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ABSTRACT

Numerous lines of evidence suggest that a disordered
circadian system contributes to the etiology and
symptomatology of major psychiatric disorders.
Sleep disturbances, particularly rapid eye movement
(REM) sleep, have been observed in bipolar affective
disorder (BPD) and schizophrenia. Therapies aimed at
altering the timing and duration of sleep and realigning
circadian rhythms, including sleep scheduling, wake
extension, light therapy and drug therapies that
alter sleep and circadian rhythms appear beneficial
for affective disorders. Interventional studies
aiming to correct sleep and circadian disturbances
in schizophrenia are scarce, although exogenous
melatonin has been shown to improve both sleep
structure and psychotic symptoms. The study of
molecular clock mechanisms in psychiatric disorders
is also gaining interest. Genetics studies have found
associations with CLOCK, PERIOD1, PERIOD3, and
TIMELESS in schizophrenia. Most research on BPD
has focused on polymorphisms of CLOCK, but the
lithium target GSK-3 may also be significant. New
research examining the role of circadian rhythms and
clock genes in major mental illness is likely to produce
rapid advances in circadian-based therapeutics.

INTRODUCTION
The circadian system plays a fundamental role in overall
health and longevity (1). This is also true for mental dis-

orders since misalignment between the endogenous circa-
dian system and the sleep/wake cycle is a critical factor in
the clinical status of many psychiatric disorders (2, 3). This
review examines the evidence for circadian disturbances in
severe psychiatric disorders such as chronic schizophrenia
and bipolar affective disorder (BPD), describes circadian-
related interventions that have been used successfully to
treat these disorders, and discusses current research on
the role of clock genes in mental illness.

SLEEP AND CIRCADIAN RHYTHMS IN
PSYCHOTIC DISORDER

CIRCADIAN RHYTHMS, SLEEP AND SCHIZOPHRENIA

Kant, Schopenhauer and Hughlings Jackson (4) all
underlined the similarity between dreaming experiences
and hallucinations. However, it was not until the discov-
ery of rapid-eye movement (REM) sleep by Aserinsky
and Kleitman (5) that the study of “dreaming sleep” and,
in turn, REM sleep-related disorders became possible.
Early studies examining the effects of sleep depriva-
tion in schizophrenia patients (6, 7) were based on the
hypothesis that hallucinations may be caused by REM-
like intrusions into wakefulness, and by the observation
that prolonged sleep deprivation induced hallucinations
and psychotic symptoms reminiscent of schizophrenia
(8). These pioneering experiments demonstrated an
absence of REM sleep rebound after REM sleep specific
deprivation, but no other abnormalities specific to this
sleep stage. Later studies did not provide a consensus
regarding other sleep parameters, presumably because
of sampling variability and medication status of the sub-
jects (see below). However, some abnormal polysomno-
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graphic measures do emerge when drug-free subjects are
analyzed, and, importantly, these abnormalities appear to
be also present in large numbers of medicated subjects (2,
9, 10). These include poor sleep initiation and consolida-
tion, impaired sleep homeostasis expressed as low levels
of slow-wave sleep (SWS), with many subjects showing a
total absence of stage 4 sleep, and shortened REM sleep
latency with frequent sleep onset REM periods. Taken
together, these observations suggest a deficient homeo-
static regulation of sleep, although sleep deprivation
(SD) can lead to SWS rebound on recovery nights (10).
The shortened REM sleep latency, aberrant rest-activity
cycles, and blunted melatonin secretion, on the other
hand, suggest that abnormalities of the circadian system
cannot be completely ruled out.

As with sleep, circadian disturbances have been
reported in schizophrenia patients, but the results are
inconsistent. One study has measured core body temper-
ature (CBT) variation and reported desynchronization of
temperature, pulse and blood pressure rhythms, although
this study was conducted under ambulatory conditions
and the data influenced by masking effects (11). In some
experiments, the analysis of melatonin secretion dem-
onstrated blunted circadian variation, although uncon-
trolled light exposure prior to data collection may have
confounded these results (12-14). Others have reported
phase advances of body temperature (15), prolactin and
melatonin (16). These advanced rhythms are surprising
considering that actigraphic recordings have revealed dis-
turbed rest-activity cycles that are often inconsistent with
a phase advance, including phase delays, longer periods
of activity or, occasionally, 48 hour rest-activity patterns
(17-19). Patients with schizophrenia/schizoaffective dis-
orders also show a greater tendency towards eveningness
(later wake and bed times and being most alert later in
the day) than controls (20).

The observation that schizophrenia is commonly
associated with disturbed sleep/wake cycles supports
the hypothesis that these pathologies may emerge from
a common underlying neuropathology. Interestingly,
atypical antipsychotics can relieve both psychotic and
sleep-related abnormalities (9). The dopaminergic
hypothesis of schizophrenia postulates that hyperdop-
aminergic activity from the mesocorticolimbic systems
causes positive symptoms. However, because the activity
of atypical antipsychotics is associated with serotonin-
ergic and cholinergic pathways, a monoaminergic-
cholinergic imbalance has also been hypothesized (21).
Cholinergic neurons from the basal forebrain, peduncu-
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lopontine tegmentum and laterodorsal tegmentum play
key roles in both the arousal and REM sleep systems (22).
Importantly, their activity modulates sensory processing
and deregulation of these systems (particularly those
of the midbrain) could cause hallucinations, as seen in
schizophrenia (23). Whereas the role of dopamine in
sleep-wake regulation has long been ignored, recent evi-
dence demonstrated that hyperdopaminergic transgenic
mice showed REM-like intrusions during wakefulness,
an effect that could be blocked by haloperidol (24).
These intrusions were exacerbated when the animals
were emotionally challenged. Further studies are needed
to elucidate the role of the common neurotransmission
pathways possibly involved in both schizophrenia and
sleep or circadian regulation of sleep-wake states. The
lack of consensus across studies on the sleep-related or
circadian abnormalities in schizophrenia calls for bet-
ter controlled studies with standardized experimental
protocols. The fact that sleep-wake disorders may play a
role in the development of the disease could also lead to
novel therapeutic avenues for schizophrenia, including
light therapy (25) and melatonin agonists (14, 26).

