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Birds are the only taxonomic group other than mammals that exhibit high-amplitude slow-waves in the
electroencephalogram (EEG) during sleep. This defining feature of slow-wave sleep (SWS) apparently
evolved independently in mammals and birds, as reptiles do not exhibit similar EEG activity during sleep.
In mammals, the level of slow-wave activity (SWA) (low-frequency spectral power density) during SWS

increases and decreases as a function of prior time spent awake and asleep, respectively, and therefore

Keywords: reflects homeostatically regulated sleep processes potentially tied to the function of SWS. Although birds
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REM sleep also exhibit SWS, previous sleep deprivation studies in birds did not detect a compensatory increase in
Homeostasis SWS-related SWA during recovery, as observed in similarly sleep-deprived mammals. This suggested
Pallium that, unlike mammalian SWS, avian SWS is not homeostatically regulated, and therefore might serve a
Slow oscillation different function. However, we recently demonstrated that SWA during SWS increases in pigeons
Cognition following short-term sleep deprivation. Herein we summarize research on avian sleep homeostasis, and
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cast our evidence for this phenomenon within the context of theories for the function of SWS in
mammals. We propose that the convergent evolution of homeostatically regulated SWS in mammals and

H}’PerPamum birds was directly linked to the convergent evolution of large, heavily interconnected brains capable of
]\N/[':S‘Zp:alll;;r; performing complex cognitive processes in each group. Specifically, as has been proposed for mammals,

Dorsal cortex

the interconnectivity that forms the basis of complex cognition in birds may also instantiate slow,
synchronous network oscillations during SWS that in turn maintain interconnectivity and cognition at an
optimal level.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The function(s) of sleep remain an unresolved question in
neuroscience (Rechtschaffen, 1998; Siegel, 2005; Stickgold, 2005;
Tononi and Cirelli, 2006; Lima and Rattenborg, 2007; Rattenborg
et al., 2007; Lesku et al., 2008a). The nature of the changes in brain
activity that distinguish sleep from wakefulness might provide
clues to the purpose for sleep. In mammals and birds, sleep
behavior is associated with two distinct brain states, slow-wave
sleep (SWS) and rapid eye movement (REM) sleep (Campbell and
Tobler, 1984; Rattenborg and Amlaner, 2002; Lesku et al., in press).
Whereas the electroencephalogram (EEG) during REM sleep
resembles the low-amplitude, high-frequency pattern character-
istic of wakefulness, the EEG during SWS shows high-amplitude,
slow-waves (0.5-4.5 Hz). In mammals, the amount of slow-wave
activity (SWA) (0.5-4.5 Hz power density) during SWS increases
and decreases, as a function of prior time spent awake and asleep,
respectively, and therefore appears to be homeostatically regu-
lated with the intensity of SWS reflected in the level of SWA
(Borbély and Achermann, 2005; Tobler, 2005). The dependence of
SWA on prior wakefulness and sleep has been modelled as a
homeostatically regulated process (Process S) reflecting sleep need
that accumulates as a saturating exponential function during
wakefulness and declines exponentially during sleep (Fig. 1;
Borbély and Achermann, 2005).
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Fig. 1. Model of homeostatically regulated Process S derived from the time course of
electroencephalogram slow-wave activity (SWA) in a diurnal mammal. Across a
normal 24-h period (blue lines in (A) and (B)). Process S is thought to accumulate as
a saturating exponential function of time spent awake during the day (yellow
shading), and decline as an exponential function of time spent in SWS at night (gray
shading). Staying awake for 40 h (A, red line) causes Process S to accumulate more
than normal, as reflected by an increase in SWA during recovery sleep. Conversely,
taking a 2-h nap starting at 1800 (B, green line) reduces Process S, as reflected by
lower SWA at the start of the subsequent major sleep period. This model of sleep
homeostasis has been validated in several species of mammals, and forms the basis
for current theories for the function of SWS (modified from Tobler and Achermann,
2007).

The function of SWS is likely to be closely tied to the
homeostatic regulation of SWS (Benington, 2000). Accordingly,
this phenomenon forms the basis for several theories for the
function of mammalian SWS (e.g., Krueger and Obal, 1993, 2003;
Benington and Frank, 2003; Tononi and Cirelli, 2003, 2006). Until
recently, however, it was unclear whether such theories were
applicable to birds. Although birds are the only taxonomic group
other than mammals to show unequivocal SWS, previous studies in
pigeons (Columba livia) did not detect an increase in SWA following
sleep deprivation (Tobler and Borbély, 1988), and thereby
suggested that birds might lack the neuroanatomy and mechan-
isms involved in mammalian SWS homeostasis (Zepelin et al.,
2005). This view was perhaps reinforced by the belief that the
avian telencephalon lacks a cortical structure comparable to the
laminar neocortex (Medina and Reiner, 2000), a possible require-
ment for SWS homeostasis. Indeed, historically the nuclear
arrangement of the avian telencephalon contributed to the belief
that it was primarily composed of a hypertrophied striatum
(Fig. 2A; Jarvis et al., 2005). However, evidence accumulating over
the last four decades (Karten, 1969) and culminating with recent
developmental gene expression studies (Smith-Fernandez et al.,
1998; Puelles et al, 2000) indicate that most of the avian
telencephalon is derived from the same pallial embryonic neural
tissue that gives rise to the mammalian neocortex, lateral cortex,
hippocampus, claustrum and the lateral parts of the amygdala
(Fig. 2B; Jarvis et al., 2005), a conclusion consistent with the finding
that the avian pallium is capable of orchestrating complex
cognitive processes, previously thought to require a neocortex
(reviewed in Emery and Clayton, 2004; Butler and Hodos, 2005;
Butler, 2008; Kirsch et al., 2008). Given this revised view on the
developmental and functional homology between the mammalian
neocortex and avian pallium, we revisited the possibility of avian
sleep homeostasis and found that despite lacking a laminar
neocortex, SWS is nonetheless homeostatically regulated in
pigeons in a manner similar to that observed in mammals
(Martinez-Gonzalez et al., 2008). Consequently, avian SWS may
serve a function similar to that in mammals.

In this review, we first summarize previous behavioral and
electrophysiological research on avian sleep homeostasis.
Although our focus is on SWS homeostasis, we also review the
evidence for avian REM sleep homeostasis. We also discuss the
implication of sleep homeostasis for birds that remain continu-
ously active for days, weeks, or longer (Rattenborg, 2006a). We
then cast our recent evidence for avian SWS homeostasis within
the context of current mammalian-based theories for the function
of SWS that hinge on SWS homeostasis. We also elaborate upon our
recent proposal that the independent evolution of SWS in
mammals and birds is directly linked to the independent evolution
of large (relative to body mass; Jerison, 2001), heavily inter-
connected brains (Rattenborg, 2006b, 2007). Notably, given our
recent evidence for avian SWS homeostasis, we suggest that the
interconnectivity that forms the basis of complex cognition in birds
may also instantiate slow, synchronous network oscillations that
in turn maintain interconnectivity and cognition at an optimal
level, as proposed for mammals (Tononi and Cirelli, 2003, 2006).
Throughout we intend to underscore the notion that the
independent evolution of homeostatically regulated SWS (and
REM sleep) in birds provides a largely untapped opportunity to
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Fig. 2. Avian and mammalian brain relationships. (A) Classic view of avian and mammalian brain relationships (left, songbird; right, human). Although past authors had
different opinions about which brain regions are pallium vs. subpallium, we have colored individual brain regions according to the meaning of the names given to those brain
regions. Ac, accumbens; B, nucleus basalis; Cd, caudate nucleus; CDL, dorsal lateral corticoid area; E, ectostriatum; GP, globus pallidus (i, internal segment; e, external
segment); HA, hyperstriatum accessorium; HV, hyperstriatum ventrale; IHA, interstitial hyperstriatum accessorium; L2, field L2; LPO, lobus parolfactorius; OB, olfactory
bulb; Pt, putamen; TuO, olfactory tubercle. (B) Modern consensus view of avian and mammalian brain relationships according to the conclusions of the Avian Brain
Nomenclature Forum. Solid white lines are lamina (cell-sparse zones separating brain subdivisions). Large white areas in the human cerebrum are axon pathways called
white matter. Dashed gray lines divide regions that differ by cell density or cell size; dashed white lines separate primary sensory neuron populations from adjacent regions.
Abbreviations where different from (A): E, entopallium; B, basorostralis; HA, hyperpallium apicale; Hp, hippocampus; IHA, interstitial hyperpallium apicale; MV,
mesopallium ventrale. Adapted by permission from Macmillan Publishers Ltd: Nature Reviews Neuroscience, Jarvis et al. (2005).

determine the functions of the electrophysiological correlates of
sleep in mammals through revealing overriding principles
common to both lineages.

