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Abstract

Despite significant progress in elucidating the molecular basis for circadian oscillations, the neural mechanisms by which the circadian
clock organizes daily rhythms of behavioral state in mammals remain poorly understood. The objective of this review is to critically evaluate
a conceptual model that views sleep expression as the outcome of opponent processes—a circadian clock-dependent alerting process that
opposes sleep during the daily wake period, and a homeostatic process by which sleep drive builds during waking and is dissipated during
sleep after circadian alerting declines. This model is based primarily on the evidence that in a diurnal primate, the squirrel monkey (Saimiri
sciureus), ablation of the master circadian clock (the suprachiasmatic nucleus; SCN) induces a significant expansion of total daily sleep
duration and a reduction in sleep latency in the dark. According to this model, the circadian clock actively promotes wake but only passively
gates sleep; thus, loss of circadian clock alerting by SCN ablation impairs the ability to sustain wakefulness and causes sleep to expand. For
comparison, two additional conceptual models are described, one in which the circadian clock actively promotes sleep but not wake, and a
third in which the circadian clock actively promotes both sleep and wake, at different circadian phases. Sleep in intact and SCN-damaged
rodents and humans is first reviewed, to determine how well the data fit these conceptual models. Neuroanatomical and neurophysiological
studies are then reviewed, to examine the evidence for direct and indirect interactions between the SCN circadian clock and sleep—wake
circuits. Finally, sleep in SCN-ablated squirrel monkeys is re-examined, to consider its compatibility with alternative models of circadian
regulation of sleep. In aggregate, the behavioral and neurobiological evidence suggests that in rodents and humans, the circadian clock
actively promotes both wake and sleep, at different phases of the circadian cycle. The hypersomnia of SCN-ablated squirrel monkeys is
unique in magnitude, but is not incompatible with a role for the SCN pacemaker in actively promoting sleep.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The modern fields of chronobiology and sleep research,
despite separate origins in the late 1950s, have shared for
many years a common interest in how the daily (circadian)
rhythm of behavioral states is controlled. Given its relevance
to human health, well-being, and performance, this is an
important problem to solve and remains an active area of
research. Over this time, a master circadian pacemaker
critical for circadian organization of sleep—wake states has
been localized to the suprachiasmatic nucleus (SCN), a
retinorecipient cluster of ~16,000 neurons bilaterally dis-
tributed at the base of the third ventricle in the anterior
hypothalamus [120]. Parallel work has identified an ana-
tomically distributed system of interconnected but neuro-
chemically distinct cell groups specialized for the induction
and maintenance of arousal, rapid-eye-movement sleep
(REMS) and/or non-REMS (NREMS) [108,109,203,217].
SCN circadian clock control of this system at the neural level
can be modeled in three simplified ways (Fig. 1).

1. The clock may actively promote arousal during the daily
active phase, by stimulating neural circuits mediating
arousal and/or inhibiting neural circuits mediating sleep.
Withdrawal of this output during the rest phase would
permit the full expression of sleep ‘need’ (a reflection of
a homeostatically regulated sleep recovery process) that
accumulates during wake (and possibly torpor; reviewed
in Ref. [8]) and dissipates during sleep.

2. The clock may actively promote sleep during the daily
rest phase, by inhibiting arousal circuits and/or stimulat-

ing sleep circuits. Withdrawal of this output, in combi-
nation with satiation of sleep drive, would permit the full
expression of alert waking. Three variations of this model
are possible; the clock could promote both NREMS and
REMS, or either one alone.

3. The circadian clock may actively promote arousal during
the active phase and sleep during the rest phase, with the
same three variations possible. The expression of both
sleep and wake would thereby be jointly determined by
sleep homeostasis and an active influence of the clock
throughout its cycle.

Models 1 and 2 propose a unidirectional or discontinuous
effect of the circadian clock on sleep and wake (active
modulation of sleep and/or wake circuits during only one
portion of the sleep—wake cycle), whereas Model 3 proposes
a bidirectional or continuous influence (active modulation of
sleep—wake circuits at opposite phases or through all phases
of the cycle).

In 1993, Edgar and colleagues proposed an ‘Opponent
Process’ model of sleep regulation [69]. This conceptual
model is similar to the quantitative ‘Two Process’ model,
articulated a decade earlier by Borbely, Daan, Beersma, and
colleagues [22,42], to the extent that it attributes sleep
timing to the combined influence of the circadian clock and
a homeostatic sleep process. In the Two Process model, the
circadian influence (so-called ‘process C’) is imparted by
modulation of upper and lower thresholds for sleep onset
and termination, respectively. Sleep is initiated when a
sleep—wake dependent neurophysiological factor (so-called
‘process S’, corresponding to sleep need) reaches the upper



R.E. Mistlberger / Brain Research Reviews 49 (2005) 429-454 431

: Model 1 __Model 2 Model 3
. [sleeple—sjwake| [sleeple—s{wake| [sleeple—s|wake]
A ® L

@ e @

sP [ caudal

rostral MnPO wake-
sleep- , promoting
promoting clusters
clusters MPOA
VLPO

)

circadian clock

Fig. 1. Top: Three simplified conceptual models illustrating circadian clock
control of sleep—wake states. In Models 1 and 2, the circadian pacemaker
located in the suprachiasmatic nucleus (SCN) actively promotes wake or
sleep, respectively, through one portion of its daily cycle, but only passively
gates (permits) the expression of the alternate state through the remaining
portion of the circadian cycle. In Model 3, the circadian pacemaker
alternates between actively promoting wake and sleep at opposite phases of
its daily cycle. Additional complexities are possible if the circadian clock
differentially regulates NREMS and REMS (variations on Models 2 and 3).
Bottom: A simplified neuroanatomical cartoon illustrating known first- and
second-order connections between the SCN circadian clock and sleep or
wake promoting cell groups located rostral or caudal to the SCN,
respectively. ‘Core’ and ‘shell” subregions of the SCN have been defined
by various antigens, but these compartments appear to have similar efferent
targets. Sleep-active cells are concentrated in the ventrolateral preoptic
nucleus (VLPO) and median preoptic nucleus (MnPO), and are scattered
through the medial preoptic area (MPOA). The SCN projects only sparsely
to these areas, but has a strong indirect projection via the subparaventricular
zone (sPVZ). The VLPO, MPOA, and MnPO are reciprocally connected.
The SCN also has projections that extend through the periventricular area
caudally to the dorsomedial hypothalamus (DMH), with a few that reach
hypocretin (HCRT) neurons distributed in the perifornical, lateral, and
posterior hypothalamic areas. HCRT neurons are active in association with
wake and/or locomotor activity, and play a critical role in temporal
regulation of REMS processes, and consolidation of sleep—wake states. The
SCN again has a strong indirect pathway to the DMH and HCRT cells via
the sPVZ. These sleep and wake cell clusters are mutually coupled; thus,
the SCN could conceivably exert a continuous influence on sleep—wake
states at all phases of the circadian cycle by alternatively exciting and
inhibiting either sleep or wake areas, or both. Although GABA is the
predominate fast transmitter used by SCN efferents, there is also direct and/
or indirect evidence suggesting that some SCN efferents release glutamate.
These fast transmitters colocalize with neuropeptides, including vasopressin
and vasoactive intestinal polypeptide. It is an open question as to whether
there are circadian variations in ratios of co-release that may determine the
postsynaptic effects of SCN output. In nocturnal rodents, the SCN also
releases diffusible factors, including transforming growth factor-a (TGF-a
acting on Egf-a receptors) and prokineticin-2 (PK-2), that inhibit arousal
and activity during the daily sleep period. The multiple direct and indirect
neural and paracrine routes from SCN to sleep and wake areas in the
hypothalamus is most compatible with conceptual Model 3.

threshold, and sleep is terminated when this factor declines
to the lower threshold. The model successfully simulates
many phenomenological aspects of sleep but the neural
bases of the ‘C” and ‘S’ factors and the upper and lower

thresholds remain to be determined. At a formal level, the
Two Process model may be compatible with either unidirec-
tional (our Models 1 and 2) or bidirectional (Model 3)
control of the sleep—wake thresholds by the circadian clock.
The Opponent Process model is a version of a two process
model in which the formal basis of the circadian influence is
explicitly specified. According to the Opponent Process
model, the circadian clock actively promotes waking, but
does not actively promote sleep, i.e., it corresponds to
Model 1 in our simplified formulation. This idea was
suggested by the observation that a group of 5 squirrel
monkeys (Saimiri sciureus) sustaining complete ablation of
the SCN circadian clock not only lost circadian organization
of sleep—wake, but also slept on average ~3.9 h more per 24
h day than did 5 intact monkeys, an increase of ~46% [69].
One way that this could occur is if the SCN provided a daily
alerting signal that stimulated activity in brain circuits
supporting cortical, autonomic, and behavioral arousal,
thereby opposing the expression of sleep drive and creating
a consolidated daily wake phase. Without this influence,
spontaneous bouts of arousal would become fragmented and
total sleep time might be expected to increase.

In recent years, the Opponent Process model has been
represented, either implicitly or explicitly, as a fact of sleep—
wake regulation (e.g., Refs. [8,25,51,72,94,117,132,258]).
For example, a chapter on circadian rhythms in a leading
neuroscience textbook states that “sleep and waking are
controlled by two opposing factors, a homeostatic drive for
sleep and a circadian arousal stimulus” [161]. The neural
mechanisms by which the circadian clock influences the
sleep—wake system remain to be fully specified, but
progress is being made, and it seems timely to reconsider
the merits of opponent processes as an organizing concept
for empirical findings and further studies. This paper has
three main objectives: (1) To highlight lesion and behavioral
evidence consistent with a bidirectional (Model 3) rather
than strictly oppositional (Models 1 and 2) influence of the
circadian clock on sleep—wake states in nocturnal lab rats
and humans, (2) to review neurobiological evidence
suggesting that the circadian clock actively influences both
sleep and wake circuits in nocturnal and diurnal rodents, and
(3) to critically re-examine the concept and empirical basis
for the Opponent Process view of sleep in squirrel monkeys.

The strategies available for elucidating the neural basis of
circadian control of sleep—wake include the traditional
methods of lesion and stimulation (how does removal,
inactivation or activation of circadian clock cells affect
behavioral state, acutely and chronically?), functional
neuroanatomy (how is the clock wired to sleep—wake
circuits; what are the functional consequences of these
connections across the circadian cycle, as determined by
single unit electrophysiology or gene expression?), and new
methods for manipulating the circadian clock at the
molecular genetic level (how do developmental and condi-
tional gene knockouts or knockins affect behavioral state?).
To make inferences about the nature of circadian clock
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control of sleep from such manipulations, careful behavioral
and electrophysiological analyses of sleep may be critical.
For example, a long-sleep phenotype created by a lesion or
gene knockout could reflect loss of a circadian alerting
signal that normally opposes sleep, or loss of a circadian
sleep signal that normally promotes consolidated, restorative
sleep, thus diminishing sleep intensity and causing a
compensatory increase in total sleep time to achieve
presumed recovery benefits of sleep. There may also be
interactions with the environment in which the animals are
tested (see Section 6 for discussion). Ambiguities in
interpreting changes in total sleep time may only be
resolved by converging evidence from experiments
designed to probe sleep characteristics (e.g., its duration,
continuity and intensity) following behavioral perturbations
(e.g., sleep deprivation) or under different environmental
conditions (e.g., tethering vs. telemetric recording of
biosignals; standard impoverished vs. socially enriched
environments). Gene knockout approaches are further
challenged by the possibility (likelihood? [88]) of pleio-
tropy; genes at the core of the mammalian circadian clock
are expressed elsewhere in the brain, and may participate in
aspects of sleep regulation independent of circadian timing.
The sleep—wake states are complex phenomena, requiring
coordination of diverse neural systems that subserve
behavioral, endocrine, and autonomic outputs. Circadian
regulation of these states may be relatively simple, or not,
but these introductory methodological considerations should
serve to prime the reader for interpretive complexity in the
pathway to discovery.

2. Total daily sleep time in the absence of circadian
rhythms: nocturnal rodents

The primary empirical basis for the Opponent Process
model of sleep regulation is the observation that in squirrel
monkeys, SCN ablation not only eliminates sleep—wake
circadian rhythms but also substantially increases total daily
sleep time. The model thus rests on an assumption that if the
circadian clock regulates behavioral state exclusively by
promoting arousal during one portion of the circadian cycle,
then inactivation of the clock will produce hypersomnia. By
this logic, a decrease in sleep time after SCN ablation would
presumably signify a sleep-promoting effect of the clock,
whereas no change in sleep time would signify a balanced
driving or gating effect of the clock on sleep and wake
circuits. Conceivably, the circadian clock may actively
promote both wake and sleep at different phases, but the
relative strengths of these effects may differ within or across
species, thereby determining whether SCN ablation results
in increased, decreased or unchanged total daily sleep time.
Consequently, lesion studies can provide supportive, but not
decisive evidence in support of any particular model.
However, if daily sleep duration either decreases or remains
unchanged after SCN ablation in a particular species, this

would constitute strong evidence against the validity of the
Opponent Process model (Model 1) for that species.
Conversely, an increase or no change in sleep duration
would constitute evidence against Model 2, whereas Model
3 is compatible with any lesion result.

Given the importance of the SCN ablation result to the
Opponent Process model, a reasonable question to address
first is whether this result has been replicated in squirrel
monkeys and extended to other species. So far, the squirrel
monkey study has not been repeated, and sleep studies of
other diurnal species with verified SCN ablation are still
awaited. The generality of the squirrel monkey result can
thus only be evaluated in nocturnal species, primarily those
few rodents-rats, mice, and hamsters—that have been
popular in sleep and chronobiology research.

In nocturnal rodents, the circadian organization of
behavioral state can be eliminated not only by SCN
ablation, but also by manipulations of lighting or of genes
that mediate circadian timing. A comparison of how these
methods for eliminating rhythmicity affect sleep duration
may be informative for understanding clock regulation of
sleep, and also for understanding the basis for arrhythmic-
ity. Sleep studies of these arrhythmic models have been
conducted in one or more species, but unfortunately, no
one species has been evaluated using each of these
techniques. In the most extensively studied species, the
laboratory rat (Rattus norvegicus), the results of the
available studies form a coherent picture of sleep
regulation that does not support the Opponent Process
model. Studies of other species are comparatively few in
number, and more diverse in outcome. The results for
these other species leave open the possibilities that (1)
there may be significant differences in clock control of
sleep—wake even among closely related nocturnal rodent
species, and (2) different methods for inducing arrhyth-
micity are probably not functionally equivalent in their
effects on SCN output.

2.1. SCN ablation does not affect total daily sleep time in
nocturnal rats

Polygraphic sleep studies indicate that complete ablation
of the SCN in Norway rats eliminates sleep—wake rhythms
but has little or no effect on total daily sleep time or its
component NREM and REM stages. This finding has been
replicated in several labs, using standard 12:12 light—dark
(LD) cycles and dim constant light (LL) or dark (DD)
(e.g., Refs. [10,99,100,155,166,220,241,255]). Only one
study has reported a significant, albeit very small (~4%)
increase in NREMS after SCN ablation in rats, but this was
offset by a ~10% decrease in REMS, resulting in no net
change in total sleep time [150]. Whether these effects
would have been stable over time is not known. In
aggregate, these studies indicate that in the nocturnal
Norway rat lacking a SCN, there is little or no change in
daily sleep duration.
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2.2. SCN ablation may increase total daily sleep time in
some strains of mice

Two labs have reported on the sleep of mice following
SCN ablation. One lab found no change in NREMS or
REMS duration in blind or sighted arrhythmic SCN-ablated
BALB/c mice recorded in LD [101], but another lab has now
reported a significant (~20%, or nearly 2 h/day) increase in
NREMS, with no change in REMS, in SCN-ablated C57Bl/
6j mice recorded in LD and DD [67]. Two caveats are worth
noting. First, the daily amount and circadian distribution of
sleep in mice exhibit significant variability across strains and
laboratories (e.g., Ref. [76,213]), thus it remains to be
established whether this effect of SCN ablation generalizes
to other mouse strains. Second, by comparison with rats,
mice show much greater sensitivity to effects of recording
conditions; e.g., even small changes in the weight and
flexibility of recording cables can significantly increase or
decrease daily sleep amounts in some strains [235], and
simply providing a running wheel reduces total daily sleep
time (both NREMS and REMS) by ~10% [68] to 14% [248]
in C57Bl/10j mice. SCN lesions reduce activity levels in
nocturnal rodents, and this change alone could account for
much if not all of the reported increase in sleep. This may be
particularly pertinent to studies of mice, as they are more
active than are rats in standard laboratory shoebox cages,
with or without wheels. Consequently, interactions between
SCN ablation and the recording conditions will need to be
carefully examined to interpret any changes in sleep time
observed in some SCN-ablated mouse strains.

2.3. Reversible arrhythmicity, by some but not other
methods, increases total daily sleep time in some, but not
other species

Circadian rhythms of sleep—wake in one or more
nocturnal rodent species can be reversibly eliminated by
manipulations of light exposure. Rats are particularly
susceptible to damping of circadian organization by long-
term exposure to LL. Although LL tonically suppresses
locomotor activity in nocturnal rats [5], total daily sleep
time does not appear to change as the circadian sleep—wake
cycle gradually damps out (unpublished analysis of data
from Refs. [65,66]). This is a particularly powerful
demonstration, as daily sleep amounts were obtained by
continuous, within-subject polygraphic recordings as circa-
dian organization ‘unthreaded’ into an entirely ultradian
pattern. A more recent study further showed that neither
NREMS nor REMS amounts were altered in rats with
damped circadian rhythms after 12 days in LL [103].

In another nocturnal rodent, the Djungarian (also called
Siberian) hamster (Phodopus sungorus sungorus), circadian
sleep—wake rhythms can be rapidly and reversibly elimi-
nated by exposure to a short photoperiod (8 h light/day;
[47]), by a 5-h phase delay of the LD cycle [195,196], or by
appropriately timed light pulses at night [223]. In the

arrhythmic state induced by a short photoperiod, the daily
amounts of NREM and REMS are unaltered [48]. In the
arrhythmic state induced by a 5-h LD delay shift, daily
NREMS increases by ~7%, REMS by ~30%, and total sleep
time by ~1.5 h/day [131]. The 24-h profile of behavioral
state in the arrthythmic hamsters looks remarkably like a
continuation of the normal sleep phase of the circadian cycle
(the ‘subjective day’ in nocturnal animals). Sleep studies of
arrhythmicity induced by light pulses at night [223] have not
yet been conducted.

The differential effects of photic manipulations on sleep
duration in Djungarian hamsters suggests that arrhythmicity
induced by different means may have a different neural
bases. In Djungarians lacking sleep—wake circadian rhythms
during exposure to short photoperiods, at least some other
circadian rhythms appear to persist [47,48,93,197]. In
Djungarians that are arrhythmic following LD shifts, loss
of circadian organization extends to physiological variables
[195]. Conceivably, short photoperiods may affect circadian
organization of behavioral state downstream from the
circadian clock, and thus may only mask pacemaker phase
(as assessed behaviorally), whereas a 5-h phase delay of LD
(involving critically timed light exposure early in the night?)
may stop the Djungarian circadian clock at a phase
corresponding to subjective day, thereby generating a
continuous circadian drive for sleep. Predictions from the
latter hypothesis include (1) sleep bouts should be long
(rather than fragmented, as in SCN-ablated animals)
throughout the 24-h day, comparable to the normal sleep
period in rhythmic hamsters (they are; [131]), (2) the
arrhythmic hamsters should be more difficult to keep awake
during sleep deprivation, comparable to rhythmic hamsters
in their subjective day (they are; [131]). (3) SCN ablation
should normalize total daily sleep time in arrhythmic
animals (not yet tested), and (4) molecular markers of
circadian phase should also indicate subjective day (but they
do not; photic induction of cFos and Perl gene expression
in SCN neurons is normally limited to the subjective night
in rhythmic hamsters, but arrhythmic Djungarian hamsters
exhibit high levels of induction in response to light at any
time of day; [11]). Although the molecular evidence appears
to weigh against the idea that the SCN in arrhythmic
Djungarian hamsters is ‘stuck’ in the subjective day, the
SCN lesion experiment remains of interest to conduct, given
the possibility, considered next, that under certain conditions
photic induction of gene expression in the SCN may not
mark circadian phase.

