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Abstract

Depression is often linked to early-life adversity and circadian disturbances. Here, we assessed the
long-term impact of early-life adversity, particularly preweaning mother—infant separation, on the
circadian system’s responsiveness to a time giver or synchronizer (Zeitgeber). Mother-reared
(MR) and peer-reared (PR) rhesus monkeys were subjected to chronic jet-lag, a forced
desynchrony protocol of 22 hr T-cycles [11:11 hr light:dark (LD) cycles] to destabilize the central
circadian organization. MR and PR monkeys subjected to the T-cycles showed split locomotor
activity rhythms with periods of ~22 hr (entrained) and ~24 hr (free-running), simultaneously.
Continuous melatonin treatment in the drinking water (20 ug/mL) gradually increased the
amplitude of the entrained rhythm at the expense of the free-running rhythm, reaching complete
entrainment by 1 wk. Upon release into constant dim light, a rearing effect on anticipation for both
the predicted light onset and food presentation was observed. In MR monkeys, melatonin did not
affect the amplitude of anticipatory behavior. Interestingly, however, PR macaques showed light
onset and food anticipatory activities in response to melatonin treatment. These results
demonstrate for the first time a rearing-dependent effect of maternal separation in macaques,
imprinting long-term plastic changes on the circadian system well into late adulthood. These
effects could be counteracted by the synchronizer molecule melatonin. We conclude that the
melatonergic system is targeted by early-life adversity of maternal separation and that melatonin
supplementation ameliorates the negative impact of stress on the circadian system.
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Introduction

Patients with a history of childhood abuse show persistent hyperactivity of the hypothalamo-
pituitary-adrenal (HPA) axis [1, 2], as well as abnormalities in brain regions involved in
emotional disorders [3, 4]. Magnetic resonance spectroscopic imaging from adult macaques
(10 yr of age) revealed an enduring impact of adverse rearing on cerebral metabolites and
neurotransmitters in brain regions implicated in trauma-related psychiatric disorders [5].
Hence, stressful conditions in early life can alter experience-dependent maturation of brain
structures underlying emotional functioning and endocrine responses to stress [6]. The
associated behavioral changes, such as an increased response to stress and depression, are
usually long lasting, even during adulthood [7-10].

Dramatic alterations in the responsiveness to stress due to early-life adversity can reflect
plastic changes in or modified interactions between the circadian system and the cortico-
limbic system [11]. Additionally, the potential hormonal mediator, melatonin, enabling the
cross-talk between both system maybe affected [12, 13]. Melatonin is a hormone that is
rhythmically synthesized and released from the pineal gland. The circadian rhythm of
melatonin synthesis is regulated by the mammalian master circadian-clock, the
suprachiasmatic nucleus (SCN), and entrained by light [14]. Importantly, melatonin itself is
a Zeitgeber, capable of transmitting temporal information back to the circadian system [15,
16]. Indeed, melatonin is a major synchronizer of endocrine rhythms [17-19]. The
synchronizing effects of melatonin on endocrine rhythms as demonstrated in capuchin
monkeys is mediated through its modulatory action on circadian core clock gene products
[20]. Vice versa, hormones implicated in HPA abnormalities in depressed patients can affect
pineal melatonin synthesis. Hence, a feedback, between the HPA axis and the pineal gland,
at the CNS level also exists [21]. Indeed, it is well documented that chronic stress, aging and
pathological conditions such as major depression are frequently associated with circadian
disturbances [22], persistent hyperactivation of the HPA axis which potentially can result in
disturbances in circadian rhythms of pituitary and adrenal secretions, abnormal magnitude
and duration of endocrine responses to stress and decreased sensitivity to glucocorticoid
feedback [23-27].

Preweaning mother—infant separation in nonhuman primates has been shown to affect
rhythms in hormone secretion, [28, 29]. However, whether these acute circadian effects
associated with early-life maternal separation or stress are also permanent is unknown. Thus,
in this study we investigated the hypothesis that preweaning mother—infant separation (peer-
reared, PR) results in permanent changes to the circadian system responsiveness to stress.

To test this, we subjected mother reared (MR) and PR macaques to a forced desynchrony
protocol, chronic jetlag, using an imposed light—dark cycle (T-cycles) of 22 hr consisting of
11 hr of light and 11 hr of darkness. We then measured the effect of early-life adversity on
the adaptability to phase-lock onto the 22 hr LD cycles, hence, to assess the plasticity of the
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circadian system. Furthermore, we measured the responsiveness of the circadian system to
the entraining properties of melatonin to phase-lock the rhythm of locomotor activity on to
the 22 hr T-cycles [30].

