhythmic
components in most of its biological functions studied so
far. Seasonal variations have been observed in various
biological parameters, such as reproductive function
(Perret, 1992), thermoregulation (Aujard et al., 1998;
Perret et al., 1998), body temperature and locomotor
activity (Aujard et al., 1998). The strict control by photo-
period of these biological rhythms allows manipulation
of survival and longevity by long-term acceleration of
seasonal rhythms (Perret, 1997), providing a model for
assessing various aspects of aging. In this previous study,
it was shown that compared to the normal 12-month
photoperiodic cycle, an 8-month photocycle did not
modify physiological responses to photoperiodic varia-
tions. For example, no signi¢cant di¡erences were
found for cyclic changes in reproductive activity or for
reproductive e¡orts within females, suggesting that an
increase in metabolic expenditures cannot account for
earlier mortality in animals exposed to the 8-month pho-
tocycle. These results were based on survival curves,
morphological changes associated with aging and body
weight variations.

Because the SCN harbors the major circadian pace-
maker in the brain, it is strongly suggested that this
circadian clock is involved in adaptation and survival.
But its critical role in longevity remains unclear. Using
a very accelerated photocycle (5 months), we were inter-
ested to determine whether arti¢cially accelerated aging
could induce modi¢cations in the circadian pacemaker
at physiological and cellular levels, similar to those
observed in normal aging. Our hypothesis was that
age-related changes in circadian physiology are based
on biological age (number of seasonal cycles) rather
than chronological age (number of years), and that
clock pacemaker function can be a good predictor of

longevity for a given organism in a given population.
To test this hypothesis, we measured the light-induced
expression of the immediate early gene c-fos in the
SCN and the melatonin production of young and aged
mouse lemurs that have been exposed to di¡erent photo-
periodic cycles. Speci¢cally, we tested the hypotheses that
in mouse lemurs: (1) aging alters the generation and
amplitude of the daily rhythm in melatonin, (2) aging
is associated with a decreased photic induction of Fos
in the SCN, and (3) these alterations depend on the
number of expressed seasonal cycles rather than on a
¢xed chronological age.

EXPERIMENTAL PROCEDURES

Mouse lemurs (Microcebus murinus, Cheirogaleidae, Primates)
are small (60^90 g) nocturnal prosimian primates restricted to
Madagascar. Animals were kept in captivity in the Laboratory
of General Ecology in Brunoy, France, where the breeding
colony (Licence approval No. A91.114.1) has been established
from wild animals originating from southwest Madagascar
30 years ago. All mouse lemurs used in this study were labora-
tory-born and maintained under constant conditions of ambient
temperature (25³C) and humidity (55%), with food (fresh fruits,
milk porridge and insects) available ad libitum.

Photoperiodic regimes

In this photoperiod-dependent seasonal breeder, daylengths
longer than 12 h are stimulatory, leading to sustained activity
of both behavioral and physiological functions including repro-
duction, whereas daylengths shorter than 12 h result in complete
gonadal regression, weight gain and reduced behavioral activ-
ities (Perret, 1992). From birth to spontaneous death, animals
were exposed to di¡erent photoperiodic regimes consisting of
equal alternating periods of short days (winter-like) and long
days (summer-like) of either a 12-month, an 8-month or a
5-month total `annual' duration. These photoperiodic schedules
trigger seasonal rhythms of similar amplitude but reduced
period. Compared to natural photoperiod, where one chrono-
logical year corresponds to one seasonal cycle, the number of
seasonal cycles progressively di¡ers from the biological age in
accelerated photoperiodic conditions (Fig. 1). For example, at
an equivalent chronological age of 3 years, an animal exposed to
the 8-month photocycle will have experienced 4.5 seasonal
cycles, while an animal exposed to the 5-month photocycle
will have experienced more than seven seasonal cycles. Accord-
ing to a previous study (Perret, 1997), survival and mean life
span in mouse lemurs depend on the number of seasonal cycles
experienced by the animals rather than actual chronological age.
The ¢fth seasonal cycle corresponds to the 50% survival point in
the captive population of mouse lemurs whatever the duration

Table 1. Group composition and age characteristics

N Photoperiodic cycle length
(months)

Mean age þ S.E.M.
(years)

Mean number of seasonal cycles þ S.E.M.