CIRCADIAN RHYTHMS, SLEEP AND BIPOLAR AFFECTIVE
DISORDER
The rhythmic nature of BPD, which is exaggerated in
so-called “rapid cyclers” who show rapid mood changes
from depression to mania or hypomania, has long invited
speculation that the endogenous circadian system may
play a role in the etiology of this disorder (27). Circadian
disturbances have been observed in BPD such as a phase
advance of the diurnal rhythm of plasma melatonin (28)
and plasma cortisol (28, 29), although negative results have
also been reported (30). Sleep disturbances are a defining
symptom of BPD, with insomnia or hypersomnia, early
morning awakening, reduced sleep efficiency, and altered
REM sleep latency being the most consistently reported
(2). The relationship between the sleep-wake cycle and
changes in mood appear to be important in BPD, with the
switch from mania or hypomania to depression or euthy-
mia often occurring during or after sleep, while positive
changes in mood from depression to hypomania or mania
are more likely to occur after a period of wakefulness (31,
32). Sleep duration also appears to be critical, as sleep
restriction predicts the onset of mania or hypomania the
following day (33), while sleep extension is often associ-
ated with depression (33, 34).

As with schizophrenia, BPD patients score higher on
eveningness scales than controls, although age could
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play a role in this association (20). Interestingly, a clas-
sification of “evening type” was associated with greater
severity of BPD including seeking treatment at an ear-
lier age and a greater likelihood of rapid-cycling mood
changes. A major limitation of this study is that mood
state at the time of chronotype assessment is unknown
(20). Interestingly, phase advance of sleep timing has been
found to be effective in the treatment of BPD patients
during the depressive phases (35, 36). Further studies will
be needed to clarify the association between chronotype
and BPD and controversies persist since the therapeutic
action of lithium in BPD is associated with lengthening of
the circadian period (described below) (37-39).

A number of interventions related to sleep and circa-
dian rhythms have been successfully used to treat BPD.
Primary interventions are bright light exposure and SD
therapy, either partial or total, scheduled during the
depressive phases of the illness. The advantage of these
therapies is that they are non-invasive, fast acting, and
found to be effective in patients with major depressive
disorder and BPD (35, 36, 40-42). The main limitations
of SD are a short duration of action, a high relapse rate,
and the risk of triggering a manic or hypomanic epi-
sode (33, 43). Light therapy has been used to treat BPD,
most frequently in combination with mood stabilizers
and during the depressive phases, but more studies
are needed to clarify its therapeutic utility and caution
should be exercised because of the possibility of mood
instability and relapses into hypomania (43, 44).

While an improved mood score is unambiguous in a
patient with unipolar depression, in BPD it may in fact
be an early sign of mania or hypomania (40). One way
of achieving the benefits of SD while avoiding the draw-
backs is to use it in combination with light or pharmaco-
therapy (45, 46). For example, Colombo and colleagues
(45) found that the acute effects of total SD on mood were
sustained when combined with lithium or light therapy,
but there were no additive effects when all three treat-
ments were combined. Phase advance of sleep timing has
also been found to be effective in BPD patients during
the depressive phase of the illness (35, 36). While these
results seem promising, both SD and light therapy must
be used with caution in BPD because of the potential for
mood instability and relapses into hypomania or mania
(33, 43). Interestingly, extended periods of sleep/darkness
have been used to prevent/treat mania (47, 48). These
studies suggest that, as part of a judicious sleep hygiene
program, chronotherapeutic interventions such as SD
and bright light exposure during depressive phases and

sleep/darkness stabilization during manic/hypomanic
phases can be used in BPD (49).

Exogenous melatonin and melatonin agonists have
received attention recently as potential treatments for
depression, and may also be of benefit in BPD. Lower
baseline plasma melatonin levels (50), and greater sensi-
tivity to light-induced melatonin suppression, have been
reported in BPD patients compared to controls (51),
although some controversies persist (50). Lithium, an
effective mood stabilizer for BPD, was shown to reduce
melatonin suppression by light in healthy controls (52)
and changes in melatonin levels may accompany suc-
cessful treatment in BPD patients. The few studies to
date that have tested the therapeutic effects of exog-
enous melatonin in BPD have been disappointing as
melatonin was not effective (51). However, preliminary
results of the effect of the melatonin agonist agomela-
tine, used with lithium or valproate, seem promising
(53), but larger studies are needed.