2. Avian sleep homeostasis
2.1. Behavioral evidence

The first evidence for sleep homeostasis in birds came from a
study of sleep behavior in barbary doves (Streptopelia risoria).
Lendrem (1983) measured eye-closure (a correlate of sleep) in
groups of doves following 6-36 h of exposure to a ferret, a potential
predator. After removing the predator, the doves spent more time
with their eyes closed. Moreover, the degree to which eye closure

increased was correlated with the duration of prior exposure to the
predator. This suggested that the doves compensated for a
reduction in eye closure during exposure to the predator by
increasing eye closure once the predator was removed. Although
this dose-dependent relationship is consistent with sleep home-
ostasis in general, given the absence of electrophysiological
recordings, it was not possible to determine whether the increase
in eye closure reflected increased time in SWS or REM sleep, nor
whether SWS intensity (as measured by SWA) increased following
sleep deprivation. This is also a limitation of subsequent behavioral
studies of sleep homeostasis.

Boerema et al. (2003) examined the effects of sleep deprivation
on the proportion of behaviorally defined sleep spent with one or
both eyes closed in chickens (Gallus domesticus). Unlike most
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mammals, birds can keep one eye open during SWS (Rattenborg
et al, 2000). Unilateral eye closure is associated with an
interhemispheric asymmetry in EEG SWA, with the hemisphere
contralateral to the open eye showing lower SWA than the
hemisphere contralateral to the closed eye. Sleep with both eyes
closed is associated with either SWS with high levels of SWA in
both hemispheres or REM sleep. Mallard ducks (Anas platy-
rhynchos) are able to increase the proportion of SWS spent with one
eye open versus with both eyes closed in response to a perceived
increase in the risk of predation (Rattenborg et al., 1999). The
preference for engaging in SWS with both eyes closed under safe
conditions suggests that SWS with one eye open is less efficient
than SWS with both eyes closed, presumably due to the lower level
of SWA in the hemisphere contralateral to the open eye. Given
these findings, Boerema et al. (2003) predicted that following sleep
deprivation, chickens would decrease the time spent with one eye
closed and increase the time spent with both eyes closed. The
investigators prevented chickens from taking their normal day-
time naps during the entire 14-h light phase by walking past or
tapping the cage whenever the birds showed signs of sleep
behavior. As expected, time spent with one eye closed decreased
and time spent with both eyes closed increased during the night
following daytime sleep deprivation. These results are consistent
with the idea that chickens compensate for daytime sleep loss by
allocating more time to sleeping with both eyes closed. However,
because REM sleep also typically occurs with both eyes closed, it is
unclear whether the increase in bilateral eye closure following
sleep deprivation reflects an increase in time spent in REM sleep or
SWS with high levels of SWA in both hemispheres.

Recently, Bobbo et al. (2008) examined the effect of sleep
deprivation on time spent with one or both eyes closed in 11-day-
old female chicken chicks. The chicks were kept awake for 8 h by
forcing them to walk continuously on a treadmill. During recovery,
the time spent with both eyes closed increased by over 100%.
However, unlike the reduction in time spent with one eye closed
observed in older chickens following sleep deprivation (Boerema
et al,, 2003), the time spent with one eye closed, which only
encompassed 1% of the behaviorally defined sleep time, did not
change in chicks following sleep deprivation. The large increase in
sleep with both eyes closed is consistent with the notion that sleep
is homeostatically regulated in young chickens; however, given
that the birds were forced to walk continuously, exercise may have
contributed to the increase in sleep. Moreover, as with the
aforementioned behavioral study, it is not possible to determine
the extent to which the increase in bilateral eye closure reflected
an increase in REM sleep or SWS with high levels of SWA in both
hemispheres.

2.2. Electrophysiological evidence

2.2.1. Slow-wave sleep homeostasis during spontaneous sleep
In mammals that engage in extended periods of wakefulness on
a daily basis, SWA during SWS is greatest at the start of a major
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sleep period and progressively declines thereafter (Tobler, 2005).
Only a few studies have looked for a similar pattern in birds. In a
study of chickens, van Luijtelaar et al. (1987) provided the first
description of a change in low-frequency EEG activity across the
night in a bird. Rather than using fast Fourier transforms (FFTs) to
quantify changes in low-frequency EEG activity, as done in later
studies, van Luijtelaar et al. used an automated method to count
the number of slow-waves (2.5-5.0 Hz) that exceeded an arbitrary
voltage. The number of slow-waves per each 2-h period of the 10-h
night declined significantly across the night. Although this decline
was suggestive of SWS homeostasis, it might have reflected a
decline in the occurrence of SWS across the night, rather than a
decline in the amount of high-voltage, slow-waves during SWS.

Subsequently, Tobler and Borbély (1988) used FFTs to examine
the time course of SWA in pigeons. Although the pigeons slept
more at night, a clear decline in SWA (0.75-4.5 Hz power density)
across the night was not evident during sleep. Similarly, Berger and
Phillips (1994) also did not detect a decline in SWA (0.75-4.0 Hz
power density between 50 and 200 W.V?/Hz) at night in pigeons. In
contrast to these studies, however, we recently found a significant
effect of time of night on the level of SWA (0.78-2.34 Hz power
density) during SWS in pigeons; mean SWA was highest during the
first or second quarter of the night (depending of the location of the
EEG electrodes) and lowest during the last (Martinez-Gonzalez
et al., 2008). Although the overall trend was for SWA to decline
across the night, it remains unclear why SWA was not consistently
highest during the first quarter, as expected if SWS is home-
ostatically regulated in pigeons.

Although the evidence for SWS homeostasis in pigeons based
solely on the spontaneous time course of nocturnal SWA is
equivocal, SWA clearly declines across the night in several species
of songbirds. In a study of the European blackbird (Turdus merula),
Szymczak et al. (1996) provided the first evidence for a decline
across the night in SWS-related SWA (0.5-4.0 Hz power density)
(Fig. 3). SWA calculated for successive 3-h periods of the night
declined significantly in all five birds studied, a pattern consistent
with SWS homeostasis. However, in contrast to mammals where
high levels of SWA are associated with high arousal thresholds
(Frederickson and Rechtschaffen, 1978; Neckelmann and Ursin,
1993), blackbirds were more likely to respond when natural sounds
were presented during SWS occurring early in the night than late in
the night. This finding seemingly argues against the idea that the
level of SWA reflects sleep intensity in blackbirds, as it does in
mammals, and therefore may not reflect homeostatically regulated
processes. Nonetheless, because seven types of sounds were each
presented 5-7 times across the night, it is also possible that the
birds habituated to the sounds over time, and therefore were less
likely to respond later in the night. An increase in REM sleep later in
the night might have also had a carry over effect on response
probabilities during SWS, as previous studies have shown that the
arousal threshold is highest during REM sleep in various species of
birds (Rojas-Ramirez and Tauber, 1970; Van Twyver and Allison,
1972; Walker and Berger, 1972). Clearly, the relationship between
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Fig. 3. Decline in slow-wave activity (SWA; 0.5-4.0 Hz power density) during slow-wave sleep occurring across an undisturbed 12-h night in a European blackbird (Turdus
merula). This study provided the first electrophysiological evidence for the homeostatic regulation of SWA during undisturbed sleep in birds. Reprinted from Szymczak et al.

(1996), with permission from Elsevier.
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SWS-related SWA and responsiveness to the environment
warrants further study in birds.

A decline in low-frequency EEG activity during SWS has been
observed recently in two additional species of songbirds. White-
crowned sparrows (Zonotrichia leucophrys gambelii) in a non-
migratory state showed a significant decline across the night in
1.5-2.5 Hz power density during SWS in both cerebral hemi-
spheres (Rattenborg et al.,, 2004; see also Jones et al., 2008a).
Swainson’s thrushes (Catharus ustulatus) in a non-migratory state
also showed a decline across the night in 1.5-4.0 Hz power density
during SWS (Fuchs, 2006). The progressive decline in SWS-related
SWA across the night suggests that these diurnal birds sponta-
neously accrue a sleep deficit during the day that results in greater
SWA early in the night, a pattern consistent with the notion that
avian SWS is homeostatically regulated (e.g., Fig. 1). Nonetheless,
sleep deprivation experiments are needed to confirm that the
decline in SWA occurring across the night reflects a homeostatic
process, rather than the influence of a circadian factor on the
expression of avian SWA (see Section 2.2.2).