Young (6 5 years) 4 12 1.3 þ 0.3 1.3 þ 0.3
5 8 2.4 þ 0.2 3.4 þ 0.2

Aged (s 5 years) 1 12 7.1 7.1
5 8 7.3 þ 1.3 11.0 þ 1.5

Accelerated 4 5 3.5 þ 0.2 8.5 þ 0.5

In the case of exposure to the 12-month photocycle or to the 8-month photocycle, the animals belong to the `young' or the `aged' categories
whether their age is expressed in years or in number of experienced seasonal cycles. In the case of exposure to the 5-month photocycle, the
animals belong to the `young' category if their age is expressed in years (chronological age) but they also belong to the `aged' category if
their age is expressed in seasonal cycles (biological age).
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of the photocycle. This criterion was used in the present study to
delineate young adults and aged adult animals (Fig. 1).
Throughout their lives, animals were routinely examined for
cyclic changes in body weight and reproductive state. Changes
in body weight were used to ascertain the adequate response to
photoperiod whatever the photocycle length. To do so, data
obtained from the colony were plotted as a function of the
number of expressed seasonal cycles.

Animals

For the purpose of the present experiment, 19 male gray
mouse lemurs were selected according to their photoperiodic
history (Fig. 1, Table 1). Among the groups of animals exposed
to the 12-month or the 8-month photocycle, nine animals
belonged to the `young' category (less than 5 years) and six
belonged to the `aged' category (more than 5 years) whether
their age was expressed in number of seasonal cycles (biological
age) or in years (chronological age). By contrast, the animals
exposed to the 5-month photocycle (n = 4) were young adults
when their age was expressed in years and were aged (more
than ¢ve seasonal cycles) when their age was expressed in num-
ber of seasonal cycles. These animals will be designated as
`accelerated aged' for this reason. During the experiments, ani-
mals were maintained in individual cages (1 m3 volume) pro-
vided with nests and branches and isolated from any visual or
olfactive stimulus from conspeci¢cs. Daily variations of light
according to photoperiodic state were maintained by dual cool
£uorescent tubes (300 lux) during the day and red light (0.002
lux) during the night, controlled by a timer.

All experiments were carried out in accordance with the Euro-
pean Communities Council Directive (86/609/EEC). All e¡orts
were made to minimize animal su¡ering throughout the experi-
ments.

Sulfatoxymelatonin measurement

Animals were studied during their long-day photoperiod
(14:10). Urine was collected every 2 h during the light phase
and every hour during the dark phase. Urine samples were
immediately stored at 320³C prior to assay. Urine 6-sulfatoxy-
melatonin (aMT6s) concentrations were measured by radioim-
munoassay according to the method previously described
(Harthë et al., 1991).

To control for variations in the volume and concentrations of
the voided urine, the creatinine content of each sample was
determined by a creatinine colorimetric test (Sigma #555A;
Saint Quentin, France) using 1:10 diluted urine. Urinary hor-
mone concentrations are expressed as mass/mg creatinine. In
order to eliminate a possible alteration of liver conjugation
with age, we previously determined the melatonin/aMT6s ratio
in young and aged mouse lemurs. The ratio did not di¡er sig-
ni¢cantly between the two age categories (t = 1.24, df = 10,
P = 0.240). We also examined the relation between age, creati-
nine levels and aMT6s levels. There was no relationship between
creatinine concentrations and aMT6s excretion (r = 0.437,
df = 18, P = 0.070), and no e¡ect of either age (P = 0.953) or
time of the day (P = 0.257) could be found.