2.4. Sleep in circadian clock gene mutants: brave new world

New models for examining sleep regulation in the
absence of circadian timing have been generated by
selective knockouts or mutations of one or more of the so-
called ‘circadian clock genes’ that constitute the molecular
gears of the SCN pacemaker [125,213]. The circadian clock
is based on interlocking, positive and negative, autoregula-
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tory, transcription—post-translation feedback loops between
these clock genes and their protein products [92]. Two
genes, Clock and Bmall, encode transcription factors
(CLOCK and BMALTI) that form heterodimers and drive
expression of two period genes (Perl and 2) and two
cryptochrome genes (Cryl and 2). The PER and CRY
proteins form complexes that feed back to inhibit CLOCK:-
BMALI. The clock can be ‘broken’ by double knockouts of
either Cryl and 2 or Perl and 2; mice of either genotype are
arrhythmic in DD [176]. Notably, like Djungarian hamsters
driven to arrhythmicity by a LD cycle shift, photic induction
of Perl and/or Per2 persists in arrthythmic Cry/,2 null mice
[176]. Thus, photic induction of Per!/ can be dissociated
from the subjective night and can occur in the absence of
circadian cycling. Conceivably, SCN clock cells in arrhyth-
mic Djungarian hamsters may be in a cellular state
comparable to a Cryl,2 null mouse, and this state may be
associated with cellular outputs (action potentials or release
of diffusible factors; see below) that on balance promote
sleep. If so, then Cryl,2 null mice should also be long
sleepers, and they are; the one available study reported
~18% more NREMS per 24-h day, with consolidated as
opposed to fragmented sleep bouts [253].

These observations raise the possibility that some genetic
and environmental manipulations can move circadian pace-
maker neurons to a unique cellular state associated with
characteristics of both the subjective night (e.g., photic
induction of Per genes) and the subjective day (e.g., outputs
continuously promoting sleep). Hypersomnia associated
with arrhythmicity in animals with an ‘intact’ (i.e., not
physically extirpated) SCN thus may reflect an active role of
the SCN in promoting sleep.

Sleep studies of other clock gene knockouts indicate
that the long-sleep phenotype is not a result of loss of clock
gene or behavioral rhythmicity per se; double Perl,?2
knockout mice are similarly arrhythmic in DD, but have
normal amounts of NREMS, REMS and total daily sleep
[216], as do single Per! and Per2 knockouts [127].
Together, these models serve to dissociate arrhythmicity
from hypersomnia; some mutations and lighting conditions
that disable the clock increase sleep, while others do not.
Two other genetic models, the Clock mutant mouse [170]
and the Npas2 knockout mouse (NPAS2 may be a paralog
of CLOCK in some areas of the brain outside of the SCN)
[64], are not arrhythmic in LD, but exhibit less NREMS
per circadian cycle (the Npas2 knockout study did not
report total daily sleep duration, but this can be inferred
from the 27% decrease in nocturnal NREMS in combina-
tion with no significant change in daytime NREMS).
Conceivably, different clock genes may be linked to
different cellular outputs with different effects on sleep—
wake states.

Alternatively, the long and short sleep phenotypes in
clock gene mutant mice may be evidence of pleiotropy.
Circadian clock genes are expressed in brain regions outside
of the SCN, and in many peripheral tissues outside of the

brain [92]. Changes in sleep duration following clock-gene
mutations could therefore be entirely unrelated to normal
SCN function. More complex still is the possibility that the
sleep phenotype reflects an interaction between effects of
gene mutations both within and outside of the SCN
clockworks.

2.5. Daily sleep time and arrhythmicity: summary

The lab rat data tell a consistent story; contrary to
predictions of the Opponent Process model, arrhythmicity
following SCN ablation or long term exposure to LL has
little or no effect on total daily sleep time. The results of
mouse SCN ablation and gene knockout studies are more
diverse, as are the Djungarian hamster light manipulation
data. It seems likely that loss of circadian rhythmicity by
SCN removal, photic manipulation, or altered genes are not
equivalent models for analysis of the nature of SCN outputs.
More work is needed to fill gaps of knowledge, as none of
the few species studied so far have been screened through
each of these models for inducing arrhythmicity. There is
also a lack of data on SCN ablation, arrhythmicity, and sleep
in diurnal animals other than the squirrel monkey, and such
studies are awaited with interest. More troubling is the
interpretive ambiguity; changes in total daily sleep time in
arrhythmic animals may have multiple causes, and appear to
be compatible with more than one model of circadian
control of sleep. Important insights, however, can be
obtained by studies of normal and arrhythmic animals in
which sleep regulatory mechanisms are challenged by sleep
deprivation.

3. Insights from sleep deprivation studies

3.1. The SCN alternately opposes and promotes sleep in
nocturnal rats

Several studies have examined recovery sleep after short-
term total sleep deprivation in nocturnal lab rats with SCN
lesions, to characterize sleep homeostasis in the absence of
circadian timing [155,238,241]. These studies show that
SCN ablation does not disrupt sleep homeostasis. Intact and
SCN-ablated rats exhibit a similarly modest increase in total
daily sleep time over the first few days of recovery (e.g.,
during 3 days of recovery sleep, SCN-ablated and intact rats
recouped ~30% of sleep ‘lost’ during a 24 h sleep
deprivation; [155]) but an immediate and strong increase
in sleep intensity, operationally defined by changes in
cortical EEG during NREMS, including total power, and the
amplitude and incidence of waves in the ‘delta’ frequency
band (~0.5-4.0 Hz, also referred to as slow-waves or slow-
wave activity, SWA). These data confirmed that homeostatic
and circadian regulation of sleep are mediated by distinct
neural substrates. This was an important but not unexpected
observation.
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What is more interesting about these sleep deprivation
data, although apparently overlooked in the sleep regulation
literature, is what they reveal about the means by which the
circadian clock imposes daily rhythms on sleep—wake states.
A comparison of recovery and baseline sleep in SCN-ablated
and intact rats clearly shows that the circadian clock actively
promotes wake during the active phase and sleep during the
rest phase of the daily sleep—wake cycle, i.e., supporting
Model 3 in our simplified formulation. This conclusion
follows from the data illustrated in Fig. 2 (adapted from Ref.
[155]). Panel A shows the familiar circadian rhythm of sleep
in intact rats and the lack of circadian variation in SCN-
ablated rats (confirmed to be absent in each subject).
Following 24 h of sleep deprivation, recovery sleep in the
intact rats is obviously constrained by circadian timing; this
is best illustrated by directly comparing the first 12 h of
recovery in the intact rats with the baseline data from the
SCN-ablated rats (Panel B). Despite 24 h of sleep loss, the
intact rats express less sleep during the first 12 h of recovery,

which occurred during their usual daily wake phase (lights-
out period), than do the SCN-ablated rats that are not sleep
deprived. Thus, during the normal wake phase, the circadian
clock opposes the expression of recovery sleep, as proposed
by the Opponent Process model. But, as illustrated in Panel
C, this active influence switches direction during the normal
sleep phase. Here, sleep during the first 12 h of recovery in
the SCN-ablated rats is contrasted with sleep during the
normal baseline sleep period in the intact rats. The intact rats
are not sleep deprived, yet they sleep significantly more than
the SCN-ablated rats that have been awake for 24 h. The
same is true for both NREMS and REMS (data not shown),
supporting that version of Model 3. The circadian clock must
therefore actively promote sleep. If it did not, then very sleep
deprived rats lacking a SCN should sleep at least as much as
intact rats during their normal sleep phase, if not more.

A study of selective REMS deprivation in SCN-ablated
and intact rats provides additional evidence that the
circadian clock actively promotes REMS during the usual
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Fig. 2. (A) Sleep in intact (bold line, closed circles) and SCN-ablated (dashed line, open squares) rats, as a percent of total time in 2-h time blocks for 24 h prior
to and 24 h after a complete day of sleep deprivation (see Ref. [96] for methodological details). Intact rats were recorded in LD (lights-on during hours 13-24).
(B) Comparison of sleep in the intact rats during the first 12 of recovery (lights-off, corresponding to 1-12 of the recovery day in panel A) with sleep in the
SCN-ablated rats during the first 12 h of the baseline day (corresponding to hours 1-12 of the baseline day in panel A). Cumulative sleep totals over this
interval were significantly different between groups by MANOVA. (C) Comparison of sleep in the intact rats during the 12 h lights-on (sleep) period of the
baseline day (corresponding to hours 13—24 of the baseline day in panel A) with sleep in the SCN-ablated rats during the first 12 h of the recovery period after
sleep deprivation (corresponding to hours 1-12 of the recovery day of panel A). Cumulative sleep totals over this interval were significantly different between

groups by MANOVA.
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sleep period [255]. Rats were subjected to state-dependent
REMS deprivation, which yielded a measure of attempts to
initiate REMS. The number of REMS attempts increased
significantly during REMS deprivation in intact and SCN-
ablated rats, but the greatest increase was evident in intact
rats during their subjective day (the sleep phase of the
circadian cycle). This is consistent with other studies
showing strong circadian regulation of REMS propensity
in humans and other species (e.g., Refs. [40,58,142]).

3.2. The SCN may promote sleep intensity in nocturnal
rodents

Sleep intensity is a construct based on descriptive
evidence that the levels of some electrophysiological and
behavioral correlates of sleep vary within sleep and are
sensitive to recent sleep—wake history. As noted, a correlate
of special interest is EEG SWA during NREMS. In humans
and rats, SWA is generally associated with elevated
auditory arousal thresholds [171,251], which is one opera-
tional definition of sleep depth or intensity. SWA is
maximal early in the sleep period, declines exponentially
as sleep progresses, is proportional to prior wake duration,
is reduced by napping during the usual wake period and is
enhanced by short-term (e.g., 24 h) sleep deprivation (e.g.,
Refs. [24,73,74,156,237,250,241,245]). Suppression of
SWA by auditory stimulation during the first 3-5 h of
sleep stimulates a strong increase of SWA during the
remaining sleep period that is sufficient to recoup normal
amounts before spontaneous sleep termination [56,62].
SWA and its rate of decline during sleep are therefore
viewed as electrophysiological correlates of sleep intensity
and of the sleep recovery process. The time constants
describing the buildup and decline of SWA during daytime
napping and nocturnal sleep, respectively, have been used
for quantitative modeling of sleep homeostasis (e.g., Refs.
[3,42,75,76,98]).

If SCN-ablated rats sleep less during the first 12 h of
recovery from 24 h sleep deprivation than do non-deprived
intact rats during their normal 12 h (lights-on) sleep period,
could that be because recovery sleep in SCN-ablated rats,
freed from circadian constraints, is more intense, enabling a
more concentrated, rapid recovery? The available evidence
suggests that if anything, the sleep of SCN-ablated rats is
less, not more intense. Two groups have reported that SCN-
ablated rats, by comparison with intact rats, exhibit
significantly less NREMS SWA, both prior to and following
sleep deprivation, measured in the time domain (period-
amplitude analysis; [16,156]) and frequency domain (Fast
Fourier Transform; [241]). SCN-ablated rats housed indi-
vidually under standard (i.e., environmentally impover-
ished) laboratory conditions do not spontancously stay
awake for extended periods; therefore, a low level of SWA
during baseline sleep recordings could simply reflect the
dependence of SWA on the duration of prior wake (e.g.,
Ref. [157]). If so, then SWA in SCN-ablated rats should

recover to normal levels after 24 h of sleep deprivation.
However, it does not. SCN-ablated rats do show a
significant increase in SWA during recovery sleep, but the
magnitude of change is similar to that exhibited by intact
rats, and the absolute levels remain lower even by
comparison with the baseline sleep of intact rats (e.g., Refs.
[16,156]).

The one study, noted in Section 2.1, that reported a small
(4%) but significant increment in NREMS in SCN-ablated
rats also reported a 15% increase in a normalized measure of
SWA, namely, the ratio of power in the 2-4 Hz band in
NREMS to the same in REMS [150]. However, in this
normalized form, the results cannot be compared to the
other studies, as these reported absolute values. There is no
way to know from ratio data alone how SWA in NREMS is
altered as a consequence of SCN ablation; SWA could be
decreased in all states, and if the decrease were greater in
REMS, then NREMS SWA would appear to be enhanced by
comparison. Comparisons across studies are also compro-
mised by the use of different frequency bands to define
SWA (2-4 Hz in [150]; 0.5-3 Hz in [241]; 1-4 Hz in
[16,156]), given evidence of heterogeneity in the genesis of
slow-wave sub-bands. EEG slow waves in the 1-4 Hz range
are mediated by calcium-dependent low threshold currents
and hyperpolarization-induced inward currents in thalamo-
cortical neurons [147,178], whereas very slow waves
recurring at <1 Hz are cortically generated [201,226] and,
unlike 1-4 Hz waves, do not require functional a-1G T-type
calcium channels [134]. To facilitate progress in clarifying
the role of the SCN in sleep intensity, greater stand-
ardization of methods for quantifying and reporting SWA
and other sleep parameters is desirable.

The significance of low (absolute) levels of SWA after
SCN ablation in rats is uncertain, but one possibility is that
the SCN promotes SWA and sleep intensity independently
of its role in extending the duration of spontaneous wake
episodes. While homeostatic factors clearly dominate
regulation of SWA in intact mammals, the SCN may
participate by contributing, via polysnaptic pathways, to
the inhibition of ascending reticular activating pathways
that is necessary for the expression of thalamocortically
generated SWA during NREMS [226]. If the SCN does
influence sleep intensity, then a circadian variation of SWA
would be predicted. Examples of daily variations in
NREMS SWA are common, but most of these are
inconclusive due to uncontrolled variation in prior wake
time. A few studies, however, do report circadian
modulation of SWA independent of prior wake time,
consistent with a role for the SCN in sleep intensity
(e.g., Refs. [29,30,59,63,122,185,234]).

Alternatively, the reduction in SWA levels after SCN
ablation may be unrelated to changes in sleep intensity.
Quantitative modeling suggests that the rate of change of
SWA within sleep may be a more fundamental correlate of
sleep intensity than is the absolute level of SWA [13]. Also,
dissociations between SWA and sleep restorative processes
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have been noted. Rats recovering from 24 h of sleep
deprivation continue to accumulate excess sleep for at least
3 recovery days, despite a decline of high-amplitude, slow-
wave-enriched NREMS to below baseline levels (a so-called
‘negative rebound’; [24,76,77,155,212]) after a strong initial
increase. Rats recovering from 4 days or more of total sleep
deprivation exhibit a prolonged increase of REMS but no
elevation of high EEG amplitude, slow-wave-enriched
NREMS [189]. Mice lacking functional a-1G T-type
calcium channels fail to generate SWA in NREMS, but
exhibit a small (~8%) decrease in total sleep time, rather
than an increase as might be expected if sleep were less
intense and thus less restorative [133]. These results indicate
that the level of SWA and high-amplitude EEG NREMS are
likely epiphenomenal to the recovery sleep process, and
under some conditions can be uncoupled from homeostatic
processes that regulate sleep duration.

To examine the role of the SCN in sleep intensity further,
it would be of interest to know whether other putative
correlates of sleep intensity, such as arousal threshold, are
similarly affected by SCN ablation in rats. It would also be
informative to examine sleep intensity measures in intact
rats that are driven to arrthythmicity by long-term exposure
to LL. Is reduced NREMS SWA related to absence of
circadian rhythmicity, or absence of the SCN? Evidence
from circadian clock gene knockout animals suggests that
loss of circadian organization per se does not necessarily
result in reduced SWA; Cryl,2 double knockout mice are
arrhythmic in DD, but exhibit increased SWA in NREMS,
despite an increase of total daily NREMS [253]. These
observations strengthen the notion that SCN outputs at some
circadian phases may promote both sleep duration and
intensity in nocturnal rodents.

4. Circadian clock regulation of sleep in humans

Analyses of sleep in intact and SCN-ablated Norway rats
indicate that the Opponent Process account, as formulated,
is incorrect for this species. Regulation of sleep—wake states
in rodents may be of intrinsic interest to neurobiologists, but
implicit in the support of basic sleep research by publicly
funded national health institutes is the assumption that
principles revealed from careful study of animal models will
be of relevance to understanding human sleep and its
disorders. It has been suggested that ‘the polyphasic sleep
patterns of nocturnal rodents are so profoundly different
from the consolidated sleep—wake patterns of diurnal
primates that one must critically question sweeping general-
izations based only on laboratory rat data’ [61]. This
statement raises an important question; is circadian control
of sleep in humans more similar to rodents or to squirrel
monkeys? Over the past 30 years, studies of naps (e.g.,
multiple sleep latency tests), short and ultrashort sleep—wake
schedules, short-term constant routines, long-term temporal
isolation, and forced desynchrony have produced a coherent

body of evidence consistent with the view that the circadian
clock in humans plays a bidirectional role in sleep—wake
regulation, alerting at some phases, and promoting sleep at
other phases (for reviews, see Refs. [40,107]). These studies
clearly demonstrate that the onset and duration of the main
daily sleep episode and of REMS are strongly controlled by
circadian phase. The wake-promoting and sleep-promoting
functions of the circadian clock are further revealed by a
comparison of the daily sleep—wake rhythm and the rhythm
of sleep propensity, as measured by sleep latency, the ability
to resist sleep, and indices of cognitive alertness; in humans
entrained to local time, sleep propensity is lowest in the
evening, near the usual onset of sleep and the presumed
peak of homeostatic sleep drive, and highest in the early
morning, when body temperature reaches its daily minimum
during the last hours of sleep, at the presumed nadir of
homeostatic sleep drive. This ‘paradoxical’ phase relation-
ship between the usual times of sleep and wake onset and
the circadian rhythm of sleep propensity has been hypothe-
sized to explain how sleep in humans is consolidated into a
single major episode per circadian cycle; sleep early in the
night is facilitated by a high sleep debt load, while sleep late
in the night is facilitated by maximal circadian inhibition of
arousal or excitation of sleep [57].

Note, however, that the paradoxical phase relation
between sleep onset and sleep propensity largely disappears
in subjects studied in temporal isolation; under these
conditions, humans exhibit a free-running sleep—wake
cycle, with a self-selected sleep onset time much closer to
the body temperature minimum when sleep propensity is
maximal (e.g., Ref. [7]). Thus, while paradoxical phasing
may contribute to sleep consolidation, it evidently is not
essential.

