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REM Sleep Unveiled 
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Atibaia, São Paulo and Brasil; raffael.spinassi@gmail.com 

Abstract: The biological function of rapid eye movement (or REM) sleep—one of the great mysteries of 

neuroscience—remains unknown. Here, I demonstrate that the biological function of REM sleep is to heighten 

brain alertness, significantly reducing the high vulnerability of deep sleep. Every organism with a nervous 

system must undergo deep sleep: a necessity that comes with substantial vulnerability. Deep sleep, by lowering 

alertness, compromises the organism's safety, putting its survival at risk. Therefore, REM sleep is a necessary 

adaptation for any organism that must sleep. My primary goal here is to present a comprehensive conceptual 

framework—supported by extensive empirical evidence—to connect numerous disparate empirical findings 

under a unified theory of the biological function of REM sleep. Additionally, I also provide a historical narrative 

to explain its origin and subsequent evolution. The theory I developed to explain the function of REM sleep is 

not only widely corroborated but has also resisted numerous attempts at refutation. This allows me to claim 

that I solved this great enigma of neuroscience. 

Keywords: REM sleep; N-REM sleep; theory; scientific theory; biological function; evolution; 

evolutionary biology; evolutionary origin; historical narrative 

 

1. INTRODUCTION 

Why is it so difficult for scientists to describe what Rapid Eye Movement sleep is? The primary 

reason is that they still do not understand the biological function of this sleep state. If you do not 

know the function of a mechanism, you are limited to describing its physical and behavioral aspects. 

Part of the difficulty is also due to REM sleep being many things: a brain state, a behavior, a dreaming 

state, as well as a paradoxical state (Blumberg et al., 2020). I aim to describe REM sleep beyond its 

physiological, neurophysiological, neurochemical, neurobiological, and behavioral aspects. To do so, 

I will need to resolve the enigma of its function. Only then can I describe it more broadly from this 

resolution, including the evolutionary reason for its existence. This is my objective here. I will begin 

by summarizing some of its fundamental characteristics. 

Scientists classify REM sleep as a sleep state because arousal thresholds increase in this state 

(Andrillon and Kouider, 2020; Ermis et al., 2010), causing the organism to stop responding 

behaviorally to the external environment in the same way it does during wakefulness (Tainton-Heap 

et al., 2021). Indeed, the arousal thresholds of mammals can be as high during REM sleep as they are 

during N-REM sleep (Andrillon and Kouider; Dillon and Webb, 1965; Ermis et al., 2010; Siegel and 

Langley, 1965; Tainton-Heap et al., 2021). During REM sleep, the sleeping organism (with an elevated 

arousal threshold) exhibits neural activity analogous to that of wakefulness (Blumberg et al., 2020; 

Tainton-Heap et al., 2021). The physiology during REM sleep is so similar to wakefulness that the 

electroencephalogram (EEG) shows electrical activity almost indistinguishable from that occurring 

in the brain during wakefulness (Bear et al., 2016, p. 659). This is why REM sleep was originally 

termed paradoxical sleep (Tainton-Heap et al., 2021). 

Especially in mammals and birds, both the REM sleep period and the deep sleep period—called 

non-REM (or N-REM) sleep—are marked by specific and easily distinguishable physiological 

changes (Rattenborg et al., 2019; Yamazaki et al., 2020). The physiological changes that occur during 

the REM period contrast with those of the N-REM period by exhibiting a comparatively higher 

frequency (Purves et al., 2004, p. 671). Unsurprisingly, the REM period increases energy expenditure 
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(Mignot, 2008). After all, metabolic activity, blood pressure, and respiratory and heart rates rise to 

levels that appear as if the organism is awake (Mignot, 2008, Purves et al., 2004, p. 671; Yamazaki et 

al., 2020). 

During REM sleep, brain metabolism increases by about 20% due to the higher intensity of 

neural activity, making it clear that the brain does not rest in this state (Bear et al., 2016, p. 660; Peever 

and Fuller, 2017). Considering that the reverberation of neural patterns during sleep is energetically 

more costly than neuronal silencing (Kandel et al., 2013, p. 1157) and that REM sleep causes a 

significant energy expenditure, this indicates that REM sleep plays a critical role. After all, non-

random elimination is prolific in eliminating waste. Nothing so costly lasts for several million years 

unless it serves an important function—a frequently neglected evolutionary consequence 

(McFadden, 2022, p. 268). 

Many scientists tried to uncover the function of REM sleep. None of them succeeded. Their 

proposals were not unanimously accepted, both because they are incapable of explaining an 

abundance of disparate facts pertaining to the domain of REM sleep and because they are inconsistent 

with the evidence, or at least with parts of it. Here are some of the various hypotheses already 

proposed: learning (Moruzzi and Eccles, 1966); sentinel function (Snyder, 1966); psychological health 

(Kollar et al., 1969); reverse learning (Crick and Mitchison, 1983); energy regulation (Siegel, 2005); 

sensorimotor integration (Hong et al., 2009); and defensive activation of the visual cortex (Eagleman and 

Vaughn, 2021). Despite these attempts (and others not listed), the question “What is the biological 

function of REM sleep?” remains unsolved and stands as one of the major enigmas of neuroscience—

indeed, of science (Akre, 2024; Bear et al., 2016, p. 666; Kandel et al., 2021, p. 1080; Peever and Fuller, 

2016; Siegel, 2011). 

In 1966, Frederick Snyder published an article titled “Toward an Evolutionary Theory of 

Dreaming.” In it, the author presented the “sentinel hypothesis” to try to explain the function of REM 

sleep. Although this concept was later developed (e.g., Vertes, 1986), the sentinel function of REM 

sleep remained a hypothesis. My goal in this article is to develop this concept into a theory of the 

function of REM sleep. This highlights the disparity between my work and Snyder's. The contribution 

I aim to make is to solve the mystery of the primary function of REM sleep, not to propose or elaborate 

a hypothesis, as Snyder did. As he himself stated, his article “is intended merely as a first and 

uncertain step toward an evolutionary theory of dreaming.” With this, I hope to demonstrate that, 

despite the hypothesis being Snyder's, the theory is mine. 

As not all scientists are scrupulous with terminology and fail to distinguish between the terms 

“hypothesis” and “theory,” this needs to be considered to avoid accusations of misconduct when I 

assert that the theory is mine. There is an abyss between a hypothesis and a theory (Dawkins, 2010a, 

pp. 9-10; Gazzaniga et al., 2016, pp. 37-38; Nelson and Cox, 2013, p. v). Therefore, I prefer to define 

these terms. 

A hypothesis refers to the equivalent of a conjecture or speculation. It also refers to a specific and 

easily testable prediction formulated based on a theory, concept, or knowledge. In the case of a 

hypothesis formulated from a theory, testing it serves to substantiate the theory or to refute it totally 

or partially (Dawkins, 2010a, pp. 9-10; Gazzaniga et al., 2016, pp. 37-38; dos Reis, 2016, pp. 24-25; 

Nelson and Cox, 2013, p. v; Sagan, 1996, pp. 172-173, 208; Sokal and Bricmont, 2016, p. 67). 

The typical characteristics and purposes of hypotheses are: (1) to present a provisional solution 

to a specific problem; (2) to present an explanation or prediction of a limited nature (which is opposed 

to the generalized nature of a theory); (3) to be logically consistent and in accordance with current 

scientific knowledge; (4) to be testable through its empirical consequences or by logical or 

mathematical means (Gazzaniga et al., 2016, pp. 37-38; dos Reis, 2016, p. 21; Nelson and Cox, 2013, p. 

v; Walton, 2008, p. 214). Once proposed, the fate of a hypothesis is to be confirmed or refuted by 

scientific research. Scientists formulate hypotheses with this objective (Gazzaniga et al., 2016, pp. 37-

38; dos Reis, 2016, p. 21). 

A theory refers to a set or system of interconnected assertions or concepts that explain or justify 

an extensive group of disparate facts or phenomena belonging to a specific domain (e.g., all the facts 

collected about REM sleep). A theory encompasses hypotheses, facts, and laws (when applicable) to 
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explain a multitude of previously collected evidence and to propose a series of specific predictions 

about future events—a crucial characteristic of a good scientific theory (Dawkins, 2010a, pp. 9-10; 

Gazzaniga et al., 2016, p. 37; Serway and Jewett, 2014, p. 2; Weiskopf, 2024). What makes a scientific 

theory good is much more its ability to generate testable hypotheses than its empirical foundation 

(Gazzaniga et al., 2016, p. 37). The more testable hypotheses a theory encompasses in its conceptual 

body, the better it is. 

Now that I defined these two important terms, it is clear that the work Snyder did in his 1966 

article is far from being considered a theory. As we have seen, he himself stated that his proposal was 

merely a hypothesis. It is the disparity between hypothesis and theory that allows me to assert that 

the sentinel sleep theory is mine, being a contribution to the hypothetical concept proposed by 

Snyder. Therefore, in addition to considering the rigorous distinction between “hypothesis” and 

“theory” (typical of the philosophy of science context), I suggest that you also carefully read Snyder's 

article to perceive the disparity between his work and mine, as well as the contributions of each. 

My scientific contribution is to present a comprehensive conceptual framework—supported by 

extensive empirical evidence—that will turn the sentinel hypothesis into the theory of sentinel sleep. 

To demonstrate the validity and robustness of my theory, I drew on a substantial body of evidence 

that corroborates it and, more importantly, showed that numerous attempts to refute it failed. This 

made my article long., It could not be otherwise. To prove that I solved one of the main enigmas of 

science, I need this length. Both to thoroughly present and delve into the facts and arguments that 

support the theory, as well as to demonstrate the failed attempts to refute it. 

2. THE SENTINEL SLEEP THEORY 

To present my conclusions concerning the biological function of REM sleep, I must first engage 

in a necessary digression. I need to address the importance of N-REM sleep first. There is still no 

consensus on the function (or functions) of N-REM sleep. Despite this, it is evident that it serves an 

essential biological function. N-REM sleep is not merely a dispensable luxury; it is strictly necessary 

for the brain, for the body, and for the survival of the organism (Cirelli and Tononi, 2008; Jaggard et 

al., 2021; Kandel et al., 2021, p. 1097; Mignot, 2008; Urry et al., 2020, p. 1094). For the brain to function 

normally, sleep is a necessary condition (Kandel et al., 2021, p. 1097). 

A defining characteristic of this behavioral state is the marked reduction in alertness to the 

immediately surrounding environment (Anafi et al., 2019; Capellini et al., 2008; Ramón et al., 2004; 

Rattenborg and Ungurean, 2023). Something that clearly distinguishes the state of sleep from the state 

of wakefulness is the reduced responsiveness to environmental stimuli (Capellini et al., 2008; Nath et 

al., 2017; Rattenborg and Ungurean, 2023). Sleep undermines attention and, eventually, suspends 

consciousness (in those who possess it) (Damasio, 2003, p. 202; Damasio, 2012, pp. 240-241; Ramón et 

al., 2004). As the brain is gradually subjected to deeper sleep (stage 3 of N-REM sleep), its alertness 

mechanisms are inactivated. When in the deepest stage of sleep, the brain exhibits the greatest 

inactivation of its alertness mechanisms (e.g., in the brainstem, anterior cingulate cortex, and 

thalamus) (Dang-Vu et al., 2010; Jan et al., 2009; Kandel et al., 2013, p. 1141; Moyne et al., 2022; Ramón 

et al., 2004). However, this inactivation is not total. Even during N-REM sleep, the brain (albeit 

mildly) monitors the surrounding environment for potential dangers and can respond differentially 

to specific prominent stimuli (e.g., unfamiliar sounds) (Gazzaniga et al., 2016, p. 146; Moyne et al., 

2022). 

During wakefulness, the organism readily responds to exteroceptive stimuli intercepted by 

some “sensory portal” (a term used by Damasio [2012] that I will borrow here). During N-REM sleep, 

however, exteroceptive stimuli need to be more intense for the organism to respond to them (Moyne 

et al., 2022; Rattenborg and Ungurean, 2023). Therefore, from an adaptive perspective, sleep could 

seem illogical, effectively a contradiction. The greater neural inactivation characteristic of N-REM 

sleep—where firing rates and energy use reach their lowest levels during the day—certainly 

constitutes a substantial risk to the survival of the organism. After all, greater neural inactivation 

equals greater vulnerability (Anafi et al., 2019; Bear et al., 2016, p. 659; Capellini et al., 2008; Gazzaniga 
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et al., 2016, p. 148; Libourel and Herrel, 2016; Ramón et al., 2004; Rattenborg and Ungurean, 2023). 

This is why sleeping animals are highly vulnerable to predation (Anafi et al., 2019). 

If N-REM sleep did not serve a critical biological function, the central nervous system of 

countless species would have, over the course of evolution, overcome the need to undergo such a 

highly vulnerable mental and behavioral state (Anafi et al., 2019; Bear et al., 2016, pp. 662-663; Mignot, 

2008). Therefore, the fact that N-REM sleep persisted throughout evolution is due to its being strictly 

necessary (even if we do not yet know exactly why). 

Here, I set out to address the biological function of REM sleep, not that of N-REM sleep. Of the 

latter, only two characteristics are pertinent. The first is that it is present in all animal species with a 

nervous system, no matter how simple and decentralized it is (Cirelli and Tononi, 2008; Libourel and 

Herrel, 2016; Nath et al., 2017; Vyazovskiy and Harris, 2013; Zimmerman et al., 2008). The second is 

that it substantially reduces alertness to the surrounding environment, making the organism highly 

vulnerable to predation (Anafi et al., 2019). It is from this context—exacerbated vulnerability and the 

non-negotiable need for N-REM sleep—that we can understand the function of REM sleep. Here is a 

summary of my main conclusions regarding its function: 

1. The primary biological function of REM sleep is to reduce the vulnerability caused by N-REM sleep. 

The brain being subjected to a state of deep sleep is necessary, but makes the organism 

substantially vulnerable, risking its survival. The REM period makes the brain more active—in 

a state of sleeping vigilance—to increase the organism's alertness to its surroundings, resulting 

in greater protection. After all, the greater the brain's alertness to the immediate environment, 

the higher the chances of the organism surviving when a sensory portal detects a sudden 

threat. 

2. The parameters of REM sleep depend on the organism’s vulnerability. The time invested in REM 

sleep is inversely proportional to body weight and muscle strength. Greater weight or muscle 

strength implies less time invested in REM sleep and vice versa. And not only is the total time 

of REM sleep affected. Its latency (i.e., the period between the onset of sleep and the occurrence 

of the first REM sleep episode) and its intensity are also affected. Furthermore, muscle strength 

and weight are not the only protection-related factors that affect REM sleep parameters. 

Generally, the better protected the organism is (lower vulnerability), the less time the brain 

will invest in REM sleep, and the longer its latency; the less protected the organism is (higher 

vulnerability), the more time the brain will invest in REM sleep, and the shorter its latency. The 

time the brain invests in the REM period, as well as the duration of each episode, latency to the 

first episode, and its density (or intensity), depend on the information provided by all varieties 

of mental mappings—interoceptive, proprioceptive, and exteroceptive (especially 

proprioceptive information). 

3. REM sleep is highly adaptive. In the absence of what we happen to call “REM sleep,” the crucial 

N-REM sleep would leave the organism highly vulnerable. When, by mere chance, a genetic 

mutation contributed to the emergence of an organism whose vulnerability due to N-REM 

sleep was reduced, non-random elimination (or natural selection) promptly favored this 

adaptive mutation. And given the high adaptive value of this novelty, it did not remain 

restricted to the lineage in which it originally debuted. It spread widely across various species. 

4. REM sleep is cyclical due to its protective function. The function of REM sleep—to significantly 

reduce the vulnerability of N-REM sleep—reaches its full potential when it occurs periodically 

throughout N-REM sleep, rather than occurring only once. 

5. REM sleep evolved from a brief awakening from N-REM sleep. The most plausible scenario 

regarding the evolutionary origin of REM sleep is that it emerged from an error. This error 
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caused the organism to briefly wake up from deep sleep before its usual awakening, providing 

a limited but effective adaptive advantage. Consequently, this trait spread and, over the course 

of species evolution, became more complex. Eventually, this protective mechanism became 

REM sleep as we know it today. 

Following the order in which the items above were presented, the sentinel sleep theory will be 

thoroughly explained, and its factual foundation demonstrated. I established a separate subsection 

for each of the five items above (2.1, 2.2, 2.3, 2.4, and 2.5), each addressing a specific part of the theory. 

2.1. THE PRIMARY BIOLOGICAL FUNCTION OF REM SLEEP IS TO REDUCE THE 

VULNERABILITY CAUSED BY N-REM SLEEP 

Before addressing the conceptual and factual foundations of the sentinel sleep theory, I must 

briefly discuss emotions and their importance in biological regulation. This context is crucial for a 

better understanding of the theory. 

The central function of neurons and the brain composed of them is to assist the body in the 

intricate task of managing life (i.e., of administering the organism's survival) (Damasio, 2003, pp. 30, 

194; Damasio, 2012, pp. 41, 64, 67; Moyne et al., 2022). In organisms equipped with a nervous system 

(which allows the body and any changes occurring within it to be mapped by the central nervous 

system), the most biologically valuable processes operating (automatically) to ensure the organism's 

life are emotions (Damasio, 2003, p. 34; Damasio, 2012, pp. 95-101; Damasio, 2019, pp. 56-65; Moyne et 

al., 2022; Wolpert, 2008). Some stimuli (whether from other animals, objects, or situations) can 

automatically trigger an emotional reaction. This is why many neuroscientists and psychologists 

describe them as emotionally competent stimuli or, equivalently, that they possess emotional competence 

(Caeiro et al., 2017; Clark et al., 2020; Damasio, 2003, p. 53; Kandel et al., 2013, p. 1079). 

In short, emotions are the integration of all the automatic processes (many of which are 

independent of each other) involved in life regulation, and acquired over evolution (Damasio, 2012, 

pp. 55, 116; Damasio, 2015, p. 51; Kandel et al., 2013, p. 1079). These processes—which basically 

consist of complex sets of neural and chemical responses—are triggered whenever the brain receives 

an emotionally competent stimulus. The presence (real or recalled) of this biologically relevant 

stimulus (dangerous or valuable), from the internal or external environment, triggers automatic 

emotional responses (Damasio, 2003, p. 53; Damasio, 2015, p. 53; Kandel et al., 2013, p. 1079; Wolpert, 

2008). These responses immediately result in altering—momentarily—the state of both the 

organism's body and the neural structures that map the body. Ultimately, emotional responses serve 

to place the organism—indirectly or directly—in a circumstance favorable to its self-preservation, 

survival, and well-being (Damasio, 2003, pp. 35, 53; Damasio, 2015, pp. 51-53; Gazzaniga et al., 2016, 

p. 416). 

If the primary function of REM sleep is to provide the brain with a higher level of alertness to 

the immediately surrounding environment, contributing to the organism's survival, it is evident that 

there must be significant activation of neural regions involved in attention, threat detection, and 

emotional processing. And this activation must occur even if it lacks an obvious sense in this context 

(such as the primary visual cortex, as I will detail further). Before addressing neural activations that 

make sense, I will start by discussing the most obvious example of activation that (only superficially, 

as I will soon demonstrate) seems senseless in the context of sleep. 