The spontaneous sleep patterns of captive white-crowned
sparrows were also investigated during the fall migratory season
(Rattenborg et al., 2004). During the fall and spring seasons, captive
songbirds that would normally be migrating at night in the wild
exhibit nocturnal migratory restlessness (Zugunruhe) character-
ized by hopping around the cage and periods of wing whirring
(Berthold and Querner, 1988; Berthold et al., 2000). The amount of
time spent exhibiting migratory restlessness during each night is
correlated with the time that songbirds would fly in the wild, and
therefore seems to reflect a natural endogenous drive to migrate
(Gwinner, 1986; Berthold and Querner, 1988; Berthold, 1996). As a
result of this nocturnal migratory behavior, white-crowned
sparrows slept approximately two-thirds less during the fall
season when compared to the summer non-migratory season.
Perhaps surprisingly, given this marked reduction in nighttime
sleep, SWS-related SWA was not consistently elevated during the
remaining sleep at night. Although this finding suggested that
sleep is not homeostatically regulated in sparrows, at least at this
time of year, the birds may have partially compensated for lost
SWS by engaging in more daytime drowsiness, a mixed state with
characteristics of both wakefulness and SWS (Rattenborg et al.,
2004; Jones et al., 2008a; see also Fuchs et al., 2006). However,
there was no evidence of a compensatory increase in REM sleep.
Although REM sleep occurred earlier in the night during the
migratory season, the percent of total sleep time spent in REM
sleep did not increase as expected if the birds compensated for
REM sleep lost during the previous nights of migratory rest-
lessness. Ultimately, sleep deprivation studies are needed to
determine whether sleep in songbirds is homeostatically regulated
during the migratory seasons.

2.2.2. Slow-wave sleep homeostasis following sleep deprivation
Tobler and Borbély (1988) conducted the first EEG-based avian
sleep deprivation study. Pigeons previously housed under a 12:12
light-dark (LD) photoperiod were kept awake for 24 h via gentle
handling under constant light. At the end of the sleep deprivation,
the birds were returned to the 12:12 LD schedule and allowed to
recover starting at lights out. Although the time spent in REM sleep
increased significantly, particularly during the first 6 h of recovery,
and wakefulness decreased slightly during recovery, the time
spent in SWS was unchanged when compared to the baseline
night. Importantly, SWA during SWS did not increase above
baseline levels during recovery. This negative result tentatively
suggested that avian SWS lacks the intensity dimension that
characterizes mammalian SWS, and therefore is not home-
ostatically regulated. However, the authors acknowledged that

other durations of sleep deprivation might reveal a compensatory
increase in SWS-related SWA in birds (Tobler, 2005). Although
evidence for SWS homeostasis was not detected in this study, it
nonetheless provided the first evidence for REM sleep homeostasis
in a bird (see also Section 2.2.3).

A subsequent study used constant light (LL) in an attempt to
enforce long-term sleep suppression in pigeons (Berger and
Phillips, 1994). Pigeons housed under LL were reported to sleep
very little for up to 74 days without exhibiting signs of increased
sleep pressure such as increased drowsiness or SWA (0.75-4.0 Hz
power density between 50 and 200 wV?/Hz). Also, the pigeons did
not develop signs of the “sleep deprivation syndrome” (e.g.,
debilitated appearance) exhibited by rats chronically sleep
deprived using the disk-over-water method (Rechtschaffen and
Bergmann, 2002). Furthermore, when switched to constant
darkness (DD) the birds did not show a compensatory increase
in time spent in SWS or the amount of SWA during the first 12 h of
DD. Although this study seemed to corroborate the previous sleep
deprivation study done on pigeons (Tobler and Borbély, 1988), a
closer examination of the data suggests that the birds were only
minimally deprived of SWA when housed under LL (see Martinez-
Gonzalez et al., 2008). Although the amount of scored SWS and
drowsiness was low and unchanged during LL when compared to
the light phase of the previous 12:12 LD schedule, the amount of
SWA averaged across all states and expressed as a percent of the
24-h average under the LD photoperiod actually increased from
87.2% during the light phase of LD to 94.5% under LL (N = 2 for the
spectral analysis). If SWA reflects a homeostatically regulated sleep
process, regardless of the state in which it occurs (Borbély et al.,
1984; Finelli et al., 2000; Vyazovskiy and Tobler, 2005a), then the
increase in SWA during LL above the levels observed during the
light phase of the LD photoperiod suggests that the pigeons were
compensating for the loss of the SWS that would normally occur
during the dark phase of LD. Furthermore, given that this
compensatory response under LL limited the overall reduction
in SWA to only 5.5% less than that obtained under LD, it is perhaps
not surprising that SWA did not increase immediately following
the transition to DD. Consequently, if anything, this study provides
evidence for, rather than against, the presence of SWS homeostasis
in pigeons. Finally, it is worth noting that Jones et al. (2008a)
arrived at a similar conclusion regarding this study.

In a follow-up study, Mintz et al. (1998) examined the effect of
administering melatonin during the daytime on subsequent SWS-
related SWA during the night. Based on their previous finding that
a physiological dose of melatonin induces SWS during the daytime
in pigeons (Phillips and Berger, 1992), Mintz et al. predicted that if
SWS is homeostatically regulated then when compared to a
baseline night, SWA during nighttime SWS should be lower
following a day with melatonin induced SWS. In contrast to this
prediction, however, SWA during SWS at night did not change
significantly following daytime melatonin administration.
Although this finding suggested that SWS is not homeostatically
regulated in pigeons, the authors acknowledged that the daytime
dose of melatonin might have persisted into the night with the
result that the SWS-inducing effect of melatonin masked the
decline in SWA expected if SWA is homeostatically regulated.
Measurements of melatonin levels at night are needed to rule out
this possibility.

The previous studies on pigeons question the existence of avian
SWS homeostasis similar to that found in mammals. We recently
re-examined the question of sleep homeostasis in pigeons using a
short-term sleep deprivation protocol (Martinez-Gonzalez et al.,
2008). Our approach was based on the observation that in some
rodents, SWS-related SWA only increases following short periods
of sleep deprivation. This pattern is most evident in the Syrian
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hamster (Mesocricetus auratus) where SWA increased markedly
after just 3 h of sleep deprivation and remained elevated through
8 h of recovery, but did not increase during the first 2 h of recovery
following 24 h of sleep deprivation (Tobler and Jaggi, 1987; see also
Rechtschaffen et al., 1999 for a similar pattern in rats, and Section
2.2.3 for a possible mechanism for the divergent responses to
short- and long-term sleep deprivation). Consequently, as noted by
Tobler (2005), it was conceivable that pigeons would show an
increase in SWA during SWS following shorter, presumably more
ecologically realistic, periods of sleep deprivation lasting less than
24 h. Pigeons housed under a 12:12 LD photoperiod were kept
awake during the last 8 h of the light phase, a time when they often
nap (Tobler and Borbély, 1988). The birds were kept awake by
gently stimulating them whenever slow-waves appeared in the
EEG. At lights out the birds were allowed to sleep undisturbed.
When compared to the baseline day, SWS was reduced from 45.2%
time to only 8.4% during deprivation, and REM sleep decreased
from 6.1% to 0. During recovery, the time spent in SWS did not
change significantly relative to baseline, but REM sleep showed a
significant increase, particularly later in the night. Importantly,
although time spent in SWS did not change, EEG power density
during SWS increased across both low and high frequencies (Fig. 4).
Notably, SWA (0.78-2.34 Hz power density) during SWS increased
significantly during the first quarter of the recovery night and
progressively declined thereafter (Fig. 5). This effect was evident in
anterior and medial EEG recordings from both cerebral hemi-
spheres. Power density also increased to a lesser extent in higher
frequencies (9-25Hz) following short-term sleep deprivation
(Fig. 4), an effect also observed in rabbits (Tobler et al., 1990)
and several species of rodent (Borbély et al., 1984; Tobler and Jaggi,
1987; Huber et al., 2000; Lesku et al., 2008b). The presence of an
increase in SWA following short-term sleep deprivation suggests
that SWS is homeostatically regulated in pigeons. Moreover, as
suggested from the study on Syrian hamsters, the difference in the
duration of sleep deprivation may explain why SWA increased
after 8 h, but not 24 h of sleep deprivation in pigeons, although this
needs to be tested directly in the same laboratory using the same
methods and pigeon strain.