According to the Opponent Process concept, the circa-
dian clock need not actively drive sleep (e.g., by facilitation
of sleep-on neurons, or inhibition of wake-on neurons) to
produce the daily waveform of sleep propensity, whatever
its phase relation to self-selected sleep onset time. Rather, in
entrained humans, the circadian clock could actively drive
arousal in opposition to sleep during the day, and this drive
could gradually wane through the early night, until it is
entirely absent near the body temperature minimum when
sleep propensity peaks. Thus, the circadian clock could play
a passive gating role rather than active driving role in the
expression of maximal daily sleep propensity late in the
sleep period. From the behavioral evidence alone, there is
no way to rule out either the passive gating or active driving
models of these data (corresponding to Models 1 and 3,
respectively). Indeed, the human sleep propensity data could
also be explained by assuming that the circadian clock
actively drives sleep-on circuits, and passively gates the
expression of the daily minimum of sleep propensity late in
the wake period (Model 2). The Opponent Process account
of human sleep regulation would be favored only by virtue
of convergent evidence from other approaches, e.g.,
evidence that there is a selective fragmentation and



438 R.E. Mistlberger / Brain Research Reviews 49 (2005) 429-454

reduction in daily wake time following selective disruption
of circadian clock function in humans, as in SCN-ablated
squirrel monkeys.

One source of such evidence is from studies of sleep in
humans with brain damage (reviewed in Ref. [121]). It has
long been recognized that injuries to the hypothalamus can
grossly disturb sleep—wake regulation in humans. Von
Economo [243] described sleep—wake disorders caused by
encephalitis; postmortem inspections revealed that insomnia
and hypersomnia were associated with damage to the
anterior and posterior hypothalamus, respectively. However,
these lesions can in no way be described as anatomically
specific to the SCN, and it is the anterior lesions that would
be more likely to involve the SCN (which produce
insomnia, not hypersomnia as predicted by the Opponent
Process model). A more recent case study describes a
profound sleep—wake disturbance caused by removal of a
tumor enveloping the optic chiasm [36]. Damage in the
‘suprachiasmatic region’, including the pituitary stalk
(which was absent), was confirmed by MRI. Although
cited as evidence for the Opponent Process model [61], this
case study did not report increased total daily sleep time.
Rather, the most prominent symptoms were bouts of
hypersomnolence alternating with alertness and extreme
excitement during the day, and repeated awakenings from
sleep during the night (15 full awakenings in one overnight
polysomnographic assessment). The presentation is thus
overwhelmingly one of a failure to consolidate both wake
and sleep, and not a selective daytime hypersomnia. Loss of
circadian organization was further evident in a continuous 2-
week behavioral observation. This supports an essential role
for the SCN in regulation of circadian rhythms in humans,
but suggests that, if anything, the SCN actively promotes
both wake and sleep. African trypanosomiasis infection is
another condition associated with fragmentation of both
sleep and wake, without hypersomnia [139].

Also cited as support for the Opponent Process model is
the relationship between sleep and circadian rhythms early
in life. Human infants sleep a lot, and initially have weak or
no circadian organization [154,194]. Over the first months
of life, sleep duration declines as circadian organization
emerges. However, this correlation cannot be taken to infer
that the reduction of total daily sleep time is caused by the
maturation of a wake-promoting signal from the circadian
clock. These may well be independent developmental
processes. Indeed, during advanced age, circadian organ-
ization and sleep consolidation weaken, and there is more
daytime napping and less nocturnal sleep. At this stage in
life, there is, if anything, less, not more total daily sleep; the
correlation reverses sign. Perhaps the most common sleep
complaint of the aged is reduced sleep efficiency and
unwanted early morning awakening, i.e., repeated nocturnal
arousals and an inability to sustain sleep throughout the
night [19,60]. These changes have been interpreted as
reflecting an age-related decline in active circadian drive for
sleep during the subjective night [60].

These results are consistent with the view that the
circadian clock in humans, like rodents, actively promotes
both wake and sleep at different phases through its cycle.
There is nothing in human sleep phenomenology that is
uniquely accounted for by an exclusively opponent
process mechanism (Model 1). The fact that humans tend
to be monophasic (possibly biphasic) sleepers (i.e., 1 or 2
main bouts of sleep/circadian cycle), while rats are
polyphasic sleepers (many bouts, but a preponderance of
sleep in the day) may belie a more fundamental formal
similarity of circadian regulation in these species. It is
worth noting that when the recording conditions used in
human and rodent studies are made more similar, the
observed sleep patterns also become more similar. For
example, humans confined to bedrest for several days
(analogous to a rodent confined to a standard, small
recording box?) exhibit much more fragmented (polypha-
sic) sleep [29], whereas laboratory mice with free access
to a running wheel exhibit more consolidated sleep and
wake bouts than when the wheel is locked [249]. No
doubt, mice and other rodents in their natural habitats
remain substantially polyphasic sleepers, but the point to
underscore is that differences between rats and humans in
sleep regulation may be more superficial than profound.
This should be good news to sleep researchers, given that
neurobiological and genomic investigations of sleep—wake
mechanisms are conducted primarily using rodents.
Whether the formal similarity of circadian regulation of
sleep in man and rodent extends to the neural systems
level remains an empirical question.

5. Circadian clock outputs to sleep—wake circuits

A general prediction that follows from analysis of rat and
human behavioral data is that the circadian clock will be
found to exert a continuous action on sleep—wake circuits
throughout its circadian cycle, or, minimally, at the peak and
trough of the sleep propensity curve, and that its influence
will not be limited to facilitation of arousal during the daily
wake period, as proposed to explain hypersomnia in SCN-
ablated squirrel monkeys. In other words, during the sleep
phase, the clock is not functionally absent. If it were
functionally absent, then intact rats during the sleep phase
would not sleep significantly more than SCN-ablated rats
recovering from 24 h of sleep deprivation, and it seems
unlikely that humans would show the paradoxical phasing
of sleep onset and sleep propensity rhythms under entrained
conditions, the inability to sustain either extended wake or
extended sleep after SCN-area damage, and the progressive
difficulty sustaining sleep throughout the night in old age.
Ultimately, the ‘proof” of conceptual models will be in the
neurobiological analysis. This section will therefore con-
sider neurobiological evidence relevant to these conceptual
models. Of special interest are data addressing the following
questions: (1) Does the SCN send output signals during both
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the subjective day and the subjective night, or is its output
restricted to only one phase of the circadian sleep—wake
cycle? (2) Does the SCN have monosynaptic or strong
disynaptic connections to sleep-active and wake-active cell
groups known to regulate sleep and wake, respectively, or
does it project to only one side of the sleep—wake neural
system? (3) Is there any evidence that nocturnal and diurnal
animals differ in these respects?

5.1. Circadian profile of SCN neural activity

The SCN contains a population of cell-autonomous
circadian oscillators that express circadian rhythms of
output in the form of action potentials and multiple
signaling molecules [96,215,249]. Clearly, the daily phasing
of SCN rhythmicity must inform any discussion of how the
SCN drives circadian rhythms in other neural systems.
Integrated measures of SCN neural and metabolic activity
vary approximately sinusoidally over the circadian cycle,
with peak values during the middle of the subjective day in
nocturnal and diurnal animals [86,204,206,207,209]. How-
ever, it would surely be simplistic to argue from this that
SCN effects on behavioral state are limited to the subjective
day. The SCN is not silent at any phase of its cycle and
single units and small neural ensembles exhibit considerable
heterogeneity in the precise phasing of their daily peaks of
action potentials. Some multiple or single units peak in
antiphase to the SCN average while others may be phase
displaced by ~12 h [96,105,167,206,207]. Vasoactive
intestinal polypeptide and vasopressin release from SCN
neurons in vitro exhibit circadian rhythms with peaks 6 h
apart [215]. SCN output neurons characterized by projec-
tions to the supraoptic nucleus or arcuate nucleus exhibit
maximal discharge at dawn and/or dusk [198]. Differential
phasing of gene expression rhythms across (or defining)
subregions of the SCN has also been detected; e.g., a subset
of cells in the dorsal, central SCN in mice exhibits peak
Perl and 2 expression in antiphase with the expression
rhythm in SCN vasopressin neurons [9,118]. Differential,
topographically organized circadian phasing of Per/ gene
expression has now been demonstrated at the single neuron
level by real-time imaging of SCN slices or organotypic
cultures from transgenic mice carrying mPerl-promotor
driven luciferase [256] or green fluorescent protein [186]
reporter genes. Phase heterogeneity may reflect independent
(albeit presumably coupled) endogenously oscillating SCN
compartments, gating (e.g., by disinhibition) of one
compartment by another endogenously oscillating compart-
ment, or (where observed in vivo) driving by one or more
topographically organized rhythmic inputs from other
oscillators outside of the SCN (e.g., the retina; [133]).
Topographically organized, differentially phased SCN clock
cells may be one basis for differential circadian timing of
specific behavioral, autonomic, and endocrine rhythms, a
possibility supported by evidence that SCN efferents are
also topographically organized (see references below).

In addition to rates of spiking, patterns of SCN neural
activity may also vary from subjective day to night (e.g.,
Ref. [198]). Rate and pattern of spiking may determine the
ratios of small molecule to peptide neurotransmitters co-
released from SCN terminals at different circadian phases.
Changes in ratios of co-released signaling molecules could
significantly alter the functional effects of SCN outputs to
effectors for behavioral state, conceivably shifting the
weight of these between primarily excitatory and inhibitory
at different circadian phases (e.g., Refs. [199,200]). Differ-
ential phasing of SCN unit activity and patterning of co-
released transmitters over the circadian cycle may well be
important for understanding how SCN outputs organize
sleep—wake states.

5.2. SCN efferents: overview

SCN efferents have been mapped in some detail in
several mammalian species (e.g., Refs. [2,27,43,54,
129,165,225,244]). These projection maps show a high
degree of conformity across studies and species. Although
the bulk of SCN projections are intra-hypothalamic, even a
cursory examination of SCN terminal fields reveals that
SCN clock cells are within one or two synapses of most of
the major sleep—wake regulating areas. These areas form a
widely distributed but interconnected neural system, with
specific neurobehavioral correlates of behavioral states
controlled by cell groups in the medulla, pons, midbrain,
posterior and anterior hypothalamus, preoptic area, basal
forebrain, or thalamus [108,109,203,217,230]. The hypo-
thalamus and preoptic areas in particular play a critical role
in actively promoting both sleep and wake. The clinical
observations of von Economo [243] and experimental
animal work of Ranson [188] and Nauta [169] first drew
attention to the anterior hypothalamus as the site of an
active sleep mechanism and the posterior hypothalamus as
the site of a wake-mechanism. Recent studies have
substantiated and greatly extended the evidence for
interacting sleep—wake circuits in these areas. As the
following review shows, there is already considerable
neuroanatomical and neurophysiological evidence that the
SCN communicates with preoptic and hypothalamic sleep—
wake areas both directly and indirectly, via classical
synapses and/or paracrine secretion. Lesion studies are also
reviewed to determine which if any of these projections has
a special role in circadian control of sleep—wake. Knowl-
edge gaps and methodological limitations of the available
studies are identified. Due to the lack of data on diurnal
species, this review must by default emphasize nocturnal
animals.

5.3. SCN efferents to the subparaventricular zone are
critical for sleep—wake rhythm

The major efferent pathway from the SCN extends just a
few millimeters or less to the subparaventricular zone
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(sPVZ), which extends dorsally from the SCN to the ventral
border of the hypothalamic paraventicular nucleus (PVN)
[244] (Fig. 1). The sPVZ in turn projects to all of the other
major SCN terminal fields, suggesting a role for these
neurons in modulating circadian signals. Excitotoxic, axon-
sparing lesions of the ventral region of the sSPVZ, which do
not damage SCN neurons, disrupt sleep—wake and activity
rhythms, but have less impact on circadian organization of
body temperature, thus the ventral sSPVZ appears to be an
important, specialized route through which circadian signals
reach sleep—wake executive circuits [138,162]. Like SCN
ablation, sPVZ lesions do not affect daily amounts of either
NREMS or REMS in rats [138].

5.4. SCN projections to rostral ‘sleep’ areas

NREMS-active neurons in the mammalian brain have
been found in the caudal medulla and the preoptic/anterior
hypothalamic area just rostral to the SCN [108]. The
ventrolateral preoptic area (VLPO) has received particular
attention in recent years for an executive role in sleep
regulation [233]. VLPO neurons exhibit increased firing
rates [232,233] and cFos expression [214] during sleep, and
VLPO lesions induce insomnia [137,231]. The SCN
projects to VLPO neurons both directly and indirectly
[34,55,173,228]. The direct projection is considered sparse,
and appears to include both excitatory (via glutamate) and
inhibitory (via GABA) inputs ([228]; for additional evi-
dence of glutamatergic SCN efferents to the preoptic area,
see Ref. [124]). Significant indirect projections are via the
sPVZ, dorsomedial hypothalamus (DMH), lateral hypothal-
amus (LH), medial preoptic area (MPOA), and a few other
areas [34,55,54,228]. Excitotoxic lesions eliminating 80—
90% of VLPO neurons reduced daily NREM sleep by half
but only modestly attenuated the circadian sleep—wake
rhythm in rats tested in LD [137]. However, the effects of
total VLPO lesions in rats recorded in constant dark (DD)
have not yet been reported. Given the strong direct
(‘masking’) effects of light and dark on sleep expression
in rodents [21,191], sleep—wake measurements must be
made for one or more circadian cycle in DD to rule out LD
as an explanation for persisting daily rhythms.

NREMS-active neurons have also been described in the
median preoptic nucleus (MnPO) and scattered through the
MPOA [87,229]. Both of these areas also receive direct and
indirect inputs from the SCN [53,54,227]. Large radio-
frequency or excitotoxic lesions of the MPOA, which likely
at least partially damage the MnPO, induce insomnia but
only modestly affect circadian sleep—wake rhythms
[5,137,208]. However, sleep recordings in these studies
were conducted exclusively in LD cycles. Moreover, no
study has described the circadian rhythms of rats with
combined lesions shown to completely eliminate sleep—
active neurons throughout the preoptic area. Rostral
projections from the SCN to preoptic and/or basal forebrain
areas may participate in circadian control of sleep—wake, but

the extent of this role remains to be clarified. Of first-order
importance will be determining: (1) whether confirmed
ablations of sleep-active neurons in these areas affect
circadian organization in DD, (2) whether SCN projections
(direct and indirect) are to sleep-active neurons, or to other
cell types (e.g., wake-active) found in these areas, and (3)
whether SCN inputs to particular cell types are primarily
excitatory, inhibitory, or alternating with circadian phase.

5.5. SCN projections to caudal ‘wake’ areas

The SCN also has monosynaptic and polysynaptic
connections to hypothalamic nuclei implicated in arousal,
including the DMH, LH, and posterior hypothalamus (PH)
[2,34,54,244]. Again, the monosynaptic pathways are
considered light by comparison with polysynaptic pathways
involving the ventral sSPVZ [35,55,228]. In rats, electrolytic
or excitotoxic lesions of the DMH attenuate or eliminate
circadian rhythms of sleep—wake, feeding, locomotor
activity, corticosterone/cortisol secretion, and neural activity
in the locus coeruleus (LC, the site of noradrenergic neurons
important for arousal and attention [17]), while largely
sparing circadian rhythms of body temperature and plasma
melatonin [8,14,35,193]. Excitotoxic lesions also modestly
decrease total daily wake time (~7.5%; [35]). Notably,
circadian organization of sleep—wake was assessed in DD,
ruling out LD masking as an explanation for the residual
low amplitude circadian rhythms of NREMS and wake
evident in rats with DMH ablation (see Figs. 4a,b in Ref.
[35]). Thus, the DMH appears to be an important link in
circadian timing of sleep—wake and wake-related functions,
possibly serving to integrate circadian wake-promoting
signals from the SCN and sPVZ with other neural and
endocrine inputs, and to distribute these signals to hypo-
thalamic and extrahypothalamic areas mediating specific
behavioral and endocrine correlates of waking. The DMH
also projects to the sleep-active POA, providing another
potential avenue for active control of sleep by the SCN
[34,53-55].

The interdependency of circadian rhythms affected by
DMH lesions does raise an unresolved interpretive issue; is
disruption of sleep—wake rhythms secondary to loss of
circadian organization of feeding, locomotion, and/or
endocrine variables? These effects may be independent, as
one study of DMH-ablated rats reported persistence of
circadian locomotor activity rhythms despite a complete loss
of circadian feeding rhythms [193]. Nonetheless, any
procedure that eliminates the feeding rhythm is likely to at
least partially attenuate the daily rhythm of sleep—wake.

The SCN, sPVZ, and DMH project in parallel to a
population of neurons containing the neuropeptides hypo-
cretin-1 and -2 (HCRT-1 and HCRT-2, [50]; also known as
orexin-A and -B, [202]). Converging evidence indicates that
HCRT neurons are an important component of the arousal
system. HCRT neurons are distributed widely in the
perifornical, dorsolateral, and posterior hypothalamic areas,
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and send excitatory outputs to the entire monoaminergic
arousal system, including histamine neurons of the tuber-
omammilary nucleus (TMN), serotonin neurons of the
dorsal and median raphe, noradrenaline neurons of the
LC, and acetylcholine neurons of the pedunculopontine
tegmentum and basal forebrain [182,203,218]. Intracerebral
microinjections of HCRTs during the usual sleep period
induce arousal and activity [70,89,102,110], at least partly
via actions on TMN histamine neurons [97]. Activation of
HCRT neurons is correlated with spontaneous or induced
arousal and/or locomotion in several species [71,119,205,
239,246,254]. Notably, HCRT cell lesions, prepro-HCRT
knockouts or HCRT receptor knockouts in mice, rats, dogs,
and/or humans cause symptoms of narcolepsy, including
fragmentation of sleep and wake episodes, attacks of
hypersomnia and cataplexy during the usual daily wake
period, and sleep-onset REMS episodes [18,32,82,81,
91,183,236,252]. HCRTs clearly play a critical role in the
regulation of behavioral states.

One hypothesis about the nature of this role is that HCRT
neurons mediate circadian clock-dependent alerting [259].
Consistent with this idea, HCRT levels in the cerebrospinal
fluid (CSF) of squirrel monkeys exhibit a daily rhythm with
a peak late in the daily wake period, when clock-dependent
alerting is assumed to be maximal [259]. Rats also exhibit
peak HRCT levels in plasma [258] and CSF [49,52] during
the latter portion of the daily wake period. In orexin/ataxin-3
transgenic rats, postnatal degeneration of all HCRT neurons
is associated with significant, albeit modest, attenuation of
waking at the beginning and end of the daily wake period
[18].

Other work, however, indicates that HCRT neurons are
neither essential for circadian organization of sleep—wake,
nor strictly a ‘hand’ of the circadian clock. In the genetic
lesion and knockout models, the daily rhythms of wake and
NREMS are largely preserved in both LD (e.g., Refs.
[4,18,32,91,153,160,252]) and DD [160]. Although the
daily rhythm of REMS has been described as either
abolished or inverted [18,32,82,81,91,252], this likely
reflects a failure to discriminate between cataplexy and true
REMS; when these states are scored separately in HCRT-
KO mice, cataplexy is found to be confined to the normal
wake period, and the daily rthythm of REMS is essentially
normal [160]. Developmental compensation in HCRT-KO
mice remains a concern; thus, it will be important to confirm
this latter result using the orexin/ataxin-3 ablation model.
Also of note, HCRT-KO mice exhibit fragmentation of both
wake and sleep, indicating that the defect is not a selective
failure to consolidate wake [160].

Unlike the various genetic lesion models, ablation of
HCRT neurons by intracerebral injections of the ribosome-
inactivating protein saporin conjugated to HCRT-2 does
significantly attenuate daily rhythms of wake, NREMS and
REMS in adult rats in LD [82,81]. However, this is a much
less selective lesion, as the toxin kills any cell expressing the
receptor for HCRT-2. Consequently, results from this model

alone cannot be used to infer a special role for HCRT
neurons in circadian organization of behavioral state.