Materials and methods

Animals

This study used both MR and PR monkeys (Macaca mulatta) 18-20 yr of age, with a life
expectancy in capture ranging between 15 and 25 yr. These animals were originally reared at
the Harlow Primate Laboratory, Madison, WI, and transferred to Northwestern University
(Chicago, IL, USA) at 6-8 yr of age. Off study, monkeys were fed twice daily, once during
the morning and once during the afternoon hours of the light portion of their 12:12 hr light:
dark cycles. The animal’s diet consisted of monkey chow, fruits and vegetables, and water
was available ad libitum unless stated otherwise. Entries into the primate rooms were limited
to an assigned research technician, staff veterinarian and caretaker. All room entries were
scheduled around feeding times to minimize disturbances. Animal care and all experimental
procedures were approved by the Northwestern University Animal Care and Use Committee
and are in accordance with the guidelines of the National Institute of Health.

Mother rearing—Infants were reared with their biological mothers until 7 months of age
[31, 32]. Mothers and their offspring infants were provided with Purina Monkey Chow once
daily. Water was available ad libitum. Infants were separated from their mothers at 7 months
of age and subsequently group housed (mixed sex) with peers of three animals each.

Peer rearing—Infants were separated from their biological mothers within 2-3 days after
birth instead of the usual 7-9 months of age, and housed in individual wire mesh cages in a
nursery [31, 32]. Infants had daily (30 min) contact with peers (peer stimulation) and object
stimulation. Animals were trained to self-feed with infant formula (Similac) from bottles. At
the age of 6 wk, infants were housed in peer groups of three. Infants at 7 months of age were
then reorganized such that every peer-reared animal was group housed with a new group of
peers to mimic a similar situation to mother-reared infants group housed with peers at 7
months of age [31, 32].

Measurements of spontaneous locomotor activity

Spontaneous locomotor activity was recorded using actiwatches (minimitters) that were
fitted into custom-designed collars for each individual animal [33]. To avoid introducing
novelty to the experiment, animals were habituated to the collars by wearing them around
their necks at all times, during and off experiments for the last 8 yr. Activity data recorded
by actiwatches fitted into the collars reflect true activity records and not activity bouts as a
result of the animals’ interaction with their collars. This was confirmed as similar actograms
were obtained using telemetric recordings by abdominal implanted minimeters (unpublished
observation). Data were collected every 3 wk, requiring the removal of actiwatches
positioned in the collars of each individual primate without anesthetic interventions. Activity
data were downloaded using Mini-Mitter actiwatch reader into ACTIWARE-SLEEP 3.4
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software (MiniMitter Co., Inc., Bend, OR, USA) and analyzed using CLOCKLAB 2.61
(Actimetrics, Evanston, IL, USA).

Experimental design and protocols

Lighting conditions—Animals previously exposed to 12:12 hr LD cycles were subjected
to T-cycles of 11:11 hr LDim cycles. The light intensity on top of the cage during the light
period and dim-light periods were 80 lux and 20 lux, respectively. During free-running
constant dim light conditions (stage 3), the light intensity on top of the cage was kept at 20
lux.