CLOCK GENES AND PSYCHOTIC DISORDERS
BASIC MOLECULAR MECHANISMS OF CIRCADIAN RHYTHMS
The molecular mechanisms underlying circadian rhyth-
micity are comprised of positive and negative tran-
scriptional/translational feedback loops and post-tran-
scriptional regulatory elements. The genes CLOCK and
BMALI encode the transcription factors CLOCK and
BMALI1(54-56), which together activate transcription of
three Period (PER) and two Cryptochrome (CRY) genes
(57-62), RORA and REV-ERBa. (63-65). The proteins
PER and CRY combine to inhibit their own transcription,
while RORa and REV-ERBa act on Bmall to activate
and inhibit transcription, respectively. Post transcrip-
tional modifications of PERs and CRYs by the enzymes
casein kinase I epsilon (CKIe) and delta (CKId) (66-68),
and possibly the Drosophila SHAGGY homologue gly-
cogen synthase kinase-3 (GSK-3) (69) control the rate
of accumulation, association and translocation of PER
and CRY (70), which can alter the period and phase of
the molecular clock. NPAS2 is an alternate dimerization
partner for BMALLI that does not seem to be abundant
in the master of the circadian clock, the suprachiasmatic
nucleus (SCN), but may be important for circadian func-
tion in the forebrain (71, 72). TIMELESS (TIM) is similar
to the fruit fly clock gene tim. Although the latter is essen-
tial for the fly clock, its role in the mammalian clock has
been subject to controversy. Mammalian TIM appears to
have a role in the clock of the SCN (73), but also in early
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embryonic development (74) and DNA replication (75).
Mutations of any of these circadian genes can potentially
have an impact on the circadian clock, and thus subtly or
dramatically alter sleep, mood or behavior in ways that
contribute to physical and mental illness.

All these clock genes have been identified in humans,
and there is a growing body of literature reporting
their expression in human tissues (reviewed in 2).
These studies have enabled the tracking of circadian
rhythms in peripheral tissues and extra-SCN brain
regions under various conditions, including shift work
(76), Alzheimer’s disease (77, 78) and various lighting
manipulations (2, 79, 80).

CLOCK GENES IN NON-PSYCHIATRIC DISORDERS

The first demonstration of the importance of the human
molecular clock was related to extreme sleep timing
disorders. On one hand, an amino acid substitution was
shown to explain the extremely early sleep and wake
times (bedtime = 6-9 pm, wake = 1-3 am) of two familial
cases of advance sleep phase disorder (FASPD). These
mutations were in the PER2 and CKIJ genes (81-84).
On the other hand, delayed sleep phase disorder (DSPD;
bedtime = 3-6 am, wake = 1-3 pm) was found to be asso-
ciated with a polymorphism of human PER3 (85, 86).
PER3 polymorphisms have also been associated with
less extreme chronotypes. Individuals with the shorter
4-repeat allele of PER3 were found more frequently in
evening types, while the longer 5-repeat was more fre-
quently seen in morning types, although this association
was only significant in younger individuals (18-29 years
old) (87). Interestingly, recent data suggest that this poly-
morphism of PER3 might impact sleep homeostasis; indi-
viduals with the longer allele PER3*° showed increased
SWS and electroencephalographic (EEG) slowing, but
the circadian rhythms of melatonin, cortisol and periph-
eral PER3 expression were not affected (88). In addition,
the rhythm of PER3 expression in white blood cells, but
not that of PER2 or BMALI, is significantly correlated
with the timing of the sleep/wake rhythms and rhythms
of plasma melatonin and cortisol secretion, indicating
PER3 as a potential genetic marker for circadian mecha-
nisms underlying sleep/wake timing (89).

The PER and CKI genes are not the only clock genes
that have an influence on chronotype. Morningness-
eveningness scores have been found to be associated with
a single nucleotide polymorphism (SNP) of the human
CLOCK gene (90, 91). Individuals with the CLOCK
3111C/C and C/T alleles showed increased evening-
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ness and reduced morningness, while 3111T/T subjects
showed higher morningness scores (90, 91), but conflict-
ing results have been reported (92). This may be related
to differences in allelic frequencies in different ethnic
groups. In a Korean population, there were no individu-
als carrying the 3111C/C, but individuals with the C/T
allele were more likely to show a diurnal preference for
eveningness when they also carried a 825C/T SNP of the
GNB3 gene (93). The 3111C/C genotype is also associated
with delayed sleep timing and greater daytime sleepiness
in a Japanese population (91), but not in Caucasians (92).
There is currently no evidence in support of an associa-
tion between the 3111C/C geneotype and DSPD or non-
24 hour sleep phase disorder (92, 94).

CLOCK GENES AND SCHIZOPHRENIA

There are few studies demonstrating a link between cir-
cadian clock gene polymorphisms or deregulation and
schizophrenia. However, the CLOCK 3111C/T poly-
morphism showed a transmission bias in a sample of
145 Japanese schizophrenic subjects relative to healthy
controls (95). The authors suggested that this polymor-
phism, associated with aberrant dopaminergic transmis-
sion to the SCN, may underlie the pathophysiology of
schizophrenia. Since dopaminergic signalling through D2
receptors is associated with increased CLOCK:BMALI1
activity (96), this provides an interesting link between
the dopaminergic hypothesis of schizophrenia and circa-
dian abnormalities in these patients. Another study used
microarray technology to analyze gene expression in the
temporal lobe of postmortem brains obtained at autopsy
from patients previously diagnosed with schizophrenia
(97). The results demonstrated decreased expression of
the PERI mRNA in schizophrenia patients compared
with age-matched normal controls. These findings were
also confirmed by RT-PCR. Association of PER3 and
TIM with schizophrenia/schizoaffective disorder, as well
as with bipolar disorder have also been found (98). The
association with PER3 is interesting, given the evidence
of a relationship between PER3 with delayed sleep phase
disorder and evening chronotype. However, the function
of TIM in mammals is not entirely clear (73), making it
difficult to interpret this finding. Finally, the CRY1 gene
was hypothesized to be a candidate gene for schizophre-
nia based on its location near a linkage hotspot for schizo-
phrenia on chromosome 12q24 (99). The fact that CRY1
is expressed in dopaminergic cells in the retina (100) and
that its expression influences the effects of psychoactive
drugs (101) lends further supports to this hypothesis.
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CLOCK GENES AND BIPOLAR DISORDER

Of all major mental disorders, the evidence for genetic
abnormalities associated with clock genes is strongest
in BPD. An analysis of 46 SNPs of eight clock genes
(BMALI, CLOCK, PER 1,2,3, CRY 1,2, TIM) revealed
association of BMALI and TIM with BPD using family-
based samples with BPD or schizophrenia (98). Even
though these were modest associations found using very
liberal analyses, the association with BMALI has been
independently confirmed using haplotype analysis (102).
The same study also demonstrated an association with
PER3. Studies examining other genes have found nega-
tive results: screening for human PER2 mutations at the
CKId/e binding site showed no difference in frequency
between BPD patients and controls (103), nor was there
any evidence for linkage or association of CRYI with
BPD (104). Interestingly, a recent study pointed to a gen-
eral reduction in the amplitude of clock gene mRNAs in
fibroblasts taken from BPD patients (105).

