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The human body circadian: How the biologic clock
influences sleep and emotion

by Daniel P Cardinali
Departamento de Fisiologia, Facultad de Medicina,
Universidad de Buenos Aires, Argentina.

Diurnal, nocturnal or seasonal modes of behavior are not passive responses to changes
in the environment; rather, they are generated by an endogenous circadian pacemaker,
entrained by a few environmental cues like light-dark cycles. Circadian clock mechanisms
involve periodic gene expression, synchronized by a hierarchically superior structure located
in mammals in the hypothalamic suprachiasmatic nuclei. Cycles of sleep and wakefulness are
the most conspicuous circadian rhythm. Since modern humans use artificial light to extend
their period of wakefulness and activity into the evening hours, they adhere to a short-night
sleep schedule with a highly consolidated and efficient sleep. As shown by studies in artificial
long nights, modern humans may be sleep-deprived. Humans have also increasingly insu-
lated themselves from the natural cycles of light and darkness. Still, the human circadian
pacemaker has conserved a capacity to detect seasonal changes in day length. A mood disor-
der involving a recurring autumn or winter depression (seasonal affective disorder, SAD)
is related to latitude, with the number of cases increasing with distance from the equator.
SAD is ameliorated by using brilliant light. In nonseasonal depression, mood typically fluctu-
ates daily, with improvement over the course of the day, and various physiological functions
exhibit an altered circadian pattern, suggesting a link with circadian disruption. Treatment
of circadian rhythm disorders, whether precipitated by intrinsic factors (e.g., sleep disorders,
blindness, mental disorders, aging) or by extrinsic factors (e.g., jet lag, shift work) has led to
the development of a new type of agents called “chronobiotics,” among which melatonin is
the prototype.

Introduction

Many biological functions wax and wane in cycles that repeat each day, month, or year.
Such patterns do not reflect simply organism’s passive response to environmental changes.
Rather, they reflect the organism’s biological rhythms, that is, its ability to keep track of time
and to direct changes in function accordingly [1-5].

Because the Earth rotates on its axis, it presents two environments, i.e. light and darkness;
because the Earth’s axis of rotation is tilted, durations of daily periods of darkness and light
vary systematically during the course of the year. Through Evolution, animals responded to
these environmental changes by preferentially adapting to them. This is the origin of biologi-
cal rhythms that repeat approximately every 24 hours, called circadian rhythms (from the
Latin circa, for around, and dies, for day), and of rhythms that oscillate annually, following
the recursive appearance of the seasons [1-6]. Thus when animals switch between diurnal,
nocturnal or seasonal modes of their behavior, they are not simply responding passively
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to changes in external lighting conditions. They
are responding to signals generated by a circadian
pacemaker that is synchronized with the cycles of
the Earth’s rotation, anticipating the transitions
between day and night, and triggering appropriate
changes in behavioral state and physiological sub-
strates. In this way, the circadian pacemaker creates
a day and night within the organism that mirrors
approximately the world outside [6-8].

The rationale for a circadian structure is linked to
homeostasis, that is to the mechanisms that enable
the body to keep equilibrium in response to varia-
tions of the environment. Such a variation may dis-
turb the physiological balance of the organism, a situ-
ation that engenders adaptive responses in the whole
biologic range, from gene expression to behavior. The
full repertory of strategies mediating adaptation to
unpredictable variations in the environment is called
“reactive homeostasis.” Besides such unpredictable
challenges, organisms that are subjected to environ-
mental cues arising at regular intervals anticipate
periodic environmental challenges, rather than adapt
to them every time they appear. Such homeostatic
mechanisms generate endogenous signals that act on
cellular and physiological systems and prepare the
organism to anticipated changes in external condi-
tions (“predictive homeostasis™) [9].