Forced desynchrony protocol—In this study, we used two groups of nonhuman
primates (Macaca mulatta), each consisting of six MR and six PR adult animals. Animals
were habituated to single housing conditions since their arrival in the laboratory at the age of
6-8 yr. Visual interaction between animals was prevented with the help of curtains. All
animals were housed in the same room and subjected to the same conditions with respect to
light:dark cycles, time of feeding, handling and background noise. Animals previously
exposed to 12:12 hr LD cycles, regular off-study lighting conditions, were subjected to T-
cycles of 22 hr with 11 hr of light (80 lux) and 11 hr of Dim light (20 lux; 11:11 hr LDim)
for a period of 6 wk followed by 8 days of constant dim light (Fig. 1). Animals were
maintained under a restricted diet, based on the individuals body weight. Food was provided
twice during the light portion of the 11:11 hr LDim cycles, 1 hr after light onset (transition
from 20 to 80 lux) and 1 hr before light offset (transition from 80 to 20 lux; Fig. 1). Excess
diluted apple juice with either vehicle or melatonin was supplied freshly in cage-attached
water bottles during feeding times 1 hr after light onset and 1 hr before dim light onset.
During the first 3 wk of 11:11 hr LDim all animals received vehicle in diluted apple juice
(stage 1; Fig. 1). During stage 2 of 11:11 hr LDim cycles, animals within each group were
divided into two subgroups treated with either melatonin (n = 3 for both MR and PR) or
vehicle (n = 3 for both MR and PR) to which the animals had free access (ad libitum).
During stage 3, animals were released into constant dim light conditions (20 lux) with
feeding times scheduled according to the previous light dark cycle (11:11 hr LDim; stage 3;
Fig. 1). Actiwatches were removed and cages were changed at the end of each experimental
stage. Visual daily health assessments were kept to a minimum and restricted to feeding
times. Lighting conditions and data acquisition were controlled remotely, thus minimizing
further disturbances. Treatments, with melatonin or vehicle, were subsequently crossed over
in a second experiment under identical conditions as described above following a 45 days
rest period under 12:12 hr LD cycles.

Melatonin treatments—Animals treated with either vehicle [ethanol dissolved in diluted
apple juice (water:apple juice, 0.05:100 v/v) to a final concentration of 0.001%] or
melatonin dissolved in vehicle (20 pg/ml; Sigma-Aldrich, St Louis, MO, USA) received
their treatments via water bottles attached to their cages. The melatonin dose was
approximately 1.2 mg/kg (oral) calculated based on total drinking (600 mL) during an 11 hr
dim light period for a 10 kg animal. Vehicle and melatonin were prepared fresh for every
feeding time point (1 hr after light onset and 1 hr before dim light onset) to provide a
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relatively consistent amount of vehicle or melatonin intake as well as minimizing
disturbance.

Drinking behavior—The amount of water consumed per animal was monitored
throughout the experiment by measuring water consumption by the end of the light phase
and dim light phase of the 11:11 hr LDim cycles.

Data analysis

Statistics

The number of animals from which data were used for analysis varied based on the stage
and trial analyzed. A total of 11 animals were used to analyze stage 1 and stage 3 activity
data for trial 1 as one animal had to be terminally removed due to health-related problems.
As for stage 2 of trial 1, only data from ten animals were available for analysis due to
actiwatch failure of one individual. Consequently to the replacement of the malfunctioning
actiwatch at the end of stage 2 of trial 1, data from that animal were included for stage 3
analysis, thus, n = 11. Data from a total number of ten animals only were used for analysis
for all stages during trial 2 as another individual had to be removed due to health-related
problems. Circadian period of locomotor activity rhythms were analyzed using clocklab
(Actimetrics, IL, USA). For the analysis of food anticipatory activity and the anticipation of
light onset, individual daily locomotor activity profiles were exported from clocklab and
averaged in 10 min bins starting 70 min prior to the second time of food presentation during
the photophase, or 100 min prior to light onset, respectively. Anticipatory activity was not
analyzed beyond 20-30 min prior to feeding as the increase in activity beyond this time
point may reflect the reaction of the animals to noises in the neighboring room originating
from the experimenter in preparation to enter the animal holding room. As cycling light
onset and offset times were regulated via an automated lighting system, anticipatory activity
could be analyzed within 10 min of the scheduled daily light onset. Group average profiles
were then generated with Microsoft Excel. To determine the period of the light-dependent
and light-independent activity rhythms, we used the chi-square periodogram procedure [34]
with a 1 min step size using the ClockLab software package (Actimetrics, Evanston, IL,
USA) developed in MatLab. The reliability (robustness) of a rhythm was defined as the
value of the Sokolove-Bushell Qp statistics indicated here as the amplitude. Locomotor
activity rhythms with a confidence level of 99.9% were considered as statistically
significant. Oblique lines in periodograms indicate significance (P = 0.01). Qp values above
the line are statistically significant.