Correlational studies further weaken any hypothesis that
the activity of HCRT neurons represents the phase of the
SCN circadian pacemaker. HCRT neurons are active in
association with behavioral arousal at any circadian phase;
e.g., in squirrel monkeys, CSF HCRT levels remain
maximal if the wake period is extended by 4 h past the
usual circadian phase of sleep-onset [259], and in rats, the
magnitude of cFos induction in HCRT neurons in response
to 2 h of sleep deprivation does not vary with circadian
phase (e.g., Ref. [72]). Studies examining specific behav-
ioral correlates of HCRT activity show that in cats, dogs,
and hamsters, activity of HCRT cells reflects sensorimotor
activation, rather than waking per se [145,239,246,254].
Consistent with these observations, SCN ablation in rats is
associated with chronically low CSF HCRT-1 (comparable
to the rest phase in intact rats; [49]), despite the lack of
change in total daily wake time. Low HCRT-1 is likely due
to the hypoactivity that is typical of SCN-ablated rats. CSF
HCRT-1 levels are fully restored in SCN-ablated rats
following 2-h sleep deprivation [50]. Although the ‘gentle
handling” procedure used to prevent sleep in that study does
not require the rats to move continuously, it almost certainly
increases general activity above baseline levels. A critical
role for locomotion as a condition for detecting significant
HCRT cellular activation may also explain why rats placed
in a bright, noisy, novel open field during their usual sleep
period exhibit arousal (e.g., stress responses) but no
induction of cFos in HCRT cells [71]; bright light and
noise can be expected to produce freezing behavior, and to
inhibit rather than stimulate locomotor activity in a novel
environment.

Three studies have examined the role of HCRT neurons
in the expression of hyperactivity that normally occurs in
small rodents during acute fasting or restricted daytime
feeding. Mice with orexin/ataxin-3 genetic ablations of
HCRT neurons fail to exhibit increased activity during acute
food deprivation [257], and exhibit a significant reduction in
the magnitude of the food anticipatory circadian activity
rhythm that emerges when mice are fed once/day at a fixed
time [4,153]. These mice also fail to show increased wake
bout duration prior to mealtime, but this may be secondary
to loss of a locomotor facilitating input normally provided
by HCRT cells (e.g., wake bout durations significantly
increase when intact mice have free access to a running
wheel [248]). Notably, circadian food anticipatory locomo-
tor rhythms are not eliminated in the orexin/ataxin-3 mice,
or in rats with HCRT2-sap lesions [158]. This places HCRT
neurons on the output side of the circadian mechanism
responsible for entrainment to feeding schedules, rather than
on the input (entrainment) side or within the timekeeping
loop.

These results, in aggregate, support a general hypothesis
that HCRT neurons participate in promoting extended
behavioral states and a level of arousal appropriate to
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homeostatic and circadian factors regulating behavior. On
the homeostatic side, a primary function of HCRT neurons
may be to mediate metabolic influences on behavioral
arousal and locomotion [152,159,230]. On the circadian
side, HCRT neurons are essential for consolidating sleep
and wake episodes without being required for the primary
segregation of these episodes according to circadian phase.
The effect of HCRT activation on consolidation of waking
may be at least in part secondary to a role in facilitating
motor output.

Specific monoamine cell groups downstream from
HCRT neurons are also not essential for circadian timing
of behavioral states. Despite evidence that histaminergic
neurons in the TMN mediate the induction of arousal by
intraventricular HCRT injections [97] and promote noctur-
nal wheel running [1], absence of histamine signaling in
histidine decarboxylase knockout mice or destruction of
histaminergic neurons in rats by HCRT-saporin neurotoxin
has little effect on circadian sleep—wake or general activity
rhythms [1,83,84,179]. Monoaminergic arousal cell groups
in the brainstem (raphe, LC, and LDT/PPT) are also not
necessary for circadian rhythms of sleep—wake; circadian
rhythms of EEG-defined sleep and wake states recover in
the forebrain of rats with high mesencephalic brainstem
transections that disconnect these cell groups from HCRT
inputs and forebrain targets [90]. Circadian organization of
sleep—wake states is lost only when the posterior hypothal-
amus (likely including the TMN) is also ablated following
brainstem transections, and in that preparation, the normal
low-voltage EEG ‘wake’ state itself is absent [168].
Brainstem transections combined with large preoptic area
lesions severely reduced the high-voltage EEG ‘sleep’ state,
and circadian cycling, but these lesions may have also
damaged the SCN [168].

5.6. SCN efferents to hypothalamic sleep—wake circuits:
interim summary

The severity of lesion effects on circadian organization
of sleep—wake can be tentatively rank ordered as follows:
SCN > sPVZ > DMH, with more modest and less
consistent results for preoptic area lesions, and minor or
no effects with specific lesions further downstream, unless
toxins (e.g., HCRT2-saporin) or lesions and transections
are used sufficient to destroy large areas in combination. It
may be that beyond the sPVZ, or perhaps the DMH, there
is sufficient dispersal of circadian timing information to
sustain significant circadian organization of behavioral
state in the absence of any one component of the sleep and
arousal systems. This conclusion remains tentative until the
effects of complete lesions of these components, partic-
ularly those in the preoptic area, have been thoroughly
characterized in both LD and DD.

Early neural systems models of sleep—wake regulation
postulated interacting sleep and wake ‘centers’ in the
anterior and posterior hypothalamus, respectively (e.g.,

[224]). This general concept has received considerable
empirical validation. Reciprocally inhibitory pathways
have now been demonstrated between the sleep-active cell
groups in the POA, and wake-active, arousal promoting
cell groups in the lateral and posterior hypothalamus and
brainstem monoaminergic nuclei [79,149,203]. These path-
ways have been suggested to function analogously to an
electronic ‘flip-flop’ circuit [203]. Activity on each side of
the flip-flop is self-reinforcing, as this enhances inhibitory
output to the opposing side, thereby reducing inhibitory
feedback. In the context of sleep—wake regulation, this is
conceptualized as a critical mechanism for ensuring
stability of behavioral state, and for facilitating rapid
switching among behavioral states at transition times when
other factors (e.g., circadian and homeostatic) converge to
tip the balance of activity from one to the other side of the
circuit. The HCRT system appears to play a critical role in
this mechanism [160]. Clearly, the circadian clock must
also influence weighting within the flip-flop to produce the
extended sleep—wake phases of the subjective day and
night. The circadian influence may be strengthened by the
presence of SCN outputs to both sides of the proposed
circuit, either simultaneously pressing down on one side of
the flip-flop while pushing up on the other, or sequentially
pressing down or pushing up on one side, and then
switching to the other side. This prediction could be tested
by modeling, but ultimately electrophysiological and other
empirical approaches will be needed to answer these
questions; are SCN outputs to sleep—wake circuits silent
during either the sleep or wake phase of the circadian
cycle, or is there is continuous modulation, on one or both
sides of the flip-flop circuit?

The neuroanatomical evidence for monosynaptic and
polysynaptic pathways from the SCN to sleep-active and
wake-active cell groups is consistent with the view that the
circadian clock promotes both sleep and wake, at different
phases of its daily cycle. It has been suggested that the role
of the SCN in this circuit may be more heavily weighted
toward stimulation of arousal, because DMH lesions in rats
attenuate circadian sleep—wake rhythms and modestly
increase total sleep time [35]. However, this argument is
not compelling; if SCN output preferentially served to
enhance arousal, then SCN lesions should also increase
sleep time in rats, but they do not. The effects of DMH
lesions on both circadian organization and total sleep time
indicates only that the DMH is an important interface
between the circadian clock and the wake-promoting side of
the sleep—wake system.

5.7. SCN efferents regulate endocrine and autonomic
correlates of sleep and wake

SCN outputs conferring circadian rhythmicity on effec-
tors for specific endocrine and autonomic correlates of
sleep—wake states have also been identified [12,26,27,112,
113,115,222]. SCN projections to the hypothalamic PVN/
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DMH are of particular importance, as first demonstrated for
circadian control of the pineal hormone melatonin [163].
The results of recent work on this polysynaptic pathway
from SCN to pineal can be taken to illustrate two principles.
One principle is that the SCN may drive at least some
circadian endocrine rhythms by alternating between inhib-
itory and excitatory output at different circadian phases.
Although the majority of SCN neurons are GABAergic
[31,164], a significant proportion of peptidergic SCN
neurons do not colocalize GABA [31], and may be
glutamatergic [37,39,95]. In the case of melatonin secretion,
experiments with GABA and glutamate antagonists suggest
that the SCN, by outputs to the PVN, exerts a GABA-
mediated inhibition of secretion during the subjective day,
and a glutamate-mediated excitation of secretion during the
subjective night [114,180,181]. Excitatory and inhibitory
SCN outputs are also implicated in regulation of cortisol
secretion and other autonomic and neuroendocrine functions
(e.g., Refs. [38,39,111,198-200]).

A second principle suggested by these studies is that
changes in the mean level of a regulated variable after SCN
ablation may provide a misleading picture of SCN control of
that variable. SCN ablation reduces melatonin secretion to
~20% of the usual nocturnal level [180]. This supports the
pharmacological evidence that the SCN has an excitatory
effect on melatonin secretion during the subjective night.
However, it belies other pharmacological evidence that the
SCN inhibits melatonin secretion during the subjective day.
Clearly, caution is warranted in drawing inferences from
lesion results alone.

5.8. SCN diffusible factors actively inhibit arousal and
locomotion in nocturnal rodents

Classical synaptic transmission is implicated in SCN
control of sleep—wake and its neuroendocrine correlates (see
also [46,151,210]), but there is now clear evidence that the
SCN also regulates behavioral state by diffusible factors that
can inhibit arousal and activity. The existence of inhibitory
signals was initially inferred from analysis of activity
patterns of Syrian hamsters bearing SCN transplants. SCN
transplants can restore circadian rest-activity rhythms in
hamsters with total SCN ablations (e.g., Refs. [135,187]). If
the SCN ablation is partial, two rhythms may appear, with
distinct free-running periods corresponding to the genotypes
of the lesioned host and SCN donor animals (e.g., a
wildtype host with an ~24-h circadan period and a ‘tau’
mutant donor with an ~20-h or 22-h circadian period;
[242]). The two rhythms exhibit striking interference
patterns, such that wheel running is expressed only when
both circadian clocks signal subjective night. If either
signals subjective day, wheel running is absent. Similar,
albeit less dramatic examples of inhibition can be seen in the
uncoupled activity components of diurnal tree shrews
recorded in constant dark [149]. These results demonstrate
that the expression of circadian rest—activity cycles reflects

alternating excitatory and inhibitory effects of SCN output
on locomotor activity [242].

The paracrine nature of this output was suggested by
recovery of circadian rhythms in cases where the trans-
planted tissue did not appear to make axonal connections.
More direct evidence was obtained by the use of semi-
permeable polymer capsules that prevented axonal out-
growth from SCN grafts yet permitted restoration of
rhythmicity [219], indicating that circadian clock-dependent
excitation and inhibition of activity is mediated at least in
part by diffusible molecules (see also [240]).

So far, two candidate molecules have been discovered.
Transforming growth factor-a (TGF-«; [128]) and prokine-
ticin-2 (PK-2; [33]) are both expressed by SCN cells during
the subjective day and bind to receptors in major target areas
of the SCN, including the sPVZ (TGF-a receptors) and
DMH (PK-2 receptors). In Syrian hamsters, continuous
intracerebroventricular infusion of TGF-a tonically sup-
presses wheel-running behavior and, like sPVZ lesions,
eliminates the daily sleep—wake rhythm without altering
sleep duration [128]. Single microinjections of TGF-a or
PK2 acutely suppress locomotor activity during the sub-
jective night in hamsters [128] and rats [33], respectively.
Surprisingly, TGF-a has been localized primarily to glial
fibrillary acidic protein-positive cells within the SCN,
suggesting a role for glial cells as a source of diffusible
SCN outputs [136]. This possibility is given credence by
evidence that pure cultures of astrocytes can express
circadian thythms of Per/ or Per2 activity [184].

These results suggest that circadian clock-dependent
suppression of activity and arousal during the daily rest
period in nocturnal rodents is mediated by TGF-a and PK2
acting on receptors in SCN target areas (sSPVZ and DMH)
already identified as important for circadian regulation of
sleep—wake. Whether these factors mediate restoration of
circadian function by SCN transplants remains to be
determined. To date, diffusible factors that promote arousal
and activity have not been found.

5.9. Neural basis of diurnality: preliminary observations

Diurnal mammals have been under-represented in neuro-
biological analysis of the circadian and sleep—wake systems,
and the neural basis for different circadian chronotypes still
remains to be elucidated (for review, see Ref. [221]). The
circadian rthythms of neural and metabolic activity and clock
gene expression in SCN neurons are similarly phased relative
to the LD cycle in nocturnal and diurnal mammals
[28,44,86,104,116,126,130,201,209]; therefore, inverse
phasing of sleep—wake and other rhythms is probably not
due to inverse phasing of clock cells (but note that one study
of the diurnal hystricomorph rodent, Octodon degus, found
no circadian variation of SCN single unit activity [106], and
another study has reported different phasing of circadian
rhythms of VIP and GRP mRNA expression in the SCN of
the nocturnal mouse Mus musculus and the diurnal rat



444 R.E. Mistlberger / Brain Research Reviews 49 (2005) 429-454

Arvicanthus ansorgei [45]). Assuming that the phase of SCN
clock cells relative to local time is the same in animals of
different chronotypes, then differences in the timing of overt
rhythms must be controlled downstream from the core of the
clock, either in the composition of SCN output signals (e.g.,
different ratios of inhibitory and excitatory SCN trans-
mitters), or in one or more targets of SCN efferents (e.g.,
presence of interneurons that invert SCN signals in one
chronotype relative to the other). A candidate site for
circadian signal inversion is the region of the sPVZ
immediately dorsal to the SCN [221]. Neurons here exhibit
a circadian rhythm of cFos expression that is differently
phased in the diurnal unstriped Nile grass rat, Arvicanthus
niloticus, relative to Norway rats ([175]), and this thythm
persists in DD only in the grass rat [211]. The sPVZ projects
to sleep—wake circuits in parallel with the SCN, and may be
responsible for modifying SCN timing signals to produce
nocturnal and diurnal phenotypes.

Despite the marked difference in the timing of sleep—
wake rhythms in nocturnal and diurnal animals, there is no
reason, a priori, to assume that the underlying mechanism
involves a different pattern of connections between the SCN
and sleep—wake circuits. Indeed, there are some species that
switch between nocturnality and diurnality with time of year
or other factors (e.g., Refs. [41,177,221]), and, whether or
not this reflects a true change in pacemaker phase, as
opposed to a direct behavioral response to one or more
environmental stimuli, this is not likely to be associated with
spatial re-organization of SCN projections. At present, a
comprehensive mapping of SCN projections is not yet
available for any of the diurnal rodent models currently
being used in sleep and chronobiology research. There is
evidence from studies of diurnal grass rats and degus that is
consistent with a role for VLPO and HCRT neurons in sleep
and wake functions, respectively [80,143,172—174]. There
is preliminary evidence for PK-2 fibers and receptors in the
hypothalamus, including the SCN, of grass rats, with a
regional distribution similar to that in nocturnal mice [140].
Analysis of behavioral effects of PK-2 in the grass rat are
awaited with interest; does this molecule signal ‘rest’ or
‘subjective day’ (when diurnal species are active)? There is
also preliminary evidence that innervation of HCRT cells by
VIP fibers, presumably of SCN origin, is enriched in the
grass rat relative to the Norway rat [144], but whether this is
characteristic of other peptide markers of SCN outputs, or
other diurnal species, remains to be determined.

5.10. SCN output signals: conclusions

This overview of SCN outputs serves to highlight the
evidence for multiple direct and indirect pathways from the
SCN to both sides of the sleep—wake neural system of
nocturnal rodents, as might be expected given the behavioral
evidence for an active role of the circadian clock in regulating
sleep and wake through both phases of the daily cycle. A
model for such biphasic action is suggested by the evidence

that circadian rhythms of neuroendocrine variables are driven
by alternating excitatory and inhibitory outputs from the SCN
[27]. The available evidence also indicates that both classical
synaptic transmission and paracrine signaling participate in
generating the circadian sleep—wake cycle, and that the rest
portion of the cycle reflects, at least in part, active SCN-
dependent suppression of activity and arousal. Future efforts
will be needed to further characterize the role of these and
other potential hypothalamic and extra-hypothalamic neural
pathways and diffusible signals from SCN to sleep—wake
circuits. Lesions of sleep- or wake-promoting cell groups
may attenuate but usually do not eliminate the circadian
sleep—wake cycle, suggesting multiple pathways of circadian
control. These pathways may be grossly redundant, or may
make specialized contributions to the daily circadian wave-
form as part of a network of interacting components (e.g., the
hypothesis of HCRT-mediated circadian alerting late in the
wake phase). The full array of functional and anatomical
experimental approaches will be needed to determine how
differently phased SCN output cells are mutually coordi-
nated, whether the post-synaptic effects of these outputs vary
with circadian phase, how the circadian signal is integrated
with other influences (e.g., homeostatic, environmental) on
sleep—wake executive circuits, and where among these
mechanisms the nocturnal and diurnal sleep—wake pheno-
types emerge.

6. Hypersomnia in SCN-ablated squirrel monkeys,
revisited

Unlike in nocturnal rats, SCN ablation in diurnal squirrel
monkeys produces an apparent hypersomnia, characterized
by markedly increased total daily sleep time, fragmentation
of sleep and wake bouts [69], and short sleep latencies when
the lights are turned off (see Fig. 4 in Ref. [61]). From these
observations, it has been inferred that the SCN actively
stimulates arousal but does not actively promote sleep, and
that hypersomnia is caused by loss of this circadian alerting
signal. Is this conclusion logically necessary, or might there
be other causes for hypersomnia? If there are other causes,
can these account for the apparent species differences in the
effects of SCN ablation on total daily sleep time?

Sleep expression is controlled by four primary factors; the
circadian clock, intrinsic sleep ‘need’ (reflected in the
homeostatic properties of sleep and determined by recent
sleep—wake history), other needs or ‘drives’ (e.g., hunger,
thirst, reproduction, migration) and environmental condi-
tions (e.g., light, sound, temperature, social stimuli). If we
assume for the sake of parsimony (or debate) that circadian
regulation of sleep—wake states is continuous or bidirectional
in rats, humans, and monkeys alike, that leaves three factors
to examine as possible causes for the differential effects of
SCN ablation on total sleep time in rats and monkeys.

