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Comparative perspectives that challenge brain warming as the primary function of REM sleep

Rapid eye movement (REM) sleep is a paradoxical state of wake-like brain activity occurring after non-REM (NREM) sleep in mammals and birds. In mammals, brain cooling during NREM sleep is followed by warming during REM sleep, potentially preparing the brain to perform adaptively upon awakening. If brain warming is the primary function of REM sleep, then it should occur in other animals with similar states. We measured cortical temperature in pigeons and bearded dragons, lizards that exhibit NREMlike and REM-like sleep with brain activity resembling wakefulness. In pigeons, cortical temperature decreased during NREM sleep and increased during REM sleep. However, brain temperature did not increase when dragons switched from NREM-like to REM-like sleep. Our findings indicate the brain warming is not a universal outcome of sleep states characterized by wake-like activity, challenging the hypothesis that their primary function is to warm the brain in preparation for wakefulness.

Introduction

Sleep is a mysterious state of reduced environmental awareness found in animals ranging from jellyfish to humans (Joiner 2016;[START_REF] Libourel | Sleep in amphibians and reptiles: a review and a preliminary analysis of evolutionary patterns[END_REF][START_REF] Blumberg | Decomposing the evolution of sleep: comparative and developmental approaches[END_REF][START_REF] Nath | The jellyfish Cassiopea exhibits a sleep-like state[END_REF]Anafi et al., 2019;[START_REF] Iglesias | Cyclic nature of the REM sleep-like state in the cuttlefish Sepia officinalis[END_REF][START_REF] Kelly | Evidence for sleep in sharks and rays: behavioural, physiological, and evolutionary considerations[END_REF]. Sleep in mammals is composed of two states, non-rapid eye movement (NREM) sleep and REM sleep, typically distinguished from one another and wakefulness by changes in brain and muscle activity. NREM sleep is characterized by the slow alternation between periods of cortical neuronal silence (down-states) and periods with high firing rates (up-states) that collectively give rise to high voltage, slow waves (0.5 -4 Hz) in the electroencephalogram (EEG) [START_REF] Timofeev | Disfacilitation and active inhibition in the neocortex during the natural sleep-wake cycle: an intracellular study[END_REF][START_REF] Vyazovskiy | Cortical firing and sleep homeostasis[END_REF]. REM sleep is typically characterized by continuous high firing rates comparable to wakefulness [START_REF] Evarts | Activity of neurons in visual cortex of the cat during sleep with low voltage fast EEG activity[END_REF][START_REF] Mukhametov | Unit activity in the cat visual cortex in the sleep--waking cycle[END_REF][START_REF] Timofeev | Disfacilitation and active inhibition in the neocortex during the natural sleep-wake cycle: an intracellular study[END_REF][START_REF] Vyazovskiy | Cortical firing and sleep homeostasis[END_REF]reviewed in Jones, 2016), resulting in low voltage, high frequency EEG activity. In addition, muscle tone is reduced during NREM sleep, when compared to wakefulness, and absent during REM sleep [START_REF] Peever | The biology of REM sleep[END_REF]. Nonetheless, brief muscle twitches occur during REM sleep resulting in movements, such as rapid eye movements. The patterns of brain activity that characterize NREM and REM sleep have been implicated in various forms of synaptic plasticity [START_REF] Chauvette | Sleep oscillations in the thalamocortical system induce long-term neuronal plasticity[END_REF][START_REF] Tononi | Sleep and the price of plasticity: from synaptic and cellular homeostasis to memory consolidation and integration[END_REF][START_REF] Boyce | Causal evidence for the role of REM sleep theta rhythm in contextual memory consolidation[END_REF][START_REF] Li | REM sleep selectively prunes and maintains new synapses in development and learning[END_REF][START_REF] Klinzing | Mechanisms of systems memory consolidation during sleep[END_REF], and twitching during REM sleep is thought to play a role in mapping the sensorimotor cortex during development and possibly adulthood [START_REF] Dooley | Self-generated whisker movements drive state-dependent sensory input to developing barrel cortex[END_REF][START_REF] Blumberg | What is REM sleep?[END_REF].