Results for anticipatory activity are presented as the mean + S.E.M. The significance of
differences between 10 min activity bins for every rearing and treatment condition was
determined by one-way analysis of variance followed by Newman-Keuls post hoc-test.
Drinking behavior was analyzed using a two-way ANOVA to determine the existence of
rearing-dependent differences in drinking behavior under two treatment conditions (vehicle
and melatonin) and the Student’s t-test to determine rearing independent effects of treatment
for both day and nighttime.
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Results

Forced splitting of the circadian activity rhythm in rhesus monkey (Macaca mulatta)

We first assessed the efficacy of a forced desynchronization protocol, chronic jet-lag, in
splitting circadian rhythms of spontaneous locomotor activity into two rhythms. Animals
were subjected to T-cycles of 22 hr period consisting of 11 hr of lights ‘ON’ and 11 hr of
‘dim light’. All animals, regardless of rearing conditions, subjected to the forced
desynchrony protocol showed within the first 3 wk (stage 1 of trial 1 and 2) a dissociation of
the entrained activity rhythm into two rhythms with periods of both 22.02 hr + 0.03 hr (Trial
1:n=11, Trial 2: n =10) and 23.57 hr £ 0.05 hr (Trial 1: n = 11, Trial 2: n = 10). By 6 wk
(stage 2 of trial 1 and 2), animals could be divided based on the period of activity rhythms
into two groups. In one group, animals synchronized to the 22 hr T-cycles as confirmed by
chi-square analysis of periodograms and visual confirmation of actograms with a circadian
period of 22.01 hr £ 0.03 hr [three of ten animals treated with vehicle for 6 wk; cumulative
for both trial 1 (n =5) and trial 2 (n = 5)]. The second group of individuals showed split
activity rhythms with circadian periods of 22.01 + 0.032 hr and 23.67 hr £ 0.13 hr in seven
of ten animals treated with vehicle for 6 wk [cumulative for both trial 1 (n = 5) and trial 2 (n
=5)] (Fig. 2A,E). However, when animals were released for 1 wk into constant dim light
conditions, their activity rhythms were free-running with either a period of 24.5 hr £ 0.6 hr
[five of 11 animals; cumulative for both trial 1 (n = 6) and trial 2 (n = 5)] or maintained their
split activity rhythms with periods of 22.04 hr + 0.02 hr and 23.97 hr £ 0.13 hr [six of 11
animals; cumulative for both trial 1 (n = 6) and trial 2 (n = 5)]. Thus, there lacks true
entrainment of the locomotor activity rhythm to the 22 hr T-cycles for the vehicle group.

Melatonin entraines desynchronized locomotor activity rhythms

In contrast to vehicle, treatment of macaques with the chronobiotic, melatonin, consolidated
the split free-running activity rhythm by entraining the free-running rhythm to the 22 hr T-
cycles. The entrainment by melatonin was measured as a change in the ratio between the
peak amplitude of the 22 hr light-dependent rhythm for stage 2 (melatonin) and stage 1
(vehicle). Nota bene, during stage 2, MR and PR macaques received either melatonin or
vehicle, while during stage 1 both rearing groups were subjected to only vehicle in their
drinking water (Fig. 2). The melatonin-mediated entrainment was interpreted as an increase
in the amplitude of the 22 hr locomotor activity rhythm. The results show a similar increase
in the amplitude for both rearing groups [MR; 1.27 £ 0.06 (n = 5) for melatonin versus 1.0 +
0.06 (n = 5) for vehicle, P < 0.05, and PR; 1.46 + 0.14 (n = 5) for melatonin versus 1.11 +
0.08 (n = 5) for vehicle, P < 0.05; Fig. 3]. The number of individuals for every treatment
group reflect pooled data from two successive crossover experiments. Chi-square analysis of
locomotor activity under constant dim light conditions showed a single significant rhythm
with a period of approximately 22 hr in nine of 11 animals treated with melatonin (Fig.
2D,F, stage 3). Two MR individuals did not show an entrainment in response to melatonin
treatment. The results demonstrate that a single consolidated spontaneous locomotor activity
rhythm in nonhuman primates (Macaca mulatta) is forced to dissociate into both light-
dependent and light-independent (free-running) components in response to 22 hr T-cycles
(11:11 hr LDim) exposure. Furthermore, melatonin is able to reconsolidate the split activity
rhythms.
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Rearing conditions determine the effect of melatonin on the anticipation of light and food-
presentation