The increase in SWA following short-term sleep deprivation in
pigeons clearly demonstrates that aspects of mammalian sleep
regulation are present in birds. Nonetheless, notable differences
were also evident between sleep regulation in pigeons and
mammals. For instance, although the increase in SWA was most
pronounced during SWS, SWA also increased during REM sleep, a
response only observed in mammals following longer periods of
sleep deprivation (Borbély et al., 1981; Franken et al., 1991; Tobler
et al., 1990). This finding appeared to simply reflect the spill-over
of SWA into REM sleep resulting from increased SWS pressure and
the shortening of REM sleep episodes on the recovery night. Also
unlike mammals, the duration of SWS episodes was shorter on the
recovery night. In mammals, the increase in SWA is usually
associated with an increase in the duration of SWS episodes
(Franken et al., 1991; Huber et al., 2000; Vyazovskiy et al., 2007).
The shorter duration of SWS and REM sleep episodes on the
recovery night reflected more frequent switching between SWS
and REM sleep, rather than wakefulness, because the duration of
sleep (SWS and REM sleep combined) episodes was not
significantly different between the baseline and recovery nights.
In this respect, the results from pigeons are interesting because
they suggest that SWS-related SWA increased in pigeons even
though they switched in and out of SWS more often on the
recovery night.

Following our initial description of avian SWS homeostasis in
pigeons (Martinez-Gonzalez et al., 2008), Jones et al. (2008a)
reported similar results in the white-crowned sparrow. Sparrows

in a non-migratory state were deprived of sleep during the first 6 h
of the night (10:14 LD photoperiod). Although the time spent in
SWS did not change during recovery, as in pigeons, SWS-related
SWA (0.5-4.0 Hz power density) increased above baseline levels,
and progressively declined thereafter (Fig. 6). Interestingly,
sparrows also showed an increase in higher-frequency (10-
20 Hz) power density during recovery SWS comparable to that
observed in pigeons and some mammals (see above). The
importance of this study rests in the fact that it replicates our
results from pigeons in a distantly related avian order (Hackett
et al,, 2008), and thereby suggests that SWS homeostasis may be a
general phenomenon in birds, as it is in mammals (Tobler, 2005).

2.2.3. Relationship between slow-wave and rapid eye movement sleep
homeostasis

As previously noted, REM sleep increases following both 24 and
8 h of total sleep deprivation in pigeons (Tobler and Borbély, 1988;
Martinez-Gonzalez et al., 2008; see also Newman et al., 2008).
Interestingly, this increase occurred during the first half of the
night following 24 h of sleep deprivation, and the last half of the
night following 8 h of sleep deprivation. It is tempting to speculate
that this difference is related to the presence of an increase in SWA
following 8 h, but not 24 h of sleep deprivation. In rats, the increase
in SWA following 3-24 h of sleep deprivation (Tobler and Borbély,
1986) is replaced by an immediate and large increase in REM sleep
if the deprivation is extended to 96 h or longer (Rechtschaffen
et al, 1999). Although the timing of this shift in the type of
recovery sleep obviously differs between rats and pigeons, similar
mechanisms may nonetheless account for this general pattern. The
interpretation of this shift in the type of recovery sleep in rats
remains contentious, but may indicate that the restorative
function of REM sleep exceeds that of SWS, and therefore REM
sleep takes precedence over SWS under these extreme conditions
(Rechtschaffen et al., 1999; Rechtschaffen and Bergmann, 1999a,b,
2002). Alternatively, the early REM sleep rebound following long-
term sleep deprivation might reflect a homeostatic response to
unintended selective REM sleep deprivation resulting from the
failure to prevent short bouts of SWS (Benington and Heller, 1999)
and the occurrence of SWA in the waking EEG in chronically sleep-
deprived animals (Borbély et al., 1984; Tobler et al., 1990; Borbély,
2001). The increase in REM sleep and decrease in SWA during SWS
may also be a stress response related to long-term sleep
deprivation (Feinberg, 1999; Horne, 2000; Kim et al., 2007). Along
these lines, a recent gene expression study in rats showed that in
comparison to short-term sleep deprivation (8 h), long-term sleep
deprivation (1 week) caused a more pronounced generalized
inflammatory and stress response in the brain (Cirelli et al., 2006).
Moreover, the expression of plasticity-related genes in the
neocortex, such as BDNF (brain-derived neurotrophic factor),
increased primarily following short-term sleep deprivation (Cirelli
et al.,, 2006). This is interesting because the increase in SWA
following short-term sleep deprivation may be mediated by BDNF
in rats (Hairston et al., 2004; Huber et al., 2007; Faraguna et al.,
2008). Consequently, this difference in gene expression following
short- and long-term sleep deprivation may, in part, explain why
SWS-related SWA only increases during recovery sleep following
short periods of sleep loss in rats (Rechtschaffen et al., 1999). A
similar phenomenon may therefore also explain why SWA
increased following 8 h (Martinez-Gonzalez et al., 2008), but not
24 h of sleep deprivation in pigeons (Tobler and Borbély, 1988).

2.3. Sleep homeostasis and continuous activity

The presence of SWS homeostasis in pigeons and sparrows,
suggest that birds in general may be constrained by the need to
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Fig. 4. Electroencephalogram power density (0.78-25 Hz) during slow-wave sleep (SWS) on the baseline (left column) and recovery (right column) nights. The power density
for each quarter (first, solid black line; second, solid gray line; third, dotted black line; fourth, dotted gray line) of each night is expressed as a percent of the entire baseline
night SWS mean (i.e., the 100% line) for each frequency bin and brain region (left and right, anterior and medial pallia) in each pigeon (N = 5). The mean percent is plotted at the
end of each frequency bin. For the baseline night, values for each quarter and frequency bin were compared to the baseline night average. Significant differences (P < 0.05,
two-tailed paired t-test after significant repeated measures ANOVA) are indicated by filled squares on the lines at the bottom of each plot; statistical data for the first through
fourth quarters is presented on the first (top) through fourth (bottom) lines, respectively. For the recovery night, values for each quarter and frequency bin were compared to
the corresponding quarter of the baseline night, with significant differences similarly indicated at the bottom of each plot (modified from Martinez-Gonzalez et al., 2008).

recover lost sleep after periods of wakefulness. However, several
species engage in behaviors that are seemingly at odds with the
homeostatic regulation of sleep. Notably, some birds engage in
non-stop flights lasting several days, weeks, or possibly longer

(Rattenborg, 2006a). Moreover, some birds breeding under the
continuous light of the artic summer appear to be active
throughout much of the 24-h period (Hillman and Young, 1977).
Although it is possible that these birds sleep in flight or obtain
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(modified from Martinez-Gonzalez et al., 2008).

more sleep than suspected during the arctic summer, it is also
possible that they have evolved novel neurophysiological mechan-
isms to temporarily suspend sleep homeostasis at times of the year
when the benefits of engaging in other behaviors are greater than

200
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Fig. 6. Time course of slow-wave sleep (SWS) electroencephalogram (EEG) power
density during the first three 2-h intervals of recovery following sleep deprivation
in white-crowned sparrows. Power for each frequency bin is expressed as a percent
(+S.E.M.) of the power in that bin during SWS averaged across the baseline night.
The horizontal bars indicate significant differences (P < 0.05, paired t-test, N = 6)
between interval 1 (top bar) or interval 2 (bottom bar) and the corresponding hours
of the baseline night. The EEG was recorded from the hyperpallium, although the
exact derivation (left vs. right, anterior vs. posterior) varied across birds (modified
from Jones et al., 2008a).

the costs of forgoing sleep. If confirmed with electrophysiological
recordings, determining how birds achieve such periods of
sleeplessness may provide insight into the function of sleep.