Photic stimulation

Because animals exposed to the 12-month photocycle and
those exposed to the 8-month photocycle belonged to the
same age categories whether their age was considered in years
or in number of seasonal cycles, and in order to minimize the
number of animals used, we decided to kill only animals
exposed to the 8-month photocycle [referred as young (n = 5)
and aged (n = 5)] and compare them to the animals exposed to
the 5-month photocycle [referred as accelerated (n = 3)]. All ani-

Fig. 1. Relationship between chronological age (in years) and number of experienced seasonal cycles according to the length
of the photoperiodic cycle to which the animals were exposed. The 50% survival times (according to years or cycles) are
represented on the graph and delineate the di¡erent age categories used in the present experiment as represented by circles on
the curves. Young animals are less than 5 years in both age and cycles, aged animals are more than 5 years in age and cycles,

whereas accelerated aged animals are less than 5 years in age but have experienced more than ¢ve cycles.
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mals were maintained at least 10 days under a 24-h light/dark
cycle. On the day of testing, the 24-h light/dark cycle was dis-
continued and the animals were maintained in constant dark-
ness. Thus, the time at which light onset would normally have
occurred (zeitgeber time, ZT0) was used as the beginning of the
subjective day (circadian time, CT0; Schwartz et al., 1994;
Dkhissi-Benyahya et al., 2000). Animals were stimulated with
a light pulse at CT14, because this time corresponded to the
period of the circadian cycle of maximum amplitude of phase
delay in locomotor activity (Schilling et al., 1999). Animals were
exposed to a 15-min monochromatic pulse of light (V= 500 nm)
at two di¡erent irradiance levels: 1014 or 1011 photons/cm2/s. In
other species, these irradiance values correspond approximately
to saturation and half-saturation levels (Dkhissi-Benyahya et al.,
2000). Following the light pulse, animals were returned to com-
plete darkness and perfused 60 min after the beginning of the
exposure. Control animals were handled identically but did not
receive the light pulse.

The stimulus apparatus used a tungsten^halogen bulb (24 V,
150 W). Monochromatic light was obtained using a monochro-
matic interference ¢lter with a maximum transmission at 500 nm
(Corion; Franklin, MA, USA; half-peak bandwidth 10 nm).
Irradiance was controlled using neutral density ¢lters (Kodak).
Peak irradiance and spectral output (V= 500 nm, half bandwidth
9.34 nm) were measured in the stimulation chamber using an
International Light model IL 700 photometer and a spectropho-
tometer (Ocean Optics S2000; Eerbeek, The Netherlands).

Fos immunohistochemistry

Animals were rapidly anesthetized in complete darkness with
halothane followed by an intraperitoneal injection of nembutal
(sodium pentobarbital ; 100 mg/kg i.p.) and then perfused intra-
cardially (in dim light with the head covered) with warm (37³C)
heparinized saline followed by Zamboni's ¢xative at 4³C. Perfu-
sion was initiated within 2^3 min after anesthesia. Brains were
post-¢xed overnight in the same ¢xative at 4³C, removed from
the skull, and subsequently stored in phosphate bu¡er with 0.1%

sodium azide. Prior to sectioning, brains were cryoprotected in
30% phosphate-bu¡ered sucrose for 24 h. Serial coronal sections
were made at 40 Wm on a freezing microtome. Endogenous per-
oxidase was ¢rst suppressed using a solution of 50% ethanol in
saline with 0.03% H2O2. Free-£oating sections were brie£y
rinsed in phosphate-bu¡ered saline (0.01 M, pH 7.2) containing
0.3% Triton and 0.1% sodium azide and blocked with 1.5%
normal goat serum. Sections were incubated in the anti-Fos
primary antibody (Ab-5 rabbit antiserum, Oncogene Research
Products; Calbiochem, Cambridge, MA, USA; dilution
1/10 000) for 3 days at 4³C. Immunoreactivity was visualized
using a Vectastain ABC (avidin^biotin^peroxidase) Elite kit
(PK-6100; Vector Laboratories, Burlingame, CA, USA), fol-
lowed by incubation in 0.2% 3,3P-diaminobenzidine with 0.5%
ammonium nickel sulfate and 0.003% H2O2 in Tris bu¡er (0.05
M, pH 7.6). Control sections were made by pre-incubation of
the primary antibody with Fos peptide (Oncogene Research,
#PP10; Calbiochem), by omitting the primary antiserum or by
replacement with normal serum at the same concentration as the
antibody. No labeling was observed in control sections.