Anticipation to light onset—When assessing the phase relationship between the
predicted light onset and the actual onset of activity for animals set to free-run under
constant dim light conditions (stage 3), only those individuals that entrained to the 22 hr T-
cycles exhibited a stable phase relationship. Entrainment, or the anticipation of the predicted
light-onset, was measured as an increase in locomotor activity prior to the expected dim
light to light transition. Mother-reared individuals showed anticipatory activity around the
time of expected light onset when treated with either vehicle alone (Fig. 4A; F(g 210) =
14.95, P < 0.0001, n = 5; Newman-Keuls post hoc analysis: 10-0.0 min and 20-10 min
versus 70-30 min, P < 0.05) or melatonin (Fig. 4B; F(g 168) = 9.91, P < 0.0001, n = 5;
Newman—Keuls post hoc analysis: 10-0.0 and 20-10 min versus 70-30 min, P < 0.05).
Furthermore, the amplitude of the anticipatory activity to light-onset did not change in MR
individuals in response to the melatonin treatment (Student t-test, matching the same time
intervals between vehicle and melatonin, P > 0.05). On the other hand, peer-reared animals
treated with vehicle alone, did not show any evidence for entrainment to light-onset (Fig.
4C; F(e,119) = 0.38, P > 0.9, n = 5). In contrast, treatment of PR macaques with melatonin
resulted in robust anticipatory activity prior to the expected light-onset (Fig. 4D; Fg 168) =
3.48, P < 0.005, n = 6; Newman—Keuls post hoc analysis: 10-0.0 min and 20-10 min versus
70-40 min, P < 0.05). Comparison between vehicle and melatonin treatments among PR
individuals showed a significant effect of melatonin on the anticipation to light onset
(Student t-test, matching the same time intervals between vehicle and melatonin starting
from 30 min prior to light onset, P < 0.05).

Food anticipation—To assess whether the food entrainable oscillator is affected
differentially by melatonin across rearing conditions, we compared changes in spontaneous
locomotor activity in anticipation to feeding between MR and PR individuals. Only MR but
not PR rhesus monkeys treated with vehicle alone showed a significant increase in the
amplitude of locomotor activity at 30 and 40 min prior to food presentation under constant
dim light conditions (Fig. 5A,C; MR: F(7,197) = 10.61, P < 0.0001; Newman-Keuls Post hoc
analysis: 40-30 min versus 100-50 min, P < 0.05, n =5 and PR: F7,197) = 1.29, P > 0.25, n
=5). Consistent with light anticipatory activity (compare Fig. 4A,B) mother-reared animals
did not show a significant enhanced response to melatonin treatment (n = 5) in the amplitude
of locomotor activity prior to feeding as compared to the vehicle group (n = 5; Fig. 5A,B,
F(3,96) = 2.58, P > 0.05). Similar to MR individuals, PR animals treated with melatonin
demonstrated food anticipatory activity when placed in constant dim light (Fig. 5D, F(7,192)
=5.47, P < 0.0001; Newman-Keuls post hoc analysis: 40-30 min versus 100-50 min, P <
0.05, n = 6). However, the amplitude of spontaneous locomotor activity in anticipation of
food significantly increased in response to chronic melatonin treatment (Fig. 5C,D, F(396) =
4.26, P < 0.01, n = 6; Newman-Keuls post hoc analysis: 30 min melatonin versus 30 min
vehicle and 40 min melatonin versus 40 min vehicle, P < 0.05).

Drinking behavior—The drinking profile through the experiment for MR and PR
individuals treated with vehicle only during both the light and dim light portions of the
11:11 hr LDim cycles were similar (compare stage 2 with stage 1). Furthermore, there was
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no phase-dependent difference in the amount of fluid consumption for both MR and PR
groups. Two-way ANOVA showed no interaction in vehicle or melatonin drinking between
rearing conditions and time of day (vehicle: P > 0.8 and melatonin: P > 0.99) as well as no
interaction in overall liquid consumption between rearing conditions and treatment (P > 0.5;
Fig. 6). To assess the effect of melatonin on drinking behavior irrespective of rearing
conditions, we compared the amount of fluid consumption across the light and dim light
conditions. The results show no effect of melatonin or vehicle on the amount of fluid
consumption between light and dim light conditions within stage 1 and stage 2 of the
experiment (Fig. 6, Student t-test: vehicle-stage 1, P > 0.7, vehicle-stage 2, P > 0.89 and
melatonin-stage 2, P > 0.9). However, when comparing the amount of fluid consumption
across experimental stages 1-2, a dual effect can be noticed. For one, chronic jet-lag altered
the amount of fluid consumption and second, an effect of melatonin on drinking behavior
could be confirmed. Drinking during stage 2 (vehicle) as compared to stage 1 (vehicle) was
significantly increased for both the dim light and light periods (Fig. 6, Student t-test:
Daytime: vehicle-stage 1 versus vehicle-stage 2, P < 0.02, and Nighttime: vehicle-stage 1
versus vehicle-stage 2, P < 0.005, n = 21 for stage 1 Trial 1 and 2 together and n = 9 for both
stage 2, Trail 1 and 2 together). Animals treated during stage 2 with melatonin showed no
significant differences in the amount of fluid intake across the light and dim light periods,
similar to the average amount of fluid consumption for vehicle-treated individuals during
stage 1 (Fig. 6), Student t-test Light condition: vehicle-stage 1 versus melatonin-stage 2, P >
0.9, and Dim light condition: vehicle-stage 1 versus melatonin-stage 2, P > 0.85, n = 21 for
stage 1 of Trial 1 and 2 together and n = 11 for stage 2 of Trail 1 and 2 together).