In addition to brain and muscle activity, other physiological processes also differ between NREM and REM sleep in mammals. Notably, in most mammals examined, cortical and sub-cortical brain temperature (Tbr) decreases during NREM sleep and increases during REM sleep [START_REF] Kawamura | Elevation in brain temperature during paradoxical sleep[END_REF][START_REF] Hayward | A comparative study of the role of the cerebral arterial blood in the regulation of brain temperature in five mammals[END_REF][START_REF] Kovalzon | Brain temperature variations during natural sleep and arousal in white rats[END_REF][START_REF] Obal | Changes in the brain and core temperatures in relation to the various arousal states in rats in the light and dark periods of the day[END_REF]Wehr, 1992;[START_REF] Franken | Cortical temperature and EEG slow-wave activity in the rat: analysis of vigilance state related changes[END_REF][START_REF] Gao | Effect of elevated ambient temperature on sleep, EEG spectra, and brain temperature in the rat[END_REF][START_REF] Landolt | Intracranial temperature across 24-hour sleep-wake cycles in humans[END_REF][START_REF] Csernai | Dynamics of sleep oscillations is coupled to brain temperature on multiple scales[END_REF][START_REF] Hoekstra | Cold-inducible RNA-binding protein (CIRBP) adjusts clock-gene expression and REM-sleep recovery following sleep deprivation[END_REF][START_REF] Komagata | Dynamic REM sleep modulation by ambient temperature and the critical role of the melaninconcentrating hormone system[END_REF] see Hayward and[START_REF] Hayward | Role of cerebral arterial blood in the regulation of brain temperature in the monkey[END_REF]Hayward and[START_REF] Hayward | A comparative study of the role of the cerebral arterial blood in the regulation of brain temperature in five mammals[END_REF] for conflicting results in rhesus monkeys (Macaca mulatta)). Brain warming during REM sleep is thought to result from an increase in blood flow from the warmer body core to the brain to support this activity [START_REF] Denoyer | The posterior hypothalamus is responsible for the increase of brain temperature during paradoxical sleep[END_REF]Wehr, 1992;[START_REF] Parmeggiani | REM sleep related increase in brain temperature: a physiologic problem[END_REF][START_REF] Pastukhov | The thermophysiology of paradoxical sleep[END_REF][START_REF] Bergel | Local hippocampal fast gamma rhythms precede brain-wide hyperemic patterns during spontaneous rodent REM sleep[END_REF]. In this regard, brain warming might simply be a functionless biproduct of functions that require increased neuronal activity, such as brain development and other types of synaptic plasticity. Alternatively, it has been proposed that increased neuronal activity is the mechanism the sleeping brain employs to periodically warm itself (Wehr, 1992;[START_REF] Lyamin | Fur seals suppress REM sleep for very long periods without subsequent rebound[END_REF]. According to this hypothesis, brain warming is beneficial because it counteracts cooling occurring during preceding NREM sleep, and thereby prepares the animal to awaken and rapidly interact adaptively with the environment (Wehr, 1992;[START_REF] Lyamin | Fur seals suppress REM sleep for very long periods without subsequent rebound[END_REF]. The brain warming hypothesis remains largely untested, and it is unclear whether the brain warms during similar sleep states in other taxonomic groups.

Birds exhibit NREM and REM sleep characterized by changes in EEG activity similar to those observed in the mammalian cortex, despite differences in the organization of homologous neurons. In contrast to the laminar organization of neurons, with apical dendrites spanning the layers of the mammalian cortex, developmentally and functionally homologous ('cortical') regions of the avian brain, such as the visual hyperpallium (homologue of the mammalian primary visual cortex) [START_REF] Medina | Do birds possess homologues of mammalian primary visual, somatosensory and motor cortices?[END_REF][START_REF] Güntürkün | The brains of reptiles and birds[END_REF][START_REF] Briscoe | Homology, neocortex, and the evolution of developmental mechanisms[END_REF]Stacho et al., 2020), are composed of nuclear structures consisting of densely packed stellate neurons [START_REF] Olkowicz | Birds have primate-like numbers of neurons in the forebrain[END_REF]. Similar nuclear structures comprise the dorsal ventricular ridge (DVR), a large brain region only found in sauropsids (birds and non-avian reptiles), involved in performing cortex-like functions [START_REF] Güntürkün | The brains of reptiles and birds[END_REF].