The primary visual cortex shows intense neural activation during REM sleep, similar to what 

occurs during the waking state (Bear et al., 2016, p. 670; Eagleman and Vaughn, 2021; Ribeiro, 2020, 

p. 136). The occipital lobes are almost exclusively dedicated to the sense of vision. The most 

prominent area of the occipital lobes is the primary visual cortex, whose function is to receive visual 

information from the eyes (Gazzaniga et al., 2016, p. 96). Considering that closed eyes during sleep 

prevent any visual input, what is the purpose of keeping the visual cortex active? This question led 

Eagleman and Vaughn (2021) to propose the hypothesis that the function of REM sleep is to activate 

the visual cortex to prevent neighboring neural regions from taking control of it. From the perspective 

of sentinel sleep theory, the reason why the visual cortex is intensely activated during REM sleep 
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(analogous to activation during wakefulness) is that the eye is an obvious way to detect distant 

threats. 

As a remote sensing “technology,” the eye holds high survival value (Dawkins, 1997, p. 138; 

Mayr, 2004, p. 214). The adaptive solution we happen to call the “eye” provides the organism with 

the possibility of remote sensitivity. Instead of being forced to make physical contact with 

surrounding elements, an organism with vision can, for example, perceive a predator before colliding 

with it while being chased (Dawkins, 1997, p. 138). 

Considering the high importance of the eye—during wakefulness—as a radar for threats, the 

intense activation of regions related to visual processing during REM sleep supports the sentinel 

function of REM sleep. It is due to the sentinel function that it makes sense for these regions to be 

substantially active during this sleep state. The sentinel function also explains part of why rapid eye 

movements occur during REM sleep. It is obvious to us, as conscious observers, that this activation is 

senseless. Closed eyes do not see and, therefore, are incapable of detecting threats. However, the 

automatic processes that regulate REM sleep are not conscious agents—nor are the evolutionary 

processes that shaped them. They are unaware that, although vision is excellent for perceiving threats 

during wakefulness, it does not operate during the organism's sleep. 

In short, due to the protective function of REM sleep (providing greater alertness to the 

surrounding environment), the occipital cortex (due to its importance as a remote threat detector 

during wakefulness) ends up being substantially activated during this sleep state. I demonstrated 

that, according to sentinel sleep theory, the activation of regions involved in visual processing only 

superficially appears to be senseless. In general terms, any regions particularly responsible for 

attention and detecting dangerous stimuli play a fundamental role in REM sleep. It is due to their 

importance for survival that these regions are activated during REM sleep. 

Now that I addressed this example of neural activation that superficially appears to be senseless, 

I will address the activation of brain structures that manifestly make sense from the perspective of 

REM sleep's protective function. One of them is the cingulate cortex—a structure that is part of the 

limbic system. REM sleep, like many attention paradigms, is positively correlated with increased 

activity in the cingulate cortex (Damasio, 2015, p. 212; Devinsky et al., 1995; Maquet et al., 1996; Paus 

et al., 1997; Schneider et al., 2020; Wu et al., 2017). The cingulate cortex plays a crucial role in processes 

associated with attention, emotional processing, autonomic and endocrine responses to emotions, 

and consciousness (Damasio, 2003, p. 59; Damasio, 2015, p. 212; Jumah and Dossani, 2022; Kandel et 

al., 2013, pp. 342, 495; Rolls, 2019). 

The distinct subregions of the cingulate cortex and its extensive number of somatosensory input 

signals make it capable of potentially engendering the most integrated perception of the current state 

of the entire body of the organism at any moment; it is a center that integrates emotions, sensations, 

and actions (Damasio, 2003, p. 96; Damasio, 2015, p. 213; Jumah and Dossani, 2022). Therefore, it is 

not surprising that the anterior cingulate cortex is crucially involved in processing emotional states 

related to pain perception (Kandel et al., 2013, p. 545; Xiao and Zhang, 2018; Xiao et al., 2021). The 

fact that the anterior cingulate cortex plays a crucial role in pain processing is particularly relevant to 

my discussion. After all, physiological pain encloses a protective function (Xiao et al., 2021). 

Therefore, considering the protective function of REM sleep, it is crucial (and expected) that regions 

processing pain are activated during this sleep period. 

Given that the cingulate cortex receives signals from major sensory portals, it is possible that it 

contributes to generating a neural pattern that maps, according to the appropriate causal sequence, 

the relationship between the appearance of a stimulus and the changes occurring in the body in 

response to it (Damasio, 2015, pp. 213-214). Upon being perceived, a stimulus can be easily 

communicated to the cingulate cortex via signals from the thalamus and direct signals from higher-

order cortices in the lateral parietal, temporopolar, and inferotemporal regions (Damasio, 2015, pp. 

213-214). 

These characteristics make the cingulate cortex highly appropriate for the protective function 

exercised by REM sleep. The integrated perception of the body's state enabled by the cingulate cortex, 

as well as the pain processing carried out by this neural region, are very useful in the context of REM 
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sleep. Since N-REM sleep is a state of high vulnerability, the increased neural activation of the 

cingulate cortex during REM sleep allows the brain to better analyze the organism's current state. 

Therefore, this structure crucially contributes to the protective role played by REM sleep. 

Another brain structure whose activation makes sense from the perspective of the protective 

function of REM sleep is the amygdala. After all, it is a fundamental structure for detecting threats 

and triggering physiological and behavioral responses to danger. Additionally, it also plays a crucial 

role in both emotional processing and the regulation of the arousal state (Peever and Fuller, 2017; 

Purves et al., 2004, p. 687; Tang et al., 2005). Finally, the amygdala is so important for vigilance and 

attention that, when electrically stimulated in certain areas, it puts the brain into an even more intense 

state of vigilance and attention (Bear et al., 2016, p. 633; Davis and Whalen, 2001; Deboer et al., 1998). 

Considering all these facts, as well as the fundamental role of emotions as the managers of life 

(Damasio, 2003, pp. 30-34; Damasio, 2012, pp. 41, 64, 67, 95-101; Damasio, 2019, pp. 56-65), and that 

arousal refers to the condition in which the organism is alert to the surrounding environment (Lee et 

al., 2022), it is entirely appropriate that the amygdala is involved (and with a prominent role) in REM 

sleep. Therefore, it is not surprising that the amygdala plays an important role in the regulation of 

REM sleep (Tang et al., 2005). In fact, I predict (based on the sentinel sleep theory) that the amygdala 

plays a central role in REM sleep, being one of the main structures that regulate this sleep state. Based 

on this theory, a strong correlation between REM sleep and the intense activation of the amygdala is 

expected. 

Evidence supports this prediction: the amygdala is much more intensely activated during REM 

sleep than during wakefulness (Bear et al., 2016, p. 670; Corsi-Cabrera et al., 2016; Dang-Vu et al., 

2010; Maquet et al., 1996; Nofzinger et al., 1997). The central importance of the amygdala to REM 

sleep is also evident when we analyze what happens when this structure is inhibited. Tetrodotoxin 

(a potent neurotoxin) can temporarily inhibit the action of neurons and tracts. When applied to the 

central nucleus of the amygdala, tetrodotoxin inhibits it. The consequences of this are revealing: a 

significant reduction in REM sleep duration and the number of REM episodes (Sanford et al., 2006; 

Tang et al., 2005). A scrutiny of the functions of the amygdala will allow me to demonstrate more 

clearly why it plays a central role in REM sleep. 

The amygdala plays a crucial role—during wakefulness—in assessing the valence of received 

stimuli and, if negative, triggering the appropriate responses to ensure the organism's survival 

(Damasio, 2003, p. 58; Gazzaniga et al., 2016, p. 95; Pignatelli and Beyeler, 2019). The amygdala is 

particularly relevant to survival because it performs the function of receiving and learning about 

biologically relevant stimuli, especially emotionally competent stimuli with negative valence—

exactly those crucial for survival. This is why activity in amygdala is more closely associated with the 

emotion of fear (Bear et al., 2016, pp. 626, 633; Damasio, 2003, p. 60; Gazzaniga et al., 2016, p. 95; 

Kandel et al., 2013, pp. 17, 1085; Pignatelli and Beyeler, 2019; Sah et al., 2003; Whalen et al., 2013). Part 

of the amygdala's function is to associate an external stimulus with its consequence for the organism, 

whether that consequence is positive (a reward) or negative (a punishment), encompassing all 

gradations between these extremes. Putting it another way, the amygdala also serves to assign 

valence (a biological value) to received sensory stimuli (Kandel et al., 2013, pp. 626, 1084; Pignatelli 

and Beyeler, 2019; Sah et al., 2003; Šimić et al., 2021). 

Due to its sparse connections with cortical areas, the amygdala can influence the action of other 

neural regions; this is equivalent to saying that it can influence the action of other cognitive functions 

(e.g., modulate attention and perception) (Kandel et al., 2013, p. 1085). When the amygdala receives 

an emotionally competent stimulus (e.g., through neural projections from visual cortices), this 

stimulus is analyzed for its valence to determine the presence or absence of danger. If the valence of 

the stimulus is negative (i.e., if it consists of a threatening stimulus), the amygdala is activated. When 

this happens, it triggers the appropriate cascade of physiological and behavioral reactions (e.g., 

changes in heart rate, respiratory rate, pupil dilation, cutaneous blood flow, sweating, and facial 

muscle movements). It can accomplish all this by signaling to other neural regions (e.g., brainstem, 

hypothalamus, cingulate cortex, somatosensory cortices, and monoaminergic nuclei) and to the body 

(e.g., endocrine glands, viscera, and musculoskeletal system). This set of reactions is what we happen 
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to call emotions (Asahina et al., 2003; Damasio, 2003, p. 58; Damasio, 2012, p. 119; Damasio, 2015, pp. 

63-65; Gazzaniga et al., 2016, pp. 95, 404; Kandel et al., 2013, pp. 349, 1085, 1079; Ootsuka and Tanaka, 

2015; Purves et al., 2004, p. 687; Whalen et al., 2013). 

Physiological and behavioral reactions triggered by the amygdala serve the purpose of 

safeguarding the organism (Gazzaniga et al., 2016, pp. 95, 404; Kandel et al., 2013, p. 1085; Whalen et 

al., 2013). Therefore, it is particularly relevant that information from all sensory portals is projected 

to the amygdala, with each sensory portal having a distinct projection pattern. It is the 

interconnections within the amygdala that allow information from different sensory portals to be 

integrated (Bear et al., 2016, p. 632). All these characteristics of the amygdala (which I discussed in 

this paragraph and in the preceding ones) make it highly suitable for the protective function 

performed by REM sleep. It is thus not surprising that the amygdala plays a central role in the 

regulation of REM sleep. The sentinel function of REM sleep allows me to easily explain both the 

intense activation of the cortical amygdala during this sleep state and its distinctive regulatory role. 

To prevent any careless scientist from misinterpreting my arguments, I want to emphasize the 

following. It might seem that I am employing circular reasoning when I claim, for example, that the 

distinctive activation of the amygdala during REM sleep corroborates the sentinel function of REM 

sleep. As if I were using the premise of the sentinel function of REM sleep to conclude that the 

amygdala being active during REM sleep corroborates the sentinel function. This would be a serious 

misinterpretation of my arguments. What I am actually using as a premise is the well-known fact that 

the amygdala performs a protective function during wakefulness. Consequently, its distinctive 

activation during REM sleep corroborates the sentinel function of REM sleep. There is no circularity 

here. And the same applies to the arguments I developed regarding the activation of the cingulate 

cortex and other neural regions during REM sleep. 

In summary, for the sentinel function of REM sleep to be performed, it is necessary that the 

regions responsible—during wakefulness—for attention, vigilance, and emotional processing be 

activated during REM sleep. It is already well-documented in the scientific literature that limbic 

structures exhibit high neural activation during REM sleep (Caska et al., 2009; Peterson et al., 2002). 

Through Positron Emission Tomography (PET), Statistical Parametric Mapping (SPM), and 

neuroimaging studies, scientists demonstrated that numerous regions of the limbic system—

emotion-related regions—are differentially active during REM sleep. The cingulate cortex (especially 

the anterior region), both amygdaloid complexes, the hippocampal formation, the striatum, and the 

left thalamus experience an increase in both blood flow and electroencephalographic activity during 

REM sleep (Braun et al., 1997; Goldstein and Walker, 2014; Maquet et al., 1996; Maquet, 2000). 

Moreover, not only does the limbic system become prominently more active during the REM 

period. The paralimbic structures also exhibit high neural activation during this sleep period (Braun 

et al., 1997). The amygdalofugal pathways to the right parietal operculum, thalamic nuclei, entorhinal 

cortex, dorsal midbrain, pontine tegmentum, and anteroinferior portions of the insula are also 

notably activated during the REM period (Braun et al., 1997; Braun et al., 1998; Goldstein and Walker, 

2014; Peterson et al., 2002). This heightened activation of the limbic system during REM sleep—the 

set of neural regions involved in emotional processing—as well as the paralimbic structures (also 

involved in emotion), is precisely what is predicted by the sentinel function of REM sleep. 

A brief digression. The higher-order neural regions involved in emotional processing have 

traditionally been grouped under the label limbic system (Purves et al., 2004, p. 687; Sagan, 1978, p. 

66). Despite the term “limbic system” still being widely used in discussions concerning the neural 

mechanisms responsible for emotions, it is important to note that there is no single emotional system 

(Bear et al., 2016, p. 625). Some neural structures undoubtedly involved in emotional processing (e.g., 

the anterior cingulate cortex, the amygdala, and the insula) also have other functions (Bear et al., 2016, 

p. 625; Šimić et al., 2021). In this case, therefore, there is no one-to-one correspondence between a 

neural region and a function (Bear et al., 2016, p. 625; Kandel et al., 2021, p. 1047). 

Indeed, given the high biological value of emotions, any evolutionary biologist can easily 

perceive how the evolutionary strategy of a one-to-one correspondence between a neural region (or 

system) and an emotional function would, in all likelihood, be eliminated. After all, it is not an 
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Evolutionarily Stable Strategy (ESS). It is biologically advantageous for emotional processing to be 

divided among various regions. This way, when one of them is compromised, the others can still 

perform the task. 

I want to briefly highlight the thalamus. Functional neuroimaging demonstrates that during the 

N-REM period, the thalamus is inactivated. During the REM period, however, the thalamic nuclei 

are activated (Jan et al., 2009; Maquet, 2000). Among other functions, the thalamus is involved in 

attention and alertness (Perea Bartolomé and Ladera Fernández, 2004; Torrico and Munakomi, 2023; 

Tuttle et al., 2019). Damage to higher-order thalamic regions—such as the mediodorsal nucleus and 

the pulvinar nucleus—can result in severe attention deficits (Saalmann and Kastner, 2015). 

To give an example: in the study by Exner and colleagues (2001), the scientists assessed certain 

cognitive aspects in patients with thalamic lesions. They compared three groups. One group (n = 15) 

with individuals who had focal thalamic infarction or hemorrhage was compared with two control 

groups: one (n = 15) with healthy individuals (i.e., without thalamic damage) and the other (n = 22) 

with individuals who had basal ganglia lesions. Exner and colleagues reported that individuals with 

thalamic lesions exhibited well-preserved intellectual and executive functions. However, among 

other findings, the scientists reported deficits in attention measures and psychomotor speed. 

To continue with the factual foundation of the sentinel sleep theory, I will now analyze 

unihemispheric sleep. As will become evident, the fact that REM sleep almost never occurs in a brain 

undergoing unihemispheric sleep strongly supports my arguments about the protective function of 

REM sleep. 

For certain animals, the environmental pressure against the brain being subjected to sleep in 

both cerebral hemispheres is so substantial that they ended up developing, through non-random 

elimination, unihemispheric sleep (Bear et al., 2016, p. 663; Purves et al., 2004, p. 661; Ribeiro, 2020, 

p. 132). Their brains can sleep using only one cerebral hemisphere at a time (Mascetti, 2016; Ribeiro, 

2020, p. 131). In certain environments and niches, if the organism’s brain were subjected to deep sleep 

in both hemispheres, the organism would face serious problems. Its survival would be severely 

compromised—either due to heightened vulnerability caused by the low levels of alertness 

characteristic of N-REM sleep or due to the need to maintain movement (Mascetti, 2016; Ribeiro, 2020, 

pp. 132-133). 

Unihemispheric sleep allows only one hemisphere to undergo much-needed N-REM sleep. 

Putting it another way, unihemispheric sleep prevents both hemispheres from becoming significantly 

more inactive and, consequently, prevents the organism from becoming significantly more 

vulnerable (Kandel et al., 2013, p. 1141; Mascetti, 2016; Ribeiro, 2020, pp. 132-133). In unihemispheric 

sleep, the neural mechanisms involved in promoting the waking state predominate in one cerebral 

hemisphere (as indicated by desynchronized electroencephalographic activity with high-frequency 

and low-amplitude waves), while the neural mechanisms involved in promoting the deep sleep state 

predominate in the other (as indicated by low-frequency and high-amplitude waves) (Konadhode et 

al., 2016; Mascetti, 2016; Ribeiro, 2020, p. 137). Due to this evolutionary strategy, one hemisphere can 

lower its alertness (an imperative characteristic of N-REM sleep) while the other hemisphere ensures 

that vigilance and attention to the surrounding environment are maintained—preventing the 

organism from being subjected to substantial vulnerability. 

For cetaceans (e.g., dolphins, belugas, orcas, porpoises, and whales), unihemispheric sleep 

constitutes the only form of sleep (Mascetti, 2016; Ribeiro, 2020, p. 131). This characteristic allows 

cetaceans to maintain constant movement, ensuring periodic surfacing for breathing (Mascetti, 2016; 

Ribeiro, 2020, p. 131). Repeated studies on cetaceans failed to find any amount of REM sleep in these 

animals (Lyamin et al., 2008; Lyamin et al., 2018). The fact that cetaceans lack REM sleep has been 

interpreted as evidence that the need for REM sleep is overridden if the brain maintains, in one of its 

hemispheres, elevated levels of electrical activity capable of sustaining continuous motor activity and 

a high level of alertness (Ribeiro, 2020, pp. 131-132). I argue, based on my theory, that this observation 

is entirely correct. 

Since the function of REM sleep is to provide greater defense to the organism during the 

vulnerable N-REM sleep, its absence in cetaceans is further evidence in support of the sentinel sleep 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 August 2024                   doi:10.20944/preprints202408.1867.v1

https://doi.org/10.20944/preprints202408.1867.v1


 10 

 

theory. After all, with the unilateral occurrence of N-REM sleep in these animals, there is sufficient 

neural activation to ensure consistent defense against any threats in the surrounding environment, 

making REM sleep unnecessary. 

Unlike cetaceans, other animals have both unihemispheric and bihemispheric sleep. Birds are 

examples of this. A relevant fact for my discussion is that REM sleep occurs in them only when the 

brain is subjected to bilateral N-REM sleep: in birds, REM sleep is absent whenever unihemispheric 

sleep occurs (Mascetti, 2016; Rattenborg et al., 1999a; Rattenborg et al., 1999b; Ribeiro, 2020, p. 131). 