Quantitative analysis

The total optical density of Fos-like immunopositive product
in the SCN was determined using computer assisted image anal-
ysis (Visiolab 2000; Biocom, Les Ulis, France). Optical density
of label was measured bilaterally from digitized images of the
SCN. The method is based on quanti¢cation of the total optical
density of Fos labeling, de¢ned as the integral sum of the sur-
face area of all pixels in the SCN multiplied by their correspond-
ing optical density value. The optical density (O.D.) was
obtained by ¢rst subtracting the background density value
determined from an adjacent area of hypothalamus that did
not contain Fos-positive cells. The background for each animal
was systematically measured and in general did not vary more
than þ 3%. A threshold value was determined for detection of
label signi¢cantly above the background level. The identity of
the individual animals was unknown to the observer during the

Fig. 2. Cyclic body weight variations in male mouse lemurs exposed to either 12-month (mo.), 8-month or 5-month photo-
cycles. Variations in body weight between short-day (gray areas) and long-day periods are expressed as the percentage of
individual mean life body weight ( þ S.E.M.). When the age of the animals is expressed according to equivalent numbers of
seasonal cycles (biological age), similar relative cyclic variations in body weight are maintained throughout life in all photo-

periodic regimes.
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analysis, and every section of the SCN of each series was ana-
lyzed (for technical details see Dkhissi-Benyahya et al., 2000).

Statistical analyses

All values are expressed in mean þ S.E.M. Data were statisti-
cally analyzed using an analysis of variance (ANOVA), followed
by a Tukey post-hoc test on least square-adjusted means. Di¡er-
ences between age categories were determined by Student's
unpaired t-test and correlations were performed using a Spear-
man correlation test. The probability level for statistical signi¢-
cance was P6 0.05.

RESULTS

Body weight variations

In mouse lemurs, exposure to short days leads to a
high gain in body weight whereas exposure to long
days has the reverse e¡ect. When considering maximal
body weight under short days and minimal body weight
under long days, expressed as a percentage of the indi-
vidual mean life body weight, cyclic variations in body
weight were maintained throughout life in all photoperi-
odic regimes (Fig. 2). No signi¢cant di¡erence was
observed in the mean body weight of accelerated-reared
animals when compared to animals reared under a nor-
mal 12-month annual photoperiod (F = 1.06, df = 2/42,
P = 0.354). Owing to the shorter periods of long and
short days in the case of accelerated photocycles, animals
from the three groups expressed signi¢cantly di¡erent
mean amplitudes of body variations between short and
long days (F = 6.31, df = 2/42, P6 0.01): the amplitude of
body weight variations decreased with shorter photo-
cycle. The general feature of the cyclic variations was
highly similar and regardless of the photoperiodic con-

dition, the amplitude of body weight variations expressed
a maximum around the ¢fth seasonal cycle and there-
after regularly decreased (r10 = 0.669, P6 0.05).

Levels of urinary sulfatoxymelatonin

Within each chronological age category there was no
signi¢cant di¡erence in aMT6s levels between animals
exposed to the 8-month and the 12-month photocycles
(young: P = 0.176; aged: P = 0.080). Consequently, ani-
mals were grouped according to their chronological age
and referred to as young (n = 9) and aged (n = 6). Young
mouse lemurs exposed to a 24-h light/dark cycle (14/10)
exhibited a marked rise in urine aMT6s that started
immediately after the onset of darkness and reached a
three-fold increase after 2 h of darkness (Fig. 3). Daily
mean value was 39.8 þ 5.0 ng/mg creatinine. Values sig-
ni¢cantly varied according to the time of the day
(F = 4.45, df = 17/83, P6 0.001), with a signi¢cant peak
at 114.2 þ 22.7 ng/mg creatinine occurring 8 h after lights
o¡ (P = 0.01). During the entire light phase values
remained low. By comparison, aged males showed a
clear alteration of the daily rhythm in urine aMT6s.
Old males did not exhibit any signi¢cant variation in
urine aMT6s levels throughout the entire day/night
period (F = 1.3, df = 17/68, P = 0.205), and mean daily
levels were signi¢cantly lower (mean value: 16.8 þ 1.5
ng/mg creatinine; F = 24.7, df = 1/176, P6 0.001) when
compared to the levels measured in young males.