One group has published numerous studies on the asso-
ciation of the CLOCK 3111T/C polymorphism with BPD
(106-109). The C/C allele has been associated with greater
severity of insomnia during antidepressant treatment (109)
and a higher recurrence rate of bipolar episodes (107),
reduced need for sleep (108), and a tendency to increased
activity during the later part of the day prior to sleep (all C
allele carriers,(110). There is even some suggestion for dif-
ferential activation in the cingulate cortex during a moral
decision-making task, dependent on the C/T genotype of
major depressive disorder and BPD patients who under-
went fMRI and testing during a depressive episode (110).
Support for a role of CLOCK mutation in bipolar disorder
has recently come from the animal literature, with evi-
dence that the Clock mutant mouse might constitute an
animal model of mania (111).

Recent evidence suggests that the therapeutic action of
lithium may be related to direct effects on the circadian
clock. For example, lithium has been shown to lengthen
the period of circadian rhythms in rodents (39), and can
lengthen the period of neuronal firing of cultured SCN
neurons in a dose dependent manner (37). A delay in
the circadian phase markers, body temperature and REM
sleep has also been shown in a BPD patient (38).

One proposed mechanism of the therapeutic action of
lithium is via the inhibition of GSK-3 (69, 112). Although
this enzyme has a number of functions that could poten-
tially mediate the therapeutic effects of lithium (113),
one possibility is via its function as a central regulator
of the circadian clock (112). Numerous lines of evidence

support this idea. For example, both lithium and GSK-3
knockdown produce lengthening of the period of PER2
mRNA transcription rhythms in mouse fibroblasts (114)
and GSK-3 affects the entry of PER2 into the nucleus
(69). REV-ERBA protein expression is dramatically
reduced by lithium, via the inhibition of GSK-3, but
REV-ERBA RNA is unaffected (115). This suggests that
the inhibition of GSK-3 by lithium has multiple effects on
key clock components. Even more interesting are findings
that inhibition of GSK-3 may be common to other mood
stabilizing agents such as valproate and may even be a
target of antidepressant therapies including drugs which
target the serotonergic and dopaminergic systems as well
as electroconvusive therapy (112). The above-mentioned
study examining circadian gene expression in fibroblasts
from BPD patients also identified group differences in
GSK-3f (105). This makes GSK-3 a promising target for
future development of pharmotherapeutic agents.

CONCLUSION

The study of psychiatric populations is difficult and the
literature is rife with inconsistencies. Lack of replication,
or even contradiction in results between studies may
be due to a number of factors, including heterogeneous
patient populations, differences in diagnostic criteria,
use of medications, insufficient withdrawal periods from
medications before testing, and lack of control for varia-
tions in light-dark cycles. In spite of these difficulties,
well-controlled studies in psychiatric populations must be
pursued in order to increase our knowledge of the clinical
repercussions of sleep and circadian rhythms disturbances
in these populations. Health care professionals should be
better trained on the potential diagnostic utility and conse-
quences of changes in sleep-wake patterns for their psychi-
atric patients. Interventions aimed at correcting disturbed
circadian rhythms and/or rest-activity cycles have resulted
in effective, well-tolerated therapies used either alone or
in conjunction with traditional pharmacotherapies (116).
Finally, advances in the circadian genetics of mental illness
are likely to open a new frontier of genetic therapies, as
well as guide the development of new pharmaceuticals.

Acknowledgements:

Supported by the National Alliance for Research on Schizophrenia and
Depression, the Canadian Psychiatric Research Foundation, the Levinschi
Foundation, the Canadian Institutes of Health Research, the “Institut de
recherche Robert-Sauvé en santé et en sécurité du travail du Québec! and the
“Fonds de la Recherche en Santé du Québec! We are grateful to Dr. Valérie
Mongrain for her editorial comments.

31



CIRCADIAN RHYTHMS AND CLOCK GENES IN PSYCHOTIC DISORDERS

References

1.

10.

11.

12.

13.

14.

15.

32

Van Someren EJ, Riemersma-Van Der Lek RE Live to the
rhythm, slave to the rhythm. Sleep Med Rev 2007;11:465-
484.

Boivin DB. Influence of sleep-wake and circadian rhythm
disturbances in psychiatric disorders. ] Psychiatry
Neurosci 2000;25:446-458.

Lamont EW, James FO, Boivin DB, Cermakian N. From
circadian clock gene expression to pathologies. Sleep Med
2007;8:547-556.

Gottesmann C. The dreaming sleep stage: A new neu-
robiological model of schizophrenia? Neuroscience
2006;140:1105-1115.

Aserinsky E, Kleitman N. Regularly occurring periods of
eye motility, and concomitant phenomena, during sleep.
Science 1953;118:273-274.

Zarcone V, Azumi K, Dement W, Gulevich G, Kraemer
H, Pivik T. REM phase deprivation and schizophrenia II.
Arch Gen Psychiatry 1975;32:1431-1436.