3. Convergent evolution of heavily interconnected brains,
complex cognition and slow-wave sleep in mammals and birds

3.1. Absence of slow-waves in sleeping reptiles and invertebrates

The presence of homeostatically regulated SWA in mammals
and birds raises the question whether SWA and associated
functions evolved from a similar state in the common ancestor
to mammals and birds, or independently in their respective
ancestors. Among vertebrates, sleep has been studied most
extensively in mammals and birds. This is unfortunate, because
studies of poikilothermic vertebrates (reptiles, amphibians, and
fish) might provide critical clues to the origin of SWS and REM
sleep in mammals and birds. Most studies of sleep in reptiles and
amphibians failed to detect high-amplitude EEG slow-waves
characteristic of SWS in mammals and birds (reviewed in Hartse,
1994). Although some controversy persists (see Hartse, 1994; Rial
etal., 2007; Rattenborg, 2007), the most consistent EEG correlate of
behaviorally defined sleep in reptiles is the appearance of
intermittent high-voltage spikes arising from background EEG
activity with a voltage similar to or lower than that occurring
during quiet wakefulness. In addition to being associated with
sleep behavior, including elevated arousal thresholds, reptilian
spikes increase following sleep deprivation in chelonian (Flanigan,
1974; Flanigan et al, 1974), iguanid (Flanigan, 1973) and
crocodilian reptiles (Flanigan et al., 1973). Early studies suggested
that the spikes recorded from the three-layered dorsal cortex of
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reptiles were similar to spikes arising from the mammalian
hippocampus during SWS (reviewed in Hartse, 1994). Notably, both
spikes responded similarly to pharmacological manipulations
(Hartse and Rechtschaffen, 1982; reviewed in Rattenborg, 2007).
Indeed, recent studies of turtles in vitro (Lorenzo and Velluti, 2004,
Lorenzo et al., 1999) and in vivo (Gaztelu et al., 1991; Lorenzo et al.,
1999) suggest that reptilian sleep-related spikes originate in the
medial cortex, the anatomical and functional homologue of the
mammalian hippocampus (Lépez et al., 2003), and propagate to
the adjacent dorsal cortex. If these spikes reflect the same
phenomenon as the spikes recorded during spontaneous sleep,
then, at least at the level of the hippocampus, reptilian sleep is
similar to mammalian SWS. Despite this similarity, however, the
studies on reptiles suggest that sleep-related high-amplitude SWA
evolved independently in the respective ancestors of mammals
and birds (Rattenborg, 2006b, 2007).

As in reptiles, sleep in invertebrates also seems to lack large-
scale, slow, synchronous neuronal activity similar to that occurring
during mammalian and avian SWS. Among invertebrates, the
electrophysiological correlates of sleep have been examined most
extensively in arthropods (van Swinderen, 2007). In a seminal
study of sleep in bees (Apis millifera), Kaiser and Steiner-Kaiser
(1983) provided the first evidence for sleep-related changes in
central nervous system activity and responsiveness to sensory
stimulation in an invertebrate. At night when bees assumed a
characteristic resting posture, optomotor interneurons showed a
decrease in spontaneous firing rate and reduced responsiveness to
visual stimulation. Importantly, responsiveness to visual stimuli
was rapidly restored when the bees were exposed to a stronger
stimulus. This study demonstrated that as in vertebrates, sleep in
bees is also associated with a change in brain state (i.e., reduced
spontaneous firing). Nonetheless, because the pattern of sleep-
related neuronal firing or local field potential (LFP) recordings were
not reported in this study, it is unclear whether sleep in bees is
associated with neuronal or network properties comparable to
those occurring during SWS in mammals and birds.

A growing body of evidence indicates that fruit flies (Drosophila
melanogaster) exhibit a homeostatically regulated sleep state that
in many respects is similar to sleep in mammals (Shaw et al., 2000;
Hendricks et al., 2000; Huber et al., 2004b). Recently, however, Nitz
et al. (2002) recorded LFPs from the brain of awake and sleeping
Drosophila, but did not find electrophysiological correlates of sleep
comparable to those in mammals and birds (see also van Swinderen
and Andretic, 2003; Hendricks and Sehgal, 2004; Cirelli and
Bushey, 2008). Compared to wakefulness, sleep behavior was
associated with a decrease in spectral power density across all
frequencies in the differential recordings obtained from an
electrode in the medial protocerebrum and one in the optic lobe.
The higher power during wakefulness was due largely to the
occurrence of intermittent, 5-50 ms high-amplitude spikes in the
medial protocerebrum arising from low-amplitude background
activity. There were no frequency-specific changes during sleep
other than the absence of spikes. In this respect, Nitz et al. note that
the LFP recordings obtained during sleep resembled those obtained
when they experimentally suppressed sodium channel activity.
Thus the reduction in LFP power during sleep appears to reflect a
general decrease in neuronal activity. In a subsequent study, LFPs
recorded between the medial protocerebrum and optic lobe under
varying doses of isoflurane gas anesthesia also showed a
progressive decline in spectral power density across all frequencies
with increasing doses of isoflurane (van Swinderen, 2006). The
decrease in power density during sleep and anesthesia in
Drosophila is opposite to the pattern observed in mammals and
birds, where low-frequency power density increases during SWS
and light isoflurane anesthesia. Apparently, sleeping Drosophila
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Fig. 7. Spontaneous slow oscillations of the membrane potential in pallial neurons
of an anesthetized pigeon. (A) Slow oscillations of the membrane potential between
“up-states” (—55 mV) with frequent action potentials and “down-states” (—75 mV)
with no action potentials recorded from a neuron (B) in the external pallium. (C)
Frequency histogram of membrane potentials showing the tendency of a neuron in
the nidopallium caudolateral to be either in the down-state (—75 mV) or up-state
(=55 mV) (modified from Reiner et al., 2001, S. Karger AG, Basel).

lack large-scale, slow, synchronous neuronal activity (at least in
the brain regions examined) comparable to that occurring during
mammalian and avian SWS, either because the membrane
potentials of individual neurons do not oscillate slowly during
sleep, or because the mechanisms required to synchronize slow
oscillatory neuronal activity in a manner detectable in LFP
recordings are absent.

3.2. Corticocortical connectivity generates slow-waves in mammals

The absence of an increase in SWA during sleep in poikilother-
mic vertebrates and invertebrates may reflect fundamental
differences in the neurophysiology of individual neurons or
large-scale network interactions during sleep. Historically, the
absence of high-amplitude slow-waves in the dorsal cortex of
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sleeping reptiles was attributed to the absence of a thick, six-
layered neocortex responsible for generating EEG slow-waves in
mammals (see Harste, 1994). Although this hypothesis provided a
reasonable explanation at the time, recent advances in our
understanding of the genesis of the EEG correlates of SWS in
mammals and the evolution of the forebrain in amniotes (i.e.,
reptiles, birds, and mammals) suggest that cortical thickness per se
may not explain the absence of slow-waves in reptiles. Instead, a
comparatively high degree of interconnectivity in the pallium may
be essential for generating the EEG correlates of mammalian and
avian SWS (Rattenborg, 2006b, 2007). During anaesthesia and
spontaneous SWS, the membrane potentials of mammalian
neocortical neurons oscillate slowly (<1 Hz) between a hyperpo-
larized “down-state” with no action potentials and a depolarised
“up-state” with action potentials occurring at a high rate
comparable to wakefulness (Steriade, 2006). As shown in Fig. 7,
similar slow oscillations have also been observed in pallial neurons
of anesthetized pigeons (Reiner et al., 2001). In mammals,
corticocortical connections synchronize the slow-oscillation of
cortical neurons in a manner that generates high-amplitude slow-
waves in the EEG (Amzica and Steriade, 1998; Steriade, 2006). The
synchronizing role of corticocortical connections has been shown
in vivo (Amzica and Steriade, 1995; Timofeev et al., 2000) and in
vitro (Sanchez-Vives and McCormick, 2000). In humans, slow-
oscillations propagate as a travelling wave across the neocortex,
presumably via corticocortical connections (Massimini et al.,
2004). Furthermore, conditions that increase (e.g., longitudinal
Probst bundle formation in mice with congenital callosal dysgen-
esis; Vyazovskiy and Tobler, 2005b) or decrease (e.g., dark-rearing
in cats and mice; Miyamoto et al., 2003) the level of connectivity in
specific regions of the neocortex also increase and decrease,
respectively, the level of SWA in those regions. Additionally, a
recently developed computer model of the thalamocortical net-
work capable of simulating the transition from wakefulness to SWS
shows the synchronizing effect that corticocortical connectivity
has on SWS-related brain activity (Hill and Tononi, 2005). With the
corticocortical connections intact, neurons oscillate in synchrony
and therefore generate high-amplitude slow-waves in simulated
LFPs (Fig. 8A). In contrast, when the corticocortical connections are
removed, the oscillations of individual neurons become less strong
and more asynchronous with respect to other neurons, with the
result that LFPs show minimal slow-waves. Similarly, reducing
synaptic strength in the network (without actually removing
connections) also causes the membrane potential oscillations of
individual neurons to decrease in amplitude and become more
asynchronous with respect to other neurons, resulting in lower
amplitude slow-waves in simulated LFPs (Esser et al., 2007). Taken
together, the evidence gathered in vitro, in vivo and in computo

demonstrates the importance of corticocortical connectivity in
generating the large-scale, slow, synchronous oscillations of
neuronal membrane potentials that underlie EEG SWA in
mammals.