To assess the e¡ect of accelerated aging on aMT6s
production, mean day and night levels of urine aMT6s
were compared in young, aged and accelerated aged
males (Fig. 4). Accelerated aged animals exhibited signif-
icantly lower levels of urine aMT6s compared to young
animals, both during the day (P6 0.01) and during the

Fig. 3. Urinary aMT6s levels (mean þ S.E.M.) in young adult (n = 9) and aged (n = 6) mouse lemurs exposed to a 24-h light/
dark cycle (14/10). Gray bar indicates dark phase. **P6 0.01. The marked rise in urine aMT6s observed during the night in
young mouse lemurs is dramatically altered in aged animals which fail to express the normal night-time peak. Cr, creatinine.
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night (P6 0.01). Mean values were reduced by half,
dropping from 50.3 þ 6.6 ng/mg creatinine in young to
20.3 þ 2.5 ng/mg creatinine in accelerated aged animals
during the night, and from 26.4 þ 2.6 ng/mg creatinine to
11.5 þ 1.5 ng/mg creatinine during the day. Interestingly,
the day and night aMT6s levels of accelerated aged ani-

mals did not di¡er from the levels measured in normal
aged animals (day values: P = 0.571; night values:
P = 0.894), although their chronological age was di¡er-
ent. Moreover, the clear daily rhythm in urinary aMT6s,
illustrated by the signi¢cant di¡erence between mean day
and night values in adult mouse lemurs (P6 0.01), was
absent both in aged (P = 0.266) and in accelerated aged
animals (P = 0.060).

Fos expression in the SCN

In dark control animals, little or no nuclear Fos stain-
ing was observed in the SCN. Regardless of the age of
the animal, the density of Fos-like immunopositive stain-
ing increased with increasing irradiance. The Fos-positive
cells were concentrated in the SCN, with scattered cells
extending dorsally to the periventricular region of the
hypothalamus (Fig. 5).

In young animals, the lower irradiance level delivered
in our study (1011 photons/cm2/s) induced an increase in
Fos expression at CT14 compared with dark control
animals (mean O.D. = 2731 þ 1345; Fig. 6). The density
of Fos induction in the SCN increased proportionately
with increasing irradiance, with a mean optical density
value of 5611 ( þ 1108) at the high irradiance level (1014

Fig. 4. Mean ( þ S.E.M.) day and night levels in urinary aMT6s
concentration in young (n = 9), aged (n = 6) and accelerated aged
(n = 4) male mouse lemurs. **P6 0.01. When compared to young
animals, day and night levels of urine aMT6s are similarly reduced

in both accelerated and aged animals. Cr, creatinine.

Fig. 5. Fos expression in representative SCN sections from young, aged and accelerated aged mouse lemurs, exposed to a 15-
min monochromatic pulse of light (irradiance of 1011 or 1014 photons/cm2/s) at CT14. Control animals remained in darkness.
Fos-positive labelled cell nuclei appear in black. The di¡erences in Fos expression are related to both age category and

irradiance level.
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photons/cm2/s). This result suggests that the irradiance
threshold for induction of Fos in the SCN is below 1011

photons/cm2/s and that the saturation of Fos induction
requires at least 1014 photons/cm2/s.

Although Fos expression in the dark control aged ani-
mal (O.D. = 436) was slightly higher than in the young
dark control, exposure to the low level of irradiance
failed to increase Fos induction in the SCN of aged
animals (mean O.D. = 335 þ 244). Furthermore, the opti-
cal density of Fos-like immunopositive cells in the SCN
was 88% less than that of young subjects exposed to the
same low irradiance level (1011 photons/cm2/s). A signi¢-
cant increase in Fos induction in aged animals was only
observed at the highest irradiance, with a mean optical
density of 1923 ( þ 558). This value was similar to the
values obtained in young animals at an irradiance three
log units lower (Fig. 6).