The same explanation I presented for cetaceans in the previous paragraph applies to birds. When a 

bird's brain is subjected to unihemispheric sleep, there is sufficient neural activation to ensure 

environmental vigilance. However, the same does not happen when the brain is subjected to 

bihemispheric N-REM sleep. That is why REM sleep is present in birds when they undergo 

bihemispheric N-REM sleep. I will discuss henceforth about another animal that has both 

bihemispheric and unihemispheric sleep. 

The northern fur seal (Callorhinus ursinus) is a semiaquatic mammal: it can sleep both in seawater 

(where it spends most of its life) and on land (Lyamin et al., 2018). Lyamin and colleagues (2018) 

demonstrated that when the studied fur seals slept in water, REM sleep was either effectively 

suppressed or significantly reduced: from 80 minutes (when on a dry platform) to 3 minutes per day 

(when in water); a reduction of 96.4%. During the first three to seven days in water, no REM sleep 

was recorded in any of the fur seals; in one of the four fur seals, REM sleep occurred on only one of 

the eleven days of analysis. After undergoing this almost complete suppression of REM sleep and 

returning to sleep on the dry platform, the fur seals either exhibited minimal REM sleep rebound or 

no rebound at all. When the fur seals left the dry platform and returned to the water, bihemispheric 

sleep was replaced by unihemispheric sleep. While in seawater, their N-REM sleep was 

predominantly unihemispheric (94% of all N-REM sleep was unihemispheric in this condition). In 

comparison, when on the dry platform, unihemispheric N-REM sleep was reduced (61% of all N-

REM sleep was unihemispheric in this condition). And again (as with birds), unihemispheric N-REM 

sleep was associated with the absence of REM sleep. 

From the perspective of the sentinel sleep theory, the reason the fur seals did not exhibit REM 

sleep rebound (or exhibited minimal rebound) is due to the biological function of REM sleep. Since 

their brains were predominantly subjected to unihemispheric sleep while they remained in water, 

the fur seals were sufficiently protected. Their brains were sufficiently vigilant to the surrounding 

environment. Thus, REM sleep was dispensable. As I already stated, REM sleep is necessary only 

when N-REM sleep occurs in both hemispheres. 

Regarding the minimal REM sleep rebound observed, it may be due to the following reason. The 

fur seals clearly enclose neural mechanisms that control REM sleep suppression, activated whenever 

unihemispheric sleep occurs. As I will elaborate further, REM sleep rebound constitutes a defense 

mechanism triggered whenever REM sleep is suppressed. It turns out that in this case there is 

conflicting information. On one hand, whenever unihemispheric N-REM sleep occurs, the organism 

is protected, making REM sleep dispensable. On the other hand, whenever unihemispheric N-REM 

sleep occurs, REM sleep is suppressed, making REM sleep rebound necessary. Therefore, the reason 

behind the minimal rebound observed may simply be because REM sleep was suppressed when the 

organism’s brain was subjected to unihemispheric N-REM sleep. However, since the organism was 

sufficiently protected by being subjected to N-REM sleep in only one hemisphere, the rebound was 

minimal instead of lasting as long as the suppression occurred. We must consider that non-random 

elimination may not have had time to eliminate this rebound when it makes no sense to have it. 

Therefore, it is expected that many animals will present minimal rebound even after their brain is 

subjected to unihemispheric N-REM sleep. 

Another fact that corroborates my theory is the way organisms respond when awakened from 

REM sleep. When an organism (human or non-human) is awakened from REM sleep, it exhibits full 

alertness (an obvious adaptive advantage) (Kandel et al., 2013, p. 1157; Ribeiro, 2020, p. 127). The 

biological relevance of the REM period is evident from the fact that animals, when awakened during 

this period, respond more effectively and demonstrate better sensory and motor function compared 
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to those awakened from N-REM sleep—who exhibit sensory, cognitive, and motor deficits that take 

several minutes to dissipate (Kandel et al., 2013, p. 1157; Ribeiro, 2020, p. 127). Additionally, another 

relevant fact is the habitual occurrence of spontaneous awakenings during or immediately after REM 

sleep; which led scientists to believe that the REM period serves to facilitate the transition from N-

REM sleep to wakefulness (Ermann et al., 1993; Ficca et al., 2004; Klemm, 2011; Ribeiro, 2020, p. 127). 

The aforementioned evidence clearly corroborates the sentinel sleep theory. If (as I am arguing) 

the biological function of the REM period is to reduce the vulnerability of N-REM sleep—especially 

through greater neural activation in regions related to vigilance and emotional processing—the 

heightened readiness demonstrated by organisms awakened from REM sleep is precisely what 

would be expected. This readiness is a consequence of the sentinel function of REM sleep. 

To conclude this section, I will discuss what happens when REM sleep is suppressed. Organisms 

that undergo total REM sleep deprivation experience a vigorous compensatory return known as REM 

sleep rebound. This rebound is characterized by a subsequent increase in both the time the brain invests 

in the REM period and the intensity of this period, leading to more intense intrusive dreams (Kandel 

et al., 2013, p. 1157; Ribeiro, 2020, p. 77). REM sleep rebound is proportional to the duration of its 

suppression, but (which is particularly relevant to my arguments) the opposite is not true. Increasing 

N-REM sleep time also increases REM sleep, but it does not cause a subsequent “negative rebound” 

(Ribeiro, 2020, p. 169). The reason this negative rebound does not occur is obvious from the 

perspective of the sentinel sleep theory: doing so would compromise vigilance during sleep and, 

consequently, the organism's safety. 

REM sleep rebound is due to its sentinel function. This biological mechanism that provides 

greater protection during sleep—the REM period—proved to be so fundamental throughout 

evolution that it is present in a vast number of distinct species. Due to its biological value, major or 

total suppression of this protective mechanism represents an abrupt increase in the organism's 

vulnerability during N-REM sleep. When the brain is subjected to major or total suppression of the 

REM period, it activates a defense mechanism: REM sleep rebound. If REM sleep is suppressed, the 

brain demands a subsequent compensatory investment in REM sleep to offset the heightened 

vulnerability it was exposed to during REM sleep suppression. The evolutionary pressure to develop a 

protective sleep was so high that even this protective sleep has a protective mechanism: REM sleep rebound. 

(See sections 2.3 and 2.5 for a deeper discussion of this evolutionary pressure.) 

The sentinel function of REM sleep explains why its suppression (partial or total) does not result 

in neural or cognitive impairments for the organism. Contrary to what is claimed by many scientists 

(Bear et al., 2016, p. 665; Gazzaniga et al., 2016, pp. 150-151; Moruzzi and Eccles, 1966; Ribeiro, 2020, 

p. 130), the primary function of REM sleep is not to contribute to learning, but rather to provide 

greater protection to the highly vulnerable N-REM sleep. (See section 5, where I justify this assertion.) 

This is why patients medicated with antidepressants can exhibit near-complete or complete REM 

sleep inhibition for years—an effect caused by practically all antidepressants (with some even 

interfering with the homeostatic regulation of REM sleep)—without showing any notable deficits in 

learning and the capacity to form new memories, while maintaining normal brain functionality (Bear 

et al., 2016, p. 665; Feriante and Araujo, 2023; Kandel et al., 2013, p. 1157; Matsuda et al., 2021; 

McCarthy et al., 2016; Nollet et al., 2019; Pagel and Parnes, 2001; Ribeiro, 2020, p. 171). 

The greatest harm that REM sleep inhibition causes to an organism is the substantial increase in 

its vulnerability during sleep. Therefore, if you are in a safe place while sleeping, you do not have to 

worry about neural impairments if your REM sleep is suppressed. REM sleep suppression does not 

compromise any neural function other than the protective function it provides. Note that the 

preceding statements refer exclusively to REM sleep suppression. It is crucial to distinguish between 

the effects of exclusive REM sleep suppression and REM sleep suppression accompanied by N-REM 

sleep suppression. We must consider this distinction because it is common for scientists to also 

suppress N-REM sleep when studying REM sleep suppression (Lyamin et al., 2008). 

2.2. THE PARAMETERS OF REM SLEEP DEPEND ON THE ORGANISM’S VULNERABILITY 
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Although insufficient on its own, what usually serves as evidence to support an assertion 

concerning a cause is a correlation between two events (Carnielli and Epstein, 2019, p. 277; Weston, 

2009, p. 41). Moreover, when one aims to demonstrate that A causes B, one also aims to demonstrate 

that it makes sense for A to cause B. The better the connection (or explanation) established between 

the cause and the effect, the stronger the argument will be (Weston, 2009, pp. 43-44). This is what I 

will attempt to do to demonstrate that increasing bodily protection causes specific and predictable 

changes in REM sleep parameters. 

An obvious prediction of the sentinel sleep theory is that the brain of organisms with greater 

body fat or muscle strength will spend less time in the REM period. After all, greater weight or muscle 

strength leaves the organism more protected compared to its peers lacking this protection. An 

organism with lower body weight or lower muscle strength is more vulnerable compared to another 

organism of the same species with greater weight or muscle strength. This is why increasing muscle 

strength or weight should be accompanied by a reduction in the time the brain invests in REM sleep. 

Furthermore, a longer latency to the first REM period is also predicted. In less vulnerable 

organisms—either due to a greater amount of body mass or greater muscle strength—the onset of the 

first REM period can delay beyond the usual time. Since the organism is better protected, more time 

can be dedicated to the fundamental N-REM sleep before transitioning to the sentinel stage. Here is 

the empirical basis for the preceding statements: 

In the article by Driver and Taylor (2000), the authors reviewed the literature regarding the 

association between exercise and sleep. Using meta-analytic techniques, the authors demonstrated 

that long-duration, high-intensity exercises altered participants' sleep: N-REM sleep time increased 

(by 2 to 5 minutes), REM sleep time decreased (by 2 to 5 minutes), and REM sleep latency increased 

(by 10 minutes). 

In the study by Myllymäki and colleagues (2011), the researchers analyzed the effects of intense 

exercise on sleep when performed within a period of three hours before bedtime. To do so, they 

evaluated a group of young adults (n = 11), monitored in two distinct situations: (1) after engaging in 

intense exercise before bed, and (2) after a day without exercise (control situation). Among other 

results, the researchers reported that REM sleep had an average duration of 88 minutes in the exercise 

situation and an average duration of 101.3 minutes in the no-exercise situation (p = 0.155). 

From the perspective of sentinel sleep theory, the above-mentioned result indicates that 

engaging in high-intensity exercise—even for just one day and within three hours before sleep—is 

enough to virtually reduce the organism's vulnerability. The mere fact of exercising intensely before 

sleep causes the neural mechanisms that regulate REM sleep to interpret this action as a—small but 

significant—increase in the organism's protection. This supports my claim that proprioceptive 

information is particularly relevant to REM sleep parameters (e.g., to the time invested in it). 

In the study by Driver and colleagues (1994), to evaluate whether the duration of physical 

exercise affects sleep immediately after practice, the researchers analyzed the sleep of a group of male 

endurance athletes (n = 8; age range: 23-42 years). Four distinct exercise conditions were analyzed: (1) 

a day without any specific exercise, (2) a day with a 15 km run, (3) a day with a 42.2 km run, and (4) 

a day when participants performed an exhaustive ultra-triathlon. The sleep parameters in the first 

three conditions were analogous. However, they were different in the fourth condition. Compared to 

the first three, the exercises in the fourth condition significantly increased wakefulness, reduced REM 

sleep time, and increased REM sleep latency. Here are some of the results presented: in the no-

exercise condition, the average REM sleep latency was 90 minutes; in the ultra-triathlon condition, 

the average REM sleep latency was 186 minutes. In the no-exercise condition, the average amount of 

REM sleep was 72 minutes; in the ultra-triathlon condition, the average amount of REM sleep was 27 

minutes. 

In the study by Kitamura and colleagues (2021), the researchers evaluated the relationship 

between sleep parameters and body composition by comparing female athletes (n = 19) and male 

athletes (n = 17). Compared to the female athletes, the male athletes had greater muscle mass (82.4% 

muscle mass in men, 77.9% in women; p = 0.008). Among other results, male athletes spent less time 

in REM sleep compared to female athletes (21.1% in men, 26.2% in women; p = 0.008). This difference 
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is exactly what would be expected due to the sentinel function. Since the men had greater muscle 

mass than the women, this made them more protected, thus requiring less time in REM sleep. 

In the study by Hrozanova and colleagues (2020), to investigate the association between training 

load, mental stress, and sleep, the researchers recruited a group of junior athletes from schools 

specializing in endurance sports practices (n = 56; age range: 17-19 years). They reported that both 

mental stress and training load were associated with a subsequent significant reduction in REM sleep. 

This reduction was more intense when associated with an increase in training load. For each point 

added to the training load scoring scale, REM sleep significantly decreased. On the other hand, 

decreasing the training load increased the total time spent in both N-REM and REM sleep. 

Additionally, for each point added to the mental effort scoring scale, total sleep time, sleep efficiency, 

time spent in N1 and N2 stages, and REM sleep time also significantly decreased. 

In the study by Hague and colleagues (2003), the researchers aimed to test how exercise impacts 

sleep. To do so, they chose to significantly reduce the intensity of physical activity in highly active 

individuals; which is why they recruited a group of trained athletes (n = 15) who maintained a daily 

exercise routine with varying intensity from moderate to high. The researchers evaluated two 

conditions: (1) a day when the participants did not perform their usual physical activities, and (2) a 

day when they did (control condition). Among other results, they observed that in the sedentary 

condition, REM sleep latency was reduced by an average of 24.0 minutes (p < 0.05), and REM sleep 

time increased by an average of 17.9 minutes (p < 0.05). When comparing the experienced conditions, 

they found no overall impact on total sleep time, sleep efficiency, or wakefulness after sleep onset (p 

< 0.05). 

In the study by Chamorro and colleagues (2014), the researchers aimed to analyze the 

relationship between sleep parameters and being overweight. To do this, they recruited healthy 10-

year-old children based on two groups: (1) normal weight (n = 37), and (2) overweight (n = 59). In the 

normal weight group, the average REM sleep time was 87.3 minutes (p = 0.05). In the overweight 

group, the average REM sleep time was 75.6 minutes (p = 0.05). In the normal weight group, the 

average REM sleep latency was 120.0 minutes (p = 0.05). In the overweight group, the average REM 

sleep latency was 138.7 minutes (p = 0.05). There was no statistically significant difference between 

the groups regarding the N3 stage (the deepest stage of N-REM sleep). The N3 values for the normal 

weight and overweight groups were, on average, 94.7 and 94.6 minutes, respectively. 

The authors of the aforementioned study concluded that being overweight in childhood is 

associated with changes in total sleep duration, in N-REM sleep, and in REM sleep. Something 

particularly relevant to my theory is that the amount by which REM sleep was reduced in overweight 

children was inversely proportional to body mass index. In the study by Chamorro and colleagues (2014), 

the age of the children was almost identical in both groups, and sleep patterns were recorded under 

natural conditions. Therefore, as described by the researchers, these factors (which alter REM sleep) 

are unable to explain the discrepancy found in REM sleep between the two groups. This discrepancy 

is easily explained by the sentinel sleep theory. 

In the study by Liu and colleagues (2008), the researchers analyzed the association between 

obesity and specific sleep stages in children and adolescents. The participants (n = 335; age range: 7-

17 years) were divided into three groups: (1) non-overweight group (n = 241), (2) at-risk-of-

overweight group (n = 49), and (3) overweight group (n = 45). Among other results, body mass was 

significantly related to REM sleep. Additionally, participants in the overweight group (compared to 

the non-overweight group) had longer REM sleep latency, lower REM sleep activity and density, and 

less REM sleep time. To determine which sleep stages (N1, N2, delta sleep, and REM sleep) were 

independently related to being overweight, the researchers conducted a multiple logistic regression 

analysis. The result was that only the reduction in REM sleep was independently and significantly 

related to being overweight (p = 0.03). 

In the study by Theorell-Haglöw and colleagues (2010), the researchers evaluated the 

relationship between sleep stages, sleep duration, and central obesity in women. To do this, they 

selected a sample of women aged 20 to 70 years (n = 400) and divided them into two groups: (1) 

central obesity group (n = 182), and (2) non-central obesity group (n = 218). Based on the results, the 
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researchers concluded that obesity was inversely proportional to the duration of both N-REM and 

REM sleep. In the obesity group, the average REM sleep time was 63.2 minutes (p < 0.0001); in the 

non-obesity group, the average REM sleep time was 77.5 minutes (p < 0.0001). The authors concluded 

that even after adjusting for confounding factors, the duration of both N-REM and REM sleep was 

inversely proportional to waist circumference and sagittal abdominal diameter. 

In the study by Elrokhsi and colleagues (2020), the researchers investigated how different Body 

Mass Index (BMI) levels alter sleep. To do this, they selected a group of children with Type 1 Diabetes 

Mellitus (T1DM) (n = 105; average age: 13.54 years; 49.5% female). Of the total, 19% were obese, 22% 

were overweight, and 59% had a normal BMI (81% non-obese). As reported by the researchers, there 

was no statistically significant difference between obese and non-obese regarding N-REM sleep. 

However, compared to non-obese children, obese children had significantly less REM sleep time (p = 

0.022); a statistical significance that remained even after the researchers adjusted the result for 

multiple covariates. 

Considering the sentinel function of REM sleep, another prediction is that organisms exposed to 

an unknown environment (and therefore rich in sensory information) should show a significant 

increase in REM sleep time, as well as a shorter latency to the first REM episode. After all, the unknown 

includes the possibility of danger. This is equivalent to stating that an unfamiliar environment subjects 

the organism to greater vulnerability. As described by Kahneman (2011, p. 67): 

To survive in a frequently dangerous world, an organism should react cautiously to a novel 

stimulus, with withdrawal and fear. Survival prospects are poor for an animal that is not suspicious 

of novelty. However, it is also adaptive for the initial caution to fade if the stimulus is actually safe. 

 When the organism rests in a familiar environment, the brain benefits from this familiarity, 

especially if the environment does not include (in recent experiences) a constant level of 

dangerousness. Under this condition, the brain can invest less time in the REM period and may even 

delay its onset slightly (longer latency). However, when the organism is in an unknown resting place, 

vigilance against any possible threats needs to be higher. This is why, whenever the organism is 

exposed to an unknown environment, the brain will invest more time in the REM period, and it will 

be more imperative that it does not delay its onset (shorter latency). The possibility of danger demands 

a greater amount of REM sleep and a shorter latency to the first REM episode. 

 It has been consistently demonstrated that exposing an animal to a rich sensory experience 

during wakefulness (e.g., being exposed to a new environment) significantly increases the time the 

brain invests in REM sleep and reduces REM sleep latency (in some cases, without altering total sleep 

time) (Borniger et al., 2018; Gutwein and Fishbein, 1980a; Gutwein and Fishbein, 1980b; Kiyono et al., 

1981; Mirmiran et al., 1982; Nair et al., 2022; Smith, 1996; Tagney, 1973; van Gool and Mirmiran, 1986). 

This evidence corroborates the sentinel sleep theory and also implicates fear as an emotion capable 

of affecting REM sleep. 