3.3. Limited corticocortical connectivity in the reptilian dorsal cortex

Given the role of corticocortical connections in synchronizing
neuronal activity during mammalian SWS, the absence of slow-
waves in the three-layered dorsal cortex of sleeping reptiles may
be due to the absence of extensive corticocortical connectivity,
comparable to that present in the six-layered mammalian
neocortex (Rattenborg, 2006b, 2007). Indeed, connectional,
neurochemical and developmental evidence indicate that the
reptilian dorsal cortex is only homologous to layers I, V, and VI of
the mammalian neocortex; reptiles lack layers with extensive
corticocortical connectivity equivalent to mammalian supragra-
nular layers II-1II (Reiner, 1991, 1993; Butler and Hodos, 2005). As
shown in Fig. 8B, projections from the thalamus terminate on the
dendritic spines of pyramidal neurons that in turn project
primarily to the striatum, thalamus and brainstem (Medina and
Reiner, 2000). Interestingly, the mammalian layers with extensive
corticocortical connectivity (II-1II) originate from a subventricular
zone (SVZ) of neuronal proliferation during development (Tar-
abykin et al.,, 2001; Noctor et al, 2004; Wu et al, 2005), a
neurogenic region not found in turtles (Martinez-Cerdefio et al.,
2006; Molnar et al., 2006; Cheung et al., 2007). Although additional
studies of other mammalian and reptilian species are needed, this
evolutionary innovation may, in part, explain why mammals, but
not reptiles, exhibit extensive corticocortical connectivity and
SWA during sleep.

3.4. Extensive connectivity in the avian pallium

3.4.1. Hyperpallium

If the degree of corticocortical connectivity explains why SWA
does not increase in sleeping reptiles, then birds should also show a
comparatively high degree of connectivity in the pallium. Although
absolute measures of connectivity are not available, several lines of
evidence are consistent with this notion. In pigeons, we found that
SWA was greatest during baseline SWS and increased most
markedly in response to sleep deprivation in epidural EEG
recordings that included the hyperpallium (Martinez-Gonzalez
et al., 2008), a primary visual and somatosensory area (Medina and
Reiner, 2000; Manger et al., 2002). During development, the
hyperpallium originates from the dorsal pallium, the same
embryonic pallial tissue that gives rise to the three-layered
reptilian dorsal cortex and the portion of the six-layered

Fig. 8. (A) Synchronization of the slow oscillations of simulated neocortical neurons through corticocortical connections. Membrane potential rasters for 100 neurons from layers
[I-1II (L2-3), IV (L4), and V-VI (L5-6). Local field potentials for layers II-IIl and a representative intracellular trace (Vy,) from layers II-III for a duration of 5 s. (Left) The control
condition. Note the regular stable oscillation reflected at all levels of the network. (Right) After blockade of horizontal intralaminar connections. Note that the network becomes
desynchronized, but individual neurons continue to produce up- and down-states, albeit of shorter duration and reduced amplitude. A similar response occurs when horizontal
interlaminar connections are blocked (modified from Hill and Tononi, 2005 and used with permission). (B) Comparison of the dorsal pallium in representative mammalian, avian,
and reptilian species. The top row shows transverse cross-sections through the brain. The area shaded in gray is expanded in the bottom row to show network connections. Note
the comparatively high degree of palliopallial connectivity in the rat neocortex and the pigeon hyperpallium (or Wulst), when compared to the turtle dorsal cortex (see text for
details). Abbreviations: ac, anterior commisure; ACC, nucleus accumbens; cc, corpus callosum; CD, dorsal cortex; CDM, dorsomedial cortex; CL, claustrum; CM, medial cortex; CN,
core nucleus of the DVR; cp, cell plate; DB, diagonal band of Broca; DVR, dorsal ventricular ridge; EN, endopiriform region; HA, hyperpallium apicale; HD, hyperpallium
densocellulare; HI, hyperpallium intercalatum; HP, hippocampal complex; IHA, nucleus interstitialis hyperpallii apicalis; il, inner layer; LC, lateral cortex; lot, lateral olfactory
tract; lv, lateral ventricle; M, mesopallium; N, nidopallium; NC, neocortex; ol, outer layer; PT, pallial thickening; S, septum; STR; striatum; TU, olfactory tubercle. Reprinted from
Medina and Reiner (2000) with permission from Elsevier. (C) Simplified schematic diagram showing some of the connections of the nidopallium caudolateral (NCL). The reciprocal
connections with the sensory systems are depicted in red (primary sensory areas) and pink (surrounding secondary and tertiary sensory areas). The primary sensory areas project
to secondary and tertiary structures (small black arrows), which then have reciprocal projections to and from the NCL (large red arrows). The visual thalamofugal and tectofugal
systems correspond to the geniculocortical and colliculo-pulvino-extrastriate systems of mammals, respectively. The area labelled ‘motor’ is the arcopallium, which has
descending projections to various motor and premotor structures. Thalamic afferents arise from the nucleus dorsolateralis posterior thalami (DLP). Dopaminergic afferents stem
from the area ventralis tegmentalis (AVT) and the substantia nigra (SN). Abbreviations: GP, globus pallidus. Inset showing a side view of a human (left) and of a pigeon (right) brain
with the prefrontal cortex (PFC) and NCL depicted in green. Reprinted from Giintiirkiin (2005a) with permission from Elsevier.
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mammalian neocortex medial to the temporal sulcus (Puelles et al.,
2000; Medina and Reiner, 2000). However, unlike the laminar dorsal
cortex and neocortex, the hyperpallium is arranged in pseudolayers
formed by a series of parallel nuclear structures: the hyperpallium
apicale (HA), nucleus interstitialis hyperpallii apicalis (IHA),
hyperpallium intercalatum (HI), and hyperpallium densocellulare
(HD) (Fig. 8B; Medina and Reiner, 2000). Although the cytoarch-
itecture of the hyperpallium is unlike the laminar dorsal cortex and
neocortex of reptiles and mammals, respectively, the hyperpallium
and neocortex are similar from the standpoint of connectivity
(Fig. 8B). As with granular layer IV of the neocortex, thalamic
projections to the hyperpallium synapse on granular neurons in the
nucleus IHA and the lateral portion of the HD (Karten et al., 1973).
Along with the HI, the IHA and HD project to HA which in turn sends
projections to brainstem, thalamus, striatum, the lateral portion of
the nidopallium frontale, and, to a lesser extent, other pallial regions
(Shimizu et al., 1995). HI and HD also project to the striatum and
pallial area corticoidea dorsolateralis. This comparatively large
amount of connectivity in the hyperpallium may be sufficient to
explain the presence of SWA in birds.

3.4.2. Dorsal ventricular ridge

Alternatively, SWA may originate from heavily interconnected
pallial regions underlying and connected to the hyperpallium.
Notably, as shown in Fig. 8B, a pallial region called the dorsal
ventricular ridge (DVR) is expanded in birds when compared to
reptiles (Butler and Cotterill, 2006; Butler, 2008). The pallial DVR is
not readily apparent in mammals and its homology to specific
pallial structures in the mammalian brain remains controversial.
The DVR may be homologous with the temporal neocortex, or
subcortical pallial structures such as the claustrum, endopiriform
region, and/or the pallial amygdala (reviewed in Reiner et al., 2005;
Aboitiz and Montiel, 2007). Regardless of exact homology,
however, from the standpoint of interconnectivity and function,
the two main regions that form the DVR, the nidopallium and
mesopallium, are similar to the neocortex (T6mbol, 1995; Butler,
2008).