Animals subjected to an arti¢cially accelerated aging
demonstrated a similar decreased sensitivity as compared
to the young animals. Fos induction at low irradiance
was similar to that of the chronologically aged animals
(O.D. = 775), but was reduced by 72% compared to
young animals (Fig. 6). When compared to younger ani-
mals, exposure to the high irradiance level led to a 66%
reduction in Fos expression (O.D. = 2388) in the SCN in
the case of normal aging and 57% in the case of accel-
erated aging.

DISCUSSION

These results show that, with aging, the amplitude of
melatonin production and the responsiveness to light by
the circadian pacemaker are strongly altered in mouse
lemurs, and that these age-related de¢cits depend on bio-

logical age rather than chronological age. Taken together
with previous data on the biological rhythms in this spe-
cies, these ¢ndings demonstrate the uniqueness of this
primate for the study of rhythmic entrainment, aging
processes, and arti¢cially accelerated aging.

Although numerous age-related alterations of activity
and body temperature circadian rhythms have been dem-
onstrated in rodents (Welsh et al., 1986; Rosenberg et
al., 1991; Zee et al., 1992; Witting et al., 1994; Turek et
al., 1995; Scarbrough et al., 1997; Valentinuzzi et al.,
1997; Satino¡, 1998), and humans (Weitzman et al.,
1982; Reilly et al., 1997), the decrease in melatonin pro-
duction with aging is more controversial. Indeed, recent
studies have shown a decrease of 10% in plasma melato-
nin levels (Waldhauser et al., 1998) and of 36% in urine
aMT6s levels (Kennaway et al., 1999) during senescence,
whereas Zeitzer et al. (1999) demonstrate that reduction
of plasma melatonin concentration is not a general char-
acteristic of aging in healthy subjects. The di¡erences in
these age-related e¡ects could be explained by modi¢ed
kinetics of melatonin degradation in aged people, but
aMT6s excretion has been demonstrated to be a good
surrogate measurement of plasma melatonin secretion
even in older people (Baskett et al., 1998). In the present
study, aged mouse lemurs demonstrate a decrease of 58%
in urine aMT6s levels measured throughout the day.
Owing to the particularities of the circadian clock of
mouse lemurs, characterized by a short free-running
period of locomotor activity of 22.5 h and an almost
immediate resynchronization of the locomotor activity
rhythm to both phase advances and phase delays in the
light/dark cycle (Schilling et al., 1999), we suspect that
the circadian rhythm of melatonin would play a major
role in photoperiod transduction in this species and that
the decrease in melatonin with aging would be involved

Fig. 6. Amplitude of total optical density of Fos-like immunoreactivity ( þ S.E.M.) in labelled cells of the SCN in young
(n = 5), aged (n = 5) and accelerated aged (n = 3) animals in relation to irradiance. Both accelerated and aged mouse lemurs
exhibit a clear reduction in Fos expression following exposure to low and high levels of irradiance when compared to young

controls.
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in the alteration of photoperiod response in aged mouse
lemurs (Aujard and Perret, 1998).

In adult mouse lemurs, the amplitude of Fos expres-
sion induced by a 15-min pulse of light increases with
increasing irradiance level. The levels of irradiances were
chosen with regard to values similar to those required for
saturation and half-saturation in rodents (Kornhauser et
al., 1990; Zhang et al., 1996; Dkhissi-Benyahya et al.,
2000), and light induction of Fos in the SCN of the
mouse lemur follows a similar pattern. As is the case
in old hamsters (Zhang et al., 1996), the threshold of
Fos induction is shifted towards higher irradiance in
aged mouse lemurs, since an irradiance of 1011 pho-
tons/cm2/s does not induce signi¢cant induction of Fos
in the aged group. Moreover, at the highest irradiance,
saturation does not appear to be achieved in comparison
to young animals, since Fos expression is reduced by
66%. This e¡ect is more pronounced than that observed
in rodents with a relative reduction of only 42% in mice
(Benloucif et al., 1997) and 43% in hamsters (Zhang et
al., 1996).