 A not-so-obvious prediction of the sentinel sleep theory is that, besides body mass and 

muscle strength, any other factors that increase or decrease the organism's vulnerability will also 

affect REM sleep. After all, it is not only body mass and muscle strength that influence the organism's 

vulnerability: other factors can also make it more or less vulnerable. It is possible to extend the 

discussion beyond the obvious factors. This leads me to discuss stress and depression. I will start 

with depression. 

 A notable characteristic of depression is that it places the organism in a state of increased 

vulnerability—leaving it with low energy and greater fatigue (Arias et al., 2020; Gazzaniga et al., 

2016, p. 620; Stahl, 2002; Targum and Fava, 2011; Wolpert, 2008). Therefore, according to the sentinel 

sleep theory, depression should cause the brain to invest more time in REM sleep, reduce the latency 

to the first REM episode, and increase the density (or intensity) of REM sleep. It may also cause the 

first REM episode to be longer. When the organism is more vulnerable (e.g., due to depression), the 

first REM episode may last longer precisely because of this vulnerability. Since N-REM sleep 

predominates at the beginning of sleep (Ribeiro, 2020, p. 143), this vulnerability combined with 

another vulnerability (e.g., depression) may result in a longer first REM episode. When other factors 

remain unchanged, combined vulnerabilities produce more intense effects on REM sleep parameters. 
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 All these predictions were consistently confirmed (although not under the context of my 

theory). Depressed patients exhibit a decrease in N-REM sleep, an increase in total REM sleep time, 

shorter REM sleep latency, a prolonged first REM episode, and greater intensity (or density) of REM 

sleep (especially in the first REM period) (Anderson and Bradley, 2013; Berger and Riemann, 1993; 

Gazzaniga et al., 2016, p. 620; Kishi et al., 2023; McCarley, 1982; Palagini et al., 2013; Riemann et al., 

2020; Riemann and Berger, 1989; Schmid et al., 2008; Steiger et al., 2013; Steiger and Pawlowski, 2019; 

Suchecki et al., 2012; Wichniak et al., 2017). Now that I addressed depression, I will discuss stress. 

Stress commonly impacts all body systems (e.g., cardiovascular, muscular, endocrine, nervous, 

respiratory, reproductive, and gastrointestinal systems). Regarding the cardiovascular system, acute 

stress increases heart rate, dilates the heart, intensifies heart muscle contractions, and reduces blood 

flow in organs that are not involved in rapid motor activity to redirect it to the large muscles—

something particularly relevant in the context of fight or flight (Chu et al., 2022; Dhabhar, 2018). 

Regarding the endocrine system, stress increases the production of hormones that activate the 

physiological responses to it—one of which is the cortisol (Chu et al., 2022). When the brain detects a 

stressful situation—whether recalled or actually present—it triggers a cascade of stress-related 

hormones that serve the purpose of preparing the body to fight or flee. This fight-or-flight response 

constitutes one of the primary survival mechanisms for an organism. Without this mechanism, a 

predator would be unable to capture its prey, and a prey would be unable to escape from its predator 

(Chand et al., 2021; Chu et al., 2022; Damasio, 2003, p. 53; Dhabhar, 2018). In short, the immediate 

result of stress is to favor, directly or indirectly, the survival of the organism. 

A careless scientist might assume that it is incorrect for me to assert that stress makes the 

organism better protected (or less vulnerable). This scientist might argue that “as a prey, the stress 

during a fight-or-flight reaction indicates that I am being hunted, which is equivalent to saying that 

I am vulnerable.” Thinking this way is incorrect. The vulnerability is due to the predator, not the 

stress. It is the stress that allows a prey to have some chance of successfully escaping from a predator. 

Without stress (and the other components of the fight-or-flight reaction), this would be impossible 

(Chand et al., 2021; Chu et al., 2022; Damasio, 2003, p. 53; Damasio, 2015, pp. 52-53; Dhabhar, 2018). 

Stress automatically provides a prey with an internal state whose purpose is to enable behavioral 

responses appropriate to the context of fleeing or fighting (e.g., increased heart rate, increased blood 

pressure, and increased blood flow directed to the arteries of large muscles), thereby increasing their 

chances of survival. Therefore, what is truly incorrect is to assert that stress does not contribute to 

reducing the organism's vulnerability. 

Considering that stress (due to the physiological state that favors survival) reduces the 

organism's vulnerability, this implies that any organism under the influence of stress hormones will 

have its REM sleep affected. According to the sentinel sleep theory, stress should cause the brain to 

invest less time in REM sleep, increase the latency to the first REM episode, and increase the density 

of REM sleep. It may also cause the first REM episode to be (albeit subtly) shorter than the others. 

Given that N-REM sleep is highly important and that it predominates at the beginning of sleep 

(Ribeiro, 2020, p. 143), with the organism being better protected, the brain can dedicate less time to 

REM sleep and more time to N-REM sleep. 

The reason it is expected that REM sleep density increases (rather than decreases) under the 

influence of stress is that stress leaves the organism prepared for a fight-or-flight response. This 

makes REM sleep more intense. Putting it another way, stress makes the organism more easily 

awakened during REM sleep because, among other effects, stress reduces the organism's 

vulnerability by increasing vigilance (Chand et al., 2021; Oken et al., 2006). Therefore, considering 

that both REM sleep and stress reduce the organism's vulnerability by increasing vigilance, the 

combination of both results in greater intensity of REM sleep. Just as combined vulnerabilities produce 

more intense effects on REM sleep parameters, combined protections also do the same. 

Feinberg and colleagues (1987) already proposed that the density (or intensity) of REM sleep 

may be related to the level of arousal. Some data support this hypothesis (Barbato, 2023). Here I assert, 

based on the sentinel sleep theory, that REM sleep density is indeed directly related to arousal (or 

alertness, or vigilance, or attention). My argument is that REM sleep density is proportional to the 
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level of alertness. In other words, REM sleep density equates to the organism's level of alertness. This 

implies that the organism will awaken if REM sleep density reaches a very high intensity (i.e., a 

threshold). I present henceforth some additional evidence that corroborates what I stated in this and 

the two preceding paragraphs. 

When N-REM sleep predominates, cortisol levels reach their minimum; when REM sleep 

predominates, cortisol levels increase, approaching the cortisol levels associated with alertness 

during wakefulness—the peak is reached when the organism awakens (Ribeiro, 2020, pp. 143, 248). 

In the study by Feng and colleagues (2023), the REM sleep density in participants underwent a 

significant increase after being subjected to stressful situations; moreover, they were more likely to 

spontaneously awaken during sleep when under stress. In the research by Rodenbeck and Hajak 

(2001), the authors demonstrated that the number of spontaneous awakenings was correlated with 

cortisol levels. In the study by Barbato and colleagues (1994), the authors demonstrated that the 

propensity for spontaneous awakening is greater in REM sleep when it presents a high density. The 

same was demonstrated (especially in younger individuals) in the study by Ficca and colleagues 

(2004). In short, most spontaneous awakenings are preceded by a high density of REM sleep (Barbato, 2023). 

 Now that I demonstrated the evidence that corroborates my conclusion that REM sleep 

density equates to the brain's alertness level, I will present henceforth the evidence that corroborates 

my other assertions regarding the effect of stress on REM sleep. 

 Mental tension significantly reduces REM sleep time (Hrozanova et al., 2020). And acute 

cortisol administration in humans increases N-REM sleep, suppresses or substantially reduces REM 

sleep, and increases the latency of the first REM episode (Friess et al., 2004; Schmid et al., 2008). In 

rodents, stress induces a reduction in both N-REM and REM sleep, with the amount of reduction 

varying according to the type of stress experienced and the duration of exposure to it (Papale et al., 

2005; Rolls et al., 2010). In humans, stress reduces both N-REM and REM sleep, increases REM sleep 

latency, and increases REM sleep density (Feng et al., 2023). 

 In the study by Gonnissen and colleagues (2013), the researchers analyzed the effects of 

sleep fragmentation. To do it, they recruited a group of healthy male participants (n = 12). Two 

conditions were compared: (1) a day without sleep fragmentation and (2) a day with sleep 

fragmentation. In the non-fragmented sleep condition, the average REM sleep time was 83.5 minutes, 

while in the fragmented sleep condition it was 69.4 minutes: a statistically significant reduction (p > 

0.05). There was no statistical significance between conditions regarding N-REM sleep latency, wake 

time, total sleep time, and total time in stage N1. The total sleep time did not change significantly 

because the reduced REM sleep time was equivalent to the increased time in stage N2. Something 

particularly relevant is that nighttime cortisol levels were significantly higher in the fragmented sleep 

condition compared to the non-fragmented condition. Based on my theory, I assert that—given that 

sleep fragmentation elevates cortisol levels (Gonnissen et al., 2013; Rodenbeck and Hajak, 2001)—

stress due to fragmentation reduced REM sleep. 

 The study by Schmid and colleagues (2008) is interesting because the researchers attempted 

to replicate—in depressed participants—the widely reported suppression of REM sleep as a result of 

acute cortisol administration. As the researchers stated, they were unable to do so. The reason, from 

the perspective of sentinel sleep theory, is simple. Considering that this sample included depressed 

participants, the presence of this disorder prevented the suppression of REM sleep. Depression, due to 

the vulnerability it imposes on the organism, prevents REM sleep from being suppressed, even under acute 

cortisol administration. 

In summary, the time invested in REM sleep is inversely proportional to muscle strength and 

body weight, but directly proportional to vulnerability. Increasing vulnerability causes the brain to 

invest more time in REM period, reduce the latency to the first REM episode, and increase REM sleep 

intensity; reducing vulnerability causes the brain to invest less time in REM period, increase the 

latency to the first REM episode, and reduce REM sleep intensity (except when the organism is under 

the influence of stress hormones). 

Whenever the organism is less vulnerable, REM sleep is significantly reduced, allowing the brain 

to dedicate more time to the essential N-REM sleep. This is why a reduction in total REM sleep time 
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may, in some cases, be accompanied by an increase in total N-REM sleep time. However, a marked 

reduction in REM sleep may also be accompanied by no change in N-REM sleep time. In general, a 

reduction in REM sleep is accompanied by a reduction in total sleep time. After all, reducing REM 

sleep time naturally affects total sleep duration. 

Analyzing REM sleep in neonates will allow me to further corroborate the arguments I 

developed for the sentinel function of REM sleep. Therefore, I will dedicate the next few paragraphs 

to this analysis. 

As described by Ribeiro (2020, p. 129), the amount of REM sleep is strongly correlated with the 

level of physical immaturity at birth. Animals that exhibit high autonomy shortly after birth (e.g., 

sheep, guinea pigs, and giraffes) have a lower amount of REM sleep: about one hour per day. On the 

other hand, mammals that are physically immature at birth (e.g., platypuses and humans) show 

abundant REM sleep at birth, especially in the early stages of life (Ribeiro, 2020, p. 129). A newborn 

human is incapable of moving, feeding, defending, or cleaning itself. Similarly, a baby platypus is 

also unable to perform these actions and cannot regulate its own temperature without needing to 

establish physical contact with its mother (Ribeiro, 2020, pp. 129-130). The high physical immaturity 

(or fragility, or vulnerability) with which countless organisms begin life represents a clear 

disadvantage, requiring regular parental care (Ribeiro, 2020, p. 130). 

Thus, it is not surprising that high neonatal vulnerability is correlated with a large amount of 

REM sleep (Chen et al., 2022; Kandel et al., 2013, p. 1150; Ribeiro, 2020, p. 130; Sagan, 1978, p. 156). 

Newborn humans sleep an average of 16 to 18 hours a day, and about 50% (or more) of this time is 

spent in REM sleep. In prematurely born babies (who sleep even more), REM sleep time is much 

more predominant, occurring in about 80% of total sleep time (Grigg-Damberger and Wolfe, 2017; 

Kandel et al., 2013, p. 1150; Sagan, 1978, p. 156). In addition to humans, scientists also identified a 

substantially large amount of REM sleep in neonates of numerous species: in chimpanzees (Balzamo 

et al., 1972), nemestrina monkeys (Reite et al., 1976), rats (Blumberg, 2015; Cui et al., 2019), cats 

(Jouvet-Mounier et al., 1970), guinea pigs (Jouvet-Mounier et al., 1970), lambs (Ruckebusch et al., 

1977; Szeto and Hinman, 1985), and in ferrets (Thurber et al., 2008). 

Analyzing ocular activity in fetuses provides another corroboration for my arguments, so I will 

dedicate this paragraph to that. The density of ocular movements is a way to assess REM sleep 

activity (Nakahara et al., 2022). Fetal ocular movements consolidate from 23 weeks of gestation, 

allowing scientists to observe the rapid eye movements typical of REM sleep (Inoue et al., 1986; 

Okawa et al., 2017). Fetal rapid eye movements potentially denote the existence of REM sleep, 

although this is inconclusive (Okawa et al., 2017). Despite this limitation, given the possibility that 

these movements indicate the presence of REM sleep, it is interesting to analyze the results of the 

study by Okawa and colleagues (2017). In this study, the researchers analyzed, in real-time and over 

60 minutes, eye movements in fetuses with a gestational age between 24 and 39 weeks. The results 

revealed that the period of rapid eye movements was much longer than the period without rapid eye 

movements. In other studies, scientists showed that between 28 and 30 weeks of gestation, the fetus 

spends most of its time in REM sleep, with subtle signs of N-REM state (Graven and Browne, 2008; 

Mizrahi, 2004; Werth et al., 2017). As gestation progresses, REM sleep time is progressively reduced, 

from 80% (at 30 weeks) to 67% (between 33 and 35 weeks) and then to 58% (between 36 and 38 weeks) 

(Chen et al., 2022). 

At this point, some scientist will attempt to refute my arguments by referencing comparative 

studies across species that suggest that a potential function of REM sleep is to promote neonatal brain 

development (e.g., Elgar et al., 1988; Elgar et al., 1990; Zepelin and Rechtschaffen, 1974; Zepelin, 1989; 

Zepelin et al., 2005). This would explain the vast amount of time spent in REM sleep in neonates. 

However, as pointed out by Capellini and colleagues (2008), these studies have two major flaws. The 

first is that the authors did not account for the similarity among the species studied due to their 

common ancestry, an omission that can lead to erroneous conclusions (Felsenstein, 1985; Harvey and 

Pagel, 1991; Martins and Garland, 1991). The second flaw is that the comparability of the data has 

been repeatedly questioned (e.g., Berger, 1990; Campbell and Tobler, 1984; and again by Capellini et 

al., 2008). 
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The research by Capellini and colleagues (2008) is important to my discussion because the 

authors did not find support for the hypothesis that one function of REM sleep is to promote neonatal 

brain development. According to the comparative evidence across species in their study, the need for 

REM sleep was not significantly greater in species with lower neonatal brain mass, even after 

adjusting for allometry. What makes Capellini and colleagues’ study robust is that the scientists 

considered the similarity among the species studied due to their common ancestry. Moreover, they 

also relied on high-quality data, taking into account the shortcomings of the aforementioned studies. 

Capellini and colleagues reported that both N-REM and REM sleep showed significant negative 

correlations with neonatal body mass and with gestation duration, demonstrating that REM sleep 

does not promote neonatal brain development. In summary, even after controlling the laboratory 

conditions and phylogeny, the results of their study did not support the hypothesis that REM sleep 

serves to promote neonatal brain development. 

The evidence I presented above reinforces my arguments. Consequently, the correlation 

between an excessive amount of REM sleep and greater physical immaturity at birth constitutes a 

vigorous corroboration of the sentinel sleep theory. This is exactly what it predicts. After all, since the 

time the brain dedicates to REM sleep depends directly on the organism’s vulnerability, it is predicted 

that physically immature newborns have abundant REM sleep compared to more physically mature 

newborns—being more abundant in premature births and even more so in fetuses the greater their 

physical immaturity. In the context of greater physical immaturity, especially in premature cases, 

neural information from proprioceptive mappings seems to be particularly relevant to determine the 

parameters of REM sleep (e.g., its duration). 

It is important to note that the sentinel function of REM sleep can be fully executed only when 

the organism has reached a mature physical development. When, due to some danger, an organism 

with sufficient physical maturity is awakened from REM sleep, it is fully capable of defending itself 

(or the group, or its offspring) with all the vigor that waking up during this period enables. In 

contrast, many neonates are incapable of such a defensive response. The protective function of REM 

sleep cannot be accompanied by an appropriate defensive behavioral response at this early (and 

highly vulnerable) stage of ontogenetic development. REM sleep is a sentinel mechanism that provides 

greater protection to the organism during the highly vulnerable N-REM sleep, but this protection can only be 

effectively achieved if the organism is capable (given the appropriate physical maturity) of fighting or fleeing. 

I did not include, in the results of the studies I analyzed in this section, the standard error and 

standard deviation information. This also applies to the results of other research presented in other 

sections. As this information can be easily verified in the articles themselves, I opted to be as concise 

as possible. I recommend that the reader consult the articles to verify it. 

To conclude this section, I will discuss some factors that increase the robustness of an argument 

whose arguer relies on a correlation to conclude causality. An arguer who aims to establish that A 

causes B will increase the robustness of his argument if he demonstrates that the causal direction goes 

from A to B, but not from B to A. After all, a correlation does not indicate a direction of causality 

(when it exists) (Carnielli and Epstein, 2019, pp. 280-282; Walton, 2008, p. 264; Weston, 2009, p. 49). If 

the causality from B to A is as plausible as from A to B, then it will be impossible to determine a 

unique causal direction; in this case, it may be that both are causing each other (Walton, 2008, pp. 

264-265; Weston, 2009, pp. 49-51). Therefore, clearly demonstrating the implausibility of going from 

B to A strengthens the argument for a causal direction from A to B. This is what I will do for three of 

the causal arguments I developed. 

1. Correlation between greater physical strength and less REM sleep time. What is causing what here? 

The causal direction is clearly not from REM sleep to greater physical strength. Who would argue 

that having less REM sleep causes greater muscle strength? Patients medicated with antidepressants 

experience a total (or near-total) suppression of REM sleep (Kandel et al., 2013, p. 1157; McCarthy et 

al., 2016; Ribeiro, 2020, p. 171), but they do not develop the muscles typical of high-performance 

athletes. Clearly, it is not the REM sleep that causes greater muscle strength. It is the greater muscle 

strength that causes specific changes in REM sleep parameters (e.g., the time invested in it). This 
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reinforces my argument that the direction of causality is from greater muscle strength to REM sleep 

parameters. 

2. Correlation between greater body mass and changes in REM sleep parameters. In obese individuals, 

the changes in REM sleep parameters are analogous to those of high-performance athletes: less REM 

sleep time and greater latency to the first REM episode. If these changes were responsible for causing 

obesity, high-performance athletes would constantly be at the mercy of persistent obesity. The 

alteration of these parameters does not cause obesity. It is obesity that alters these parameters. This 

reinforces my argument that the direction of causality is from obesity to REM sleep parameters. 