Competing physiological needs do not seem to be
important, because SCN ablation does not affect food
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intake, body weight, fluid balance, or mean body temper-
ature in rats or monkeys. Sleep ‘need’, by comparison, is
more difficult to evaluate. SCN-ablated monkeys fall asleep
rapidly in the dark, and sleep several hours longer each day
than do intact monkeys. This could be because a portion
(i.e., the SCN) of the arousal system is missing. An
alternative conception is that hypersomnia reflects an
increased need for sleep time. If so, why? One possibility,
examined in section 3.2 with respect to reduced SWA in
SCN-ablated rats, is that SCN ablations reduce the
restorative value of sleep, thus increasing the amount of
sleep required to achieve functional recovery. The restor-
ative value of sleep has been linked to both sleep intensity
(e.g., as operationalized by SWA and arousal threshold) and
sleep continuity [20]. In both respects, SCN-ablated squirrel
monkeys appear disadvantaged. Although SCN-ablated
monkeys sleep nearly 4 h more each day, the total daily
amount of high intensity, slow-wave-enriched NREMS (so-
called “SWS2”, defined as NREMS in which 25% or more
of a 30-s scoring epoch displays EEG waves of <3 Hz and
>75 nV; [69]) remains constant, i.e., it is significantly
reduced as a percentage of total sleep time; thus, average
sleep intensity, by definition, is reduced. Notably, the
arousal threshold is apparently also reduced in SCN-ablated
monkeys, consistent with a lower average sleep intensity
(unpublished data cited in Ref. [69]). Sleep extension and
sleep restriction studies in humans indicate that total daily
SWA is homeostatically conserved [23,56,74]. It may be
that reduced sleep intensity merely reflects sleep satiation
due to the increase in daily sleep amounts. However, it
cannot be ruled out that the arrow of causality points the
other way; a primary deficit in sleep intensity may increase
total sleep time, to meet homeostatic requirements. Con-
sistent with this idea, humans selectively deprived of slow-
wave-enriched stages 3—4 during daytime sleep after a night
awake exhibit a significant increase in sleep duration, i.c.,
sleep duration expands when its intensity (operationally
defined by SWA) is experimentally attenuated [85]. In
another study, the duration of nocturnal sleep was not
similarly increased by 3-5 h of selective stage 3-4
deprivation initiated at sleep onset, but the lost SWA in
those subjects was rapidly and entirely recouped during the
recovery portion of the night, and this would have
eliminated any need for additional sleep [56]. The restor-
ative value of sleep in humans, as reflected in daytime
sleepiness, is also reduced by experimental sleep fragmen-
tation (e.g., repeated nocturnal awakening; [20]). Apparent
hypersomnia in SCN-ablated monkeys may thus also be
related to their fragmented sleep; the average sleep bout
length in SCN-ablated squirrel monkeys is approximately
half of that exhibited by intact monkeys in their usual sleep
phase [69].

Changes in the sleep of squirrel monkeys following SCN
ablation have been interpreted as evidence that the sole
function of the SCN is to promote wakefulness but,
logically, the results are also compatible with a role for

the SCN in promoting sleep. One important function of the
SCN may be to facilitate sleep recovery processes by
promoting sleep intensity and sleep continuity. This alter-
native conception could be tested by subjecting intact
squirrel monkeys to partial SWS2 deprivation, with
sufficient awakenings to mimic the fragmented sleep
patterns of SCN-ablated monkeys. If reduced sleep intensity
and continuity accounts for a significant portion of hyper-
somnia in SCN-ablated monkeys, then intact monkeys may
also exhibit an increase in total sleep time. Due to the
presence of the SCN in these animals, sleep expression
would presumably be modulated by circadian phase (e.g.,
Ref. [122]), and the total increment in daily sleep would no
doubt be less severe.

This hypothesis of hypersomnia due to reduced sleep
intensity does not explain the differential effects of SCN
ablation on total daily sleep time in rats and monkeys, but
then, neither does the Opponent Process account. Sleep
recovery processes in rats may be less dependent on sleep
continuity, because the rat is already adapted to a more
polyphasic sleep process, due to competing metabolic
needs (a high metabolism requiring more frequent feeding,
drinking, and elimination) or other factors. These same
factors may enforce a ceiling on total sleep time, that, on an
hourly basis, is capped lower in the absence of circadian
organization of physiology than it is during the rest phase
of the circadian cycle in intact rats. It may be that we will
not fully understand the effects of SCN ablation on daily
sleep amounts until we have a better grasp of the
physiological functions of sleep that underlie its homeo-
static properties, and the relation of these functions to
presumed correlates of sleep intensity (for discussion, see
Ref. [189]).

The remaining factor to consider in this re-examination
of total daily sleep time in SCN-ablated squirrel monkeys is
the environment. Environmental stimuli can have direct
effects on behavioral state. In nocturnal rodents, light
inhibits activity and promotes sleep, while dark promotes
activity and waking [21,190]. These direct effects are as
strong or stronger when the SCN are removed, as
demonstrated using ultradian LD cycles (e.g., 2 h light
alternating with 2 h dark [6,191,220]). In diurnal animals,
the opposite is true; light promotes arousal and dark
promotes sleep (e.g., [79]). Under a 2 h:2 h LD cycle,
SCN-ablated squirrel monkeys fall asleep rapidly at lights
off, with a latency comparable to that in intact monkeys
during their usual sleep period [61]. This has been
interpreted as hypersomnia, and cited as a crucial piece of
the evidence that the SCN normally promotes only arousal.
However, what has been neglected in this interpretation is
the behavioral response to the 2-h dark portion of this LD
cycle. Apparently, SCN-ablated squirrel monkeys, by
comparison with intact monkeys, also show a short wake
onset latency in response to light (unpublished observations
cited in Ref. [61]). Considered in isolation, this latter result
could be taken to imply that SCN-ablated monkeys are /ess,
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not more, sleepy than intact monkeys, and that the SCN
normally promotes only sleep. Taken together, however, the
results suggest that SCN ablation increases the sensitivity of
the squirrel monkey to changes in environmental lighting,
and thus do not constitute unambiguous support for a
unidirectional model of sleep regulation.

Another aspect of the environment is its stimulus
complexity. The sleep of SCN-ablated monkeys and rats
has so far only been studied under controlled laboratory
environments that lack opportunities for normal physical,
sensory, and social stimulation. Confinement to an impov-
erished environment should, at least in the short term, favor
sleep over wake. In humans, exposure to a 14-h night
(lights-off) increases the duration of the daily sleep phase
by ~3.5 h and stably increases total sleep by ~1 h ([247];
see also Ref. [62]). During the mid-day, boredom exacer-
bates sleepiness and reduces reaction times [146]. In a 60-h
forced bed rest protocol in which reading, writing, tele-
vision, music, and exercise were prohibited and social
contact restricted to meal delivery (i.e., a very low
stimulation environment), subjects slept an impressive
47.6% of the time (i.e., nearly identical to SCN-ablated
squirrel monkeys; [29]). There is no denying that sleep in
humans is substantially self-limiting; we do not sleep
continuously during forced bed rest or solitary confinement.
Nonetheless, sleep is promoted and can significantly
expand under monotonous conditions, even with the
circadian clock intact. Squirrel monkeys in sleep and
circadian rhythm studies lived alone in small enclosures
with little to do during recording sessions. The lack of both
environmental and circadian clock stimulation of arousal in
SCN-ablated monkeys may cause sleep time to rise despite
the loss of an SCN-dependent circadian sleep-promoting
factor. There is no reason to expect a balanced effect on
sleep—wake amounts if circadian sleep- and wake-promot-
ing factors are both absent and the monkeys are tested in
environments lacking environmental wake-promoting fac-
tors. Sleep inertia (the low arousal state immediately
following sleep; [190]), unchecked by environmental
stimulation, would be expected to further favor sleep over
wake.

Note that this is an interaction hypothesis; intact and
SCN-ablated monkeys are hypothesized to be differentially
affected by confinement to a monotonous environment
because of a non-additive interaction between endogenous
circadian and environmental alerting factors. According to
this hypothesis, sleep in intact and SCN-ablated monkeys
might be substantially more similar in a socially enriched
environment. To explain the difference between SCN-
ablated rats and squirrel monkeys, it is necessary to consider
the possibility that squirrel monkeys are more sensitive than
are rats to environments lacking normal opportunities for
physical, sensory, cognitive, and social stimulation. This is
not out of the realm of possibility.

A variation on this interaction hypothesis is that
hypersomnia in SCN-ablated squirrel monkeys reflects

not just boredom, but psychopathology. While working
with squirrel monkeys in temporal isolation studies, it
was the intuition of this observer that these highly social
primates might become psychologically depressed by
solitary confinement. In humans, endogenous depression
is typically associated with reduced SWA, particularly in
the first sleep cycle of the night, and depression, while
often associated with insomnia, can also be characterized
by hypersomnia (reviewed in Ref. [15]). Some squirrel
monkeys clearly do not tolerate solitary confinement,
become hypoactive, and have to be returned to the group
colony (Mistlberger, unpublished observations, 1986—88).
Most squirrel monkeys can be maintained in isolation,
but sleep studies reveal a delayed peak of EEG SWA
during nocturnal sleep [123] that is reminiscent of the
sleep EEG in human depression [15]. To use psychopa-
thology as an explanation for hypersomnia in SCN-
ablated monkeys, an interaction effect must again be
invoked. Is it possible that the stress of surgery and
experimentally-induced brain damage in squirrel monkeys
sets the conditions for adverse psychological responses to
social isolation?

The role of the environment and of changes in the
restorative value of sleep as causal factors underlying the
apparent hypersomnia of SCN-ablated squirrel monkeys is
speculative, but testable. Regardless of the ultimate merits
of these alternative hypotheses, it is clear that this apparent
hypersomnia is ambiguous in what it reveals about SCN
control of sleep—wake, and does not logically preclude a
role for the SCN in actively promoting sleep.

7. Anatomical specificity of SCN ablation effects

Is it possible that the effects of SCN ablations on total
daily sleep time are caused by incidental damage to other
hypothalamic nuclei in the SCN vicinity, or to retinal
pathways conveying photic input to these nuclei? This is
considered unlikely. SCN ablations should cut some
retinohypothalamic fibers that innervate other parts of the
hypothalamus. However, as already noted, SCN ablation
does not eliminate photic masking of sleep—wake states
[192,220], indicating that the retinal pathways and hypo-
thalamic and extra-hypothalamic areas mediating the behav-
ioral response to light and dark are substantially intact. Also,
there is no evidence for a relation between SCN lesion size
and total daily sleep time. In fact, typical SCN lesions
produce some damage to the ventral sSPVZ but are rarely so
large as to damage either the VLPO or the DMH. Complete
SCN lesions can be quite discrete, producing minimal
damage to non-SCN areas (e.g., Refs. [69,255]). It is
particularly doubtful that the SCN lesions made in the
squirrel monkey study [69] could have damaged wake
promoting cell groups in the basal forebrain, DMH, or
posterior hypothalamus that might explain hypersomnia.
The only caveat to this conclusion is that functional
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mapping of sleep—wake neural circuits has not been done for
squirrel monkeys, and control lesions were not done to rule
out the possibility that a wake promoting area resides close
to the SCN. In the case of rats, control lesions in the peri-
SCN region have been done; as noted, lesions confined to
the sPVZ, like total SCN lesions, do not affect total sleep
time [138].

8. Opponent processes: staying clear on the concept

Studies of nocturnal Norway rats indicate that the SCN in
this species actively promotes both sleep and wake. The
overall lack of effect of SCN lesions on total daily sleep
time in this species further suggests that these sleep and
wake promoting actions must be approximately equivalent.
There is no reason to assume that the same is true of all
species; the SCN could exert a stronger positive drive on
wake in some species, particularly those with extended,
consolidated daily wake periods, in which case SCN
ablation may result in increased daily sleep time. However,
if by other behavioral or neurobiological analyses the SCN
are shown to also have an active sleep promoting role in
these species, then the lesion data cannot be construed as
support for the Opponent Process model (Model 1). As
formulated, the Opponent Process model only has meaning
if the role of the clock is restricted to an alerting function
that opposes a sleep-generating factor. If the SCN also has
an active role in promoting sleep, then the data support
Model 3 (continuous or bidirectional control of sleep—wake
by the clock), not Model 1 (discontinuous or unidirectional
control).

9. Conclusions

The advent of modern genomics heralds an exciting new
phase in discovery research on the regulation and functions
of sleep and circadian rhythms [125,141,213]. Mutations
and knockouts of putative circadian clock genes have
already been identified that increase (arthythmic Cryl,2~"~
knockout mouse; [253], decrease (the Clock mutation;
[170]), or have no effect on total daily sleep time
(arrhythmic Perl,2,3~~ knockout mouse; [216]). Given
the apparent bidirectional control of sleep and wake by the
circadian clock in rodents, a diversity of effects might well
be anticipated, if different clock genes or clock-controlled
genes participate in different output functions of the clock.
The points made here concerning the interpretation of sleep
changes in SCN-ablated animals are also relevant to sleep
in animals bearing genetic manipulations. To interpret
changes in sleep time, it will be important to probe
sleep—wake regulation using selective and total sleep
deprivation, and to consider environmental and behavioral
variables that may influence the expression of sleep
independently of homeostatic or circadian factors.

The idea that sleep is regulated by opponent processes is
attractive in its simplicity, and this no doubt accounts for the
dissemination of this concept in scientific, didactic, and
popular writing on sleep. However, a case can be made that
the data on which this model relies have been over-
interpreted. Moreover, this interpretation implies significant
species differences in the mechanisms by which the
circadian clock exerts control over behavioral state. Given
the small number of species that have been studied in any
detail, species differences cannot yet be ruled out. But, if
there are differences, these may ultimately prove to be minor
variations in the balance between active wake and sleep
promoting effects of the clock, as opposed to major
qualitative differences in the organization and nature of
SCN outputs. The data and logical arguments considered
here support a conclusion that circadian clock-dependent
alerting is only half the story of sleep regulation in
mammals, and lead to a prediction that circadian clock
outputs will be found to actively engage the sleep—wake
system during both the sleep and wake portions of the
circadian cycle.

Acknowledgments

Supported by NSERC, Canada. I thank Drs. M.C. Antle,
T. deBoer, C.I. Eastman, J.D. Miller, N.F. Ruby, T.
Scammell, K. Semba, and D.K Welsh for comments and
discussion.

References

[1] H. Abe, S. Honma, H. Ohtsu, K. Honma, Circadian rhythms in
behavior and clock gene expressions in the brain of mice lacking
histidine decarboxylase, Brain Res. Mol. Brain Res. 124 (2004)
178-187.

[2] E.E. Abrahamson, R.K. Leak, R.Y. Moore, The suprachiasmatic
nucleus projects to posterior hypothalamic arousal systems, Neuro-
Report 12 (2001) 435—-440.

[3] P. Achermann, A.A. Borbely, Mathematical models of sleep
regulation, Front. Biosci. 8 (2003) s683—s693.

[4] M. Akiyama, T. Yuasa, N. Hayasaka, K. Horikawa, T. Sakurai, S.
Shibata, Reduced food anticipatory activity in genetically orexin
(hypocretin) neuron-ablated mice, Eur. J. Neurosci. 20 (2004)
3054-30062.

[5] S.A. Asala, Y. Okano, K. Honda, S. Inoue, Effects of medial preoptic
area lesions on sleep and wakefulness in unrestrained rats, Neurosci.
Lett. 114 (1990) 300—-304.

[6] J. Aschoff, Exogenous and endogenous components in circadian
rhythms, Cold Spring Harbor Symp. Quant. Biol. 25 (1960) 11-28.

[7] J. Aschoff, U. Gerecke, R. Wever, Phase relations between the
circadian activity periods and core temperature in humans, Pflugers
Arch. Gesamte Physiol. Menschen Tiere 295 (1967) 173-183
(German).

[8] G. Aston-Jones, S. Chen, Y. Zhu, M.L. Oshinsky, A neural circuit for
circadian regulation of arousal, Nat. Neurosci. 4 (2001) 732—-738.

[9] K. Bae, X. Jin, E.S. Maywood, M.H. Hastings, S.M. Reppert, D.R.
Weaver, Differential functions of mPerl, mPer2, and mPer3 in the
SCN circadian clock, Neuron 30 (2001) 525-536.



448 R.E. Mistlberger / Brain Research Reviews 49 (2005) 429-454

[10] F. Baker, C. Angara, D. Stewart, R. Szymusiak, D. McGinty, Sleep
and the thermoregulation in rats with suprachiasmatic nuclei lesions,
Sleep 27 (2004) 196—204.

[11] M.T. Barakat, V.H. Cao, H.C. Heller, B.F. O’Hara, N.F. Ruby, Light
pulses induce perl and c-fos in the suprachiasmatic nucleus of
arrhythmic but not free-running, siberian hamsters, Proc. Soc. Res.
Biol. Rhythms 9 (2004) 176.

[12] T.J. Bartness, C.K. Song, G.E. Demas, SCN efferents to peripheral
tissues: implications for biological rhythms, J. Biol. Rhythms 16
(2001) 196-204.

[13] D.G.M. Beersma, S. Daan, D.J. Dijk, Sleep intensity and timing: a
model for their circadian control, Lect. Math. Life Sci. 19 (1987)
39-62.

[14] L.L. Bellinger, L.L. Bernardis, V.E. Mendel, Effect of ventromedial
and dorsomedial hypothalamic lesions on circadian corticosterone
rhythms, Neuroendocrinology 22 (1976) 216—225.

[15] R. Benca, Mood disorders, in: M.H. Kryger, C. Roth, W.C. Dement
(Eds.), Principles and Practice in Sleep Medicine, third ed., WB
Saunders, Philadelphia, 2000, pp. 334—345.

[16] B. Bergman, R.E. Mistlberger, A. Rechtschaffen, Period/amplitude
analysis of EEG in the rat: diurnal and stage variations and effects of
suprachiasmatic nuclei lesions, Sleep 10 (1987) 523 —-5366.

[17] C.W. Berridge, B.D. Waterhouse, The locus coeruleus—noradrenergic
system: modulation of behavioral state and state-dependent cognitive
processes, Brain Res. Rev. 42 (2003) 33—84.

[18] C.T. Beuckmann, C.M. Sinton, S.C. Williams, J.A. Richardson, R.E.
Hammer, T. Sakurai, M. Yanagisawa, Expression of a poly-
glutamine-ataxin-3 transgene in orexin neurons induces narcolepsy-
cataplexy in the rat, J. Neurosci. 24 (2004) 4469—-4477.

[19] D.L. Bliwise, Sleep in normal aging and dementia, Sleep 16 (1993)
40-81.

[20] M.H. Bonnet, Sleep deprivation, in: M.H. Kryger, T. Roth, W.C.
Dement (Eds.), Principles and Practices in Sleep Medicine, third ed.,
WB Saunder, Philadelphia, 2000.

[21] A.A. Borbely, Effects of light on sleep and activity rhythms, Prog.
Neurobiol. 10 (1978) 1-31.

[22] A.A. Borbely, A two process model of sleep regulation, Hum.
Neurobiol. 1 (1982) 195-204.

[23] A.A. Borbely, P. Achermann, Sleep homeostasis and models of
sleep regulation, in: M.H. Kryger, T. Roth, W.C. Dement (Eds.),
Principles and Practices of Sleep Medicine, third ed., WB
Saunders, Philidelphia, 2000, pp. 377-390.

[24] A.A. Borbely, H.U. Neuhaus, Sleep deprivation: effects of sleep and
EEG in the rat, J. Comp. Physiol., A 133 (1979) 71-87.

[25] B. Boutrel, G.F. Koob, What keeps us awake: the neuropharmacol-
ogy of stimulants and wakefulness promoting medications, Sleep 27
(2004) 1181—-1194.

[26] R.M. Buijs, S.E. la Fleur, J. Wortel, C. Van Heyningen, L.
Zuiddam, T.C. Mettenleiter, A. Kalsbeek, K. Nagai, A. Niijima,
The suprachiasmatic nucleus balances sympathetic and parasympa-
thetic output to peripheral organs through separate preautonomic
neurons, J. Comp. Neurol. 464 (2003) 36—48.

[27] R:.M. Buijs, C.G. van Eden, V.D. Goncharuk, A. Kalsbeek, The
biological clock tunes the organs of the body: timing by hormones and
the autonomic nervous system, J. Endocrinol. 177 (2003) 17-26.