Despite this fundamental difference in cytoarchitecture, as in mammals, an increase in EEG and local field potential (LFP) slow waves (approximately 1-5 Hz with a peak at 2 Hz) in the hyperpallium distinguishes NREM sleep from wakefulness and REM sleep in birds [START_REF] Van Der Meij | Intra-"cortical" activity during avian non-REM and REM sleep: variant and invariant traits between birds and mammals[END_REF]. As in mammals [START_REF] Massimini | The sleep slow oscillation as a traveling wave[END_REF][START_REF] Huber | Local sleep and learning[END_REF], NREM slow waves travel through the hyperpallium [START_REF] Van Der Meij | Intra-"cortical" activity during avian non-REM and REM sleep: variant and invariant traits between birds and mammals[END_REF] and are homeostatically regulated in a local use dependent manner in pigeons (Columba livia) [START_REF] Lesku | Local sleep homeostasis in the avian brain: convergence of sleep function in mammals and birds?[END_REF][START_REF] Rattenborg | Local aspects of avian non-REM and REM sleep[END_REF]. In addition to wake-like EEG activity, as in mammals, avian REM sleep is characterized by (at least partial) reductions in muscle tone [START_REF] Dewasmes | Polygraphic and behavioral study of sleep in geese: existence of nuchal atonia during paradoxical sleep[END_REF][START_REF] Rattenborg | Local aspects of avian non-REM and REM sleep[END_REF], twitching, including rapid eye movements, suppressed thermoregulatory responses [START_REF] Heller | Circadian and arousal state influences on thermoregulation in the pigeon[END_REF][START_REF] Scriba | Linking melanism to brain development: expression of a melanism-related gene in barn owl feather follicles covaries with sleep ontogeny[END_REF], and its prevalence in young altricial birds [START_REF] Scriba | Linking melanism to brain development: expression of a melanism-related gene in barn owl feather follicles covaries with sleep ontogeny[END_REF]. One notable difference between birds and mammals is the short duration (typically <10 s) of bouts of REM sleep in birds (Tisdale et al., 2018b).

Interestingly, NREM-like and REM-like sleep were recently described in bearded dragon (Pogona vitticeps) lizards [START_REF] Shein-Idelson | Slow waves, sharp waves, ripples, and REM in sleeping dragons[END_REF][START_REF] Libourel | Partial homologies between sleep states in lizards, mammals, and birds suggest a complex evolution of sleep states in amniotes[END_REF][START_REF] Norimoto | A claustrum in reptiles and its role in slowwave sleep[END_REF]. NREM-like sleep was characterized by high voltage, slow LFP 'sharp-waves' in the DVR, and REM-like sleep was characterized by LFP activity resembling wakefulness and eye movements occurring under closed eye lids. Although recent work has implicated the claustrum in the genesis of NREM sleep slow waves in mice and the slow 'sharp-waves' in bearded dragons, the claustrum appears to generate these field potentials via different mechanisms; in mice, the claustrum coordinates the synchronous inhibition of cortical neurons across several cortical areas, resulting in the down-state of slow waves [START_REF] Narikiyo | The claustrum coordinates cortical slow-wave activity[END_REF], whereas, in bearded dragons, bursts of neuronal activity (giving rise to LFP sharp waves) propagate as traveling waves of excitation from the claustrum to the rest of the pallial DVR [START_REF] Norimoto | A claustrum in reptiles and its role in slowwave sleep[END_REF]; see also Tisdale et al., 2018a). Given this apparent difference and the fact that not all of the components that typically characterize REM sleep in mammals and birds have been established in bearded dragons, we refer to these states as NREM-like and REM-like sleep [START_REF] Libourel | Is there REM sleep in reptiles? A key question, but still unanswered[END_REF].

As in mammals, during REM sleep in pigeons and REM-like sleep in bearded dragons, hyperpallial and DVR neurons, respectively, fire at an elevated rate when compared to preceding sleep [START_REF] Shein-Idelson | Slow waves, sharp waves, ripples, and REM in sleeping dragons[END_REF][START_REF] Van Der Meij | Intra-"cortical" activity during avian non-REM and REM sleep: variant and invariant traits between birds and mammals[END_REF], and therefore might cause Tbr to increase via increased blood flow from the animal's warmer core. However, few studies have examined sleep state-related changes in Tbr in birds, and none have examined bearded dragons. In birds, four studies examined hypothalamic temperature and one measured temperature in the nidopallium, a structure in the DVR. Graf and colleagues (1987) present a 4-h plot of hypothalamic temperature occurring during wakefulness, NREM and REM sleep in pigeons recorded at 10ᵒC ambient temperature, but hypothalamic temperature did not vary systematically with state. In rooks (Corvus frugilegus) recorded at 8 and 15ᵒC, hypothalamic temperature declined during NREM sleep, but a significant increase was not detected during REM sleep [START_REF] Szymczak | The coupling of sleep-wakefulness cycles with brain temperature of the rook, Corvus frugilegus[END_REF]. By contrast, Pastukhov and colleagues (2001) reported decreases and increases in hypothalamic temperature during NREM and REM sleep, respectively, in pigeons recorded at 21ᵒC. It is unclear whether these differences are due to ambient temperature or the temporal resolution and sensitivity of the thermistors used in the respective studies. Hypothalamic temperature was also measured in sleeping ostriches (Struthio camelus), but the temporal resolution (once every 2 min) of the thermistor was too low to identify sleep state-related changes in temperature (Lesku et al., 2011a). In pigeons recorded at 22ᵒC, temperature declined during NREM sleep, but a consistent change in temperature was not detected during REM sleep in the nidopallium [START_REF] Van Twyver | A polygraphic and behavioral study of sleep in the pigeon (Columba livia)[END_REF].