3. Correlation between depression and changes in REM sleep parameters. Most humans have REM 

sleep. Rare are the people who do not (Summer and Singh, 2024). For practical purposes, it is 

convenient to simplify: virtually all humans have REM sleep. However, not all have depression. In 

2023, an estimate presented on the World Health Organization (WHO) website pointed to an incidence 

of depression in about 3.8% of the world’s population (WHO, 2023). The causal direction in this case 

is clearly not from REM sleep to depression. The alteration of REM sleep parameters does not cause 

depression. If it did, we would all have depression. After all, as I showed, emotional states (e.g., fear 

and stress) are also correlated with changes in REM sleep parameters. We all experienced these 

emotions, but not all of us developed depression. It is not the REM sleep that causes depression. It is 

the depression that causes specific changes in REM sleep parameters. This reinforces my argument 

that the direction of causality is from depression to REM sleep parameters. 

Another important factor is the complexity of causal relationships. Many causes possess a 

complex chain of causal relations in series. Failing to consider this is an error. It may be that A causes 

C, but that this causal relationship occurs due to a third causal factor, B, operating between factors A 

and C. In this case, it would be more accurate to say that A causes C indirectly (Walton, 2008, pp. 266-

267): 

A ⟶ B ⟶ C 

When a causal relationship possesses a causality structure in series, it can be described as 

complex (Walton, 2008, p. 267). And that is precisely what is happening in the causal relationships I 

addressed in this section. It is not physical exercise (or depression, or stress, etc.) that directly causes 

changes in REM sleep parameters. Physical exercise increases muscle strength, which in turn reduces 

the organism’s physical vulnerability. And it is this reduction in vulnerability (or its increase in other 

cases) that causes specific changes in REM sleep parameters. Vulnerability (or the organism's level of 

protection) is the intermediate causal factor in this complex chain of causal relationships in series. 

To reinforce my causal arguments, it remains for me to analyze the possibility of a common 

cause that could explain the correlations discussed. I will focus on the correlation between greater 

physical strength and less REM sleep time. Someone might argue that greater physical exertion 

requires more restorative processes dependent on N-REM sleep, thus costing the time available for 

REM sleep. Is this plausible? It is a possibility. However, this argument is a double-edged sword: it 

can be used both to refute and to corroborate my arguments. 

According to this line of reasoning, exerting more effort reduces REM sleep due to restorative 

processes dependent on N-REM sleep and exerting less effort increases REM sleep by requiring less 

of these processes. It turns out that sedentary behavior in non-obese individuals is correlated with 

more REM sleep time and shorter REM sleep latency (Seol et al., 2022; Zapalac et al., 2024). And this 

is something predicted from the sentinel sleep theory. After all, non-obese sedentary individuals lack 

both the greater muscle strength of more active individuals and the higher body fat of obese 

individuals. The most reasonable conclusion is that the greater physical vulnerability of non-obese 

sedentary individuals is the relevant causal factor here. Sedentary behavior reduces muscle strength, 

and this, in turn, makes the organism more vulnerable than its more active peers, requiring more 

REM sleep and a shorter latency to the first REM episode. 

 Moreover, in the study by Kitamura and colleagues (2021), which I discussed at the 

beginning of this section, the following variables were not significant in the comparison between 

groups: age difference (p = 0.860), time of physical exertion (p = 0.579), and BMI (p = 0.920). One 

variable that was significant between the groups is precisely the difference between muscle mass (p < 
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0.001). With this, I aim to demonstrate that since the time of physical exertion (and other variables) 

did not show a significant difference between the groups, what explains the difference in REM sleep 

parameters is precisely the difference in muscle mass. Therefore, the double-edged sword proves 

much more favorable to one interpretation than the other. 

 The necessary criteria to establish a causal relationship are: (1) it is true that the cause 

occurred; (2) it is true that the effect occurred; (3) the cause precedes the effect (specific temporal 

relationship); (4) considering the stipulated conditions, it is practically impossible for the cause to 

occur and the effect not to occur; (5) the cause plays a crucial role (if the cause does not occur, the 

effect also does not occur); (6) there is no common cause to explain the cause and effect; (Carnielli 

and Epstein, 2019, p. 280). The causal arguments I developed based on correlational evidence meet 

these criteria and, therefore, constitute solid arguments. 

 An arguer who relies on a correlation to conclude causality (post hoc argument) makes his 

argument fallacious only when the sole evidence he uses to corroborate it is the correlation itself 

(Walton, 2008, p. 260). This is why correlation alone is incapable of conclusively establishing causality 

(Carnielli and Epstein, 2019, pp. 277-278; Walton, 2008, p. 260; Weston, 2009, pp. 46-47). The 

arguments I developed in this section to demonstrate causality are not based solely on correlation 

itself. I showed that the number of correlations is large enough to indicate coincidence; I provided a 

robust explanation that connects the causes to the effects; I demonstrated the implausibility of the 

causal direction occurring in the opposite sense in three of the cases analyzed; I demonstrated that 

there is no common cause to explain the correlations; and finally, I demonstrated that there is a 

complex chain of causal connections in a temporal sequence. Therefore, I provided sufficient evidence 

to conclude causality. 

 Even if there are some residual flaws in the causal arguments I developed (which does not 

seem to be the case), they do not compromise them, nor do they turn them into post hoc fallacies. Any 

critical questioning that may arise from my causal arguments will only indicate the need to carry out 

empirical tests aimed at refuting this causality. This is precisely one of my objectives with this 

manuscript. 

2.3. REM SLEEP IS HIGHLY ADAPTIVE 

The scope of the current article does not cover the function of N-REM sleep. However, it is 

pertinent for me to briefly address its evolutionary origin. As I already stated, the importance of N-

REM sleep must be properly understood for the function of REM sleep to be as well. I already 

addressed (in section 2) the importance of N-REM sleep. However, I can write much more about it. 

Another way to do it is to address its remote origin and persistence over millions of years of evolution 

since this behavioral state first emerged. 

The term “speculate” is often interpreted in a pejorative sense (Dawkins, 2015b, p. 209), but such 

a connotation is completely inappropriate in this context. Manifestly, there was no one present to 

observe the onset of sleep when it first occurred. Moreover, fossils do not include records of 

organisms' sleep (Nicolau et al., 2000). Therefore, any scientific inquiries into the evolutionary origin 

of sleep are necessarily speculative. In effect, what interests me is the widely corroborated (and 

practically indisputable) fact that N-REM sleep is evolutionarily older than REM sleep (Kavanau, 

1997; Keene and Duboue, 2018; Nath et al., 2017; Rattenborg and Ungurean, 2023; Ribeiro, 2021, p. 

117; Zimmerman et al., 2008), even though we are unable to pinpoint exactly when (and in which 

lineage) it began. 

Sleep debuted in invertebrates because scientists already observed it empirically  in zebrafish 

(Danio rerio), fruit flies (Drosophila melanogaster), jellyfish (Cassiopea), and worms (C. elegans) (Nath et 

al., 2017; Rattenborg and Ungurean, 2023; Zimmerman et al., 2008). Given its predominance in both 

invertebrates and vertebrates, sleep is certainly a very primeval behavioral state, whose origin may 

predate the Cambrian Period (Ribeiro, 2021, p. 117), which extends from about 543 to 485.4 million 

years ago (Paulin and Cahill-Lane, 2021; Robison et al., 2023). 

The fact that sleep was observed even in organisms with relatively simple nervous systems (such 

as C. elegans) implies that sleep constitutes a necessity for any organism that encloses a nervous 
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system, no matter how simple or decentralized it may be (Nath et al., 2017; Vyazovskiy and Harris, 

2013; Zimmerman et al., 2008). This makes sleep a behavioral state that debuted either concurrently 

with or shortly after the evolutionary debut of the nervous system. Therefore, the question we must 

investigate is when the nervous system emerged. Something remarkable about nervous systems and 

their component units (i.e., the neurons) is that they are highly conserved throughout evolution 

(Paulin and Cahill-Lane, 2021), which manifests the high adaptive value enclosed by them (Damasio, 

2019, pp. 56-60). Despite solid evidence that organisms with nervous systems existed at the beginning 

of the Cambrian Period, there is still no consensus regarding their evolutionary origin (Paulin and 

Cahill-Lane, 2021). 

Paulin and Cahill-Lane (2021) estimated that the evolutionary origin of neurons and the nervous 

system occurred during the Ediacaran Period (the geological period immediately preceding the 

Cambrian Period), which extends from about 635 to 543 million years ago (Rafferty, 2018). Using this 

estimate for the evolutionary emergence of sleep, it implies that over the more than 543 million years 

of biological evolution since it arose, sleep—despite the vulnerability to which the organism is 

subjected during its occurrence—prevailed in organisms with a nervous system. Such an imperative, 

primeval behavioral state, present in all animals with a nervous system, undoubtedly encloses a 

crucial biological importance. 

Considering the high vulnerability of sleep, what could be done—throughout evolution—to 

considerably reduce it? There are two ways to deal with it: (1) either non-random elimination 

removes sleep, or (2) maintains it but finds a way to circumvent the problem of the high vulnerability. 

I will first address the possibility of sleep being eliminated. 

Something notable concerning evolution is that any novelties that provide some adaptive 

advantage (especially if its impact is substantial) enclose a greater propensity to be conserved and 

spread over time—hence why they become very old (Dawkins, 2015a, pp. 2-3; Ribeiro, 2021, p. 117). 

The organisms that survive the sieve of non-random elimination in a given generation are those 

whose genetic constitution engendered a phenotype that possesses what is necessary to survive and 

reproduce under the prevailing conditions in the specific niche occupied by their species (Dawkins, 

2015a, pp. 2-3, 6; Mayr, 2001, pp. 188-189). Or, more strictly, to survive and reproduce under the 

conditions that prevailed in the niche when the ancestral generations of the current members of a 

given species were subjected to the sieve of non-random elimination (Dawkins, 2004, p. 121). 

Any evolutionist knows that non-random elimination is prolific when it comes to favoring 

necessary adaptations (Mayr, 2001, p. 189; Mayr, 2004, p. 214). This means that any necessary 

adaptation is more prone to spread across various animal lineages, either by emerging in an ancestral 

species and remaining throughout its various branches through time or by debuting independently 

(Mayr, 2004, p. 214). Briefly, every adaptive solution that substantially increments the chances of its 

bearer surviving and reproducing encloses a high biological value. 

The current consensus is that all animals exhibit some form of sleep (Libourel and Herrel, 2016). 

Therefore, given the manifest—and substantial—adaptive advantage of a nervous system associated 

with the absence of the need to subject the organism to sleep, this phenotypic trait, if it existed, would 

enclose a high biological value. Consequently, the fact that this phenotypic trait did not emerge in any 

lineage is quite revealing. If there were a way to remove sleep from a lineage of organisms without 

harming them, the genetic information responsible for this phenotypic effect would be strongly 

favored by non-random elimination. 

If it were possible to overcome the need for sleep under the absence of considerable damage to 

the organism, this phenotypic trait—presence of a nervous system coupled with the absence of 

sleep—would spread through the various evolutionary branches from the lineage in which it 

originally emerged. And not only that. Due to the high adaptive value of a nervous system devoid of 

the need to subject the organism to sleep, this trait would likely emerge independently in various 

lineages. Since none of these scenarios occurred, we (evolutionists) can conclude, with considerable 

confidence, that sleep constitutes an insurmountable necessity for any organism that encloses a nervous 

system. 
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In summary, sleep is too important to be removed from organisms with a nervous system. 

Possessing a nervous system inevitably implies the presence of sleep. And since the solution of 

removing it is practically impossible, this leads me to the other possibility: finding a way to 

circumvent the problem of its high vulnerability. What could be done to reduce the vulnerability of 

sleep? Well, what if the organism’s brain, during deep sleep, underwent considerable neural 

activation (particularly in regions related to attention, detection of dangerous stimuli, and to 

emotional processing) to make it more alert to the immediate surrounding environment? 

The reason for the evolutionary origin of the division of sleep into two periods—N-REM and 

REM—currently constitutes an enigma to be solved. The question is to elucidate why two sleep states 

are necessary for the brain (Rattenborg and Ungurean, 2023; Yamazaki et al., 2020). A notable aspect 

of the sentinel sleep theory is that it unequivocally highlights the answer to this question. N-REM 

sleep is a non-negotiable biological necessity but encloses a relevant drawback: it makes the organism 

substantially more vulnerable to predation. Therefore, it is easy to understand that any functionally 

random evolutionary novelty that led to a significant reduction in the vulnerability of N-REM sleep 

would inevitably establish itself in the lineage in which it emerged, propagate through various 

descendant lineages, and would be conserved throughout evolution. 

I will present henceforth additional evidence that corroborates my arguments regarding the 

pressure to develop a way to cope with the heightened vulnerability of N-REM sleep and that REM 

sleep is a necessary adaptation for those who need to sleep. 

Phylogenetic evidence indicates that the central aspects of REM sleep did not evolve 

independently (Medeiros et al., 2021; Siegel et al., 1998; Yamazaki et al., 2020). As pointed out by 

Jaggard and colleagues (2021), for more than 50 years, scientists believed that REM sleep was a more 

recent mechanism, present only in mammals and birds. However, after scientists demonstrated its 

presence in reptiles, it became believed that REM sleep probably originated in the brainstem of 

reptiles (the ancestors of birds and mammals) (Siegel et al., 1998). Several subsequent studies 

reinforced the fact that reptiles also have REM sleep (e.g., Libourel et al., 2018; Shein-Idelson et al., 

2016). The alternation between N-REM and REM sleep in birds, mammals, and some reptiles clearly 

demonstrates a common origin of these wake-sleep cycle mechanisms, as these animals share a 

common ancestor (Libourel et al., 2018; Medeiros et al., 2021; Siegel et al., 1998). 

However, in recent and independent research, scientists showed that, in addition to reptiles, 

even fish, drosophila, octopuses, and other invertebrate species also have analogs of REM and N-

REM sleep (Brown et al., 2006; Frank et al., 2012; Jaggard et al., 2021; Kanaya et al., 2020; Leung et al., 

2019; Medeiros et al., 2021; Meisel et al., 2011; Nath et al., 2017; Ramón et al., 2004; Tainton-Heap et 

al., 2021; van Alphen et al., 2013). The above evidence points to the possibility that a state analogous 

to REM sleep emerged early in animal evolution, long before the branching of amniotes (around 450 

million years ago) (Jaggard et al., 2021; Leung et al., 2019). This initial version would then have 

become more complex over time until it eventually presented (more recently) the typical 

characteristics of REM sleep in reptiles, birds, and mammals. 

Another possibility is that, instead of a single origin, the REM sleep of reptiles, birds, and 

mammals and its analog in present in fish, drosophila, octopuses, and other invertebrate species 

constitute convergent evolution, having debuted independently in evolutionary history (Medeiros et 

al., 2021). After all, cephalopods (such as octopuses) diverged from vertebrates more than 500 million 

years ago (Medeiros et al., 2021; Shu et al., 2001; Vitti, 2013). Regardless of the answer—convergent 

evolution or single origin (homology)—either one strongly corroborates my argument that the 

sentinel mechanism constitutes a necessary adaptation for any organism that needs to sleep. These 

phylogenetic and certainly homologous evidence in the case of reptiles, birds, and mammals 

reinforce my argument regarding the high biological value of REM sleep. 

As pointed out by Jaggard and colleagues (2021), basic analogs of both quiet sleep and active 

sleep (the precursors of N-REM and REM sleep, respectively), as well as N-REM and REM sleep 

themselves, were discovered from humans to fish, and from drosophila to octopuses. Paradoxical 

sleep (or active sleep)—similar to the wakeful state—exists from mammals to invertebrates (Jaggard 

et al., 2021). The evidence of active sleep in drosophila, zebrafish, cuttlefish, and octopuses (Frank et 
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al., 2012; Leung et al., 2019; Medeiros et al., 2021; Tainton-Heap et al., 2021; van Alphen et al., 2013) 

indicates a clear selection pressure, throughout the course of evolution, for the development of 

mechanisms that enable the transition from quieter sleep to a more active (or protective, as I am 

arguing) sleep. 

This evidence corroborates the arguments I developed regarding the pressure to develop a way 

to cope with the high vulnerability of N-REM sleep. They also corroborate the arguments that REM 

sleep is a necessary adaptation for any organisms that need sleep. In fact, the pressure to develop a 

mechanism to compensate for the vulnerability of quiet sleep is so great that it is possible that many 

animals developed it independently. The cuttlefish is an animal whose analogue to REM sleep may 

have independently debuted in this invertebrate species (Frank et al., 2012). 

Here is the conclusion of the theme of this section. REM sleep consists of a necessary adaptation 

for any organism that needs to sleep; it is the solution to the problem of the high vulnerability of N-

REM sleep. I demonstrated that the pressure exerted by predation played a significant role in the 

evolution of sleep. This reinforces the argument that this pressure is much more complex than 

previously assumed (see Capellini et al., 2008). The problem of vulnerability that REM sleep solves 

naturally leads me to another much-debated question regarding it: understanding why it is 

periodically distributed. Or, to put it another way, why sleep is based on cycles that alternate between 

N-REM and REM sleep throughout the time the organism rests. This is the subject of the section 

hereinafter. 

2.4. REM SLEEP IS CYCLICAL DUE TO ITS PROTECTIVE FUNCTION 

The biological function of the alternation between N-REM and REM sleep is currently unknown 

(Le Bon, 2021; Vyazovskiy and Delogu, 2014). From the perspective provided by the sentinel sleep 

theory, the answer becomes apparent. Indeed, explaining why REM sleep is cyclical is easier than 

addressing its evolutionary origin. When the brain is periodically subjected to REM sleep—the state 

of dormant vigilance—it enables a more consistent defense for the organism. If the brain were 

subjected to only one REM episode during N-REM sleep (e.g., at the beginning of the night), the 

protection offered by the state of dormant vigilance would be significantly reduced. After all, during 

the remaining time of sleep, the organism would be deprived of this defense mechanism that 

contributes to reducing the vulnerability experienced during N-REM sleep. 

Making the brain more alert to the immediate surrounding environment only once during the 

entire rest period is less efficient as a survival mechanism than doing so based on a periodic 

distribution. If we compare an organism with only one REM episode to one with multiple episodes, 

it becomes clear which one has a greater adaptive advantage over the other. This is why non-random 

elimination favored organisms equipped with the genetic information to develop a central nervous 

system that—rather than undergoing just one episode of dormant vigilance—was subjected to a 

greater number of such episodes during N-REM sleep. This brings me to the final topic: the origin of 

REM sleep (including the origin of its periodic distribution). 

2.5. REM SLEEP EVOLVED FROM A BRIEF AWAKENING FROM N-REM SLEEP 

Addressing the origin and evolution of REM sleep will allow me to demonstrate that the theory 

I developed here makes evolutionary sense—a necessity for any arguer aiming to explain the 

biological function of a trait. This is why this section exists. 

For obvious reasons, we (scientists) are incapable of knowing with certainty how the behavioral 

state we happen to call “REM sleep” first emerged in evolutionary history. Some of its facts will 

inevitably continue to escape us. Remaining forever as objects of speculation—no matter how well-

founded these speculations may be. There are mainly four pieces of information about primeval REM 

sleep that we can never know factually: (1) how many genes were responsible for engendering this 

behavioral state the first time it emerged in an organism, (2) the number of REM episodes in that 

primeval occurrence, (3) its latency, and (4) its intensity (or density). 