Discussion

This study provides evidence that early-life adversity influences a diurnal primate’s
(Macaca mulatta) circadian system, particularly in the circadian responsiveness to the
chronobiotic melatonin. To assess circadian rhythm plasticity, we developed a protocol to
measure the degree of circadian stability in MR and PR monkeys based on the splitting of
the locomotor activity rhythm in response to forced desynchrony. This protocol allows
assessment of destabilized or desynchronized circadian responses to the entraining
properties of melatonin. Entrainment was measured by the ability of melatonin treatment to
reconsolidate split activity rhythms into a single rhythm phase-locked onto the light-onset of
the 22 hr T-cycles. Irrespective of an organism’s activity profile, nocturnal [35] or diurnal
(this study), melatonin entrains the non-light dependent activity component of free-running
rhythms. This entrainment property of melatonin appears in this study as a dynamic change
in the period of locomotor activity, from a tau of ~24 hr to an entrained single rhythm with a
tau of 22 hr. Indeed, the results show that during forced desynchrony, melatonin facilitates
the entrainment to light-onset and food-presentation when analyzed under constant dim light
conditions. Furthermore, this effect of melatonin is specifically pronounced in PR animals as
compared to MR animals. Importantly, the maintained split locomotor activity rhythms in
constant dim light conditions following a 6 wk exposure to 22 hr T-cycles (Fig. 2A,E)
confirms, that the light-dependent component is the output of a true oscillator entrained to
the 22 hr T-cycles rather than a masking effect of light.
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Studies in rodents and primates demonstrated that stress induced by loss of an attachment
bond in pigtailed monkeys (M. nemestrina; Kaufman and Rosenblum, 1967) and social
defeat in rats can influence the circadian system [36]. Stress-related events can phase-shift
overt circadian rhythms of body temperature, heart rate and/or locomotor activity [36, 37].
These investigations among others, clearly demonstrate that a stressor can at least
momentarily induce changes in circadian rhythmicity. However, questions to whether early
life stress related to maternal separation induces long-lasting physiological changes leading
to circadian disturbances following exposure to stressors later in life are just recently being
investigated [38].

Psychological trauma resulting from preweaning mother—infant separation in monkeys is
long lasting and likely permanent [5]. Thus, it can be regarded as a candidate model to study
the effect of stress associated with mother—infant separation on circadian biology at maturity
[37, 39-41]. During adulthood, the effects of postnatal maternal separation, and reduced
maternal or parental care, become particularly evident upon stress exposure [5, 7, 42—-45]. In
this study, the forced desynchrony paradigm was designed to expose the animals to a daily 2
hr phase-advance for 6 wk. This repetitive phase-shift of 2 hr simulates chronic jet-lag and
consequently represents a stressful experimental paradigm, namely a stressor. Hence, our
experimental paradigm aimed to exacerbate existing physiological differences likely to be
linked to preweaning mother—infant separation. However, additional studies are required to
determine whether maternally deprived individuals, as used in this study, are indeed in a
state of depression or stress triggered by the experimental protocol.