Given that variations in Tbr are smaller near the surface of the brain in chickens (Gallus gallus domesticus) [START_REF] Aschoff | Circadian rhythms of chicken brain temperatures[END_REF], the thermistor may not have been sensitive enough to detect changes in temperature during REM sleep in the nidopallium, a more superficial structure than the hypothalamus. Thus, apart from one study of hypothalamic temperature in pigeons, a consistent increase in temperature has not been detected during REM sleep in the birds examined. Moreover, the study reporting an increase in hypothalamic temperature during REM sleep did not characterize how temperature changed throughout and following bouts of REM sleep of different durations. It is also unknown whether temperature increases during REM sleep in 'cortical' portions of the avian brain, an apparent requisite for brain warming to have a positive impact on cognitive performance upon awakening (Wehr, 1992). Finally, it is unknown whether Tbr varies with the type of sleep in bearded dragons. To address these questions, and thereby expand our understanding of Tbr regulation during sleep in non-mammals, we examined sleep state-related changes in temperature in the visual hyperpallium of pigeons and DVR of bearded dragons.

Results

Across the night, pigeons experienced nearly one thousand (979.6 ± 100.4) bouts of REM sleep lasting 6 ± 0.6 s (range, 1 -30.7 ± 7.1 s, N = 7). Figures 1A andB S1; β0 (intercept) ± SE = -7.30*10 -3 ± 8.70*10 -4 , p = 1.56*10 -4 ; β (slope) ± SE = 3.11*10 -3 ± 3.31*10 -4 , p = 8.55*10 -5 ) (Figures 1C and2A) and longer bouts of REM sleep resulted in greater increases in Tbr (β0 ± SE = 7.86*10 -3 ± 5.70*10 -4 , p = 6.48*10 -6 ; β ± SE = 3.37*10 -4 ± 5.59*10 -5 , p = 1.04*10 -3 ) (Figures 1D and2B). Tbr peaked on average 9 s after a bout of REM sleep, regardless of bout duration (β0 ± SE = 9.22 ± 1.93, p = 3.05*10 -3 ; β ± SE = 3.37*10 -4 ± 5.59*10 -5 , p = 0.1) (Figures 1D and2C). This hysteresis accounts for the increase in Tbr during short episodes of NREM sleep preceded by REM sleep (Figure 1B). Finally, we found that REM sleep was more likely to occur (density per 15 s) at lower Tbr (β0 ± SE = 2.18 ± 0.18, p = 2.21*10 -5 ; β ± SE = -0.50 ± 0.08, p = 1.02*10 -3 ) (Figure 2D).

In bearded dragons, brain (DVR) activity alternated between NREM-like and REM-like sleep throughout most of the night (Figure 3A). The bearded dragons experienced 436 ± 133.1 bouts of REM-like sleep lasting 49 ± 12.8 s (range, 8.8 ± 6.3 -209.2 ± 81.9 s, N = 4). Tbr either showed little change or decreased across the night (Figure S1). Despite exhibiting bouts of REM-like sleep that lasted on average 8.2 times longer than bouts of REM sleep in pigeons, average Tbr did not increase when the bearded dragons switched from NREM-like to REM-like sleep (Figures 3B andS1).

Discussion

It has been proposed that brain warming during REM sleep enhances performance upon awaking (Wehr, 1992). For this to be true, warming should occur in sub-cortical and cortical structures, as adaptive performance likely depends on the entire brain. Our results demonstrate that 'cortical' warming occurs during REM sleep in pigeons, but not during a REM-like sleep in bearded dragons.