[28] I. Caldelas, V.J. Poirel, B. Sicard, P. Pevet, E. Challet, Circadian
profile and photic regulation of clock genes in the suprachiasmatic
nucleus of a diurnal mammal Arvicanthis ansorgei, Neuroscience
116 (2003) 583—591.

[29] S.S. Campbell, Duration and placement of sleep in a “disentrained”
environment, Psychophysiology 21 (1984) 106—113.

[30] S.S. Campbell, J. Zulley, Evidence for circadian influence on human
slow wave sleep during daytime sleep episodes, Psychophysiology
26 (1989) 580—585.

[31] M. Castel, J.F. Morris, Morphological heterogeneity of the
GABAergic network in the suprachiasmatic nucleus, the brain’s
circadian pacemaker, J. Anat. 196 (Pt. 1) (2000) 1-13.

[32] R.M. Chemelli, J.T. Willie, C.M. Sinton, J.K. Elmquist, T. Scammell,
C. Lee, J.A. Richardson, S.C. Williams, Y. Xiong, Y. Kisanuki, T.E.
Fitch, M. Nakazato, R.E. Hammer, C.B. Saper, M. Yanagisawa,
Narcolepsy in orexin knockout mice: molecular genetics of sleep
regulation, Cell 98 (1999) 437—-451.

[33] M.Y. Cheng, C.M. Bullock, C. Li, A.G. Lee, J.C. Bermak, J.
Belluzzi, D.R. Weaver, FM. Leslie, Q.Y. Zhou, Prokineticin 2
transmits the behavioural circadian rhythm of the suprachiasmatic
nucleus, Nature 417 (2002) 405—-410.

[34] T.C. Chou, A.A. Bjorkum, S.E. Gaus, J. Lu, T.E. Scammell, C.B.
Saper, Afferents to the ventrolateral preoptic nucleus, J. Neurosci. 22
(2002) 977-990.

[35] T.C. Chou, T.E. Scammell, J.J. Gooley, S.E. Gaus, C.B. Saper, J.
Lu, Critical role of dorsomedial hypothalamic nucleus in a wide
range of behavioral circadian rhythms, J. Neurosci. 23 (2003)
10691-10702.

[36] R.A. Cohen, H.E. Albers, Disruption of human circadian and
cognitive regulation following a discrete hypothalamic lesion: a
case study, Neurology 41 (1991) 726—-729.

[37] A. Csaki, K. Kocsis, B. Halasz, J. Kiss, Localization of glutamater-
gic/aspartatergic neurons projecting to the hypothalamic paraven-
tricular nucleus studied by retrograde transport of [3H]D-aspartate
autoradiography, Neuroscience 101 (2000) 637—655.

[38] L.N. Cui, K. Saeb-Parsy, R.E. Dyball, Neurones in the supraoptic
nucleus of the rat are regulated by a projection from the supra-
chiasmatic nucleus, J. Physiol. 502 (1997) 149—159.

[39] L.N. Cui, E. Coderre, L.P. Renaud, Glutamate and GABA mediate
suprachiasmatic nucleus inputs to spinal-projecting paraventricular
neurons, Am. J. Physiol.: Regul., Integr. Comp. Physiol. 281 (2001)
R1283—-R1289.

[40] C.A. Czeisler, D.J. Dijk, Human circadian physiology and sleep—
wake regulation, in: J.S. Takahashi, F.W. Turek, R.Y. Moore (Eds.),
Handb. Behav. Neurobiol.: Circadian Clocks, vol. 12, Kluwer
Academic/Plenum Publishers, New York, 2001, pp. 183-213.

[41] S. Daan, Adaptive daily strategies in behavior, in: J. Aschoff (Ed.),
Handb. Behav. Neurobiol., vol. 4, Plenum Press, New York, 1981,
pp. 275-298.

[42] S. Daan, D.G. Beersma, A.A. Borbely, Timing of human sleep:
recovery process gated by a circadian pacemaker, Am. J. Physiol.
246 (1984) R161-R183.

[43] J. Dai, D.F. Swaab, R.M. Buijs, Distribution of vasopressin and
vasoactive intestinal polypeptide (VIP) fibers in the human
hypothalamus with special emphasis on suprachiasmatic nucleus
efferent projections, J. Comp. Neurol. 383 (1997) 397—-414.

[44] H. Dardente, P. Klosen, I. Caldelas, P. Pevet, M. Masson-Pevet,
Phenotype of Perl- and Per2-expressing neurons in the supra-
chiasmatic nucleus of a diurnal rodent (Arvicanthis ansorgei):
comparison with a nocturnal species, the rat, Cell Tissue Res. 310
(2002) 85-92.

[45] H. Dardente, J.S. Menet, E. Challe, B.B. Tournier, P. Pevet, M.
Masson-Pevet, Daily and circadian expression of neuropeptides in
the suprachiasmatic nuclei of nocturnal and diurnal rodents, Brain
Res. Mol. Brain Res. 124 (2004) 143—151.

[46] H.O. de la Iglesia, J. Meyer, W.J. Schwartz, Lateralization of
circadian pacemaker output: activation of left- and right-sided
luteinizing hormone-releasing hormone neurons involves a neural
rather than a humoral pathway, J. Neurosci. 23 (2003) 7412—-7414.

[47] T. Deboer, 1. Tobler, Shortening of the photoperiod affects sleep
distribution, EEG and cortical temperature in the Djungarian
hamster, J. Comp. Physiol., A 179 (1996) 483—-492.

[48] T. Deboer, V.V. Vyazovskiy, I. Tobler, Long photoperiod restores the
24-h rhythm of sleep and EEG slow-wave activity in the Djungarian
hamster (Phodopus sungorus), J. Biol. Rhythms 15 (2000) 429—-436.

[49] T. Deboer, S. Overeem, N.A. Visser, H. Duindam, M. Frolich, G.J.
Lammers, J.H. Meijer, Convergence of circadian and sleep
regulatory mechanisms on hypocretin-1, Neuroscience 129 (2004)
727-732.



R.E. Mistlberger / Brain Research Reviews 49 (2005) 429-454 449

[50] L. de Lecea, T.S. Kilduff, C. Peyron, X. Gao, P.E. Foye, P.E.
Danielson, C. Fukuhara, E.L. Battenberg, V.T. Gautvik, F.S. Bartlett
II, W.N. Frankel, A.N. van den Pol, F.E. Bloom, K.M. Gautvik, J.G.
Sutcliffe, The hypocretins: hypothalamus-specific peptides with
neuroexcitatory activity, Proc. Natl. Acad. Sci. U. S. A. 95 (1998)
322-327.

[51] W.C. Dement, C. Vaughan, The Promise of Sleep, Delacorte Press,
New York, 1999.

[52] F. Desarnaud, E. Murillo-Rodriguez, L. Lin, M. Xu, D. Gerash-
chenko, S.N. Shiromani, S. Nishino, E. Mignot, P.J. Shiromani, The
diurnal rhythm of hypocretin in young and old F344 rats, Sleep 27
(2004) 851-856.

[53] S. Deurveilher, K. Semba, Indirect projections from the supra-
chiasmatic nucleus to the median preoptic nucleus in rat, Brain Res.
987 (2003) 100—106.

[54] S. Deurveilher, K. Semba, Indirect projections from the supra-
chiasmatic nucleus to the major arousal-promoting cell groups in rat:
implications for the circadian control of behavioural state, Neuro-
science 130 (2005) 165—183.

[55] S. Deurveilher, J. Burns, K. Semba, Indirect projections from
the suprachiasmatic nucleus to the ventrolateral preoptic nucleus:
a dual tract-tracing study in rat, Eur. J. Neurosci. 16 (2002)
1195-1213.

[56] D.J. Dijk, D.G. Beersma, Effects of SWS deprivation on subsequent
EEG power density and spontaneous sleep duration, Electroence-
phalogr. Clin. Neurophysiol. 72 (1989) 312—-320.

[57] D.J. Dijk, C.A. Czeisler, Paradoxical timing of the circadian rhythm
of sleep propensity serves to consolidate sleep and wakefulness in
humans, Neurosci. Lett. 166 (1994) 63—68.

[58] D.J. Dijk, C.A. Czeisler, Contribution of the circadian pacemaker
and the sleep homeostat to sleep propensity, sleep structure,
electroencephalographic slow waves, and sleep spindle activity in
humans, J. Neurosci. 15 (1995) 3526—-3538.

[59] D.J. Dijk, S. Daan, Sleep EEG spectral analysis in a diurnal rodent:
Eutamias sibiricus, J. Comp. Physiol., A 165 (1989) 205-215.

[60] D.J. Dijk, J.E. Duffy, Circadian regulation of human sleep and age-
related changes in its timing, consolidation and EEG characteristics,
Ann. Med. 31 (1999) 130—140.

[61] D.J. Dijk, D.M. Edgar, Circadian and homeostatic control of
wakefulness and sleep, in: E.W. Turek, P.C. Zee (Eds.), Regulation
of Sleep and Circadian Rhythms, Marcel Dekker, New York, 1999,
pp. 111-147.

[62] D.J. Dijk, C. Cajochen, I. Tobler, A.A. Borbely, Sleep extension in
humans: sleep stages, EEG power spectra and body temperature,
Sleep 14 (1991) 294—306.

[63] DJ. Dijk, T.L. Shanahan, J.F. Duffy, J.M. Ronda, C.A. Czeisler,
Variation of electroencephalographic activity during non-rapid eye
movement and rapid eye movement sleep with phase of circadian
melatonin rhythm in humans, J. Physiol. 505 (1997) 851—858.

[64] C.A. Dudley, C. Erbel-Sieler, S.J. Estill, M. Reick, P. Franken, S.
Pitts, S.L. McKnight, Altered patterns of sleep and behavioral
adaptability in NPAS2-deficient mice, Science 301 (2003) 379—-383.

[65] C.I Eastman, Circadian rhythms of temperature, waking and activity
in the rat: dissociations, desynchronizations, and disintergrations.
Unpublished Doctoral Dissertation, University of Chicago, 1981.

[66] C. Eastman, A. Rechtschaffen, Circadian temperature and wake
rhythms of rats exposed to prolonged continuous illumination,
Physiol. Behav. 31 (1983) 417—-427.

[67] A. Easton, P. Meerlo, B. Bergmann, F.W. Turek, The supra-
chiasmatic nucleus regulates sleep timing and amount in mice,
Sleep 27 (2004) 1307-1318.

[68] D.M. Edgar, T.S. Kilduff, C.E. Martin, W.C. Dement, Influence of
running wheel activity on free-running sleep/wake and drinking
circadian rhythms in mice, Physiol. Behav. 50 (1991) 373-378.

[69] D.M. Edgar, W.C. Dement, C.A. Fuller, Effect of SCN lesions on
sleep in squirrel monkeys: evidence for opponent processes in sleep—
wake regulation, J. Neurosci. 13 (1993) 1065—1079.

[70] R.A. Espana, S. Plahn, C.W. Berridge, Circadian-dependent and
circadian-independent behavioral actions of hypocretin/orexin, Brain
Res. 943 (2002) 224-236.

[71] R.A. Espana, R.J. Valentino, C.W. Berridge, Fos immunoreactivity
in hypocretin-synthesizing and hypocretin-1 receptor-expressing
neurons: effects of diurnal and nocturnal spontaneous waking,
stress and hypocretin-1 administration, Neuroscience 121 (2003)
201-217.

[72] 1.V. Estabrooke, M.T. McCarthy, E. Ko, T.C. Chou, R.M. Chemelli,
M. Yanagisawa, C.B. Saper, T.E. Scammell, Fos expression in
orexin neurons varies with behavioral state, J. Neurosci. 21 (2001)
1656—1662.

[73] 1. Fienberg, Changes in sleep cycle patterns with age, J. Psychiatr.
Res. 10 (1974) 283-306.

[74] 1. Fienberg, J.D. March, T.C. Floyd, R. Jimison, L. Bossom-
Demitrack, P.H. Katz, Homeostatic changes during post-nap sleep
maintain baseline levels of delta EEG, Electroencephalogr. Clin.
Neurophysiol. 61 (1985) 134—137.

[75] P. Franken, 1. Tobler, A.A. Borbely, Sleep homeostasis in the rat:
simulation of the time course of EEG slow-wave activity, Neurosci.
Lett. 130 (1991) 141—-144.

[76] P. Franken, D. Chollet, M. Tafti, The homeostatic regulation of sleep
need is under genetic control, J. Neurosci. 21 (2001) 2610—2621.

[77] L. Friedman, B.M. Bergmann, A. Rechtschaffen, Effects of sleep
deprivation on sleepiness, sleep intensity, and subsequent sleep in the
rat, Sleep 1 (1979) 369—-391.

[78] T. Gallopin, P. Fort, E. Eggermann, B. Cauli, P.H. Luppi, J. Rossier,
E. Audinat, M. Muhlethaler, M. Serafin, Identification of sleep-
promoting neurons in vitro, Nature 404 (2000) 992—995.

[79] PH. Gander, M.C. Moore-Ede, Light-dark masking of circadian
temperature and activity rhythms in squirrel monkeys, Am. J.
Physiol. 245 (1983) R927—-R934.

[80] S.E. Gaus, R.E. Strecker, B.A. Tate, R.A. Parker, C.B. Saper,
Ventrolateral preoptic nucleus contains sleep-active, galaninergic
neurons in multiple mammalian species, Neuroscience 115 (2002)
285-294.

[81] D. Gerashchenko, M.D. Kohls, M. Greco, N.S. Waleh, R. Salin-
Pascual, T.S. Kilduff, D.A. Lappi, P.J. Shiromani, Hypocretin-2-
saporin lesions of the lateral hypothalamus produce narcoleptic-like
sleep behavior in the rat, J. Neurosci. 21 (2001) 7273 —7283.

[82] D. Gerashchenko, C. Blanco-Centurion, M.A. Greco, P.J. Shiromani,
Effects of lateral hypothalamic lesion with the neurotoxin hypo-
cretin-2-saporin on sleep in Long—Evans rats, Neuroscience 116
(2003) 223-235.

[83] D. Gerashchenko, T.C. Chou, C.A. Blanco-Centurion, C.B. Saper,
P.J. Shiromani, Effects of lesions of the histaminergic tuber-
omammillary nucleus on spontaneous sleep in rats, Sleep 27
(2004) 1275-1281.

[84] D. Gerashchenko, P.J. Shiromani, Different neuronal phenotypes in
the lateral hypothalamus and their role in sleep and wakefulness,
Mol. Neurobiol. 29 (2004) 41—-59.

[85] M. Gillberg, I. Anderzen, T. Akerstedt, Recovery within day-time
sleep after slow wave sleep suppression, Electroencephalogr. Clin.
Neurophysiol. 78 (1991) 267-273.

[86] M.U. Gillette, S.M. Reppert, The hypothalamic suprachiasmatic
nuclei: circadian patterns of vasopressin secretion and neuronal
activity in vitro, Brain Res. Bull. 19 (1987) 135—139.

[87] H. Gong, D. McGinty, R. Guzman-Marin, K.T. Chew, D.
Stewart, R. Szymusiak, Activation of c-fos in GABAergic
neurones in the preoptic area during sleep and in response to
sleep deprivation, J. Physiol. 556 (2004) 935-946.

[88] R.J. Greenspan, The flexible genome, Nat. Rev., Genet. 2 (2001)
383-387.

[89] J.J. Hagan, R.A. Leslie, S. Patel, M.L. Evans, T.A. Wattam, S.
Holmes, C.D. Benham, S.G. Taylor, C. Routledge, P. Hemmati, R.P.
Munton, T.E. Ashmeade, A.S. Shah, J.P. Hatcher, P.D. Hatcher, D.N.
Jones, M.I. Smith, D.C. Piper, A.J. Hunter, R.A. Porter, N. Upton,



450 R.E. Mistlberger / Brain Research Reviews 49 (2005) 429-454

Orexin A activates locus coeruleus cell firing and increases arousal in
the rat, Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 10911-10916.

[90] Y. Hanada, H. Kawamura, Sleep—waking electrocorticographic
rhythms in chronic cerveau isole rats, Physiol. Behav. 26 (1981)
725-728.

[91] J. Hara, C.T. Beuckmann, T. Nambu, J.T. Willie, R.M. Chemelli,
C.M. Sinton, F. Sugiyama, K. Yagami, K. Goto, M. Yanagisawa, T.
Sakurai, Genetic ablation of orexin neurons in mice results in
narcolepsy, hypophagia, and obesity, Neuron 30 (2001) 345—-354.

[92] M.H. Hastings, A.B. Reddy, E.S. Maywood, A clockwork web:
circadian timing in brain and periphery, in health and disease, Nat.
Rev., Neurosci. 4 (2003) 649—-661.

[93] G. Heldmaier, S. Steinlechner, Seasonal patterns and energetics of
short daily torpor in the Djungarian hamster, Phodopus sungorus,
Oecologia 48 (1981) 265-270.

[94] H.C. Heller, N.F. Ruby, Sleep and circadian rhythms in mammalian
torpor, Annu. Rev. Physiol. 66 (2004) 275-289.

[95] M.L. Hermes, E.M. Coderre, R.M. Buijs, L.P. Renaud, GABA and
glutamate mediate rapid neurotransmission from suprachiasmatic
nucleus to hypothalamic paraventricular nucleus in rat, J. Physiol.
496 (1996) 749-757.

[96] E.D. Herzog, M.E. Geusz, S.B. Khalsa, M. Straume, G.D. Block,
Circadian rhythms in mouse suprachiasmatic nucleus explants on
multimicroelectrode plates, Brain Res. 757 (1997) 285-290.

[97] Z.L. Huang, W.M. Qu, W.D. Li, T. Mochizuki, N. Eguchi, T.
Watanabe, Y. Urade, O. Hayaishi, Arousal effect of orexin A
depends on activation of the histaminergic system, Proc. Natl.
Acad. Sci. U. S. A. 98 (2001) 9965—-9970.

[98] R. Huber, T. Deboer, 1. Tobler, Effects of sleep deprivation on sleep
and sleep EEG in three mouse strains: empirical data and
simulations, Brain Res. 857 (2000) 8—19.

[99] N. Ibuka, H. Kawamura, Loss of circadian rhythm in sleep—
wakefulness cycle in the rat by suprachiasmatic nucleus lesions,
Brain Res. 96 (1975) 76-81.

[100] N. Ibuka, S.I. Inouye, H. Kawamura, Analysis of sleep-wakefulness
rhythms in male rats after suprachiasmatic nucleus lesions and ocular
enucleation, Brain Res. 122 (1977) 33—-47.

[101] N. Ibuka, I. Nihonmatsu, S. Sekiguchi, Sleep—wakefulness rhythms
in mice after suprachiasmatic nucleus lesions, Waking Sleeping 4
(1980) 167—173.

[102] T. Ida, K. Nakahara, T. Katayama, N. Murakami, M. Nakazato,
Effect of lateral cerebroventricular injection of the appetite-stimulat-
ing neuropeptide, orexin and neuropeptide Y, on the various
behavioral activities of rats, Brain Res. 821 (1999) 526—-529.

[103] M. Ikeda, M. Sagara, S. Inoue, Continuous exposure to dim
illumination uncouples temporal patterns of sleep, body temperature,
locomotion and drinking behavior in the rat, Neurosci. Lett. 279
(2000) 185—189.

[104] S.T. Inouye, H. Kawamura, Persistence of circadian rhythmicity in a
mammalian hypothalamic “island” containing the suprachiasmatic
nucleus, Proc. Natl. Acad. Sci. U. S. A. 76 (1979) 5962—5966.