Up to this point, I described the evolutionary origin of REM sleep as if it were due to the action 

of only one specific gene. This may certainly have been the case. However, it could also have been 
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based on the joint action of two or more genes. Scientists have long known that the formation of a 

phenotypic trait often involves the influence of more than one gene—what is termed polygeny (Mayr, 

1982, p. 794; Mukherjee, 2016, p. 197). When a gene has a phenotypic effect, this effect (in the vast 

majority of cases) is not due to the gene per se because phenotypic traits are often engendered through 

the action of multiple genes (Mayr, 1982, p. 794; Mukherjee, 2016, p. 197). Therefore, the onset of REM 

sleep could have been based on the action of more than one gene rather than just a single one. The 

definitive answer to this question, however, we will never know for sure. 

I am unable to empirically analyze REM sleep in its primeval occurrence, but I can develop a 

priori arguments about its initial complexity and the number of episodes. This is what I will present 

hereinafter in the form of a historical narrative. 

Because we deal with past events (e.g., the origin of a new trait), we, evolutionary biologists, are 

unable to empirically test our object of study. Evolutionary phenomena are inaccessible to 

experimental methods. Thus, to obtain answers to evolutionary questions, we must resort to a non-

experimental method called historical narratives (Mayr, 2004, pp. 32, 94). This method is based on the 

formulation of a narrative about past events, primarily supported by their consequences, and whose 

explanatory value must be tested. To do it, one must rely on any evidence that can refute or 

corroborate the predictions generated from the historical narrative (Mayr, 2004, pp. 32, 94). 

Before presenting the historical narrative I developed to explain the evolutionary debut of REM 

sleep and its subsequent evolution, I will introduce certain crucial concepts that will serve to ground 

the proposed narrative. These will be used as a more secure starting point on which to base my 

speculations. By ensuring a solid foundation, I hope that the proposed narrative is not far from the 

truth. 

As determined by the first law of probability, the probability of two events occurring together is never 

greater than the probability of each event occurring separately (Arkes et al., 2022; Franco, 2009; Lu, 2016; 

Mlodinow, 2009, p. 32). Putting it another way, the coincidence (i.e., the joint incidence) of two or 

more events implies multiplied probability (Arkes et al., 2022; Dawkins, 2015b, p. 227). The joint 

incidence of event A with event B is the product of the isolated probability of event A occurring 

multiplied by the isolated probability of event B occurring (Arkes et al., 2022; Dawkins, 2015b, p. 206). 

The probability of a single event occurring is demonstrated by the following formula: 

P (A) = n (A) / n (Ω) 

where P(A) is the probability of event A occurring, n(A) is the number of sample elements referring 

to event A, and n(Ω) is the sample space of all possible outcomes. In the case of events that occur 

together and where the occurrence of one does not affect the probability of the other occurring, the 

formula is this: 

P (A ∩ B) = p (A) ⋅ p (B) 

where P(A∩B) is the probability of event A occurring together with event B, p(A) is the isolated 

probability of event A occurring, and p(B) is the isolated probability of event B occurring. If we added 

another event—P(A∩B∩C) = p(A) ⋅ p(B) ⋅ p(C)—the probability of the events A, B, and C occurring 

together would be even lower. To illustrate: the chance of someone getting the number 5 on a six-

sided dice is 1/6 (or ≅ 16.67%). The chance of someone getting the sequence 5, 3, and 1 is 1/6 ⋅ 1/6 ⋅ 1/6 

(or ≅ 0.46%). This is why the probability of two (or more) events occurring together cannot be greater 

than the probability of each event occurring separately. 

The first law of probability is closely related to the mathematical concept of complexity, 

according to which complexity constitutes a statistical concept (Dawkins, 2010a, p. 417; Dawkins, 

2010b, p. 361; Dawkins, 2015b, p. 12; Pal and Pal, 1991; Pringle, 1951). Under this sense, complexity is 

a priori associated with high statistical improbability, being inversely proportional to its probability 

of occurring. The greater the complexity of something, the lower its probability of occurring, and vice 

versa (Dawkins, 2010b, p. 361; Knight, 2009, p. 558; Pal and Pal, 1991). Complex (or statistically 

improbable) things do not arise suddenly. To be achieved, complexity—especially in the biological 

context—requires a countless number of sufficiently simple intermediate steps (Dawkins, 2010a, p. 

417; Dawkins, 2015b, pp. 12, 61). 
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Biological complexity is distinguished from inorganic complexity (which is comparatively more 

limited) due to the attribute of functionality (e.g., walking, running, flying, swimming, or digging). In 

general, the functionality that defines the high biological complexity encompasses all mechanisms 

directly or indirectly responsible for the conservation of life (due to the maintenance of a chemical 

balance favorable to it) and for reproduction. In addition to these, also included are the mechanisms 

that allow the organism the ability to find energy and process it, to replace all aging subcomponents 

that die, and to defend itself from physical injuries and diseases (Damasio, 2003, p. 30; Damasio, 2019, 

p. 40; Dawkins, 2015a, p. 2; Dawkins, 2015b, pp. 15-16). The high statistical improbability manifested 

by living beings emerges in the world as a product of a long series of intermediate evolutionary steps 

that are simple enough (compared to the previous steps) to debut by chance—being, therefore, 

functionally random (Dawkins, 2010a, p. 417; Dawkins, 2015b, pp. 12, 61). 

Everything I discussed in the preceding paragraphs is particularly relevant to the a priori 

arguments about the primeval occurrence of REM sleep that I will develop hereinafter. To better 

explain the historical narrative, I will first provide a brief overview of the current complexity of REM 

sleep. 

REM sleep is generated by the coordinated action of various neurotransmitter systems in the 

brainstem, forebrain, and hypothalamus, and by the activation of several brain regions (e.g., 

amygdala, hippocampus, motor cortex, cingulate cortex [especially the anterior region], brainstem, 

thalamus, and visual association cortex); it includes intense muscle atonia; and it is based (in humans) 

on an amount of four to six REM episodes throughout the entire rest period (Akre, 2024; Desseilles 

et al., 2011; Fraigne et al., 2015; Gazzaniga et al., 2016, pp. 146, 153; Hess et al., 1987; Kandel et al., 

2021, p. 1082; Nofzinger et al., 1997). Muscle tone is present during N-REM sleep but is low and does 

not compare to the intense muscle atonia associated with REM sleep, which practically paralyzes the 

body. With few exceptions, most of the body remains incapable of movement during REM sleep. The 

muscles involved in breathing move, but in a milder way. Meanwhile, the muscles that control eye 

movements, as well as the muscles of the inner ear, move intensely (Akre, 2024; Bear et al., 2016, pp. 

659, 915; Kandel et al., 2021, pp. 1082, 1097; Purves et al., 2004, p. 671). 

If REM sleep, at the time it first emerged, were already regulated by multiple neural regions, 

already included, say, five REM episodes alternating with N-REM periods, and intense muscle atonia 

was already present, we would be dealing with a highly complex neural behavior, based on a series 

of independent events cooperating for the same purpose: reducing the organism's vulnerability. All 

this complexity would naturally require efficient coordination between all neural regions involved 

in this primeval occurrence of REM sleep. However, the probability of all these independent events 

occurring together is negligible. Therefore, the primeval occurrence of REM sleep was—in all 

likelihood—not like this. 

The scenario of a highly complex primeval REM sleep is equivalent to a huge stroke of luck, a 

high statistical improbability. After all, the complexity in this case is both structural and behavioral. 

Therefore, I can assert—with the confidence derived from statistics—that the primeval REM sleep 

was not based on a highly improbable event. Its onset, for the sake of plausibility, had to be simple. 

We cannot postulate a primeval occurrence of REM sleep based on multiple independent events 

occurring simultaneously, as the probability of this occurring is far lower than the probability of just 

one of these events occurring. 

This leads me to the following questions: What is the simplest possible scenario for the primeval 

occurrence of REM sleep? What scenario requires the least statistical improbability? Considering that 

the neural mechanisms responsible for regulating deep sleep obviously already existed, the most 

probable scenario (due to its simplicity) is that REM sleep emerged as an error causing a brief 

awakening from deep sleep. (Note that the term “error” should be understood in the sense of a failure 

in the control of the transition from deep sleep to wakefulness, causing the organism to awaken before 

the usual time.) Consequently, this error provided a limited but not non-existent adaptive advantage 

for the organism. After all, briefly waking up from deep sleep—a highly vulnerable state—can 

contribute to survival. This contribution was limited, but the chances of survival were higher for the 

organism that briefly woke up from deep sleep than for those that remained asleep. The brief 
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awakening allowed for more efficient scanning of the surrounding environment for the presence of 

any potential dangers. From this, it is easy to see that any subsequent modification (due to a 

functionally random mutation) that enhanced this function would clearly be favored by non-random 

elimination. What improvement might have occurred next? 

The next evolutionary step was probably the brief awakening turning into an ease to wake up. 

Now, instead of REM sleep fully awakening the organism, the brain enters a state that only facilitates 

awakening. Thus, the advantage of greater neural activity—to ensure vigilance and readiness to fight 

or flee—is harnessed without affecting the organism’s sleep. The selective pressure for this 

transformation occurred because the awakening caused by the primeval REM sleep inevitably 

affected the organism’s sleep. Notably, at this stage (of the ease of awakening), the intense muscle 

atonia (due to the high complexity of this mechanism) was probably still absent. Considering that N-

REM sleep already had milder muscle atonia, it is possible that REM sleep had it too. However, due 

to the high intensity of neural activation, this milder muscle atonia (assuming its presence) was 

probably unable to prevent the organism from moving during REM sleep. 

This seems like a problem for my historical narrative. After all, it is obvious that an organism 

moving while asleep attracts predators or even competitors from its own species (Ribeiro, 2020, p. 

129). However, we must ask the following. Who is more vulnerable: an immobile organism while in 

deep sleep (with low levels of attention, vigilance, and readiness) or a sleepwalking organism during 

REM sleep (with high levels of attention, vigilance, and readiness)? Which one is better prepared to 

fight or flee? The answer is self-evident. 

The next evolutionary step was probably the occurrence of more than one period of REM sleep. 

Now, instead of just one, the organism had more than one REM episode (probably two, but there 

could have been more). The addition of one or more REM episodes provided a more considerable 

adaptive advantage than the previous version, with just one episode during the entire rest period. 

After all, with more than one sentinel period during the so vulnerable deep sleep, the organism’s 

brain had more opportunities to effectively scan the surrounding environment. At this stage, the 

intense muscle atonia was probably also absent. 

It is at this point in the narrative that selective pressure for the development of intense atonia of 

the striated muscles intensified. The presence of more than one REM episode—especially when this 

number exceeded two—created growing pressure to develop a mechanism capable of significantly 

reducing the movements of striated muscles during REM sleep. The development of this mechanism 

was probably the next evolutionary step. Subsequently, this mechanism became more complex to the 

point of effectively paralyzing striated muscle movements during REM sleep. (The temporary 

paralysis of muscle movements certainly came after their reduction. After all, a mechanism to reduce 

striated muscle movements is less complex [or statistically more probable] than a mechanism to 

paralyze them. Furthermore, N-REM sleep already had mild atonia, which probably served as the 

basis for the mechanism of striated muscle paralysis in REM sleep.) 

Although we cannot know for sure, the a priori arguments I developed here should generally not 

be far from the truth concerning the primeval REM sleep and its subsequent evolution over countless 

generations. Obviously, no fossil is (or will be) able to corroborate these claims; fossils do not contain 

records of sleep (Nicolau et al., 2000; Ribeiro, 2020, pp. 126-127). One fact about the primeval 

occurrence of REM sleep is the certainty that we will never know for sure how it began. The primeval 

REM sleep and its subsequent evolution will retain some secrets. The factual details of the 

evolutionary origin of both N-REM and REM sleep, as well as the origin of this separation, will 

remain in perpetuum as objects of speculation. What we must ensure (for as reliable an understanding 

as possible) is that these speculations are well-founded. This is what I hope to have achieved with the 

historical narrative I developed in this section. 

3. ATTEMPTS AT REFUTATION 

Considering the arguments I developed, it might be—superficially—expected that REM sleep 

would exhibit a lower arousal threshold than N-REM sleep. However, a search through the scientific 

literature reveals that REM sleep does not have a lower arousal threshold than N-REM sleep, and may 
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even be higher (e.g., Ermis et al., 2010; Pilon et al., 2012). Does this constitute a fatal refutation of my 

arguments? For a careless scientist, the answer would be an emphatic “yes.” However, these facts 

actually support (rather than refute) my arguments. 

In section 2.5, I argued that at one point in the evolutionary trajectory there was a growing 

pressure to develop mechanisms to prevent the organism from waking up during REM sleep. If the 

arousal threshold in REM sleep were lower than that of N-REM sleep, the organism would wake up 

much more easily, especially considering the high neural activity of several regions associated with 

alertness and attention (as I demonstrated in section 2.1). Therefore, rather than entailing an arousal 

threshold lower than that of N-REM sleep, it was imperative that REM sleep entail an arousal threshold 

analogous to or even higher than that of N-REM sleep. 

To provide additional evidence for the assertions of the previous paragraph, I will turn to 

cholinergic neurons. Cholinergic neurons—responsible for providing the primary source of 

acetylcholine to the cerebral cortex—are known to help activate the cortex during both wakefulness 

and REM sleep (Brown et al., 2012; Datta and Siwek, 2002; Deurveilher and Semba, 2011; Watson et 

al., 2010). One of the effects of acetylcholine is to increase wakefulness (España and Scammell, 2011; 

Watson et al., 2010). Indeed, the release of acetylcholine during REM sleep in the basal forebrain and 

pontine reticular formation is significantly greater than during wakefulness (Vazquez and 

Baghdoyan, 2001; Watson et al., 2010). 

What I aim to demonstrate with this evidence is that REM sleep already possesses numerous 

mechanisms that facilitate awakening, reinforcing my argument that if the arousal threshold during 

REM sleep were lower, the organism would wake up much more easily, constantly compromising 

sleep. The sentinel function of REM sleep is to facilitate awakening, but this ease cannot be that high. 

There must be a limit. Otherwise, almost anything would wake the organism. The evolution of REM 

sleep relied on the development of mechanisms that facilitate awakening, but it also involved the co-evolution 

of mechanisms that prevent this ease of awakening from becoming too easy to the point of disrupting the 

organism's sleep. 

To better substantiate the preceding assertion, I will discuss serotonin. Electrophysiological, 

neurochemical, and neuropharmacological evidence indicates that serotonin promotes wakefulness 

(Brown et al., 2012; Monti and Jantos, 2008). Furthermore, serotonin helps inhibit both REM and N-

REM sleep (Boutrel et al., 2002; Horner et al., 1997; Monti and Jantos, 2008). The high and constant 

activity of serotonergic neurons during wakefulness contributes to preventing the transition from 

wakefulness to either REM or N-REM sleep (Boutrel et al., 2002; Brown et al., 2012; Monti and Jantos, 

2008). Serotonergic neurons fire less during N-REM sleep and (which is particularly important for 

my arguments) barely fire at all during REM sleep (Brown et al., 2012; Monti and Jantos, 2008). 

Additional evidence comes from orexin neurons, which also play a crucial role in promoting 

wakefulness (De Luca et al., 2022; Feng et al., 2020; Ito et al., 2023; Mogavero et al., 2023; Ono and 

Yamanaka, 2017). This role is so crucial that during the transition to wakefulness, orexin neurons fire 

at an intensive rate (de Lecea and Huerta, 2014; Lee et al., 2005; Mileykovskiy et al., 2005). During 

wakefulness, orexin neurons are highly active. When directed to target regions, orexin elevates 

alertness, promotes arousal, and helps sustain the wakefulness state (de Lecea and Huerta, 2014; De 

Luca et al., 2022; Estabrooke et al., 2001; Ito et al., 2023; Mogavero et al., 2023). However, during REM 

sleep, orexin release decreases or ceases because orexin neurons reduce their activity or become silent 

(de Lecea and Huerta, 2014; Estabrooke et al., 2001; Mochizuki et al., 2011; Mogavero et al., 2023). 

In addition to orexin neurons contributing to promoting or sustaining wakefulness, they also 

prevent the expression of both REM and N-REM sleep (De Luca et al., 2022; Estabrooke et al., 2001; 

Kandel et al., 2021, p. 1097; Mochizuki et al., 2011; Sasaki et al., 2011). To promote arousal, orexin 

neurons indirectly inhibit sleep by acting on the neurons of the ventrolateral preoptic nucleus 

(VLPO), a crucial region for initiating and maintaining sleep (De Luca et al., 2022). This is known 

because acute stimulation of the VLPO induces sleep (De Luca et al., 2022), and because local 

administration of orexin in the VLPO causes animals to awaken from sleep (Mavanji et al., 2015). 

Selective loss of orexin causes the intrusion into wakefulness of typical REM sleep elements, 

such as paralysis episodes called cataplexy (characterized by the sudden loss of muscle tone) 
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(Dauvilliers et al., 2007; Mochizuki et al., 2011; Ribeiro, 2020, p. 142). Loss of orexin also causes 

narcolepsy in rats, humans, and dogs (Dauvilliers et al., 2007; Mileykovskiy et al., 2005; Mochizuki et 

al., 2011; Sasaki et al., 2011), impairs the maintenance of wakefulness, destabilizes wakefulness and 

sleep states, and causes fragmented sleep and sudden entry into REM sleep (Dauvilliers et al., 2007; 

Kandel et al., 2021, p. 1097; Mochizuki et al., 2011; Ribeiro, 2020, p. 142; Sasaki et al., 2011). As we can 

see, this abundant evidence solidly supports my arguments for the co-evolution of mechanisms that 

prevent excessively easy awakening during REM sleep. 

Another attempt to refute my arguments is to appeal to the locus coeruleus (LC). Since the LC is 

strongly inhibited during REM sleep (Osorio-Forero et al., 2022; Schwartz and Roth, 2008), this fact 

might seem like an obvious refutation of the sentinel sleep theory. After all, the LC consists of the 

primary source of a hormone directly associated with stress and arousal: norepinephrine (NE) 

(Koshmanova et al., 2023; Poe et al., 2020). The LC-NE system—by increasing the organism's 

alertness, stress, and arousal—is involved in neurobiological processes that place it as an important 

component of the fight-or-flight response (España and Scammell, 2011; Osorio-Forero et al., 2022; 

Ross and Bockstaele, 2021; Yamaguchi et al., 2018). 

These facts about the LC-NE system may (superficially, once again) seem like a significant blow 

to the arguments I am proposing for the protective function of REM sleep. However, a more careful 

analysis reveals that these facts actually support (rather than refute) the sentinel sleep theory. The 

reason it is expected that the LC-NE system would be strongly inhibited during REM sleep is that, 

among other functions, it plays a central role in maintaining wakefulness (Kjaerby et al., 2022; Poe et 

al., 2020; Watson et al., 2010). Norepinephrine is a hormone known to promote wakefulness (Watson 

et al., 2010), and it has been widely demonstrated that activating the LC causes the transition from 

sleep to wakefulness (Carter et al., 2010; Kjaerby et al., 2022; Swift et al., 2018; Yamaguchi et al., 2018). 