Research in animals and humans has shown
that only a few such environmental cues, such as
light-dark cycles, are effective entraining agents for
the circadian oscillator (“Zeitgebers”) [10, 11]. In
addition, the sleep wake schedule and social cues
may also be important entraining agents in humans.
An entraining agent can actually reset, or phase
shift, the internal clock. Variable shifting of the
internal clock is illustrated in the phase response
curve: depending on when an organism is exposed
to such an entraining agent, circadian rhythms may
be advanced, delayed, or not shifted at all [1]. There-
fore, involved in adjusting the daily activity pattern
to the appropriate time of day is a rhythmic varia-
tion in the influence of the Zeitgeber as a resetting
factor. In humans, light exposure during the first
part of the night delays the phase of the cycle; a
comparable light change near the end of the night,
advances it [11, 12]. At other times during the
day light exposure has no phase-shifting influence.
Melatonin, the endogenous chemical code of the
night, showed an opposite phase response curve to
light, producing phase advances during the first half
of the night and phase delays during the second
[13].

Among the innumerable periodic changes that
underlie and support the overt physiologic rhythms,
the peak values occur in a characteristic sequence
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over the day (“phase map”). Such a sequence and
spacing reflects the order and temporal relation-
ships of cause-effect in the normal interactions of
the various bodily processes and is very indicative
of the organism’s health [1-5]. Phase maps may
undergo transitory disruptions when an organism
is compelled to make a rapid phase adjustment as,
for example, after a rapid move to a new geographic
longitude or as a consequence of shift work. Under
such circumstances the various individual 24-hour
components comprising the circadian phase map do
not reset their phases to the new environmental
times at the same rate, and they become somewhat
displaced in their relations to one another. To reset
them to the new local time requires several days of
exposure to the local phase setters. This phenom-
enon is quite familiar to persons who have traveled
long distances rapidly. The resultant rhythmic dislo-
cation and the need for gradual adjustment over two
to ten days at the end of such a trip is often referred
to as “jet lag.”

The Clock

Based upon work in many laboratories it is now
established that the mechanism of the circadian
clock involves periodic gene expression [14-17]. Cir-
cadian rhythms have been documented throughout
the plant and animal kingdom at every level of
eukaryotic organization and in various species (Dro-
sophila melanogaster, Neurospora, mouse, golden
hamster) the genes controlling circadian rhythms
have been identified (genes: per, frq, clock, taw).
However the products of these clock genes and their
biochemical roles are not yet known. Clock genes
appear not to work in an enzymatic manner but
rather display stoichiometric behavior and effects.
Presumably they are a universal property of all cell
types and organisms, such as the universality of the
cell cycle [14-17].

In pluricellular organisms, circadian phenomenol-
ogy of every cell requires being synchronized by a
hierarchically superior structure to build up a circa-
dian rhythm. In mammals, considerable experimen-
tal evidence indicates that a region of the hypothala-
mus, the suprachiasmatic nuclei (SCN), is a major
circadian pacemaker [4, 18, 19]. The SCN, composed
of a cluster of thousands of small nerve cells, can
generate circadian rhythms when isolated from other
areas of the brain. The integrity of the SCN is neces-
sary for the generation of circadian rhythms as well
as for synchronization of rhythms with light-dark
cycles. Compelling evidence that the SCN functions
as the primary circadian pacemaker comes from
animal studies of SCN transplantation. In these
experiments, the SCN is destroyed, abolishing cir-
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cadian rhythms. When fetal brain tissue containing
SCN nerve cells is transplanted into the brains of
these animals, circadian rhythms are restored [4, 18,
191].

Light in the environment activates cells in the
eye, which in turn activate early genes, e.g. the c-fos
gene, within cells in the SCN. The output is princi-
pally transmitted down the axons of SCN neurons
to specific targets in the central nervous system
and hence to the rest of the body through neuronal
and endocrine pathways. Indeed, like human oli-
garchies, the SCN “neuronal oligarchy” controls
the circadian clocks of trillions of cells in the body
monopolizing the two major networks of communi-
cation: the endocrine and the autonomic nervous
systems. The clock can be entrained not only by
photic stimuli. principally through neuronal signals
from the retina, but also by non-photic stimuli like
the pineal hormone melatonin or physical activity,
as well as by associative learning processes [10].