During ontogeny, neural wiring and chemistry are influenced by environmental factors.
Modifications in brain neurochemistry targeted by the environment are often manifested by
a differential response to pharmacological drugs, such as melatonin [44, 46-48].
Interestingly, melatonin mediated phase-shifts of locomotor activity rhythms are similar in
both MR and PR individuals (MR: 1.92 + 0.26 hr versus vehicle 0.13 +0.04 hr,n =4, P <
0.001 and PR: 1.95 + 0.36 hr versus vehicle 0.02 £ 0.14 hr, n = 3, P < 0.001, unpublished
data). The phase-shifts were induced gradually via five consecutive daily oral doses of
melatonin (30 pg/kg) at CT10. Hence, the differences reported here between MR and PR
individuals in their response to melatonin, under conditions of forced desynchrony, suggests
that the responsiveness of the circadian system to melatonin per se may not be affected. That
is, at least not within a stressor-free context. Alternatively, stress and/or chronic jet-lag alters
the responsiveness of the circadian system to zeitgebers in individuals predisposed for
depression. Thus, the likelihood to measure developmental changes in the integrity of the
SCN neuronal framework increases with the presence of a stressful event (forced
desynchronization; chronic jet-lag). In support of this, it has been suggested that the
molecular clock in subjects suffering from mood disorders are incapable to adapt to
environmental changes [49, 50]. Similarly, PR monkeys fail to entrain to the 22 hr T-cycles
as compared to MR animals [Compare (a) with (c) for light anticipation: Fig. 4, and for food
anticipation: Fig. 5].

One could argue that increased drinking during stage 2 of vehicle treated monkeys is the
result of an increased activity or distribution of activity due to the split locomotor activity
rhythm. This, however, is unlikely since the activity rhythm was also split during stage 1 of
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the experiment yet fluid consumption was reduced. Alternatively, the increase in water
consumption during stage 2 of vehicle-treated animals may reflect the chronic stress
associated with the exposure to the forced desynchrony protocol. Indeed, melatonin has been
shown to influence different physiological systems including renal functions through
activation of melatonin receptors [51, 52]. Furthermore, melatonin mediated alteration in
renal functions may involve the modulation of thirst mechanisms [53, 54]. Interestingly, the
amount of water consumed by animals treated with melatonin during stage 2 was
significantly reduced as compared to water consumption in vehicle-treated animals. Thus,
the effect of melatonin observed on drinking behavior during stage 2 could be attributed to a
homeostatic effect. Water consumption was similar during both the day and nighttime (Fig.
6). Importantly, the data presented here, suggest that rearing-specific effects of melatonin on
the entrainment of locomotor activity onset to the 22 hr T-cycles is unlikely due to rearing
differences in total melatonin intake.

In summary, maternal separation in macaques (Macaca mulatta) imprints long-term plastic
changes in the circadian system that extends well into late adulthood. We demonstrated a
differential effect of melatonin on the entrainment to T-cycles between MR and PR
individuals with a significant increased response to melatonin-mediated entrainment in
preweaned mother—infant separated macaques (PR). Together these results suggest that
maternal separation imposes long-term changes on the plasticity of the circadian system.
The effects of melatonin on anticipatory activity for food and light onset/offset are not due
to its sleep promoting properties as food presentation and anticipatory locomotor activity
was always measured prior to treatments and thus is unlikely to be a consequence or a
contributing factor.

The increased responsiveness of PR individuals to melatonin facilitating adaptation to the
imposed lighting conditions and feeding schedules strongly encourages further research for
the use of a melatonin treatment protocol in patients vulnerable to depression due to early
life adversity. We suggest that melatonin may act as an ameliorant to the negative impact of
stress on the circadian system.
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Fig. 1.

Experimental paradigm. Animals previously exposed to 12:12 hr light:dark (LD) cycles with
feeding restricted to the photophase were subjected to T-cycles of 22 hr with 11:11 hr light:
DimLight for 6 wk. Animals were fed twice during the photophase, 1 hr after lights ‘ON’
and 1 hr prior to lights ‘OFF’. During stage 2, animals were either treated with melatonin
chronically or vehicle alone in drinking water provided freshly during feeding time. Finally,
animals were subjected to constant dim light conditions. During stage 3, the feeding cycle
was maintained according to the previous 11:11 hr LDim cycles.
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Fig. 2.