Moreover, the increase in firing frequency in the LC precedes spontaneous awakenings from N-REM 

sleep (Aston-Jones and Bloom, 1981; Foote et al., 1980; Osorio-Forero et al., 2022; Takahashi et al., 

2010). Finally, it has also been shown that mice experience spontaneous awakening from N-REM 

sleep more frequently when LC neural activity increases (Cardis et al., 2021; Osorio-Forero et al., 

2021). 

These facts are crucial for understanding why the LC-NE system is almost completely inhibited 

during REM sleep. They support my argument that there was increasing selective pressure for the 

development of mechanisms to prevent the organism from waking up too easily during REM sleep. 

Consequently, any nucleus, region, or brain system directly and crucially involved in the transition 

from sleep to wakefulness (such as the LC) would have to undergo significant inhibition. Therefore, 

even though the LC-NE system is important in the fight-or-flight response—which would make it an ideal 

candidate to remain highly active during REM sleep—its crucial role in waking the organism ensured its 

suppression during REM sleep. If the LC did not play a central role in waking up the organism, this 

nucleus would certainly be active during REM sleep. 

Another attempt to refute my arguments is to point out the fact that N-REM sleep is not a 

homogeneous sleep state in terms of reduced capacity to awaken (Kjaerby et al., 2022). N-REM sleep 

encloses a complex microarchitecture that includes periodic episodes of micro-awakenings (Kjaerby 

et al., 2022). Superficially, this fact might seem to present some level of refutation. However, as with 

the other examples I provided above, a more careful analysis reveals corroboration rather than 

refutation. According to the arguments I presented in section 2.5, REM sleep probably debuted in the 

form of a brief awakening from N-REM sleep. Therefore, the presence of micro-awakenings during N-REM 

sleep only reinforces my argument that REM sleep evolved from a brief awakening from N-REM sleep. If 

episodes of micro-awakenings already occurred in the distant past, an error in one of them is precisely 

what could have caused the brief awakening from N-REM sleep—the event I argued was the 

primeval occurrence of what later became REM sleep as we know it. 

I want to end this section with a reflection. What happens when you seek evidence to refute a 

theory, and they only reinforce that theory? Will your text be filled with corroboration or refutation? 

Over the more than three years I worked on this paper, I sought several times to refute the sentinel 

sleep theory. The more I tried, the more evidence supported it. My various attempts to refute it were 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 August 2024                   doi:10.20944/preprints202408.1867.v1

https://doi.org/10.20944/preprints202408.1867.v1


 29 

 

unsuccessful, and—precisely for this reason—they are present throughout this paper as 

corroborations. I am not claiming that refutations do not exist, nor that the theory is complete. 

However, considering all the extensive empirical foundation I presented to corroborate the sentinel 

sleep theory—and especially the numerous attempts that failed to refute it—I believe I clearly 

demonstrated the primary function of REM sleep. (Let this statement not be interpreted as if I were 

claiming that secondary or emergent functions do not exist. That is a separate issue and is beyond 

the scope of an already overlong article.) 

4. LIMITATIONS 

REM sleep is an exceedingly complex biological mechanism. It would be naïve to think that one 

could address—in a single article—all the nuances and consequences stemming from its primary 

biological function. This is impossible. Especially considering that an article does not have the length 

of a book. And even a book's length would be insufficient. I hope my scientific peers understand that 

the fact I have not addressed all the nuances and consequences of the sentinel function does not imply 

that it is not the primary function of REM sleep. I believe I provided sufficient evidence to clearly 

demonstrate it. However, as I pointed out earlier, this does not mean that the conceptual framework 

of the sentinel sleep theory is complete. On the contrary, much work remains to be done to expand 

it. This is a task for future research. 

Due to the length of my article, I was unable to address how other hypotheses previously 

proposed for the function of REM sleep (presented in the introduction) fit into the conceptual 

framework of the sentinel sleep theory—a significant gap that needs to be addressed in future work. 

For example, given the well-established relationship between REM sleep and learning (Bear et al., 

2016, p. 665; Gazzaniga et al., 2016, pp. 150-151; Moruzzi and Eccles, 1966; Ribeiro, 2003; Ribeiro, 2020, 

p. 130), the theory of the biological function of REM sleep cannot ignore this within its conceptual 

framework. It would be incomplete without this explanation. The same applies to the strong 

relationship between REM sleep and dreams, another well-established fact (Desseilles et al., 2011; 

Gazzaniga et al., 2016, p. 146; Martin et al., 2020; Ribeiro, 2020, p. 169; Solms, 2000). 

In fact, I am already working on two additional articles to address the major gaps in this one. 

Since these other articles depend on this one being published first, I am obviously unable to present 

their final versions. Once this article is formally published, my other two articles can also be 

published. After that, some of the major gaps in this current article will be filled, further reinforcing 

and expanding the arguments and conceptual framework I developed here. Of course, what I just 

stated is merely anecdotal and thus lacks scientific value. However, I consider it important to inform 

my scientific peers that the reason I could not address the aforementioned gaps is due to the length 

of the article, not due to the nonexistence of those arguments. The conceptual framework I developed 

for the sentinel sleep theory is too extensive and complex to fit into this single article. I will need to 

develop it further in subsequent articles. 

5. A SIGNIFICANT AND DETRIMENTAL FAVORITISM 

 Since the current zeitgeist is dominated by an excessive favoritism towards the hypothesis 

that the function of REM sleep is to aid learning (Bear et al., 2016, p. 665; Gazzaniga et al., 2016, pp. 

150-151; Kandel et al., 2021, pp. 1091-1092; Moruzzi and Eccles, 1966; Ribeiro, 2020, p. 130), I need to 

address this issue. After all, this favoritism can hinder the proper understanding of the true biological 

function of REM sleep. 

As pointed out by Capellini and colleagues (2008) and Ribeiro (2020, p. 171), the hypothesis that 

a function of REM sleep is to aid learning and memory consolidation led many scientists to argue 

that species with considerable cognitive abilities should require more time invested in REM sleep. 

However, dolphins—animals whose high intelligence is well-established—do not have REM sleep, 

while armadillos—less intelligent animals—have it in abundance (Ribeiro, 2020, p. 171). Moreover, if 

REM sleep played a crucial role in learning, patients medicated for depression (who experience 

reduced or suppressed REM sleep) should exhibit learning deficits. But why do they not present it? 

Why is the time spent in the REM period not strongly correlated with learning in humans (Ribeiro, 
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2020, p. 171)? I will discuss henceforth a study that, among other objectives, analyzed the REM sleep 

learning hypothesis by comparing numerous species. 

Capellini and colleagues (2008) conducted their research using a database that, as of June 29, 

2007, contained records of REM and N-REM sleep from 127 distinct species across 46 families and 17 

orders. The researchers also compiled information about laboratory procedures, as different 

laboratory conditions and measurement methods can affect data analysis (Campbell and Tobler, 

1984; Siegel, 2005). As reported by Capellini and colleagues (2008), after controlling the laboratory 

conditions and phylogeny, the research results did not support any of the traditional explanations 

claiming that REM or N-REM sleep serves to benefit cognition, aid brain development, or to conserve 

energy. 

The above evidence demonstrates that, despite the association with learning, REM sleep does 

not play a critical role in it. Therefore, my omission of how the sentinel sleep theory explains the 

association of REM sleep with learning does not compromise the quality of the current work. This is 

a significant gap but does not impact the arguments I developed to demonstrate the sentinel function 

of REM sleep. To further reinforce the argument that REM sleep does not play a critical role in 

learning, I will present henceforth additional evidence from genetics. 

Whenever a neuron undergoes the process of encoding a new memory, coding genes capable of 

modifying synapses are promptly activated. The so-called Immediate-Early Genes (IEGs) are the first 

genes involved in this process, being activated a few minutes after neuronal electrical reverberation 

begins (Abraham et al., 1991; Bahrami and Drabløs, 2016; Davis et al., 2003; Ribeiro, 2020, pp. 209-

210). A specific number of IEGs need to be expressed for other genes essential for consolidating long-

term memories to also be expressed (Abraham et al., 1991; Davis et al., 2003; Okuno, 2011; Ribeiro, 

2020, p. 210). 

Considering the hypothesis that a function of REM sleep is learning—and that IEGs are 

necessary for long-term synaptic modifications to be caused and for memories to be formed (Okuno, 

2011; Ribeiro, 2020, p. 210)—one would expect to find an increase in IEGs expression during sleep, 

especially during REM sleep. However, in organisms not exposed to new stimuli during wakefulness, 

sleep (including REM sleep) strongly suppresses the expression of IEGs rather than increasing it 

(Decker et al., 2010; Pompeiano et al., 1992; Pompeiano et al., 1994; Pompeiano et al., 1995; Pompeiano 

et al., 1997; Ribeiro et al., 1999; Ribeiro, 2003; Ribeiro, 2020, p. 216). The expression of IEGs increases 

during REM sleep, but not during N-REM sleep, only when the organism is exposed to new 

environmental stimuli during recent wakefulness (Ribeiro et al., 1999; Ribeiro, 2003; Ribeiro, 2020, 

pp. 217, 220). 

What may explain this disparity in the expression of IEGs is the difference between the functions 

of N-REM and REM sleep. Whatever the function (or functions) of N-REM sleep may be, it does not 

serve as a sentinel mechanism. The sentinel function is carried out by REM sleep, and it is precisely 

this function that may explain why the expression of IEGs increases during REM sleep but not during 

N-REM sleep after the organism is exposed to new—and therefore potentially dangerous—

environmental stimuli. In other words, the sentinel function of REM sleep seems to explain very well 

why the expression of IEGs is suppressed during N-REM sleep even after new environmental stimuli 

are presented during recent wakefulness. For this assertion to make more sense, I need to elaborate 

it further. 

Registering information (i.e., learning about the surrounding environment and its components, 

including predators) is a substantial adaptive advantage (Damasio, 2012, pp. 67-68; Damasio, 2019, 

pp. 61-62). As I discussed earlier, when an organism is exposed to new information (or stimuli), IEGs 

are promptly activated. A noteworthy aspect of the expression of these genes is that it constitutes a 

protective mechanism, and it is easy to see why. Let us compare an organism whose IEGs expression 

takes a long time—so long that we could call them very late genes—with one whose expression truly 

deserves the term “immediate.” In the first case, the expression of genes essential for forming and 

consolidating new memories takes so long that, after interacting with a predator, the prey’s brain is 

unable to quickly modify its synapses to register the new (and biologically relevant) information 

obtained from that encounter. In the second case, the brain can quickly modify synapses and register 
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new memories related to that predator. The second organism has a clear adaptive advantage over the 

first. But why does this swift expression of genes involved in memory formation and consolidation 

make it more protected? 

Well, memories are biologically valuable especially because they allow the organism to store 

relevant information for its own survival—derived from both the external environment and the 

body’s internal milieu (Damasio, 2012, pp. 67-68; Damasio, 2019, pp. 61-62, 75-83). Therefore, it is 

advantageous to respond to sensory novelties with an immediate expression of genes related to the 

formation and consolidation of new memories because one never knows when such novelty will 

bring danger with it. Although most of the time the number of neutral stimuli is greater than the 

number of dangerous ones, it is advantageous to always promptly activate the aforementioned genes 

precisely because of the times when danger is present. When sensory novelty includes danger, the 

organism whose memory formation process is faster has a significant advantage over those whose 

memory formation process is slower—an advantage that can mean the difference between life and 

death. 

This is why an organism that more quickly and effectively stores sensory information obtained 

from a predator after encountering it is comparatively less vulnerable to it. If you escape from that 

predator during the first encounter and it (or another of the same species) returns to attack you within 

a few minutes, the information obtained—and quickly learned by the brain after the first encounter—

will make you better protected. After all, the information stored about the predator (e.g., how and 

where it attacked you) increases your chances of surviving if attacked again by the same predator or 

any other of the same species. Knowing that you need to avoid its claws or tail makes you better 

protected compared to a contemporary of yours who did not store this information. 

The more information you gather about a predator, and the more quickly your brain registers it, 

the better you can defend yourself when it attacks you again. Knowing your enemy's attack tactics 

and typical behaviors increases your chances of staying alive when dealing with it. The more you 

know your enemy, the better protected you can be from him. This is why the expression of IEGs 

constitutes a protective mechanism during wakefulness; it ensures that the organism learns quickly when 

danger is a possibility. This brings me to the final part of my argument. 

Since IEGs expression constitutes a protective mechanism during wakefulness, it is possible to 

explain—through the sentinel function of REM sleep—its increased expression during REM sleep but 

not during N-REM sleep after the organism has been exposed to new environmental stimuli. The 

potential danger inherent in sensory novelty induces the expression of IEGs during wakefulness. 

Since the function of N-REM sleep is not to serve as a sentinel mechanism (nor is it critically related 

to learning), IEGs expression is suppressed during this sleep state. However, things change during 

the REM period. Since the primary function of REM sleep is to serve a protective role, IEGs expression 

reoccurs. 

The reason this occurs is simple: the expression of IEGs during wakefulness serves to reduce the 

organism's vulnerability when new stimuli are received. And since the function of REM sleep is also 

to reduce the organism's vulnerability, the expression of IEGs occurs during REM sleep whenever 

the organism has recently been exposed to new environmental stimuli. When a significant 

vulnerability is presented during wakefulness, the protective mechanism that deals with it (the 

expression of IEGs) is reactivated during REM sleep. This only happens due to the protective function 

of REM sleep. A notable consequence of this is that, if a predator attacks an organism during REM 

sleep and after this organism has recently been exposed to new stimuli during wakefulness, the 

information obtained from that attack will be promptly stored by the brain due to the elevated 

expression of IEGs. Therefore, considering the sentinel function of REM sleep, what would be strange 

is if the expression of IEGs were suppressed during this sleep period after recent exposure (during 

wakefulness) to new stimuli. 

What many scientists failed to realize is that REM sleep's contribution to memory consolidation 

may be a byproduct of its primary function, not the function itself. Indeed, the evidence that Capellini 

and colleagues (2008) provided indicates exactly this. Consequently, scientists who believe that 

learning is the function of REM sleep appear to be following the wrong path rather than the right 
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one. If this is indeed the case, the excessive insistence on the learning hypothesis to explain REM 

sleep’s function will prove to be an inappropriate trajectory for solving this mystery, responsible for 

guiding scientists away from the true answer instead of closer to it. To solve scientific mysteries, we 

must avoid embarking on paths that could easily lead to error. My warning (for whatever it is worth) 

is that seeking the answer to the role of REM sleep in learning is the wrong path. 

6. CONCLUSIONS 

The question “Does REM sleep serve the same purpose across different animal lineages?” 

remains an open problem (Peever and Fuller, 2017). However, based on my article, the answer to it 

becomes manifest. The primary function of REM sleep is the same for all organisms that possess this 

behavioral state. For any organism with a nervous system, supplanting sleep is (apparently) 

impossible. However, this is not the only way to reduce its high vulnerability. REM sleep solves this 

problem. REM sleep is a necessary adaptation for every organism with a nervous system that, therefore, needs 

to sleep. A mechanism like REM sleep—given its high biological relevance—would certainly become 

a priority and imperative in the course of biological evolution; it would inevitably spread widely 

among animals. And that is exactly what happened. 

Since the functionally random genetic mutation that engendered the primeval occurrence of 

what we now describe as “REM sleep,” non-random elimination ensured the widespread 

dissemination and persistence of this mechanism responsible for providing greater defense to the 

organism during the vulnerable N-REM sleep. REM sleep provided a substantial adaptive advantage 

to its bearers, as it compensates for the high vulnerability to which organisms are subjected during 

N-REM sleep. For this reason, the sentinel function of REM sleep has not only been conserved 

throughout evolution but has also undergone remarkable complexification, achieving a high level of 

efficiency as a protective mechanism. The biological importance of this mechanism is such that it may 

even have evolved independently. 

REM sleep is regulated directly from information provided by all types of neural mappings: 

interoceptive (e.g., stress due to the presence of cortisol in the bloodstream), proprioceptive (e.g., 

muscle strength), and exteroceptive (e.g., exposure to an unknown environment). The information 

from these three varieties of neural mappings determines the parameters of REM sleep: the time 

invested in it, its latency, the duration of each episode, and its intensity (or density). In short, REM 

sleep is a biological mechanism that evolved to depend on any factors directly or indirectly related 

to protection and vulnerability (e.g., emotions; body weight, muscle strength, and the bilateral 

occurrence of N-REM sleep). Therefore, for REM sleep to be more precisely studied henceforward, 

any factors directly or indirectly related to the organism's protection or vulnerability should be 

isolated because they are confounding factors. Failing to separate the confounding factors that affect 

REM sleep parameters will lead to disparate results among studies. More precisely guiding future 

scientific investigations of sleep is one of the central contributions of my article. 

The two main reasons for a scientific theory to be accepted as valid and robust are the level of 

corroboration it has and the number of attempts that failed to refute it. The theory I developed here 

passes this test. Throughout this article, I presented an extensive factual basis that solidly supports 

and corroborates the arguments I developed to demonstrate that the primary function of REM sleep 

is to act as a sentinel mechanism. Through the sentinel sleep theory, it is possible to accurately explain 

a substantial amount of disparate facts related to REM sleep; facts that come from numerous animals 

(e.g., zebrafish, cuttlefish, octopuses, drosophila, reptiles, nemestrina monkeys, chimpanzees, 

humans, rats, mice, birds, sheep, giraffes, cats, guinea pigs, lambs, ferrets, dolphins, belugas, orcas, 

porpoises, whales, and fur seals). 

The arguments I developed to integrate the conceptual framework of the sentinel sleep theory 

are consistent with biological, embryological, homologous, phylogenetic, genetic, evolutionary, 

physiological, endocrinological, neurophysiological, neurobiological, neurochemical, 

neuropharmacological, ontogenetic, allometric, and even mathematical and statistical evidence 

(when I addressed the concepts of probability and complexity). Additionally, numerous attempts to 
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refute it failed. Many pieces of evidence that seemed to offer some degree of refutation ended up 

revealing corroboration under scrutiny. (A lesson that must be considered in future research.) 

In light of all the arguments I developed to compose the conceptual framework of the sentinel 

sleep theory and the numerous attempts that failed to refute it, it seems appropriate to state that the 

sentinel sleep theory is the most well-founded explanation ever presented for the biological function 

of REM sleep. No other can so robustly explain an enormous number of disparate facts pertaining to 

the domain of REM sleep. (I do not have space to demonstrate the flaws of every hypothesis already 

proposed to explain the function of REM sleep, but I can remind the reader what they are: 

hypotheses.) 

I demonstrated here that the primary function of REM sleep has finally been unveiled. Through 

the sentinel sleep theory, I solved the great mystery—once existing—of the primordial biological 

function of REM sleep. For myself and other scientists, the task remains to improve the sentinel sleep 

theory in future works; whether by expanding its conceptual framework or testing the hypotheses 

contained within it. In this way, we can not only further corroborate it but also refine it or remove 

any flaws that I may have been unable to notice or resolve. 

Declaration of Competing Interest: None. 