Sleep-Wakefulness Cycle

Daily cycles of sleep and wakefulness form the
most conspicuous circadian rhythm among humans.
Sleep is a necessary component of life. When syn-
chronized to the 24-hour day, sleep typically occurs
during the night hours and bears a constant, if com-
plex, relationship to other circadian rhythms [20-22].
The circadian clock governs particular components
of sleep, including total amount of sleep and sleep-
iness, are governed by circadian clock. Even a
modest reduction in sleep leads to decrements in per-
formance, especially at night. Furthermore, when
deprived of a night or more of sleep, individuals can
find sleep impossible to resist, especially in monoto-
nous situations, and they experience brief episodes of
sleep, called microsleeps. Therefore, periods of sleep
are not readily rescheduled, deferred, or resisted. The
requirement for sleep and the control of its timing
have important implications for work schedules and
shift work [23].

Sleep is not a homogeneous state [21, 24]. Poly-
somnography, the measurement of electrical activ-
ity in the brain, eye movement, and muscle tone,
has revealed distinct stages of sleep. During stages
1 through 4, sleep becomes progressively deeper. In
stages 3 and 4, which constitute slow-wave sleep,
the eyes do not move, heart rate and respiration
are slow and steady, and muscles retain their tone
but show little movement; dreams are infrequent.
As sleep continues, dramatic changes occur: brain
activity appears similar to that seen during wake-
fulness, heart rate and respiration increase and
become erratic, dreams are vivid and frequently

reported, and the eyes move rapidly. This stage of
sleep is rapid-eye-movement (REM) sleep. Typically,
cycles of non-REM sleep (stages 1 through 4) and
REM sleep repeat every 90 to 100 min throughout
the course of a night’s sleep [21].

Since modern humans use artificial light to extend
their period of wakefulness and activity into the eve-
ning hours, they adhere to a short-night sleep sched-
ule throughout the year for most of their lives [24].
In these circumstances, individuals fall asleep shortly
after lying down and sleep without interruption until
they arise in the morning. This type of sleep, which
we tend to regard as our only normal type of sleep,
is highly consolidated and efficient, occupying almost
all of the nightly period of bed rest. However, modern
humans probably obtain less than their full quota of
nightly sleep. At steady state in artificial long nights,
men sleep an average of 8.25 h/night, which is
more than most men obtain in modern life. This find-
ing raises the possibility that modern humans are
sleep-deprived and less fully awake in the daytime
than would otherwise be the case.

Differing from man, the sleep of most other ani-
mals is polyphasic, exhibiting multiple bouts per
day. In fact, most people would probably regard
sleep in polyphasic bouts that alternate with periods
of quiet wakefulness as abnormal and undesirable
if it occurred. However, slee p studies of voluntaries
in long nights indicate that human sleep may also
be polyphasic [25-27]. The periods of quiet rest that
may have once occurred in association with this type
of sleep in the past are nearly extinct in modern
times. In long nights, periods of quiet rest and con-
templation often begin after transitions to wakeful-
ness from periods of REM sleep (and dreaming) that
are particularly intense. It is tempting to speculate
that in prehistoric times this arrangement provided
a channel of communication between dreams and
waking life that has gradually been closed off as
humans have compressed and consolidated their
sleep. If so, then this alteration might provide a
physiological explanation for the observation that
modern humans seem to have lost touch with the
wellspring of myths and fantasies.

Chronobiology and Mood Disorders

Our hominid ancestor, Homo erectus, used caves
as shelters and may have used fire as early as 1.5
million years ago. Homo sapiens began to construct
artificial dwellings (which could block out the rays
of the sun) as early as 45,000 years ago, and to
make lamps (which could be used to extend the
daily period of illumination into nighttime hours) as
early as 28,000 years ago [28]. In the past 200 years,
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humans have developed increasingly efficient lamps
and inexpensive sources of energy to power them. At
the same time, they have increasingly moved their
activities from countryside to city and from out-
doors to indoors, where natural light may not pene-
trate. Consequently, humans have increasingly insu-
lated themselves from the natural cycles of light and
darkness that have shaped the endogenous rhythms
of life on this planet for billions of years.

However, the human circadian pacemaker has
conserved a capacity, like that in other animals, to
detect seasonal changes in the length of the day
and to make corresponding adjustments in the dura-
tions of the biological day and night within [6-8,
27]. One of these seasonal rhythms is that of mood.
While seasonal tendencies in mood disorders have
been noted for hundreds of years, only in the 1980s
researchers documented a mood disorder involving
arecurring autumn or winter depression. Currently,
this form of seasonal affective disorder (SAD) is the
subject of extensive study [29-31].