[105] A. Jagota, H.O. de la Iglesia, W.J. Schwartz, Morning and evening
circadian oscillations in the suprachiasmatic nucleus in vitro, Nat.
Neurosci. 3 (2000) 372-376.

[106] Y.Y. Jiao, T.M. Lee, B. Rusak, Photic responses of suprachiasmatic
area neurons in diurnal degus (Octodon degus) and nocturnal rats
(Rattus norvegicus), Brain Res. 817 (1999) 93—103.

[107] M.E. Jewett, J.K. Wyatt, A. De Ritz-Cecco, S.B. Khalsa, D.J. Dijk,
C.A. Czeisler, Time course of sleep inertia dissipation in human
performance and alertness, J. Sleep Res. 8 (1999) 1-8.

[108] B.E. Jones, Basic mechanisms of sleep—wake states, in: M.H. Kryger,
T. Roth, W.C. Dement (Eds.), Principles and Practices in Sleep
Medicine, 3rd ed., WB Saunder, Philadelphia, 2000, pp. 134—154.

[109] B.E. Jones, Arousal systems, Front. Biosci. 8 (2003) s438—s451.

[110] D.N. Jones, J. Gartlon, F. Parker, S.G. Taylor, C. Routledge, P.
Hemmati, R.P. Munton, T.E. Ashmeade, J.P. Hatcher, A. Johns, R.A.
Porter, J.J. Hagan, A.J. Hunter, N. Upton, Effects of centrally

administered orexin-B and orexin-A: a role for orexin-1 receptors in
orexin-B-induced hyperactivity, Psychopharmacology (Berlin) 153
(2001) 210-218.

[111] A. Kalsbeek, R.M. Buijs, Rhythms of inhibitory and excitatory
output from the circadian timing system as revealed by in vivo
microdialysis, Prog. Brain Res. 111 (1996) 273-293.

[112] A. Kalsbeek, R.M. Buijs, Output pathways of the mammalian
suprachiasmatic nucleus: coding circadian time by transmitter
selection and specific targeting, Cell Tissue Res. 309 (2002)
109-118.

[113] A. Kalsbeek, W.J. Drijthout, B.H. Westerink, J.J. van Heerikhuize,
T.P. van der Woude, J. van der Vliet, R.M. Buijs, GABA receptors in
the region of the dorsomedial hypothalamus of rats are implicated in
the control of melatonin and corticosterone release, Neuroendocri-
nology 63 (1996) 69—78.

[114] A. Kalsbeek, M.L. Garidou, LF. Palm, J. Van Der Vliet, V.
Simonneaux, P. Pevet, R.M. Buijs, Melatonin sees the light:
blocking GABA-ergic transmission in the paraventricular nucleus
induces daytime secretion of melatonin, Eur. J. Neurosci. 12 (2000)
3146-3154.

[115] A. Kalsbeek, S. la Fleur, C. Van Heijningen, R.M. Buijs, Supra-
chiasmatic GABAergic inputs to the paraventricular nucleus control
plasma glucose concentrations in the rat via sympathetic innervation
of the liver, J. Neurosci. 24 (2004) 7604—7613.

[116] C. Katona, S. Rose, L. Smale, The expression of Fos within the
suprachiasmatic nucleus of the diurnal rodent Arvicanthis niloticus,
Brain Res. 791 (1998) 27-34.

[117] T.S. Kilduff, C.A. Kushida, Circadian regulation of sleep, in: S.
Chokroverty (Ed.), Sleep Disorders: Basic Science, Technical
Considerations and Clinical Aspects, 2nd ed., Butterwirth-Hiene-
mann, 1999, pp. 135-147.

[118] V.M. King, S. Chahad-Ehlers, S. Shen, A.J. Harmar, E.S. Maywood,
M.H. Hastings, A hVIPR transgene as a novel tool for the analysis of
circadian function in the mouse suprachiasmatic nucleus, Eur. J.
Neurosci. 17 (2003) 822—-832.

[119] L.I. Kiyashchenko, B.Y. Mileykovskiy, N. Maidment, H.A. Lam,
M.F. Wu, J. John, J. Peever, JM. Siegel, Release of hypocretin
(orexin) during waking and sleep states, J. Neurosci. 22 (2002)
5282-5286.

[120] D.C. Klein, R.Y. Moore, S.M. Reppert, The suprachiasmatic nucleus:
the mind’s clock, Oxford Univ. Press, New York, 1991.

[121] N. Kleitman, Sleep and wakefulness, University of Chicago Press,
Chicago, 1964.

[122] E.B. Klerman, Z. Boulos, D.M. Edgar, R.E. Mistlberger, M.C.
Moore-Ede, Circadian and homeostatic influences on sleep in the
squirrel monkey: sleep after sleep deprivation, Sleep 22 (1999)
45-59.

[123] E.B. Klerman, Z. Boulos, D.M. Edgar, R.E. Mistlberger, M.C.
Moore-Ede, EEG delta activity during undisturbed sleep in the
squirrel monkey, Sleep Res. Online 3 (2000) 113—119.

[124] K. Kocsis, J. Kiss, A. Csaki, B. Halasz, Location of putative
glutamatergic neurons projecting to the medial preoptic area of the
rat hypothalamus, Brain Res. Bull. 61 (2003) 459—468.

[125] D.E. Kolker, F.W. Turek, The search for circadian clock and sleep
genes, J. Psychopharmacol. 13 (1999) S5-S9.

[126] J. Kononen, J. Koistinaho, H. Alho, Circadian rhythm in c-fos-
like immunoreactivity in the rat brain, Neurosci. Lett. 120 (1990)
105-108.

[127] C. Kopp, U. Albrecht, B. Zheng, 1. Tobler, Homeostatic sleep
regulation is preserved in Perl and Per2 mutant mice, Eur. J.
Neurosci. 16 (2002) 1099—1106.

[128] A. Kramer, F.C. Yang, P. Snodgrass, X. Li, T.E. Scammell, F.C.
Davis, C.J. Weitz, Regulation of daily locomotor activity and sleep
by hypothalamic EGF receptor signaling, Science 294 (2001)
2511-2515.

[129] L.J. Kriegsfeld, R.K. Leak, C.B. Yackulic, J. LeSauter, R. Silver,
Organization of suprachiasmatic nucleus projections in Syrian



R.E. Mistlberger / Brain Research Reviews 49 (2005) 429-454 451

hamsters (Mesocricetus auratus): an anterograde and retrograde
analysis, J. Comp. Neurol. 468 (2004) 361—-379.

[130] S. Kurumiya, H. Kawamura, Circadian oscillation of the multiple
unit activity in the guinea pig suprachiasmatic nucleus, J. Comp.
Physiol., A 162 (1988) 301-308.

[131] J.E. Larkin, T. Yokogawa, H.C. Heller, P. Franken, N.F. Ruby,
Homeostatic regulation of sleep in arrhythmic Siberian hamsters,
Am. J. Physiol. 287 (2004) R104—R111.

[132] P. Lavie, Sleep—wake as a biological rhythm, Annu. Rev. Psychol. 52
(2001) 277-303.

[133] H.S. Lee, J.L. Nelms, M. Nguyen, R. Silver, M.N. Lehman, The eye
is necessary for a circadian rhythm in the suprachiasmatic nucleus,
Nat. Neurosci. 6 (2003) 111-112.

[134] J. Lee, D. Kim, H.S. Shin, Lack of delta waves and sleep
disturbances during non-rapid eye movement sleep in mice lacking
{a} 1G-subunit of T-type calcium channels, Proc. Natl. Acad. Sci.
U. S. A. 101 (52) (2004, Dec 28) 18195-18199 (Electronic
publication, 2004 Dec 15).

[135] M.N. Lehman, R. Silver, W.R. Gladstone, R.M. Kahn, M. Gibson,
E.L. Bittman, Circadian rhythmicity restored by neural transplant.
Immunocytochemical characterization of the graft and its integration
with the host brain, J. Neurosci. 7 (1987) 1626—1638.

[136] X. Li, N. Sankrithi, F.C. Davis, Transforming growth factor-a is
expressed in astrocytes of the suprachiasmatic nucleus in hamster:
role of glial cells in circadian clocks, NeuroReport 13 (2002)
2143-2147.

[137] J. Lu, M.A. Greco, P. Shiromani, C.B. Saper, Effect of lesions
of the ventrolateral preoptic nucleus on NREM and REM sleep,
J. Neurosci. 20 (2000) 3830—3842.

[138] J. Lu, Y.H. Zhang, T.C. Chou, S.E. Gaus, J.K. Elmquist, P.
Shiromani, C.B. Saper, Contrasting effects of ibotenate lesions of
the paraventricular nucleus and subparaventricular zone on sleep—
wake cycle and temperature regulation, J. Neurosci. 21 (2001)
4864—4874.

[139] G.B. Lundkvist, K. Kristensson, M. Bentivoglio, Why trypanosomes
cause sleeping sickness, Physiology 19 (2004) 198—206.

[140] K. Machida, C.M. Lambert, L. Smale, D.R. Weaver, Prokineticin-2
and prokineticin receptors in a diurnal rodent, Arvicanthus niloticus,
Proc. Soc. Res. Biol. Rhythms 9 (2004) 178.

[141] M. Mackiewicz, A.L. Pack, Functional genomics of sleep, Respir.
Physiol. Neurobiol. 135 (2003) 207-220.

[142] L. Maron, A. Rechtschaffen, E.A. Wolpert, Sleep cycle during
napping, Arch. Gen. Psychiatry 11 (1964) 3-8.

[143] G.S. Martinez, L. Smale, A.A. Nunez, Diurnal and nocturnal rodents
show rhythms in orexinergic neurons, Brain Res. 955 (2002) 1-7.

[144] G.S. Martinez, A. Nunez, L. Smale, Vasoactive intestional polypep-
tide contacts on orexin neurons in diurnal but not nocturnal rodents,
Proc. Soc. Res. Biol. Rhythms 9 (2004) 178.

[145] PJ. Martins, V. D’Almeida, M. Pedrazzoli, L. Lin, E. Mignot, S.
Tufik, Increased hypocretin-1 (orexin-a) levels in cerebrospinal
fluid of rats after short-term forced activity, Regul. Pept. 117 (2004)
155-158.

[146] V. Mavjee, J.A. Horne, Boredom effects on sleepiness/alertness in
the early afternoon vs. early evening and interactions with warm
ambient temperature, Br. J. Psychol. 85 (Pt. 3) (1994) 317-333.

[147] D.A. McCormick, T. Bal, Sleep and arousal: thalamocortical
mechanisms, Annu. Rev. Neurosci. 20 (1997) 185-215.

[148] D. McGinty, R. Szymusiak, The sleep-wake switch: a neuronal alarm
clock, Nat. Med. 6 (2000) 510-511.

[149] J.H. Meijer, S. Daan, G.J. Overkamp, P.M. Hermann, The two-
oscillator circadian system of tree shrews (Tupaia belangeri) and its
response to light and dark pulses, J. Biol. Rhythms 5 (1990) 1-16.

[150] W.B. Mendelson, B.M. Bergmann, A. Tung, Baseline and post-
deprivation recovery sleep in SCN-lesioned rats, Brain Res. 980
(2003) 185-190.

[151] E.L. Meyer-Bernstein, A.E. Jetton, S.I. Matsumoto, J.F. Markuns,
M.N. Lehman, E.L. Bittman, Effects of suprachiasmatic transplants

on circadian rhythms of neuroendocrine function in golden hamsters,
Endocrinology 140 (1999) 207-218.

[152] M. Mieda, M. Yanagisawa, Sleep, feeding, and neuropeptides: roles
of orexins and orexin receptors, Curr. Opin. Neurobiol. 12 (2002)
339-345.

[153] M. Mieda, S.C. Williams, C.M. Sinton, J.A. Richardson, T.
Sakurai, M. Yanagisawa, Orexin neurons function in an efferent
pathway of a food-entrainable circadian oscillator in eliciting food-
anticipatory activity and wakefulness, J. Neurosci. 24 (2004)
10493-10501.

[154] M. Mirmiran, Y.G. Maas, R.L. Ariagno, Development of fetal and
neonatal sleep and circadian rhythms, Sleep Med. Rev. 7 (2003)
321-334.

[155] R.E. Mistlberger, B.M. Bergmann, W. Waldenar, A. Rechtschaffen,
Recovery sleep following sleep deprivation in intact and supra-
chiasmatic nuclei-lesioned rats, Sleep 6 (1983) 217—233.

[156] R. Mistlberger, B. Bergmann, A. Rechtschaffen, Period-amplitude
analysis of rat electroencephalogram: effects of sleep deprivation and
exercise, Sleep 10 (1987) 508—522.

[157] R.E. Mistlberger, B.M. Bergman, A. Rechtschaffen, Relationships
among wake episode lengths, contiguous sleep episode lengths and
electroencephalographic delta waves in rats with suprachiasmatic
nucleus lesions, Sleep 10 (1987) 12—24.

[158] R.E. Mistlberger, M.C. Antle, T.S. Kilduff, M. Jones, Food- and
light-entrained circadian rhythms in rats with hypocretin-2-saporin
ablations of the lateral hypothalamus, Brain Res. 980 (2003)
161-168.

[159] T. Mochizuki, T.E. Scammell, Orexin/Hypocretin: wired for wake-
fulness, Curr. Biol. 13 (2003) R563-R564.

[160] T. Mochizuki, A. Crocker, S. McCormack, M. Yanagisawa, T.
Sakurai, T.E. Scammell, Behavioral state instability in orexin knock-
out mice, J. Neurosci. 24 (2004) 6291—6300.

[161] R.Y. Moore, Circadian timing, in: L.R. Squire, F.E. Bloom, S.K.
McConnell, J.L. Roberts, N.C. Spitzer, M.J. Zigmond (Eds.),
Fundamental Neurosciences, 2nd ed., Academic Press, San Diego,
2003, pp. 1067—-1087.

[162] R.Y. Moore, R.L. Danchenko, Paraventricular—subparaventricular
hypothalamic lesions selectively affect circadian function, Chrono-
biol. Int. 19 (2002) 345-360.

[163] R.Y. Moore, D.C. Klein, Visual pathways and the central neural
control of a circadian rhythm in pineal serotonin N-acetyltransferase
activity, Brain Res. 71 (1974) 17-33.

[164] R.Y. Moore, J.C. Speh, GABA is the principal neurotransmitter of
the circadian system, Neurosci. Lett. 150 (1993) 112—116.

[165] L.P. Morin, N. Goodless-Sanchez, L. Smale, R.Y. Moore, Projec-
tions of the suprachiasmatic nuclei, subparaventricular zone and
retrochiasmatic area in the golden hamster, Neuroscience 61 (1994)
391-410.

[166] J. Mouret, J. Coindet, G. Debilly, G. Chouvet, Suprachiasmatic
nuclei lesions in the rat: alterations in sleep circadian rhythms,
Electroencephalogr. Clin. Neurophysiol. 45 (1978) 402—408.

[167] W. Nakamura, S. Honma, T. Shirakawa, K. Honma, Regional
pacemakers composed of multiple oscillator neurons in the rat
suprachiasmatic nucleus, Eur. J. Neurosci. 14 (2001) 666—674.

[168] K. Nakata, H. Kawamura, EcG sleep—waking rhythms and bodily
activity in the cervaux isole rat, Physiol. Behav. 36 (1986)
1167-1172.

[169] W.H. Nauta, Hypothalamic regulation of sleep in rats: an exper-
imental study, J. Neurophysiol. 9 (1946) 285-316.

[170] E. Naylor, B.M. Bergmann, K. Krauski, P.C. Zee, J.S. Takahashi,
M.H. Vitaterna, F.W. Turek, The circadian clock mutation alters
sleep homeostasis in the mouse, J. Neurosci. 20 (2000) 8138—-8143.

[171] D. Neckelmann, R. Ursin, Sleep stages and EEG power spectrum in
relation to acoustical stimulus arousal threshold in the rat, Sleep 16
(1993) 467-477.

[172] J.P. Nixon, L. Smale, Individual differences in wheel-running
rhythms are related to temporal and spatial patterns of activation



452 R.E. Mistlberger / Brain Research Reviews 49 (2005) 429-454

of orexin A and B cells in a diurnal rodent (Arvicanthis niloticus),
Neuroscience 127 (2004) 25—-34.

[173] C.M. Novak, L. Smale, A.A. Nunez, Fos expression in the
sleep-active cell group of the ventrolateral preoptic area in the
diurnal murid rodent, Arvicanthis niloticus, Brain Res. 818 (1999)
375-382.

[174] C.M. Novak, L. Smale, A.A. Nunez, Rhythms in Fos expression in
brain areas related to the sleep—wake cycle in the diurnal Arvicanthis
niloticus, Am. J. Physiol. 278 (2000) R1267—-R1274.

[175] A.A. Nunez, A. Bult, T.L. McElhinny, L. Smale, Daily rhythms of
Fos expression in hypothalamic targets of the suprachiasmatic
nucleus in diurnal and nocturnal rodents, J. Biol. Rhythms 14
(1999) 300—-306.

[176] H. Okamura, S. Miyake, Y. Sumi, S. Yamaguchi, A. Yasui, M.
Muijtjens, J.H. Hoeijmakers, G.T. van der Horst, Photic induction of
Perl and Per2 in cry-deficient mice lacking a biological clock,
Science 286 (1999) 2531-2534.

[177] H. Oster, A. Avivi, A. Joel, U. Albrecht, E. Nevo, A switch from
diurnal to nocturnal activity in S. ehrenbergi is accompanied by an
uncoupling of light input and the circadian clock, Curr. Biol. 12
(2002) 1919-1922.

[178] H.C. Pape, T. Munsch, Novel vistas of calcium-mediated signalling
in the thalamus, Pflugers Arch. 448 (2004) 131—-138.

[179] R. Parmentier, H. Ohtsu, Z. Djebbara-Hannas, J.L. Valatx, T.
Watanabe, J.S. Lin, Anatomical, physiological, and pharmacological
characteristics of histidine decarboxylase knock-out mice: evidence
for the role of brain histamine in behavioral and sleep—wake control,
J. Neurosci. 22 (2002) 7695-7711.

[180] S. Perreau-Lenz, A. Kalsbeek, M.L. Garidou, J. Wortel, J. van der
Vliet, C. van Heijningen, V. Simonneaux, P. Pevet, R.M. Buijs,
Suprachiasmatic control of melatonin synthesis in rats: inhibitory and
stimulatory mechanisms, Eur. J. Neurosci. 17 (2003) 221-228.

[181] S. Perreau-Lenz, A. Kalsbeek, P. Pevet, R.M. Buijs, Glutamatergic
clock output stimulates melatonin synthesis at night, Eur. J. Neuro-
sci. 19 (2004) 318—324.

[182] C. Peyron, D.K. Tighe, A.N. van den Pol, L. de Lecea, H.C.
Heller, J.G. Sutcliffe, T.S. Kilduff, Neurons containing hypocretin
(orexin) project to multiple neuronal systems, J. Neurosci. 18
(1998) 9996-10015.

[183] C. Peyron, J. Faraco, W. Rogers, B. Ripley, S. Overeem, Y. Charnay,
S. Nevsimalova, M. Aldrich, D. Reynolds, R. Albin, R. Li, M.
Hungs, M. Pedrazzoli, M. Padigaru, M. Kucherlapati, J. Fan, R.
Maki, G.J. Lammers, C. Bouras, R. Kucherlapati, S. Nishino, E.
Mignot, A mutation in a case of early onset narcolepsy and a
generalized absence of hypocretin peptides in human narcoleptic
brains, Nat. Med. 6 (9) (2000 Sep.) 991-997.