There are several hypotheses to explain the observed
decrease in sensitivity to light in the SCN with aging:
(1) a modi¢cation in the kinetics of the activation of
signaling pathways in the SCN; (2) a reduction in the
amplitude of photic information transmitted by the ret-
ina to the clock; (3) age-related changes within the clock
mechanism of the SCN itself. It is di¤cult to determine
whether activation of signaling pathways in the SCN is
altered with aging, but an age-related decrease in light
transmission from the retina seems unlikely, since no
signi¢cant decrease in lens transmittance and in the
amount of light transmitted by the retina to the clock
was observed in aged hamsters (Zhang et al., 1998).
Although it is clear that the age-related alteration of
Fos induction could involve one or several steps in
the transduction pathway of photic information to the
clock, there is compelling evidence that the SCN itself is
greatly a¡ected by aging. Previous studies have demon-
strated a disruption of circadian (Hofman and Swaab,
1994) and seasonal rhythms in vasopressin (Hofman and
Swaab, 1995) and a progressive loss of vasopressinergic
cells with aging (Roozendall et al., 1987; Lolova et al.,
1996). The functional activity of the SCN is also altered
with a loss of day/night di¡erences in vasoactive poly-
peptide mRNA levels of aged rats (Kawakami et al.,
1997), alteration in glucose utilization (Wise et al.,
1988), and in cAMP-response element-binding protein
phosphorylation (Zhang et al., 1996).

Our results show a dramatic e¡ect of aging at both
upstream and downstream levels of the circadian clock.
At the present time, it is di¤cult to impute a causal
relationship between these two e¡ects. The physiological
mechanism underlying the decrease in melatonin with
age is still undetermined, and whether this decrease
results from an alteration of properties of the SCN or

of pathways further downstream remains to be eluci-
dated. However, a recent study demonstrating the use-
fulness of melatonin-related compounds in the treatment
of circadian disorders associated with aging (Weibel et
al., 2000) and the present exacerbated e¡ects of aging on
melatonin and light responsiveness in mouse lemurs indi-
cate the relevance of this primate as a model for testing
the predictive value of these parameters with regard to
the individual longevity.

Animals exposed to an accelerated photocycle show
the same alteration in aMT6s excretion and in the Fos
response to light in the SCN as that of animals exposed
to a longer photocycle when the age corresponds to more
than ¢ve seasonal cycles. This argues in favor of the idea
that the age-related alteration of the circadian pacemaker
in mouse lemurs depends on the number of expressed
seasonal cycles rather than on a ¢xed chronological
age. Present models of accelerated aging in mammals
are limited to the mouse, on which extensive studies
are currently being carried out (Takeda, 1999). Acceler-
ated senescent mice manifest various pathobiological
phenotypes such as de¢cits in learning and memory,
brain atrophy, and abnormal circadian rhythms. Even
though melatonin seems to reduce brain damage in
some strains of senescent accelerated mice (Morioka et
al., 1999), the functional di¡erences of the circadian
clock observed between strains are still di¤cult to ascer-
tain, owing to the genetic background of these mice
(Sanchez-Barcelo et al., 1997; Takeda, 1999).

Our results provide the ¢rst primate model showing
phenotypical accelerated aging and the interpretation of
the present ¢ndings leads to several conclusions. First, in
addition to the demographic and morphological demon-
stration of accelerated aging (Perret, 1997), these data
demonstrate that the accelerated aging paradigm can
a¡ect the organism at the physiological and cellular lev-
els of the circadian clock. These studies need to be
extended to investigations including other pathobiologi-
cal parameters such as brain atrophy occurring during
normal aging in mouse lemurs (Dhenain et al., 2000).
Second, the data emphasize the high predictive value of
circadian clock function with regard to longevity in
mouse lemurs. Finally, taken together, these results pro-
vide new insights into the mechanisms underlying arti¢-
cially accelerated aging at the level of cellular and
possibly molecular mechanisms of the biological clock,
and the use of the circadian clock function as a marker
of life span will help clarify the mechanisms in age-asso-
ciated pathologies.
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