The avian nidopallium is a heavily interconnected brain region
involved in multimodal sensory integration and learning (Bonke
et al., 1979; Wild et al,, 1993; Margoliash, 1997; Husband and
Shimizu, 1999; Bolhuis and Gahr, 2006). Notably, connectional,
neurochemical, electrophysiological, and behavioral evidence
from pigeons indicate that the nidopallium caudolateral (NCL) is
analogous to the mammalian prefrontal cortex (PFC), even though
the NCL and PFC originate from different regions of the embryonic
pallium and the NCL lacks lamination (Fig. 8C; Giintiirkiin,
2005a,b; Kirsch et al., 2008). As with the PFC, the NCL is involved
in executive functions, including working memory. Additional
complex cognitive abilities comparable to those mediated by the
supragranular layers of the mammalian neocortex, and presum-
ably requiring a similar degree of pallial interconnectivity, are also
related to the size of the avian nidopallium, in general (Rehkdmper
and Zilles, 1991; Jarvis et al., 2005; Butler and Cotterill, 2006). For
instance, the nidopallium is unusually large in corvids (ravens,
crows, and jays), birds with cognitive abilities (e.g., causal
reasoning, flexibility, imagination, and prospection) comparable
to those exhibited by primates (Emery and Clayton, 2004; Lefebvre
et al., 2004). Notably, the manufacture and use of tools (Weir et al.,
2002; Hunt and Gray, 2003; Taylor et al., 2007) is correlated with
larger relative nidopallium volumes (Lefebvre et al., 2002; see also
Cnotka et al., 2008). The cognitive abilities of parrots, including
rudiments of referential language and abstract categorical reason-
ing (Pepperberg, 2002), may also be related to the expansion of the
nidopallium and mesopallium in this taxon (Iwaniuk and Hurd,
2005). Finally, birds with larger mesopallia are more often

observed engaging in innovative feeding behaviors (Timmermans
et al., 2000) that may enhance survival in novel environments (Sol
et al., 2005a,b).

The independent evolution of complex cognition in birds
comparable to that observed in mammals may be linked to the
independent evolution of cell types resembling layers II-III in the
mammalian neocortex (Karten, 1969, 1991; Butler and Hodos,
2005). Indeed, as with the heavily interconnected supragranular
layers (II-1II) of the mammalian neocortex, recent studies suggest
that chicks (Cheung et al., 2007), but not turtles (Martinez-Cerdefio
et al., 2006; Molnar et al., 2006), exhibit a laterally positioned SVZ.
Moreover, the SVZ in chicks appears to express similar transcrip-
tion factors as the mammalian SVZ (Cheung et al., 2007), and
therefore may contribute similar types of neurons to the
nidopallium and mesopallium. Thus, although birds lack a dorsally
positioned SVZ like the one that forms the supragranular layers of
the neocortex, they appear to have independently evolved a SVZ in
a more lateral position. Given the role of the SVZ in generating
corticocortical connectivity in the neocortex, neurons originating
in the avian SVZ may serve a similar function. Indeed, when
compared to the reptilian DVR, the avian DVR is more elaborate in
terms of cytoarchitecture and number of cell groups, differences
that may explain the absence of evidence for complex cognition in
reptiles and amphibians comparable to that in birds (Butler and
Cotterill, 2006).

Given the existing evidence for pallial interconnectivity in the
avian DVR and associated cognitive abilities comparable to those
mediated by the interconnected supragranular layers of the
mammalian neocortex, the DVR is a likely source for SWA in
birds. Although EEG SWA has been reported in the avian DVR
(Ookawa, 2004), regional differences in the amount of SWA have
not been systematically characterized. Moreover, SWS home-
ostasis has not been measured directly in the DVR. Given that the
increase in SWA following sleep deprivation is most pronounced in
the heavily interconnected mammalian PFC (Finelli et al., 2001),
SWA may also increase most markedly following sleep deprivation
in the NCL, the avian analogue of the PFC. Furthermore, slow-waves
may originate in the NCL and propagate to other pallial regions,
just as they usually originate in the PFC and propagate as a
travelling wave to other regions of the neocortex (Massimini et al.,
2004).

3.5. Other explanations

Although we have emphasized the role of corticocortical (or
palliopallial) connectivity in the genesis of SWS-related SWA in
mammals and birds, other differences between the brains of
poikilothermic and homeothermic vertebrates may account for the
absence of SWA in sleeping reptiles. For instance, although the
basic neurochemistry, neuroanatomy, and neurophysiology of the
thalamic reticular nucleus (a region involved in the genesis of
sleep-related neuronal oscillations in mammals; Steriade, 2006),
are similar across mammals, birds, and reptiles (Kenigfest et al.,
2005; Llinds and Steriade, 2006), the thalamocorticothalamo
circuitry is less elaborate in reptiles (Butler and Cotterill, 2006).
Thus, although obvious qualitative differences are not readily
apparent at the level of the thalamus, quantitative differences in
the thalamocorticothalamo circuitry in conjunction with reduced
corticocortical connectivity might account for the absence of SWA
in reptiles. Finally, given that glia may amplify the effect of
corticocortical connectivity on neuronal synchrony during sleep
(Amzica and Steriade, 2000), differences between poikilothermic
and homeothermic vertebrates in the type and/or density of glia
(Ari and Kalman, 2008) may also explain why reptiles lack SWS-
related SWA.
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4. The emergence of slow-wave sleep functions in mammals
and birds

Certainly, the absence of SWA in poikilotherms may simply
reflect the absence of slow oscillations in the membrane potential
of individual neurons during sleep rather than the absence of
sufficient connectivity. Intracellular recordings are needed to
resolve this issue. If the capacity to oscillate slowly during sleep is
absent in poikilotherms then it apparently evolved de novo in the
respective ancestors of mammals and birds, possibly to perform
sleep-dependent functions unique to homeotherms. Alternatively,
slow oscillations may occur in poikilotherms, albeit with
insufficient connectivity to synchronize this activity. In this case,
the large-scale, slow, synchronous network oscillations that
characterize mammalian and avian SWS may simply be an
epiphenomenon of their heavily interconnected brains without a
specific function above and beyond that presumably associated
with asynchronous slow oscillations occurring in individual
neurons. However, it is also possible that large-scale, slow,
synchronous network oscillations are an emergent property that
serves an emergent function possibly linked to maintaining
adaptive levels of interconnectivity and associated complex
cognition in mammals and birds.

Recent theoretical and empirical work suggests that slow-
waves are directly involved in the function of SWS (Sejnowski
and Destexhe, 2000; Steriade and Timofeev, 2003; Huber et al.,
2004a,b; Jha et al., 2005; Marshall et al., 2006). Notably, several
theories either implicitly or explicitly link the homeostatic
regulation of SWA to sleep-dependent synaptic plasticity
(Krueger and Obal, 1993, 2003; Benington, 2000; Benington
and Frank, 2003; Tononi and Cirelli, 2003, 2006). However, the
precise mechanisms whereby SWA might mediate plasticity
remain an area of active research. Although the contribution of
other proposed mechanisms cannot be ruled out, the “synaptic
homeostasis hypothesis” in particular, is appealing because it
not only accounts for the build up of SWA during wakefulness
and the decline in SWA during sleep (i.e., Process S), but also
provides a specific mechanism whereby the slow network
oscillations that define SWS mediate sleep-dependent enhance-
ments in performance (Tononi and Cirelli 2003, 2006).
According to this hypothesis, brain use during wakefulness
causes long-term potentiation and a concomitant net increase in
the strength and number of synapses, which if left unchecked
would saturate, resulting in increased energy demands,
decreased space, and an impaired ability to acquire additional
information. SWA occurring during sleep is thought to solve this
fundamental problem of a plastic nervous system. At sleep
onset, levels of SWA are high as a result of synaptic strength
accrued during learning while awake. This increase in effective
connectivity causes the slow-oscillations of neurons to be more
synchronous, and thereby levels of SWA in the EEG to be high.
The large-scale, slow oscillations of neuronal networks are then
thought to cause long-term depression and synaptic down-
scaling, a global decrease in synaptic strength. In this manner,
slow oscillations reset the overall synaptic strength to an
adaptive level that reduces energy expenditure, conserves space,
and prepares the brain for a new bout of learning during
wakefulness. Moreover, the slow oscillations are thought to
increase the signal-to-noise ratio in neuronal networks by
eliminating synapses below a minimal threshold. This may
explain why performance on certain cognitive tasks increases
following sleep (Huber et al., 2004a; Stickgold, 2005). Interest-
ingly, synaptic downscaling is a self-limiting process; as
synapses weaken, neurons oscillate less synchronously and
consequently induce less downscaling.