Zarcone V, Gulevich G, Pivik T, Dement W. Partial
REM phase deprivation and schizophrenia. Arch Gen
Psychiatry 1968;18:194-202.

Bliss EL, Clark LD, West CD. Studies of sleep depriva-
tion-relationship to schizophrenia. AMA Arch Neurol
Psychiatry 1959;81:348-359.

Benson KL, Zarcone VP, Jr. Schizophrenia. In: Kryger
MH, Roth T, Dement WC, editors. Principles and practice
of sleep medicine. 4th ed. Philadelphia, Penn.: Elsevier/
Saunders, 2005.

Chouinard S, Poulin J, Stip E, Godbout R. Sleep in un-
treated patients with schizophrenia: A meta-analysis.
Schizophr Bull 2004;30:957-967.

Madjirova NP, Petrova NS, Delchev NK. Daily rhythmic-
ity of temperature, pulse and blood pressure in schizo-
phrenic patients. Schizophr Res 1995;14:183.

Bersani G, Mameli M, Garavini A, Pancheri P, Nordio
M. Reduction of night/day difference in melatonin blood
levels as a possible disease-related index in schizophre-
nia. Neuro Endocrinol Lett 2003;24:181-184.

Monteleone P, Maj M, Fusco M, Kemali D, Reiter RJ.
Depressed nocturnal plasma melatonin levels in drug-free
paranoid schizophrenics. Schizophr Res 1992;7:77-84.

Shamir E, Laudon M, Barak Y, et al. Melatonin improves
sleep quality of patients with chronic schizophrenia. ]
Clin Psychiatry 2000;61:373-377.

Morgan R, Cheadle AJ. Circadian body temperature in
chronic schizophrenia. Br J Psychiatry 1976;129:350-354.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Rao ML, Gross G, Strebel B, et al. Circadian rhythm of
tryptophan, serotonin, melatonin, and pituitary hormones
in schizophrenia. Biol Psychiatry 1994;35:151-163.

Wirz-Justice A, Cajochen C, Nussbaum P. A schizophren-
ic patient with an arrhythmic circadian rest-activity cycle.
Psychiatry Res 1997;73:83-90.

Wirz-Justice A, Haug HJ, Cajochen C. Disturbed circadi-
an rest-activity cycles in schizophrenia patients: An effect
of drugs? Schizophr Bull 2001;27:497-502.

Wulft K, Joyce E, Middleton B, Dijk DJ, Foster RG. The suit-
ability of actigraphy, diary data, and urinary melatonin profiles
for quantitative assessment of sleep disturbances in schizo-
phrenia: A case report. Chronobiol Int 2006;23:485-495.

Mansour HA, Wood J, Chowdari KV, et al. Circadian
phase variation in bipolar I disorder. Chronobiol Int
2005;22:571-584.

Tandon R. Cholinergic aspects of schizophrenia. Br ]
Psychiatry Suppl 1999;37:7-11.

Jones B. Basic mechanisms of sleep-wake states. In:
Kryger MH, Roth T, Dement WC, editors. Principles and
practice of sleep medicine. 4th ed. Philadelphia, Penn.:
Elsevier/Saunders, 2005.

Behrendt RP. Hallucinations: Synchronisation of thal-
amocortical gamma oscillations underconstrained by
sensory input. Conscious Cogn 2003;12:413-451.

Dzirasa K, Ribeiro S, Costa R, et al. Dopaminergic control
of sleep-wake states. ] Neurosci 2006;26:10577-10589.

Abbott A. Restless nights, listless days. Nature 2003;425:
896-898.

Katz G, Durst R, Knobler HY. Exogenous melatonin,
jet lag, and psychosis: Preliminary case results. ] Clin
Psychopharmacol 2001;21:349-351.

Wirz-Justice A. Biological rhythm disturbances in mood
disorders. Int Clin Psychopharmacol 2006;21 :S11-15.

Beck-Friis ], Ljunggren JG, Thoren M, von Rosen D,
Kjellman BE, Wetterberg L. Melatonin, cortisol and ACTH
in patients with major depressive disorder and healthy
humans with special reference to the outcome of the dex-
amethasone suppression test. Psychoneuroendocrinology
1985;10:173-186.

Linkowski P, Kerkhofs M, Van Onderbergen A, et al. The
24-hour profiles of cortisol, prolactin, and growth hormone
secretion in mania. Arch Gen Psychiatry 1994;51:616-624.

Cervantes P, Gelber S, Kin FN, Nair VN, Schwartz G.
Circadian secretion of cortisol in bipolar disorder. ]
Psychiatry Neurosci 2001;26:411-416.

Feldman-Naim S, Turner EH, Leibenluft E. Diurnal vari-
ation in the direction of mood switches in patients with



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

ELAINE WADDINGTON LAMONT ET AL.

rapid-cycling bipolar disorder. J Clin Psychiatry 1997; 58:
79-84.

Voderholzer U, Weske G, Ecker S, Riemann D, Gann H,
Berger M. Neurobiological findings before and during suc-
cessful lithium therapy of a patient with 48-hour rapid-cy-
cling bipolar disorder. Neuropsychobiology 2002;45:13-19.

LeibenluftE, AlbertPS, Rosenthal NE, Wehr TA. Relationship
between sleep and mood in patients with rapid-cycling bi-
polar disorder. Psychiatry Res 1996;63:161-168.

Wehr TA. Sleep loss: A preventable cause of mania and
other excited states. ] Clin Psychiatry 1989;50, Suppl:8-16;
discussion 45-47.