Melatonin resynchronizes forced-split locomotor activity. Animals were subjected to T-
cycles of 22 hr with 11 hr of light and 11 hr of dim light. (A and E; Left) Representative

Period (hours)

actogram for mother-reared and peer-reared individuals treated with vehicle while subjected
to 11:11 hr light:DimLight (LDim) conditions for 6 wk (stages 1 and 2). The individual was
continued on vehicle alone treatment for an additional 8 days under constant dim light

conditions (stage 3). (B and F) Corresponding chi-square analysis for the periodogram for

stages (1-3) demonstrating the split spontaneous locomotor activity rhythms in stages 1 and
2 and lack of entrainment to the 11:11 hr LDim cycles as demonstrated in stage 3 where chi-

square analysis reveals a single significant dominant peak with a period of 23.9 hr. (C and
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G) Representative actograms for mother-reared and peer-reared individuals subjected to
11:11 hr LDim conditions for 6 wk (stages 1 and 2) during which the individual was treated
first with vehicle (ethanol; stage 1) followed by melatonin during stage 2. Finally, during
stage 3, melatonin was replaced by vehicle under conditions of constant dim light for 8 days.
(D and H) Corresponding chi-square analysis for periodograms of stages 1-3, demonstrating
two spontaneous locomotor activity rhythms in stages 1 and 2 in case of vehicle treatment
and the entraining effect of melatonin treatment in stage 2 as shown by chi-square analysis.
Locomotor activity rhythms with a confidence level of 99.9% were considered as
statistically significant. The periods (inserts) were indicated where rhythmicity was
significant. Oblique lines indicate significance (P = 0.01). Qp values above the line are
statistically significant.
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Fig. 3.
Melatonin increases the amplitude of the 22 hr peak activity rhythm. Animals treated with

melatonin for 3 wk in 22 hr T-cycles showed an increased amplitude of the 22 hr
spontaneous activity rhythm as compared to 3 wk vehicle treatment under similar
conditions. *P < 0.005 student t-test. Error bars represent S.E.M. Only animals with peak
activity rhythms of 22 hr in the presence or absence of free-running activity rhythms during
both stage 1 and stage 2 were included in the analysis. Veh, Vehicle; Mel, melatonin.
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Effect of maternal separation on the responsiveness to melatonin in the anticipation for light
onset. Anticipation of the predicted light onset during stage 3 was recorded by measuring the
spontaneous locomotor activity prior to the predicted light onset time according to the
original 11:11 hr light:dark cycle in both peer- and mother-reared animals. Spontaneous
locomotor activity profile for the last 70 min prior to expected light onset in peer-reared (C,
D) and mother-reared (A, B) animals continuously treated with vehicle (ethanol; A, C)
(stages 1-3) or treated with melatonin in stage 2 (B, D). *P < 0.05, One-way ANOVA and
Newman—Keuls post hoc analysis. Error bars represent s.e.m. Identical letters are assigned
to identify time intervals compared by Newman—Keuls post hoc analysis. Data presented are

normalized to baseline activity.
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Fig. 5.

Ef?‘ect of maternal separation on the responsiveness to melatonin in food anticipation.
Analysis of food anticipation for the second feeding time point (1 hr prior to lights off)
according to the previous (stage 2) 11:11 hr light: DimLight cycles for animals subjected to
constant dim light conditions, measured as changes in spontaneous locomotor activity. Mean
spontaneous locomotor activity profiles were averaged into 10 min bins for both peer-reared
and mother-reared groups either treated with vehicle in stages 1-3 (A, C) or with melatonin
in stage 2 (B, D). *P < 0.05, One-way ANOVA and Newman-Keuls post hoc analysis. Error
bars represent s.e.m. Identical letters are assigned to identify time intervals compared by
Newman—Keuls post hoc analysis. Data presented are normalized to baseline activity.
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Fig. 6.
Melatonin maintains water consumption at baseline levels. Independent of rearing

conditions the amount of liquid consumption containing vehicle for daytime (A) and
nighttime (B) drinking during stage 2 (S2) increased significantly in relation to daytime and
nighttime drinking for stage 1 (S1; Daytime: Veh-S1 versus Veh-S2, t = 3.07, P < 0.02 and
Nighttime: Veh-S1 versus Veh-S2, t = 3.54, P < 0.005). Melatonin during stage 2 for both
daytime (A) and nighttime (B) maintained the amount of drinking at baseline levels (stage 1;
Daytime: Veh-Stage 1 versus Mel-S2, t = 0.08, P > 0.9 and Nighttime; Veh-S1 versus Mel-
S2,1=0.18, P > 0.85). *P < 0.05, Student t-test. Error bars represent s.e.m. Abbreviations:
veh, vehicle; S, stage; Mel, melatonin.
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