[184] L.M. Prolo, J.S. Takahashi, E.D. Herzog, Circadian rhythm
generation and entrainment in astrocytes, J. Neurosci. 25 (2005)
404-408.

[185] A.A. Putilov, Timing of sleep modelling: circadian modulation of the
homeostatic process, Biol. Rhythm Res. 26 (1995) 1-19.

[186] J.E. Quintero, S.J. Kuhlman, D.G. McMahon, The biological
clock nucleus: a multiphasic oscillator network regulated by light,
J. Neurosci. 23 (2003) 8070—8076.

[187] M.R. Ralph, R.G. Foster, F.C. Davis, M. Menaker, Transplanted
suprachiasmatic nucleus determines circadian period, Science 247
(1990) 975-978.

[188] S.W. Ranson, Somnolence caused by hypothalamatic lesions in the
monkey, Arch. Neurol. Psychiatry 9 (1939) 285-316.

[189] A. Rechtschaffen, B.M. Bergmann, M.A. Gilliland, K. Bauer, Effects
of method, duration, and sleep stage on rebounds from sleep
deprivation in the rat, Sleep 22 (1999) 11-31.

[190] U. Redlin, Neural basis and biological function of masking by light
in mammals: suppression of melatonin and locomotor activity,
Chronobiol. Int. 18 (2001) 737-758.

[191] U. Redlin, N. Mrosovsky, Masking of locomotor activity in
hamsters, J. Comp. Physiol., A 184 (1999) 429—-437.

[192] U. Redlin, N. Mrosovsky, Masking by light in hamsters with SCN
lesions, J. Comp. Physiol., A 184 (1999) 439—448.

[193] W.J. Rietveld, M. Kooji, W. Flory, O.R. Aardoom, The effect of
dorsomedial hypothalamic lesions on the circadian control of food
intake, locomotor activity, body temperature, and estrous cycle in
rats, IRCS Med. Sci. 10 (1982) 439—-448.

[194] S.A. Rivkees, Developing circadian rhythmicity in infants, Pediatrics
112 (2003) 373-381.

[195] N.F. Ruby, A. Saran, T. Kang, P. Franken, H.C. Heller, Siberian
hamsters free run or become arrhythmic after a phase delay of the
photocycle, Am. J. Physiol. 271 (1996) R881—R890.

[196] N.E. Ruby, N. Joshi, H.C. Heller, Phase shift magnitude and
direction determine whether Siberian hamster reentrain to the
photocycle, J. Biol. Rhythms 13 (1998) 506—517.

[197] T. Ruf, S. Steinlechner, G. Heldmaier, Rhythmicity of body
temerature and torpor in the Djungarian hamster, Phodopus
sungorus, in: A. Malan, B. Canguilhem (Eds.), Living in the cold
11, John Libbey Eurotext, 1989.

[198] K. Saeb-Parsy, R.E. Dyball, Defined cell groups in the rat
suprachiasmatic nucleus have different day/night rhythms of
single-unit activity in vivo, J. Biol. Rhythms 18 (2003) 26—42.

[199] K. Saeb-Parsy, R.E. Dyball, Responses of cells in the rat supraoptic
nucleus in vivo to stimulation of afferent pathways are different at
different times of the light/dark cycle, J. Neuroendocrinol. (2004)
131-137.

[200] K. Saeb-Parsy, S. Lombardelli, F.Z. Khan, K. McDowall, LT. Au-
Yong, R.E. Dyball, Neural connections of hypothalamic neuro-
endocrine nuclei in the rat, J. Neuroendocrinol. 12 (2000) 635—648.

[201] M.V. Sanchez-Vives, D.A. McCormick, Cellular and network
mechanisms of rhythmic recurrent activity in neocortex, Nat.
Neurosci. 3 (2000) 1027-1034.

[202] T. Sakurai, A. Amemiya, M. Ishii, I. Matsuzaki, R.M. Chemelli, H.
Tanaka, S.C. Williams, J.A. Richarson, G.P. Kozlowski, S. Wilson,
J.R. Arch, R.E. Buckingham, A.C. Haynes, S.A. Carr, R.S. Annan,
D.E. McNulty, W.S. Liu, J.A. Terrett, N.A. Elshourbagy, D.J.
Bergsma, M. Yanagisawa, Orexins and orexin receptors: a family
of hypothalamic neuropeptides and G protein-coupled receptors that
regulate feeding behavior, Cell 92 (1998).

[203] C.B. Saper, T.C. Chou, T.E. Scammell, The sleep switch: hypo-
thalamic control of sleep and wakefulness, Trends Neurosci. 24
(2001) 726-731.

[204] T. Sato, H. Kawamura, Circadian rhythms in multiple unit activity
inside and outside the suprachiasmatic nucleus in the diurnal
chipmunk (Eutamias sibiricus), Neurosci. Res. 1 (1984) 45-52.

[205] T.E. Scammell, I.V. Estabrooke, M.T. McCarthy, R.M. Chemelli, M.
Yanagisawa, M.S. Miller, C.B. Saper, Hypothalamic arousal regions
are activated during modafinil-induced wakefulness, J. Neurosci. 20
(2000) 8620—8628.

[206] J. Schaap, H. Albus, H.T. VanderLeest, P.H. Eilers, L. Detari, J.H.
Meijer, Heterogeneity of rhythmic suprachiasmatic nucleus neurons:
implications for circadian waveform and photoperiodic encoding,
Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 15994—15999.

[207] J. Schaap, C.M. Pennartz, J.H. Meijer, Electrophysiology of the
circadian pacemaker in mammals, Chronobiol. Int. 20 (2003)
171-188.

[208] M.H. Schmidt, J.L. Valatx, K. Sakai, P. Fort, M. Jouvet, Role of the
lateral preoptic area in sleep-related erectile mechanisms and sleep
generation in the rat, J. Neurosci. 20 (2000) 6640—6667.

[209] W.J. Schwartz, S.M. Reppert, S.M. Eagan, M.C. Moore-Ede, In vivo
metabolic activity of the suprachiasmatic nuclei: a comparative
study, Brain Res. 274 (1983) 184—187.

[210] W.J. Schwartz, R.A. Gross, M.T. Morton, The suprachiasmatic
nuclei contain a tetrodotoxin-resistant circadian pacemaker, Proc.
Natl. Acad. Sci. U. S. A. 84 (1987) 1694—1698.

[211] M.D. Schwartz, A.A. Nunez, L. Smale, Differences in the supra-
chiasmatic nucleus and lower subparaventricular zone of diurnal and
nocturnal rodents, Neuroscience 127 (2004) 13—23.



R.E. Mistlberger / Brain Research Reviews 49 (2005) 429-454 453

[212] B. Schwierin, A.A. Borbely, I. Tobler, Prolonged effects of 24-h total
sleep deprivation on sleep and sleep EEG in the rat, Neurosci. Lett.
261 (1999) 61-64.

[213] PJ. Shaw, P. Franken, Perchance to dream: solving the mystery of
sleep through genetic analysis, J. Neurobiol. 54 (2003) 179-202.

[214] J.E. Sherin, P.J. Shiromani, R.W. McCarley, C.B. Saper, Activation
of ventrolateral preoptic neurons during sleep, Science 271 (1996)
216-219.

[215] K. Shinohara, S. Honma, Y. Katsuno, H. Abe, K. Honma, Two
distinct oscillators in the rat suprachiasmatic nucleus in vitro, Proc.
Natl. Acad. Sci. U. S. A. 92 (1995) 7396—7400.

[216] P.J. Shiromani, M. Xu, E.M. Winston, S.N. Shiromani, D.
Gerashchenko, D.R. Weaver, Sleep rhythmicity and homeostasis in
mice with targeted disruption of mPeriod genes, Am. J. Physiol.:
Regul., Integr. Comp. Physiol. 287 (2004) R47—-R57.

[217] J.M. Siegel, Brainstem mechanisms generating REM sleep, in: M.K.
Kryger, T. Roth, W.C. Dement (Eds.), Principals and Practice of
Sleep Medicine, third ed., Saunders, New York, 2000, pp. 12—133.

[218] J.M. Siegel, Hypocretin (orexin): role in normal behavior and
neuropathology, Annu. Rev. Psychol. 55 (2004) 125-148.

[219] R. Silver, J. LeSauter, P.A. Tresco, M.N. Lehman, A diffusible
coupling signal from the transplanted suprachiasmatic nucleus
controlling circadian locomotor rhythms, Nature 382 (1996)
810-813.

[220] C.L. Sisk, F.K. Stephan, Central visual pathways and the distribution
of sleep in 24-hr and 1-hr light-dark cycles, Physiol. Behav. 29
(1982) 231-239.

[221] L. Smale, T. Lee, A.A. Nunez, Mammalian diurnality: some facts
and gaps, J. Biol. Rhythms 18 (2003) 356—366.

[222] C.A. Smeraski, PJ. Sollars, M.D. Ogilivie, L.W. Enquist, G.E.
Pickard, Suprachiasmatic nucleus input to autonomic circuits
identified by retrograde transsynaptic transport of pseudorabies virus
from the eye, J. Comp. Neurol. 471 (2004) 298—-313.

[223] S. Steinlechner, A. Stieglitz, T. Ruf, Djungarian hamsters: a species
with a labile circadian pacemaker? Arrhythmicity under a light—
dark cycle induced by short light pulses, J. Biol. Rhythms 17
(2002) 248-258.

[224] E. Stellar, The physiology of motivation, Psychol. Rev. 61 (1954)
5-22.

[225] F.K. Stephan, K.J. Berkley, R.L. Moss, Efferent connections of the
rat suprachiasmatic nucleus, Neuroscience 6 (1981) 2625-2641.

[226] M. Steriade, D.A. McCormick, T.J. Sejnowski, Thalamocortical
oscillations in the sleeping and aroused brain, Science 262 (1993)
679-685.

[227] X. Sun, B. Rusak, K. Semba, Electrophysiology and pharmacology
of projections from the suprachiasmatic nucleus to the ventromedial
preoptic area in rat, Neuroscience 98 (2000) 715—-728.

[228] X. Sun, S. Whitefield, B. Rusak, K. Semba, Electrophysiological
analysis of suprachiasmatic nucleus projections to the ventrolateral
preoptic area in the rat, Eur. J. Neurosci. 14 (2001) 1257—1274.

[229] N. Suntsova, R. Szymusiak, M.N. Alam, R. Guzman-Marin, D.
McGinty, Sleep-waking discharge patterns of median preoptic
nucleus neurons in rats, J. Physiol. 543 (2002) 665—-677.

[230] J.G. Sutcliffe, L. de Lecea, The hypocretins: setting the arousal
threshold, Nat. Rev., Neurosci. 3 (2002) 339—-349.

[231] R. Szymusiak, D. McGinty, Sleep suppression following kainic
acid-induced lesions of the basal forebrain, Exp. Neurol. 94 (1986)
598-614.

[232] R. Szymusiak, N. Alam, T.L. Steininger, D. McGinty, Sleep-waking
discharge patterns of ventrolateral preoptic/anterior hypothalamic
neurons in rats, Brain Res. 803 (1998) 178—188.

[233] R. Szymusiak, T. Steininger, N. Alam, D. McGinty, Preoptic area
sleep-regulating mechanisms, Arch. Ital. Biol. 139 (2001) 77-92.

[234] X. Tan, M. Uchiyama, K. Shibui, H. Tagaya, H. Suzuki, Y. Kamei,
K. Kim, S. Aritaka, A. Ozaki, K. Takahashi, Circadian rhythms in
humans’ delta sleep electroencephalogram, Neurosci. Lett. 344
(2003) 205-208.

[235] X. Tang, S.M. Orchard, X. Liu, L.D. Sanford, Effect of varying
recording cable weight and flexibility on activity and sleep in mice,
Sleep 27 (2004) 803—810.

[236] T.C. Thannickal, R.Y. Moore, R. Nienhuis, L. Ramanathan, S.
Gulyani, M. Aldrich, M. Cornford, J.M. Siegel, Reduced number of
hypocretin neurons in human narcolepsy, Neuron 27 (3) (2000, Sep)
469—-474.

[237] 1. Tobler, A.A. Borbely, Sleep EEG in the as a function of prior
waking, Electroencephalogr. Clin. Neurophysiol. 64 (1986) 74—-76.

[238] 1. Tobler, A.A. Borbely, G. Groos, The effect of sleep deprivation on
sleep in rats with suprachiasmatic lesions, Neurosci. Lett. 42 (1983)
49-54.

[239] P. Torterolo, J. Yamuy, S. Sampogna, F.R. Morales, M.H. Chase,
Hypocretinergic neurons are primarily involved in activation of the
somatomotor system, Sleep 26 (2003) 25-28.

[240] E. Tousson, H. Meissl, Suprachiasmatic nuclei grafts restore the
circadian rhythm in the paraventricular nucleus of the hypothalamus,
J. Neurosci. 24 (2004) 2983 —-2988.

[241] L. Trachsel, D.M. Edgar, W.F. Seidel, H.C. Heller, W.C. Dement,
Sleep homeostasis in suprachiasmatic nuclei-lesioned rats: effects of
sleep deprivation and triazolam administration, Brain Res. 589
(1992) 253-261.

[242] M.A. Vogelbaum, M. Menaker, Temporal chimeras produced by
hypothalamic transplants, J. Neurosci. 12 (1992) 3619-3627.

[243] C. von Economo, Sleep as a problem of localization, J. Nerv. Ment.
Dis. 41 (1930) 1-23.

[244] A.G. Watts, The effrent projections of the suprachiasmatic nucleus:
anatomical insights into the control of circadian rhythms, in: D.C.
Klein, R.Y. Moore, S.M. Reppert (Eds.), Suprachiasmatic Nucleus:
the Mind’s Clock, Oxford Univ. Press, New York, 1991, pp. 77—106.

[245] W.B. Webb, H.W. Agnew Jr., Stage 4 sleep: influence of time course
variables, Science 174 (1971) 1354—1356.

[246] 1.C. Webb, D. Hamson, R.E. Mistlberger, Activation of the
hypocretin system in Syrian hamsters by non-photic stimuli during
the subjective day, Proc. Soc. Res. Biol. Rhythms 9 (2004) 119.

[247] T.A. Wehr, The durations of human melatonin secretion and sleep
respond to changes in daylength (photoperiod), J. Clin. Endocrinol.
Metab. 73 (1991) 1276—1280.

[248] D.K. Welsh, G.S. Richardson, W.C. Dement, Effect of running wheel
availability on circadian patterns of sleep and wakefulness in mice,
Physiol. Behav. 43 (1988) 771-777.

[249] D.K. Welsh, D.E. Logothetis, M. Meister, S.M. Reppert, Individual
neurons dissociated from rat suprachiasmatic nucleus express
independently phased circadian firing rhythms, Neuron 14 (1995)
697-706.

[250] E. Werth, D.J. Dijk, P. Achermann, A.A. Borbely, Dynamics of the
sleep EEG after an early evening nap: experimental data and
simulations, Am. J. Physiol. 271 (1996) R501-R510.

[251] H.L. Williams, J.T. Hammack, R.L. Daly, W.C. Dement, A. Lubin,
Responses to auditory stimulation, sleep Loss and the EEG stages of
sleep, Electroencephalogr. Clin. Neurophysiol. 16 (1964) 269—279.

[252] J.T. Willie, R.M. Chemelli, C.M. Sinton, S. Tokita, S.C. Williams,
Y.Y. Kisanuki, J.N. Marcus, C. Lee, J.K. Elmquist, K.A. Kohlmeier,
C.S. Leonard, J.A. Richardson, R.E. Hammer, M. Yanagisawa,
Distinct narcolepsy syndromes in Orexin receptor-2 and Orexin null
mice: molecular genetic dissection of Non-REM and REM sleep
regulatory processes, Neuron 38 (2003) 715-730.

[253] J.P. Wisor, B.F. O’Hara, A. Terao, C.P. Selby, T.S. Kilduff, A.
Sancar, D.M. Edgar, P. Franken, A role for cryptochromes in sleep
regulation, BMC Neurosci. 3 (2002) 20.

[254] M.F. Wu, J. John, N. Maidment, H.A. Lam, J.M. Siegel, Hypocretin
release in normal and narcoleptic dogs after food and sleep
deprivation, eating, and movement, Am. J. Physiol. 283 (2002)
R1079-R1086.

[255] S.W. Wurts, D.M. Edgar, Circadian and homeostatic control of rapid
eye movement (REM) sleep: promotion of REM tendency by the
suprachiasmatic nucleus, J. Neurosci. 20 (2000) 4300—4310.



454 R.E. Mistlberger / Brain Research Reviews 49 (2005) 429-454

[256] S. Yamaguchi, H. Isejima, T. Matsuo, R. Okura, K. Yagita, M. [258] Y. Yoshida, N. Fujiki, T. Nakajima, B. Ripley, H. Matsumura, H.
Kobayashi, H. Okamura, Synchronization of cellular clocks in the Yoneda, E. Mignot, S. Nishino, Fluctuation of extracellular hypo-
suprachiasmatic nucleus, Science 302 (2003) 1408—1412. cretin-1 (orexin A) levels in the rat in relation to the light—dark cycle

[257] A. Yamanaka, C.T. Beuckmann, J.T. Willie, J. Hara, N. Tsujino, M. and sleep—wake activities, Eur. J. Neurosci. 14 (2001) 1075—1081.
Mieda, M. Tominaga, K. Yagami, F. Sugiyama, K. Goto, M. [259] J.M. Zeitzer, C.L. Buckmaster, K.J. Parker, C.M. Hauck, D.M.
Yanagisawa, T. Sakurai, Hypothalamic orexin neurons regulate Lyons, E. Mignot, Circadian and homeostatic regulation of
arousal according to energy balance in mice, Neuron 38 (2003) hypocretin in a primate model: implications for the consolidation

701-713. of wakefulness, J. Neurosci. 23 (2003) 3555-3560.



	Circadian regulation of sleep in mammals: Role of the suprachiasmatic nucleus
	Introduction
	Total daily sleep time in the absence of circadian rhythms: nocturnal rodents
	SCN ablation does not affect total daily sleep time in nocturnal rats
	SCN ablation may increase total daily sleep time in some strains of mice
	Reversible arrhythmicity, by some but not other methods, increases total daily sleep time in some, but not other species
	Sleep in circadian clock gene mutants: brave new world
	Daily sleep time and arrhythmicity: summary

	Insights from sleep deprivation studies
	The SCN alternately opposes and promotes sleep in nocturnal rats
	The SCN may promote sleep intensity in nocturnal rodents

	Circadian clock regulation of sleep in humans
	Circadian clock outputs to sleep-wake circuits
	Circadian profile of SCN neural activity
	SCN efferents: overview
	SCN efferents to the subparaventricular zone are critical for sleep-wake rhythm
	SCN projections to rostral sleep areas
	SCN projections to caudal wake areas
	SCN efferents to hypothalamic sleep-wake circuits: interim summary
	SCN efferents regulate endocrine and autonomic correlates of sleep and wake
	SCN diffusible factors actively inhibit arousal and locomotion in nocturnal rodents
	Neural basis of diurnality: preliminary observations
	SCN output signals: conclusions

	Hypersomnia in SCN-ablated squirrel monkeys, revisited
	Anatomical specificity of SCN ablation effects
	Opponent processes: staying clear on the concept
	Conclusions
	Acknowledgments
	References