Each component of the synaptic homeostasis hypothesis is
supported by experimental evidence. Molecular evidence indicates
that the level of SWA during sleep is linked to plasticity occurring
during prior wakefulness (Cirelli et al., 2004, 2005a,b,c; Cirelli,
2006; Huber et al., 2007; Faraguna et al., 2008; Vyazovskiy et al.,
2008). Similarly, electrophysiological evidence suggests that
wakefulness is associated with a net increase in neocortical
synaptic strength (Vyazovskiy et al., 2008). Moreover, the level of
SWA in a neocortical region appears to reflect the level of synaptic
strength accumulated in that brain region during prior wakeful-
ness (Huber et al., 2004a; Huber et al., 2006; Huber et al., 2008).
The slope of slow-waves, a possible correlate of synaptic strength
(Esser et al., 2007), decreases across the night in rats (Vyazovskiy
et al., 2008) and humans (Riedner et al., 2007), as expected if a
decrease in synaptic strength accounts for the decline in SWA
across the night. Genes involved in synaptic depression are
preferentially expressed during sleep (Cirelli et al., 2004) and the
induction of slow burst firing in neurons in a pattern similar to that
occurring during SWS causes long-term depression (Czarnecki
et al., 2007). Finally, learning a procedural task causes SWA to
increase in the brain region used during training on the task (Huber
et al., 2004a). Importantly, the degree to which SWA increases in
that region predicts performance enhancements during retesting
after sleep, a finding consistent with the notion that slow-waves
play an active role in sleep-related learning, possibly through
reducing the signal-to-noise ratio in related neural circuits (Hill
et al., 2008).

The presence of homeostatically regulated SWA in pigeons
(Martinez-Gonzalez et al., 2008) and sparrows (Jones et al., 2008a)
raises the possibility that avian SWA is also involved in synaptic
homeostasis. Indeed, as in rats (Cirelli et al., 2004; Vyazovskiy
et al.,, 2008), wakefulness and sleep are associated with the
expression of genes involved in synaptic potentiation and long-
term depression, respectively, in the telencephalon of white-
crowned sparrows (Jones et al, 2008b). Moreover, we have
recently shown that unilateral visual stimulation during wakeful-
ness, a condition that most likely induces potentiation in the
contralateral visual hyperpallium, induces an asymmetric increase
in SWA during recovery SWS with SWA being greatest in the
visually stimulated hyperpallium (Lesku et al., 2008c). Thus, as in
mammals (Huber et al., 2004a; Vyazovskiy and Tobler, 2008), avian
SWS homeostasis appears to reflect local brain use (potentiation)
during prior wakefulness. Also like mammals, avian sleep may be
involved in learning (Dave et al., 1998; Dave and Margoliash, 2000;
Derégnaucourt et al., 2005; Margoliash, 2005; Crandall et al., 2007;
Hahnloser and Fee, 2007; Jackson et al., 2008), although a direct
link between SWA and learning has not been established. Albeit
not as extensive as that in mammals, the available evidence is
consistent with notion that avian SWS is involved in synaptic
homeostasis.

If for the sake of discussion we assume that SWS serves a similar
function in mammals and birds, then an obvious question is
whether the mechanisms and functions associated with SWA
evolved independently in mammals and birds (perhaps in
association with the independent evolution of large, heavily
interconnected brains cable of performing complex cognitive
processes), or were they acquired from a common ancestor with
similar sleep. Although future studies may detect slow neuronal
activity during sleep in poikilothermic animals, the apparent lack
of SWA in sleeping reptiles and Drosophila suggests that the
network processes that generate large-scale, slow, synchronous
activity evolved independently in mammals and birds, and may
therefore serve a function unique to homeotherms. By no means
does this imply that sleep in homeotherms and poikilotherms is
unrelated. Indeed, some sleep mechanisms and functions occur-
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Fig. 9. (Bottom) Convergent evolution of slow-wave sleep (SWS) and rapid eye movement sleep (REMS) in birds and mammals. [Pigeon (Columba livia), ©2008, Niels
Rattenborg; saltwater crocodile (Crocodylus porosus) used with permission courtesy of Encyclopaedia Britannica, Inc., ©2008; Florida box turtle (Terrapene carolina bauri),
©2008, Jonathan Zander; green iguana (Iguana iguana), C. Martin Harvey, AfriPics.com; chimpanzee (Pan troglodytes), ©2008 Jonathan Higgins; bullfrog (Rana catesbeiana)
used with permission of www.torontozoo.com/adoptapond]. (Shaded panel) The proposed link between the independent evolution of large, heavily interconnected brains,
homeostatically regulated SWS, and complex cognition in birds and mammals. Note that the graphs of SWS homeostasis (Process S as in Fig. 1) are simply meant to indicate
that evidence exists for SWS homeostasis; the exact kinetics of SWA and Process S have not been determined in birds. The drawings of tool use in a New Caledonian crow
(Corvus moneduloides) and a chimpanzee by C. Cain are from Emery and Clayton (2004). Reprinted with permission from AAAS. See Fig. 2 caption for brain nomenclature. The
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ring at the cellular level may be highly conserved (Mignot, 2008;
Allada and Siegel, 2008). For instance, voltage dependent
potassium channels appear to play a role in determining sleep
duration in Drosophila (Cirelli et al., 2005a,b,c; Koh et al., 2008) and
mammals (Douglas et al., 2007). Moreover, some of the changes in
gene expression occurring between wakefulness and sleep in the
brain are similar in Drosophila (Cirelli et al., 2005a,b,c; Zimmerman
et al.,, 2006; Naidoo et al., 2007), mammals (Cirelli et al., 2004) and
birds (Jones et al., 2008b). As in mammals, and possibly birds, sleep
also appears to be involved in plasticity in Drosophila (Hendricks
et al,, 2001; Joiner et al., 2006; Pitman et al., 2006; Ganguly-
Fitzgerald et al., 2006; Bushey et al., 2007), even though they
apparently lack SWA. Such sleep-dependent plasticity may thus
depend on cellular processes that do not require synchronized,
slow neuronal activity. A promising area of future research is to
determine whether SWA serves a function related to plasticity
distinct from, but perhaps complementary to that occurring at the
cellular level in animals lacking SWA, or whether it simply reflects
the evolution of a new mechanism to achieve the same function in
mammals and birds. For instance, although all animals capable of
learning seemingly need to perform synaptic downscaling, and
may in fact conduct this process during sleep, the demand for
downscaling may have been markedly greater in animals with
particularly complex brains (Jerison, 2001) and cognition (reviewed
in Emery and Clayton, 2004; Butler and Hodos, 2005), as found in
mammals and birds. As a result, homeotherms may have evolved
more efficient mechanisms (i.e., SWA-mediated synaptic depres-
sion) than those that may exist in other animals to maintain their
heavily interconnected brains and associated cognitive abilities.
While this line of reasoning is certainly speculative, it is none-
theless a possibility worth taking into consideration when
attempting to integrate research on sleep in poikilotherms and
sleep in mammals and birds. Clearly, additional research is needed
to determine the extent to which molecular, electrophysiological
and functional components of sleep are homologous or analogous
in homeotherms and poikilotherms.

5. Conclusions

Until recently, the absence of experimental evidence for SWS
homeostasis in birds had been difficult to interpret, especially
given the presence of SWA that is otherwise remarkably similar to
that in mammals. Indeed, the absence of avian SWS homeostasis
posed a significant challenge for functional hypotheses that hinge
on SWS homeostasis in mammals, or at least suggested that SWS
might perform a different function in birds. However, the recent
evidence for SWS homeostasis in birds now indicates that SWS
may serve a similar function in mammals and birds (Martinez-
Gonzalez et al., 2008). Moreover, given the apparent absence of
large-scale, slow network oscillations in the brains of sleeping
Drosophila and reptiles, this function may have evolved indepen-
dently in mammals and birds. Specifically, as shown in Fig. 9, we
suggest that in conjunction with independently evolving large,
heavily interconnected brains capable of performing complex
cognitive processes, mammals and birds required a means to
maintain this level of connectivity and cognition at an optimal
level. Based on evidence primarily from mammals, the function of
mammalian and avian SWS may be synaptic downscaling
mediated by the slow, synchronous network oscillations that
occur during SWS (Tononi and Cirelli, 2003, 2006). Furthermore,
we suggest that this function of SWS may have been complimen-
tary to sleep-related cellular processes, including those involved in
plasticity, that predate the evolution of mammals and birds. In this
respect, synaptic downscaling may not have been the initial
function of sleep, but rather a secondary function tailored to the

needs of animals with particularly complex brains and cognition.
An equally viable alternative, however, is that sleep in both
homeotherms and poikilotherms is involved in synaptic down-
scaling, but birds and mammals required a different, presumably
more effective mechanism, to downscale their heavily intercon-
nected brains, than that occurring in other animals. In this
scenario, SWA-mediated synaptic downscaling may have been a
secondarily evolved mechanism to achieve the same sleep function
as present in their predecessors. Distinguishing between these
alternatives is a promising avenue for future research into the
evolution and functions of sleep.
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