In pigeons, temperature in the visual hyperpallium decreased during NREM sleep and increased during REM sleep. Although this pattern is consistent with one study of hypothalamic temperature in pigeons, the average maximum increase was 10 times less in the hyperpallium (see figure 1A in, [START_REF] Pastukhov | The thermophysiology of paradoxical sleep[END_REF]. The smaller change in temperature in the hyperpallium, the most dorsal part of the avian brain, is consistent with the observation that although temperature covaries throughout the brain in awake and sleeping chickens, it varies less near the dorsal surface [START_REF] Aschoff | Circadian rhythms of chicken brain temperatures[END_REF]. Also, the small magnitude of state-related changes in Tbr might explain why a consistent increase in nidopallial temperature was not detected during REM sleep in the earlier study of pigeons [START_REF] Van Twyver | A polygraphic and behavioral study of sleep in the pigeon (Columba livia)[END_REF], as the average maximum increase in Tbr (0.01 ᵒC) in the hyperpallium is equivalent to the minimum sensitivity of the thermistor used to measure temperature in the nidopallium.

Although the sleep-state dependent changes in Tbr in pigeons are qualitatively similar to those observed in several mammals, the magnitude is much smaller. For example, the rate of cooling during NREM sleep and the rate of warming during REM sleep are approximately 10 -20 and 5 -12 times slower, respectively, than in rodents [START_REF] Franken | Cortical temperature and EEG slow-wave activity in the rat: analysis of vigilance state related changes[END_REF][START_REF] Hoekstra | Cold-inducible RNA-binding protein (CIRBP) adjusts clock-gene expression and REM-sleep recovery following sleep deprivation[END_REF]. Moreover, the maximum average temperature increase associated with long (13 -15 s) bouts of REM sleep, including the 9 s lag after REM sleep offset, is only 0.01ᵒC in the hyperpallium. The reasons for this difference are unknown, but might include insulation (feathers verses hair), the level of neuronal activity and associated blood flow in the respective states, and the regulation of body temperature and the temperature of blood reaching the brain [START_REF] Porter | Avian cephalic vascular anatomy, sites of thermal exchange, and the rete ophthalmicum[END_REF].

In contrast to the sleep state-related changes in Tbr in pigeons, DVR temperature did not increase when bearded dragons switched from NREM-like to REM-like sleep. Based on research in mammals, the absence of brain warming might be due to blood flow to the brain. Either the increase in neuronal firing rate during REM-like sleep does not induce changes in blood flow or blood flow does increase, but a sufficient temperature gradient does not exist between the brain and body core for this flow to cause brain warming. In this regard, it would be important to know if dragons retain more heat acquired through basking and activity in the body than the head, due to the lower surface area to volume ratio of the body. It would also be informative to determine whether blood flow increases, as shown in rats [START_REF] Bergel | Local hippocampal fast gamma rhythms precede brain-wide hyperemic patterns during spontaneous rodent REM sleep[END_REF], during REM-like sleep in bearded dragons.

Our findings are consistent with the notion that sleep state-related changes in temperature are a trait unique to endotherms. However, more species of birds, as well as mammals, need to be examined to determine whether this is a general pattern. In addition, more reptiles need to be examined, especially given that the changes in brain activity that define sleep states in bearded dragons have not been found in all reptiles examined [START_REF] Libourel | Sleep in amphibians and reptiles: a review and a preliminary analysis of evolutionary patterns[END_REF][START_REF] Libourel | Partial homologies between sleep states in lizards, mammals, and birds suggest a complex evolution of sleep states in amniotes[END_REF]. It would also be interesting to examine small and large reptiles, as Tbr during sleep might depend on a reptile's size-dependent ability to retain core heat acquired through basking and physical activity [START_REF] Tattersall | Reptile thermogenesis and the origins of endothermy[END_REF]. Investigating sleep and Tbr in tegu lizards (Salvator merianae) that exhibit facultative endothermy during the reproductive season [START_REF] Tattersall | Seasonal reproductive endothermy in tegu lizards[END_REF][START_REF] Tattersall | Reptile thermogenesis and the origins of endothermy[END_REF] or in Galapagos marine iguanas (Amblyrhynchus cristatus) that undergo periods of cooling while feeding at sea [START_REF] Bartholomew | A field study of temperature relations in the Galapagos marine iguana[END_REF][START_REF] Butler | The relationship between heart rate and rate of oxygen consumption in Galapagos marine iguanas (Amblyrhynchus cristatus) at two different temperatures[END_REF], would also be informative. Finally, Tbr should also be examined in other ectothermic animals, such as zebrafish and cephalopods, wherein REM-like sleep states have been described [START_REF] Leung | Neural signatures of sleep in zebrafish[END_REF][START_REF] Iglesias | Cyclic nature of the REM sleep-like state in the cuttlefish Sepia officinalis[END_REF].