Benedetti F, Barbini B, Campori E, Fulgosi MC, Pontiggia
A, Colombo C. Sleep phase advance and lithium to sus-
tain the antidepressant effect of total sleep deprivation in
bipolar depression: New findings supporting the internal
coincidence model? ] Psychiatr Res 2001;35:323-329.

Wehr TA, Wirz-Justice A, Goodwin FK, Duncan W, Gillin
JC. Phase advance of the circadian sleep-wake cycle as an
antidepressant. Science 1979;206:710-713.

Abe M, Herzog ED, Block GD. Lithium lengthens the
circadian period of individual suprachiasmatic nucleus
neurons. Neuroreport 2000;11:3261-3264.

Campbell SS, Gillin JC, Kripke DF, Janowsky DS, Risch
SC. Lithium delays circadian phase of temperature
and REM sleep in a bipolar depressive: A case report.
Psychiatry Res 1989;27:23-29.

LeSauter J, Silver R. Lithium lengthens the period of cir-
cadian rhythms in lesioned hamsters bearing SCN grafts.
Biol Psychiatry 1993;34:75-83.

Barbini B, Colombo C, Benedetti F, Campori E, Bellodi L,
Smeraldi E. The unipolar-bipolar dichotomy and the re-
sponse to sleep deprivation. Psychiatry Res 1998;79:43-50.

Leibenluft E, Wehr TA. Is sleep deprivation useful in the
treatment of depression? Am J Psychiatry 1992;149:159-168.

Wu JC, Bunney WE. The biological basis of an antidepres-
sant response to sleep deprivation and relapse: Review
and hypothesis. Am J Psychiatry 1990;147:14-21.

Leibenluft E, Turner EH, Feldman-Naim S, Schwartz
PJ, Wehr TA, Rosenthal NE. Light therapy in patients
with rapid cycling bipolar disorder: Preliminary results.
Psychopharmacol Bull 1995;31:705-710.

Sit D, Wisner KL, Hanusa BH, Stull S, Terman M. Light
therapy for bipolar disorder: A case series in women.
Bipolar Disord 2007;9:918-927.

Colombo C, Lucca A, Benedetti F, Barbini B, Campori
E, Smeraldi E. Total sleep deprivation combined with
lithium and light therapy in the treatment of bipolar

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

depression: Replication of main effects and interaction.
Psychiatry Res 2000;95:43-53.

Smeraldi E, Benedetti F, Barbini B, Campori E, Colombo
C. Sustained antidepressant effect of sleep depriva-
tion combined with pindolol in bipolar depression. A
placebo-controlled trial. Neuropsychopharmacology
1999;20:380-385.

Barbini B, Benedetti F, Colombo C, et al. Dark therapy for
mania: A pilot study. Bipolar Disord 2005;7:98-101.

Wehr TA, Turner EH, Shimada JM, Lowe CH, Barker C,
Leibenluft E. Treatment of rapidly cycling bipolar patient by
using extended bed rest and darkness to stabilize the timing
and duration of sleep. Biol Psychiatry 1998;43:822-828.

Leibenluft E, Suppes T. Treating bipolar illness: Focus on
treatment algorithms and management of the sleep-wake
cycle. Am J Psychiatry 1999;156:1976-1981.

Lam RW, Berkowitz AL, Berga SL, Clark CM, Kripke DE,
Gillin JC. Melatonin suppression in bipolar and unipolar
mood disorders. Psychiatry Res 1990;33:129-134.

Srinivasan V, Smits M, Spence W, et al. Melatonin in
mood disorders. World ] Biol Psychiatry 2006;7:138-151.

Hallam KT, Olver JS, Horgan JE, McGrath C, Norman
TR. Low doses of lithium carbonate reduce mela-
tonin light sensitivity in healthy volunteers. Int ]
Neuropsychopharmacol 2005;8:255-259.

Gao K, Calabrese JR. Newer treatment studies for bipolar
depression. Bipolar Disord 2005;7:13-23.

Cermakian N, Boivin DB. A molecular perspective of hu-
man circadian rhythm disorders. Brain Res Brain Res Rev
2003;42:204-220.

Dardente H, Cermakian N. Molecular circadian rhythms
in central and peripheral clocks in mammals. Chronobiol
Int 2007;24:195-213.

Ko CH, Takahashi JS. Molecular components of the mamma-
lian circadian clock. Hum Mol Genet 2006;15:R271-277.

Albrecht U, Sun ZS, Eichele G, Lee CC. A differential re-
sponse of two putative mammalian circadian regulators,
mperl and mper2, to light. Cell 1997;91:1055-1064.

Albrecht U, Zheng B, Larkin D, Sun ZS, Lee CC. MPer1
and MPer?2 are essential for normal resetting of the circa-
dian clock. ] Biol Rhythms 2001;16:100-104.

Gekakis N, Staknis D, Nguyen HB, et al. Role of the
CLOCK protein in the mammalian circadian mecha-
nism. Science 1998;280:1564-1569.

Hogenesch JB, Gu YZ, Jain S, Bradfield CA. The basic-
helix-loop-helix-PAS orphan MOP3 forms transcription-
ally active complexes with circadian and hypoxia factors.
Proc Natl Acad Sci USA 1998;95:5474-5479.

33



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

34

CIRCADIAN RHYTHMS AND CLOCK GENES IN PSYCHOTIC DISORDERS

Kume K, Zylka M]J, Sriram S, et al. mCRY1 and mCRY?2 are
essential components of the negative limb of the circadian
clock feedback loop. Cell 1999;98:193-205.

Shearman LP, Sriram S, Weaver DR, et al. Interacting mo-
lecular loops in the mammalian circadian clock. Science
2000;288:1013.