Each fall or winter, individuals suffering from
SAD may tire easily, crave carbohydrates, gain
weight, experience increased anxiety or sadness,
and exhibit a marked decrease in energy. With pro-
tracted daylight in the spring, patients emerge from
their depression and sometimes even display modest
manic symptoms. Epidemiological studies indicate
that SAD is related to latitude, with the number
of cases increasing with distance from the equator.
Data from several studies suggest that light therapy
is a useful treatment for SAD. The recommended
protocol for treatment involves exposure to light in
the morning with an intensity of 2,500 lux (which is
equivalent in intensity to outdoor light at dawn) for
2 h per day [29-31].

The cause of SAD and the way in which light
therapy alleviates it are not known. It has been
hypothesized that circadian rhythms are delayed or
possibly that the amplitude is dampened. Patients
with SAD have been reported to show phase-delayed
circadian temperature and melatonin rhythms.
Hypotheses to account for SAD pathophysiology
include [29]: (i) SAD is triggered by the decrease in
light availability during autumn and winter, while
light therapy increases total daily light exposure; (ii)
SAD is triggered by the shortening of day lengths
in autumn and winter, while light therapy length-
ens the effective photoperiod; and (iii) SAD is trig-
gered by a seasonally dependent abnormally delayed
circadian phase position, while light therapy acts to
phase advance the circadian pacemaker and thus
correct the phase abnormality.

In the case of nonseasonal depression, several
observations suggest a link with altered circadian
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rhythm [29]. Among persons suffering from depres-
sion, mood typically fluctuates daily, with improve-
ment over the course of the day. Persons also demon-
strate seasonal patterns, with an apparent increase
in the incidence of depression, as indicated by hospi-
tal admissions, electroconvulsive therapy and suicide
records, in the spring and autumn. Various physio-
logical functions may exhibit an altered circadian
pattern in depression, notably the timing of REM
sleep. In people suffering from depression, the first
REM episode occurs earlier after sleep begins, and
REM sleep is abnormally frequent during the early
hours of sleep. Rhythms of body temperature, hor-
mone and brain chemical secretion, and sleep wake
cycles deviate during episodes of depression, peaking
earlier than normal or, more commonly, exhibiting
dampened amplitude. The action of various antide-
pressant drugs and therapies provides further evi-
dence for a link between circadian rhythm disruption
and depression. In animal studies several classes of
antidepressant drugs either lengthen the circadian
cycle, delay distinct circadian rhythms, or influence
synchronization with environmental cues.

Studies showing that late-night sleep deprivation
temporarily alleviates depression also suggest, but
do not prove, a link between circadian rhythms and
nonseasonal depression. Missing one night’s sleep
halted depression immediately in about 60% of the
patients (the next sleep episode usually resulted
in the return of depression, and in about 30%
of the patients a manic episode was triggered)
[27, 28]. According to the phase-advance hypothe-
sis, one might predict that experimentally imposed
phase-delays of sleep timing should induce
depression-like symptoms in healthy normal sub-
jects, and, indeed, modest but reliable mood dec-
rements have been reported. Sudden circadian
phase-shifts can induce depressive symptoms in
predisposed individuals, as documented for sub-
jects with a history of affective illness becoming
depressed after a westbound flight or manic after an
eastbound flight across several time zones.