Our findings contribute to, but do not resolve, the debate over proposed homology between REM-like sleep in bearded dragons and REM sleep in mammals and birds [START_REF] Libourel | Is there REM sleep in reptiles? A key question, but still unanswered[END_REF]. The interpretation of our findings depends on the emphasis given to specific components of REM sleep present in mammals and birds [START_REF] Blumberg | What is REM sleep?[END_REF]. If an increase in Tbr is considered an essential feature of REM sleep, then our findings suggest that REM-like sleep in bearded dragons is not homologous to REM sleep in mammals and birds, and that REM sleep evolved independently in mammals and birds, perhaps in association with the independent evolution of endothermy.

Alternatively, it is possible that the states are homologous and brain warming during REM sleep secondarily emerged independently in mammals and birds. Clearly, further studies are needed to define the essential components of REM sleep and their evolution [START_REF] Blumberg | What is REM sleep?[END_REF][START_REF] Libourel | Is there REM sleep in reptiles? A key question, but still unanswered[END_REF].

Brain warming might be an unimportant or even costly epiphenomenon of REM sleep in endotherms or an advantageous component of this state. According to the brain warming hypothesis, warming during REM sleep counteracts cooling during prior NREM sleep, and thereby prepares the animal to rapidly interact adaptively with its surroundings upon awakening (Wehr, 1992;[START_REF] Lyamin | Fur seals suppress REM sleep for very long periods without subsequent rebound[END_REF]. The brain warming hypothesis is challenged by several lines of evidence [START_REF] Gao | Effect of elevated ambient temperature on sleep, EEG spectra, and brain temperature in the rat[END_REF][START_REF] Lima | Sleeping under the risk of predation[END_REF][START_REF] Ungurean | Neuroethology: fur seals don't lose sleep over REM lost at sea[END_REF]. Notably, mammals and birds sleeping in riskier situations suppress REM sleep [START_REF] Lesku | Predator-induced plasticity in sleep architecture in wild-caught Norway rats (Rattus norvegicus)[END_REF][START_REF] Gravett | Inactivity/sleep in two wild free-roaming African elephant matriarchs -Does large body size make elephants the shortest mammalian sleepers?[END_REF][START_REF] Lyamin | Fur seals suppress REM sleep for very long periods without subsequent rebound[END_REF]Tisdale et al., 2018) which, according to the brain warming hypothesis, would render them less likely to respond adaptively to a threat upon awakening. Nonetheless, it is worth considering the implications that our findings have for this hypothesis. In pigeons, brain cooling during NREM sleep and warming (albeit small) during REM sleep, as well as the increased density of REM sleep when Tbr is low, are consistent with the brain warming hypothesis. However, even though ecologically important behaviors, such as courtship song in male zebra finches (Taeniopygia guttata), can occur faster at naturally occurring higher brain temperatures [START_REF] Aronov | Natural changes in brain temperature underlie variations in song tempo during a mating behavior[END_REF], behavioral tests are needed to determine whether the small increase in Tbr during REM sleep in pigeons has an ecologically meaningful impact on performance upon awakening. Finally, regardless of whether REM-like sleep in bearded dragons is homologous to REM sleep in mammals and birds, the absence of brain warming suggests that the primary function (if one exists) of periods of increased neuronal activity during sleep is not to warm the brain. Other processes linked to increased neuronal activity, such as learning, memory consolidation, and brain development, are likely candidates for a shared function of increased neuronal activity during sleep.

Limitations of Study

Our study has several limitations that should be taken into consideration. As we only studied pigeons and bearded dragons, more species need to be examined to determine whether our findings apply to other birds and reptiles. Additional studies are also needed to determine whether the relationship, or lack thereof, between brain state and Tbr depends on ambient temperature and the animal's energetic status. The impact that REM sleep-related brain warming has on waking performance should also be examined in pigeons. Finally, additional research on bearded dragons is needed to establish the extent to which NREM-like and REM-like sleep are homologous to NREM and REM sleep in mammals and birds.
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