Preitner N, Damiola E, Lopez-Molina L, et al. The orphan
nuclear receptor REV-ERBalpha controls circadian tran-
scription within the positive limb of the mammalian circa-
dian oscillator. Cell 2002;110:251-260.

Sato TK, Panda S, Miraglia L], et al. A functional genomics
strategy reveals Rora as a component of the mammalian
circadian clock. Neuron 2004;43:527-537.

Ueda HR, Chen W, Adachi A, et al. A transcription fac-
tor response element for gene expression during circadian
night. Nature 2002;418:534-539.

Akashi M, Tsuchiya Y, Yoshino T, Nishida E. Control of
intracellular dynamics of mammalian period proteins by
casein kinase I epsilon (CKlepsilon) and CKldelta in cul-
tured cells. Mol Cell Biol 2002;22:1693-1703.

Eide EJ, Woolf MF, Kang H, et al. Control of mammalian
circadian rhythm by CKlepsilon-regulated proteasome-
mediated PER2 degradation. Mol Cell Biol 2005;25:2795-
2807.

Vielhaber E, Eide E, Rivers A, Gao ZH, Virshup DM.
Nuclear entry of the circadian regulator mPER1 is con-
trolled by mammalian casein kinase I epsilon. Mol Cell
Biol 2000;20:4888-4899.

Titaka C, Miyazaki K, Akaike T, Ishida N. A role for gly-
cogen synthase kinase-3beta in the mammalian circadian
clock. J Biol Chem 2005;280:29397-29402.

Gallego M, Virshup DM. Post-translational modifications
regulate the ticking of the circadian clock. Nat Rev Mol
Cell Biol 2007;8:139-148.

DeBruyne JP, Weaver DR, Reppert SM. CLOCK and
NPAS2 have overlapping roles in the suprachiasmatic cir-
cadian clock. Nat Neurosci 2007;10:543-545.

Reick M, Garcia JA, Dudley C, McKnight SL. NPAS2: an
analog of clock operative in the mammalian forebrain.
Science 2001;293:506-509.

Barnes JW, Tischkau SA, Barnes JA, et al. Requirement of
mammalian Timeless for circadian rhythmicity. Science
2003;302:439-442.

Gotter AL, Manganaro T, Weaver DR, et al. A time-less
function for mouse timeless. Nat Neurosci 2000;3:755-
756.

Gotter AL. A Timeless debate: resolving TIM’s noncir-
cadian roles with possible clock function. Neuroreport

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

2006;17:1229-1233.

James FO, Cermakian N, Boivin DB. Circadian rhythms
of melatonin, cortisol, and clock gene expression during
simulated night shift work. Sleep 2007;30:1427-1436.

Ackermann K, Dehghani E Bux R, Kauert G, Stehle JH.
Day-night expression patterns of clock genes in the human
pineal gland. J Pineal Res 2007;43:185-194.

Wu YH, Fischer DF, Kalsbeek A, et al. Pineal clock gene
oscillation is disturbed in Alzheimer’s disease, due to
functional disconnection from the “master clock” FASEB
] 2006;20:1874-1876.

Kusanagi H, Hida A, Satoh K, et al. Expression profiles of
10 circadian clock genes in human peripheral blood mono-
nuclear cells. Neurosci Res 2008;61:136-142.

Tsinkalovsky O, Smaaland R, Rosenlund B, et al. Circadian
variations in clock gene expression of human bone marrow
CD34+ cells. ] Biol Rhythms 2007;22:140-150.

Jones CR, Campbell SS, Zone SE, et al. Familial advanced
sleep-phase syndrome: A short-period circadian rhythm
variant in humans. Nat Med 1999;5:1062-1065.

Toh KL, Jones CR, He Y, et al. An hPer2 phosphorylation
site mutation in familial advanced sleep phase syndrome.
Science 2001;291:1040-1043.

Xu Y, Padiath QS, Shapiro RE, et al. Functional conse-
quences of a CKIdelta mutation causing familial advanced
sleep phase syndrome. Nature 2005;434:640-644.

Xu Y, Toh KL, Jones CR, Shin JY, Fu YH, Ptacek LJ.
Modeling of a human circadian mutation yields insights
into clock regulation by PER2. Cell 2007;128:59-70.

Archer SN, Robilliard DL, Skene D], et al. A length poly-
morphism in the circadian clock gene Per3 is linked to
delayed sleep phase syndrome and extreme diurnal prefer-
ence. Sleep 2003;26:413-415.

Ebisawa T, Uchiyama M, Kajimura N, et al. Association of
structural polymorphisms in the human period3 gene with
delayed sleep phase syndrome. EMBO Rep 2001;2:342-
346.

Jones KH, Ellis ], von Schantz M, Skene D], Dijk DJ, Archer
SN. Age-related change in the association between a poly-
morphism in the PER3 gene and preferred timing of sleep
and waking activities. J Sleep Res 2007;16:12-16.

Viola AU, Archer SN, James LM, et al. PER3 polymor-
phism predicts sleep structure and waking performance.
Curr Biol 2007;17:613-618.

Archer SN, Viola AU, Kyriakopoulou V, von Schantz M,
Dijk DJ. Inter-individual differences in habitual sleep tim-
ing and entrained phase of endogenous circadian rhythms
of BMALLI, PER2 and PER3 mRNA in human leukocytes.



ELAINE WADDINGTON LAMONT ET AL.

Sleep 2008;31:608-617.

90. Katzenberg D, Young T, Finn L, et al. A CLOCK polymor-
phism associated with human diurnal preference. Sleep
1998;21:569-576.

91. Mishima K, Tozawa T, Satoh K, Saitoh H, Mishima Y. The
3111T/C polymorphism of hClock is associated with eve-
ning preference and delayed sleep timing in a Japanese
population sample. Am ] Med Genet B Neuropsychiatr
Genet 2005;133:101-104.