It has been suggested that blunted amplitude
of circadian rhythms may be the main chronobio-
logical abnormality associated with affective disor-
der [29]. In addition, it has been suggested that the
pathophysiology of depression be primarily char-
acterized by intra- or intersubject instability of
rhythms, rather than by a particular rhythm abnor-
mality. Phase instability could arise through any of
several mechanisms, including an endogenous cir-
cadian period either very close to or very far from
24 h, a low-amplitude pacemaker or weak coupling
between the pacemaker and its photic and non-
photic entraining stimuli.
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While light is traditionally considered the primary
synchronizing agent, humans are responsive to non-
photic cues including social stimulation, food avail-
ability, and behaviorally derived feedback. Therefore
social Zeitgebers—defined as personal relationships,
jobs, or interpersonal demands that serve to entrain
biological rhythms—are playing an increasingly role
in circadian hypotheses of affective disorders. Psy-
chosocial precipitants such as stressful life events or
lack of appropriate social support systems can
destabilize social Zeitgebers, leading to disrupted
circadian rhythms. Sudden changes in habits or
duties could precipitate depressive episodes, e.g., in
recently widowed subjects; individuals with most
highly disrupted social rhythms had the highest
depression scores. Indeed, photic and social Zeit-
gebers can be quite difficult to disentangle, since
social behavior and cognitive factors influence light
exposure, and since people may respond to imposed
changes in lighting as informational signals, rather
than as photic cues. Depressed patients have been
reported to show increased light sensitivity and
blunting of light sensitivity induced by antidepres-
sants [26, 27, 29].

Control of Circadian Rhythms in Humans

Interest in manipulating the internal clock has
grown with improved understanding of human cir-
cadian rhythms and increasing awareness of cir-
cadian rhythm disruption, whether precipitated by
intrinsic factors (e.g., sleep disorders, blindness,
mental disorders, or aging) or extrinsic factors (e.g.,
air travel across time zones and shift work). Several
agents are under investigation or have been pro-
posed for use in manipulating circadian rhythms.
They are generically called “chronobiotics,” to define
its activity on the circadian clock [32]. In order to
assert that an agent’s primary action is on the cir-
cadian system, several questions must be addressed,
including: How are circadian rhythms modified?
Are all circadian rhythms altered or only certain
rhythms, such as the sleep-wake cycle? How is the
circadian pacemaker influenced? Does the effect
vary at different times during the circadian cycle?
Does the agent have any side effects or drawbacks?

Besides light, one prototype chronobiotic agent
is melatonin [13, 33-35]. Melatonin is a hormone
produced by the pineal gland. In mammals, includ-
ing humans, information about light in the environ-
ment is transmitted from the eye through multiple
nerve cells to the pineal gland. Melatonin secretion
is normally limited to nighttime hours, a pattern of
secretion that is regulated in two ways: i) light sup-
presses the pineal gland’s production of melatonin,

and ii) melatonin secretion is regulated by the cir-
cadian pacemaker, exhibiting a circadian rhythm
even in the absence of environmental cues. For this
reason, melatonin can be used as a marker for circa-
dian rhythms [34].

Melatonin plays an established role in controlling
reproduction and is involved in sexual maturation.
It has a major influence on the circadian organiza-
tion of vertebrates including human beings as well
as it exhibits diverse behavioral effects. Photoperi-
odic time measurement in adult and fetal mammals
is critically dependent upon the melatonin signal. In
the fetus, strong evidence exists for a physiological
role of the maternal melatonin signal as a synchro-
nizer [13, 33-35].

The mechanisms sensitive to melatonin that medi-
ate the clock message sent by the pineal gland in the
form of a melatonin cycle may reside in the brain.
There are also data indicating that the melatonin
receptors located in different other organs can convey
circadian-meaningful information to every cell in the
organism, i.e., melatonin can play the role of an
“internal Zeitgeber.” It is also clear that melatonin
has a number of versatile functions that far tran-
scend its actions on photoperiodic time measurement
and circadian entrainment, like its free radical scav-
enger and immunomodulatory properties [36-38].

The effect of melatonin on circadian rhythms has
been examined in humans. In several controlled
studies, melatonin succeeded to act as a synchro-
nizing agent. Other studies reported that melato-
nin counteracted subjective feelings of jet lag [34].
Several studies have used blind persons, who are
often not synchronized with the environment (i.e.
in a free running of its endogenous clock), to assess
melatonin’s effect on the circadian pacemaker.
The administration of melatonin synchronized the
disturbed sleep-wake cycle of blind individuals
and caused phase advances in blind subjects with
free-running rhythms [34].