92. Robilliard DL, Archer SN, Arendt J, et al. The 3111 Clock
gene polymorphism is not associated with sleep and cir-
cadian rhythmicity in phenotypically characterized human
subjects. J Sleep Res 2002;11:305-312.

93. Lee HJ, Paik JW, Kang SG, Lim SW, Kim L. Allelic variants
interaction of CLOCK gene and G-protein beta3 subunit
gene with diurnal preference. Chronobiol Int 2007;24:589-
597.

94. Iwase T, Kajimura N, Uchiyama M, et al. Mutation screen-
ing of the human Clock gene in circadian rhythm sleep
disorders. Psychiatry Res 2002;109:121-128.

95. Takao T, Tachikawa H, Kawanishi Y, Mizukami K, Asada
T. CLOCK gene T3111C polymorphism is associated
with Japanese schizophrenics: A preliminary study. Eur
Neuropsychopharmacol 2007;17:273-276.

96. Yujnovsky I, Hirayama J, Doi M, Borrelli E, Sassone-Corsi
P. Signaling mediated by the dopamine D2 receptor poten-
tiates circadian regulation by CLOCK:BMALL. Proc Natl
Acad Sci USA 2006;103:6386-6391.

97. Aston C, Jiang L, Sokolov BP. Microarray analysis of post-
mortem temporal cortex from patients with schizophrenia.
] Neurosci Res 2004;77:858-866.

98. Mansour HA, Wood ], Logue T, et al. Association study
of eight circadian genes with bipolar I disorder, schizoaf-
fective disorder and schizophrenia. Genes Brain Behav
2006;5:150-157.

99. Peng ZW, Chen XG, Wei Z. Cryptochromel maybe a can-
didate gene of schizophrenia. Med Hypotheses 2007;69:
849-851.

100. Gustincich S, Contini M, Gariboldi M, et al. Gene discov-
ery in genetically labeled single dopaminergic neurons of
the retina. Proc Natl Acad Sci USA 2004;101:5069-5074.

101. Uz T, Ahmed R, Akhisaroglu M, et al. Effect of fluoxetine
and cocaine on the expression of clock genes in the mouse
hippocampus and striatum. Neuroscience 2005;134:1309-
1316.

102. Nievergelt CM, Kripke DE Barrett TB, et al. Suggestive
evidence for association of the circadian genes PERIOD3
and ARNTL with bipolar disorder. Am ] Med Genet B
Neuropsychiatr Genet 2006;141:234-241.

103. Shiino Y, Nakajima S, Ozeki Y, Isono T, Yamada N.
Mutation screening of the human period 2 gene in bipolar
disorder. Neurosci Lett 2003;338:82-84.

104. Nievergelt CM, Kripke DE, Remick RA, et al. Examination
of the clock gene Cryptochrome 1 in bipolar disorder: mu-
tational analysis and absence of evidence for linkage or as-
sociation. Psychiatr Genet 2005;15:45-52.

105. Yang S, Van Dongen HP, Wang K, Berrettini W, Bucan M.
Assessment of circadian function in fibroblasts of patients
with bipolar disorder. Mol Psychiatry 2009;14:143-155.

106. Benedetti F, Dallaspezia S, Fulgosi MC, et al. Actimetric
evidence that CLOCK 3111 T/C SNP influences sleep and
activity patterns in patients affected by bipolar depression.
Am ] Med Genet B Neuropsychiatr Genet 2007;144B:631-
635.

107. Benedetti E Serretti A, Colombo C, et al. Influence of
CLOCK gene polymorphism on circadian mood fluc-
tuation and illness recurrence in bipolar depression. Am J
Med Genet B Neuropsychiatr Genet 2003;123:23-26.

108. Serretti A, Benedetti E Mandelli L, et al. Genetic dissection
of psychopathological symptoms: insomnia in mood dis-
orders and CLOCK gene polymorphism. Am ] Med Genet
B Neuropsychiatr Genet 2003;121:35-38.

109. Serretti A, Cusin C, Benedetti F, et al. Insomnia improve-
ment during antidepressant treatment and CLOCK gene
polymorphism. Am ] Med Genet B Neuropsychiatr Genet
2005;137:36-39.

110. Benedetti E, Radaelli D, Bernasconi A, et al. Clock genes
beyond the clock: CLOCK genotype biases neural cor-
relates of moral valence decision in depressed patients.
Genes Brain Behav 2008;7:20-25.

111. Roybal K, Theobold D, Graham A, et al. Mania-like behav-
ior induced by disruption of CLOCK. Proc Natl Acad Sci
USA 2007;104:6406-6411.

112.Gould TD, Manji HK. Glycogen synthase kinase-3: a
putative molecular target for lithium mimetic drugs.
Neuropsychopharmacology 2005;30:1223-1237.

113. Quiroz JA, Gould TD, Manji HK. Molecular effects of lith-
ium. Mol Interv 2004;4:259-272.

114. Kaladchibachi SA, Doble B, Anthopoulos N, Woodgett
JR, Manoukian AS. Glycogen synthase kinase 3, circadian
rhythms, and bipolar disorder: a molecular link in the ther-
apeutic action of lithium. J Circadian Rhythms 2007;5:3.

115. Yin L, Wang J, Klein PS, Lazar MA. Nuclear receptor Rev-
erbalpha is a critical lithium-sensitive component of the
circadian clock. Science 2006;311:1002-1005.

116. Wirz-Justice A, Benedetti E Berger M, et al
Chronotherapeutics (light and wake therapy) in affective
disorders. Psychol Med 2005;35:939-944.

35