Another major biologic situation in which circa-
dian rhythm alteration can be improved by mela-
tonin is aging [39-41]. Studies confirm that many
physiological and behavioral functions that typically
display circadian rhythms are altered with advanc-
ing age in humans. For example, there are usually
conspicuous changes in sleep habits, such as earlier
onset of sleepiness, early morning awakening, and
increased daytime napping. During sleep, there is
an increase in the number and duration of waking
episodes, there is a reduction in the nondreaming
phases of sleep, the first REM phase occurs earlier
in the night, and the tendency to fall asleep is
increased during the day. While factors such as
changing social habits, medication, and disease pro-
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cesses can impinge on functions that exhibit cir-
cadian rhythms, such as sleep, activity, alertness,
and hormone secretion, research suggests that
aging affects the circadian system itself [39-41]. A
decrease in the amplitude and length of various
cycles with age has been observed in animal studies,
including longitudinal studies.

From an epidemiological point of view, complaints
of difficulty in initiating and maintaining sleep and
daytime drowsiness are more common in the elderly
than in any other age group. Evidence indicates
that impaired melatonin secretion is associated with
sleep disorders in old age [34, 40]. Therefore, mela-
tonin therapy can be useful to augment the ampli-
tude of circadian rhythms, as well as to phase shift
or entrain the rhythms in elderly people. In a recent
study [42] we assessed the sleep-promoting action of
melatonin (3 mg p.o.) in elderly subjects with psy-
chophysiological insomnia. Melatonin was taken at
bedtime for a 3-week period. The results indicate
that melatonin therapy was beneficial in the initia-
tion and maintenance of sleep in patients suffering
from insomnia alone or associated with depression
symptoms. Self-rated estimates of next-day function
(i.e., alertness in the morning and during the day)
improved significantly after melatonin in elderly
patients with sleep disturbances alone, but not in
insomnia patients showing depression. Hence, mel-
atonin efficacy to improve sleep did not correlate
with a similar beneficial effect on mood in depressed
patients.

Benzodiazepines are widely used in the elderly
population for the initiation of sleep. However, very
frequently, complaints about poor sleep mainte-
nance persist despite benzodiazepine treatment. In
our study, 62% of elderly patients suffering insom-
nia and taking melatonin reduced or suppressed
benzodiazepine use [42]. The results are in agree-
ment with the efficacy of melatonin treatment to
increase sleep efficiency and total sleep time and to
decrease wake after sleep onset, sleep latency and
number of awakenings in elderly subjects who have
been taking benzodiazepines and had low melato-
nin output [43]. Since we previously reported in
animal studies that melatonin and benzodiazepines
shared several neurochemical and behavioral prop-
erties [33], melatonin therapy could be postulated as
an effective tool to decrease the dose of benzodiaz-
epine needed in patients. Indeed, this was recently
shown to be true in clinical studies [44].
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Concluding Remarks

Consciousness, defined by the English philoso-
pher John Locke as “the perception of what passes
in a man’s own mind,” depends heavily on the levels
of alertness and therefore exhibits significant circa-
dian fluctuations. Particular types of performance
peak at different times during the circadian cycle,
depending on perceptual involvement, the use
of memory, and the amount of logical reasoning
required. Performance of tasks involving manual
dexterity, simple recognition, and reaction time par-
allels the circadian rhythm of body temperature,
peaking when body temperature is highest, in the
late afternoon. Verbal reasoning peaks earlier in the
circadian cycle and may adjust more quickly than
other types of performance to such disruptions as
jet lag or shift work. In addition, when subjects are
asked to indicate their level of alertness, weariness,
happiness, or other moods on a visual scale at regu-
lar times throughout the course of the day, consis-
tent circadian patterns emerge.

Many aspects of human performance decline to
minimal levels at night, reflecting not only the influ-
ence of the circadian pacemaker, but also the lack of
sleep. Sleep deprivation, even for one night, is one
of the most important disrupting factors of human
mental and physical function. The circadian clock
also leads to a nighttime minimum in many types
of performance. Thus, sleep deprivation combined
with the influence of the circadian pacemaker can
severely curtail performance at night. These factors
have important implications for our “24-Hour Soci-
ety,” that superimposes an increasing demand for
night work on our grossly inadequate physiological
design, unable to keep unmodified levels of alertness
regardless of time of day.
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