References 

1. Abraham, W.C., Dragunow, M., Tate, W.P., 1991. The role of immediate early genes in the stabilization of 

long-term potentiation. Mol. Neurobiol. 5, 297-314. https://doi.org/10.1007/BF02935553. 

2. Akre, K., 2024. REM sleep. https://www.britannica.com/science/rapid-eye-movement-sleep (accessed 13 

April 2024). 

3. Anafi, R.C., Kayser, M.S., Raizen, D.M., 2019. Exploring phylogeny to find the function of sleep. Nat. Rev. 

Neurosci. 20, 109-116. https://doi.org/10.1038/s41583-018-0098-9. 

4. Anderson, K.N., Bradley, A.J., 2013. Sleep disturbance in mental health problems and neurodegenerative 

disease. Nat. Sci. Sleep 5, 61-75. https://doi.org/10.2147/NSS.S34842. 

5. Andrillon, T., Kouider, S., 2020. The vigilant sleeper: Neural mechanisms of sensory (de) coupling during 

sleep. Curr. Opin. Physiol. 15, 47-59. 

6. Arias, J.A., Williams, C., Raghvani, R., Aghajani, M., Baez, S., Belzung, C., Booij, L., Busatto, G., Chiarella, 

J., Fu, C.H., Ibanez, A., Liddell, B.J., Lowe, L., Penninx, B.W.J.H., Rosa, P., Kemp, A.H., 2020. The 

neuroscience of sadness: A multidisciplinary synthesis and collaborative review. Neurosci. Biobehav. Rev. 

111, 199-228. https://doi.org/10.1016/j.neubiorev.2020.01.006. 

7. Arkes, H.R., Aberegg, S.K., Arpin, K.A., 2022. Analysis of Physicians' Probability Estimates of a Medical 

Outcome Based on a Sequence of Events. JAMA Netw. Open. 5, e2218804. 

https://doi.org/10.1001/jamanetworkopen.2022.18804. 

8. Asahina, M., Suzuki, A., Mori, M., Kanesaka, T., Hattori, T., 2003. Emotional sweating response in a patient 

with bilateral amygdala damage. Int. J. Psychophysiol. 47, 87-93. https://doi.org/10.1016/s0167-

8760(02)00123-x. 

9. Aston-Jones, G., Bloom, F.E., 1981. Activity of norepinephrine-containing locus coeruleus neurons in 

behaving rats anticipates fluctuations in the sleep-waking cycle. J. Neurosci. 1, 876-886. 

https://doi.org/10.1523/JNEUROSCI.01-08-00876.1981. 

10. Bahrami, S., Drabløs, F., 2016. Gene regulation in the immediate-early response process. Advances in 

biological regulation 62, 37-49. https://doi.org/10.1016/j.jbior.2016.05.001. 

11. Balzamo, E., Bradley, R.J., Rhodes, J.M., 1972. Sleep ontogeny in the chimpanzee: From two months to forty-

one months. Electroencephalogr. Clin. Neurophysiol. 33, 47-60. https://doi.org/10.1016/0013-4694(72)90024-

7. 

12. Barbato, G., Barker, C., Bender, C., Giesen, H.A., Wehr, T.A., 1994. Extended sleep in humans in 14 hour 

nights (LD 10:14): Relationship between REM density and spontaneous awakening. Electroencephalogr. 

Clin. Neurophysiol. 90, 291-297. https://doi.org/10.1016/0013-4694(94)90147-3. 

13. Barbato, G., 2023. Is REM Density a Measure of Arousal during Sleep? Brain Sci. 13, 378. 

https://doi.org/10.3390/brainsci13030378. 

14. Bear, M.F., Connors, B.W., Paradiso, M.A., 2016. Neuroscience: Exploring the Brain, fourth ed. Wolters 

Kluwer, Philadelphia. 

15. Berger, M., Riemann, D., 1993. REM sleep in depression—An overview. J. Sleep Res. 2, 211-223. 

https://doi.org/10.1111/j.1365-2869.1993.tb00092.x. 

16. Berger, R.J., 1990. Relations between sleep duration, body weight and metabolic rate in mammals. Anim. 

Behav. 40, 989-991. https://doi.org/10.1016/S0003-3472(05)81005-X. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 August 2024                   doi:10.20944/preprints202408.1867.v1

https://doi.org/10.20944/preprints202408.1867.v1


 34 

 

17. Blumberg, M.S., 2015. Developing sensorimotor systems in our sleep. Curr. Dir. Psychol. Sci. 24, 32-37. 

https://doi.org/10.1177/0963721414551362. 

18. Blumberg, M.S., Lesku, J.A., Libourel, P.A., Schmidt, M.H., Rattenborg, N.C., 2020. What is REM sleep? 

Curr. Biol. 30, R38-R49. https://doi.org/10.1016/j.cub.2019.11.045. 

19. Borniger, J.C., Ungerleider, K., Zhang, N., Karelina, K., Magalang, U.J., Weil, Z.M., 2018. Repetitive brain 

injury of juvenile mice impairs environmental enrichment-induced modulation of REM sleep in adulthood. 

Neuroscience 375, 74-83. https://doi.org/10.1016/j.neuroscience.2018.01.064. 

20. Boutrel, B., Monaca, C., Hen, R., Hamon, M., Adrien, J., 2002. Involvement of 5-HT1A receptors in 

homeostatic and stress-induced adaptive regulations of paradoxical sleep: Studies in 5-HT1A knock-out 

mice. J. Neurosci. 22, 4686-4692. https://doi.org/10.1523/JNEUROSCI.22-11-04686.2002. 

21. Braun, A.R., Balkin, T.J., Wesenten, N.J., Carson, R.E., Varga, M., Baldwin, P., Selbie, S., Belenky, G., 

Herscovitch, P., 1997. Regional cerebral blood flow throughout the sleep-wake cycle. An H2(15)O PET 

study. Brain 120, 1173-1197. https://doi.org/10.1093/brain/120.7.1173. 

22. Braun, A.R., Balkin, T.J., Wesensten, N.J., Gwadry, F., Carson, R.E., Varga, M., Baldwin, P., Belenky, G., 

Herscovitch, P., 1998. Dissociated pattern of activity in visual cortices and their projections during human 

rapid eye movement sleep. Science. 279, 91-95. https://doi.org/10.1126/science.279.5347.91. 

23. Brown, E.R., Piscopo, S., De Stefano, R., Giuditta, A., 2006. Brain and behavioural evidence for rest-activity 

cycles in Octopus vulgaris. Behav. Brain Res. 172, 355-359. https://doi.org/10.1016/j.bbr.2006.05.009. 

24. Brown, R.E., Basheer, R., McKenna, J.T., Strecker, R.E., McCarley, R.W., 2012. Control of sleep and 

wakefulness. Physiol. Rev. 92, 1087-1187. https://doi.org/10.1152/physrev.00032.2011. 

25. Caeiro, C., Guo, K., Mills, D., 2017. Dogs and humans respond to emotionally competent stimuli by 

producing different facial actions. Sci. Rep. 7, 15525. https://doi.org/10.1038/s41598-017-15091-4. Erratum 

in: Sci. Rep. 2018, 8, 10409. 

26. Campbell, S.S., Tobler, I., 1984. Animal sleep: A review of sleep duration across phylogeny. Neurosci. 

Biobehav. Rev. 8, 269-300. https://doi.org/10.1016/0149-7634(84)90054-x. 

27. Capellini, I., Barton, R.A., McNamara, P., Preston, B.T., Nunn, C.L., 2008. Phylogenetic analysis of the 

ecology and evolution of mammalian sleep. Evol.; int. j. org. evol. 62, 1764-1776. 

https://doi.org/10.1111/j.1558-5646.2008.00392.x. 

28. Cardis, R., Lecci, S., Fernandez, L.M., Osorio-Forero, A., Chu Sin Chung, P., Fulda, S., Decosterd, I., Lüthi, 

A., 2021. Cortico-autonomic local arousals and heightened somatosensory arousability during NREMS of 

mice in neuropathic pain. eLife 10, e65835. https://doi.org/10.7554/eLife.65835. 

29. Carnielli, W.A., Epstein, R.L., 2019. Pensamento Crítico: O Poder da Lógica e da Argumentação [Critical 

Thinking: The Power of Logic and Argumentation]. Editora Rideel, São Paulo. 

30. Carter, M.E., Yizhar, O., Chikahisa, S., Nguyen, H., Adamantidis, A., Nishino, S., Deisseroth, K., de Lecea, 

L., 2010. Tuning arousal with optogenetic modulation of locus coeruleus neurons. Nat. Neurosci. 13, 1526-

1533. https://doi.org/10.1038/nn.2682. 

31. Caska, C.M., Hendrickson, B.E., Wong, M.H., Ali, S., Neylan, T., Whooley, M.A., 2009. Anger expression 

and sleep quality in patients with coronary heart disease: Findings from the Heart and Soul Study. 

Psychosom. Med. 71, 280-285. https://doi.org/10.1097/PSY.0b013e31819b6a08. 

32. Chamorro, R., Algarín, C., Garrido, M., Causa, L., Held, C., Lozoff, B., Peirano, P., 2014. Night time sleep 

macrostructure is altered in otherwise healthy 10-year-old overweight children. IJO 38, 1120-1125. 

https://doi.org/10.1038/ijo.2013.238. 

33. Chand, T., Alizadeh, S., Jamalabadi, H., Herrmann, L., Krylova, M., Surova, G., van der Meer, J., Wagner, 

G., Engert, V., Walter, M., 2021. EEG revealed improved vigilance regulation after stress exposure under 

Nx4 - A randomized, placebo-controlled, double-blind, cross-over trial. IBRO Neurosci. Rep. 11, 175-182. 

https://doi.org/10.1016/j.ibneur.2021.09.002. Erratum in: IBRO Neurosci. Rep. 12, 81. 

34. Chen, H.L., Gao, J.X., Chen, Y.N., Xie, J.F., Xie, Y.P., Spruyt, K., Lin, J.S., Shao, Y.F., Hou, Y.P., 2022. Rapid 

Eye Movement Sleep during Early Life: A Comprehensive Narrative Review. Int. J. Environ. Res. Public 

Health 19, 13101. https://doi.org/10.3390/ijerph192013101. 

35. Chu, B., Marwaha, K., Sanvictores, T., Awosika, A.O., Ayers, D., 2024. Physiology, Stress Reaction. 

StatPearls, StatPearls Publishing. https://pubmed.ncbi.nlm.nih.gov/31082164/. 

36. Cirelli, C., Tononi, G., 2008. Is sleep essential? PLoS Biol. 6, e216. 

https://doi.org/10.1371/journal.pbio.0060216. 

37. Clark, E.A., Kessinger, J., Duncan, S.E., Bell, M.A., Lahne, J., Gallagher, D.L., O'Keefe, S.F., 2020. The Facial 

Action Coding System for Characterization of Human Affective Response to Consumer Product-Based 

Stimuli: A Systematic Review. Front. psychol. 11, 920. https://doi.org/10.3389/fpsyg.2020.00920. 

38. Corsi-Cabrera, M., Velasco, F., Del Río-Portilla, Y., Armony, J.L., Trejo-Martínez, D., Guevara, M.A., 

Velasco, A.L., 2016. Human amygdala activation during rapid eye movements of rapid eye movement 

sleep: An intracranial study. J. Sleep Res. 25, 576-582. https://doi.org/10.1111/jsr.12415. 

39. Crick, F., Mitchison, G., 1983. The function of dream sleep. Nature 304, 111-114. 

https://doi.org/10.1038/304111a0. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 August 2024                   doi:10.20944/preprints202408.1867.v1

https://doi.org/10.20944/preprints202408.1867.v1


 35 

 

40. Cui, G.F., Hou, M., Shao, Y.F., Chen, H.L., Gao, J.X., Xie, J.F., Chen, Y.N., Cong, C.Y., Dai, F.Q., Hou, Y.P., 

2019. A Novel Continuously Recording Approach for Unraveling Ontogenetic Development of Sleep-Wake 

Cycle in Rats. Front. Neurol. 10, 873. https://doi.org/10.3389/fneur.2019.00873. 

41. Damasio, A.R., 2003. Looking for Spinoza: Joy, Sorrow, and the Feeling Brain. Houghton Mifflin Harcourt, 

New York. 

42. Damasio, A.R., 2012. Self Comes to Mind: Constructing the Conscious Brain. Vintage Books, New York. 

43. Damasio, A.R., 2015. O Mistério da Consciência: Do Corpo e das Emoções ao Conhecimento de Si [The 

feeling of what happens: Body and emotion in the making of consciousness]. Editora Schwarcz S.A., São 

Paulo. 

44. Damasio, A.R., 2019. The Strange Order of Things: Life, Feeling, and the Making of Cultures. Vintage 

Books, New York. 

45. Dang-Vu, T.T., Schabus, M., Desseilles, M., Sterpenich, V., Bonjean, M., Maquet, P., 2010. Functional 

neuroimaging insights into the physiology of human sleep. Sleep 33, 1589-1603. 

https://doi.org/10.1093/sleep/33.12.1589. 

46. Datta, S., Siwek, D.F., 2002. Single cell activity patterns of pedunculopontine tegmentum neurons across 

the sleep-wake cycle in the freely moving rats. J. Neurosci. Res. 70, 611-621. 

https://doi.org/10.1002/jnr.10405. 

47. Dauvilliers, Y., Arnulf, I., Mignot, E., 2007. Narcolepsy with cataplexy. Lancet (London, England) 369, 499-

511. https://doi.org/10.1016/S0140-6736(07)60237-2. 

48. Davis, M., Whalen, P.J., 2001. The amygdala: Vigilance and emotion. Mol. Psychiatry 6, 13-34. 

https://doi.org/10.1038/sj.mp.4000812. 

49. Davis, S., Bozon, B., Laroche, S., 2003. How necessary is the activation of the immediate early gene zif268 

in synaptic plasticity and learning?. Behav. Brain Res. 142, 17-30. https://doi.org/10.1016/s0166-

4328(02)00421-7. 

50. Dawkins, R., 1997. Climbing Mount Improbable. W. W. Norton & Company, New York. 

51. Dawkins, R., 2004. A Devil’s Chaplain: Selected Essays. Phoenix, London. 

52. Dawkins, R., 2010a. The Greatest Show on Earth: The Evidence for Evolution. Black Swan, Great Britain. 

53. Dawkins, R., 2010b. Universal Darwinism, in: Bedau, M.A., Cleland, C.E. (Eds.), The Nature of Life: 

Classical and Contemporary Perspectives From Philosophy and Science. Cambridge University Press, New 

York, pp. 360–373. 

54. Dawkins, R., 2015a. River Out of Eden: A Darwinian View of Life. Weidenfeld & Nicolson, London. 

55. Dawkins, R., 2015b. The Blind Watchmaker: Why the Evidence of Evolution Reveals a Universe Without 

Design. W. W. Norton & Company, New York. 

56. Deboer, T., Sanford, L.D., Ross, R.J., Morrison, A.R., 1998. Effects of electrical stimulation in the amygdala 

on ponto-geniculo-occipital waves in rats. Brain Res. 793, 305-310. https://doi.org/10.1016/s0006-

8993(98)00178-4. 

57. Decker, M.J., Rye, D.B., Lee, S.Y., Strohl, K.P., 2010. Paradoxical sleep suppresses immediate early gene 

expression in the rodent suprachiasmatic nuclei. Front. Neurol. 1, 122. 

https://doi.org/10.3389/fneur.2010.00122. 

58. Desseilles, M., Dang-Vu, T.T., Sterpenich, V., Schwartz, S., 2011. Cognitive and emotional processes during 

dreaming: A neuroimaging view. Conscious. Cogn. 20, 998-1008. 

https://doi.org/10.1016/j.concog.2010.10.005. 

59. Deurveilher, S. Semba, K., 2011. Basal forebrain regulation of cortical activity and sleep-wake states: Roles 

of cholinergic and non-cholinergic neurons. Sleep and Biol. Rhythms 9, 65-70. 

https://doi.org/10.1111/j.1479-8425.2010.00465.x. 

60. Devinsky, O., Morrell, M.J., Vogt, B.A., 1995. Contributions of anterior cingulate cortex to behaviour. Brain 

118, 279-306. https://doi.org/10.1093/brain/118.1.279. 

61. de Lecea, L., Huerta, R., 2014. Hypocretin (orexin) regulation of sleep-to-wake transitions. Front. 

pharmacol. 5, 16. https://doi.org/10.3389/fphar.2014.00016. 

62. De Luca, R., Nardone, S., Grace, K.P., Venner, A., Cristofolini, M., Bandaru, S.S., Sohn, L.T., Kong, D., 

Mochizuki, T., Viberti, B., Zhu, L., Zito, A., Scammell, T.E., Saper, C.B., Lowell, B.B., Fuller, P.M., Arrigoni, 

E., 2022. Orexin neurons inhibit sleep to promote arousal. Nat. Commun. 13, 4163. 

https://doi.org/10.1038/s41467-022-31591-y. 

63. Dhabhar, F.S., 2018. The short-term stress response – Mother nature’s mechanism for enhancing protection 

and performance under conditions of threat, challenge, and opportunity. Front. Neuroendocrinol. 49, 175-

192. https://doi.org/10.1016/j.yfrne.2018.03.004. 

64. Dillon, R.F., Webb, W.B., 1965. Threshold of arousal from “activated” sleep in the rat. J. Comp. Physiol. 

Psychol. 59, 446-447. https://doi.org/10.1037/h0022038. 

65. dos Reis, A.B., 2016. Metodologia Científica em Perícia Criminal [Scientific Methodology in Criminal 

Forensics]. Millennium Editora, Campinas. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 August 2024                   doi:10.20944/preprints202408.1867.v1

https://doi.org/10.20944/preprints202408.1867.v1


 36 

 

66. Driver, H.S., Rogers, G.G., Mitchell, D., Borrow, S.J., Allen, M., Luus, H.G., Shapiro, C.M., 1994. Prolonged 

endurance exercise and sleep disruption. Med. Sci. Sports Exerc. 26, 903-907. 

67. Driver, H.S., Taylor, S.R., 2000. Exercise and sleep. Sleep Med. Rev. 4, 387-402. 

https://doi.org/10.1053/smrv.2000.0110. 

68. Eagleman, D.M., Vaughn, D.A., 2021. The Defensive Activation Theory: REM sleep as a mechanism to 

prevent takeover of the visual cortex. Front. Neurosci. 15, 632853. https://doi.org/10.3389/fnins.2021.632853. 

69. Elgar, M.A., Pagel, M.D., Harvey, P.H., 1988. Sleep in mammals. Anim. Behav. 36, 1407-1419. 

https://doi.org/10.1016/S0003-3472(88)80211-2. 

70. Elgar, M.A., Pagel, M.D., Harvey, P.H., 1990. Sources of variation in mammalian sleep. Anim. Behav. 40, 

991-995. https://doi.org/10.1016/S0003-3472(05)81006-1. 

71. Elrokhsi, S.H., Bluez, G.P., Chin, C.N., Wheeler, M.D., Silva, G.E., Perfect, M.M., 2020. Differences in sleep 

architecture according to body mass index in children with type 1 diabetes. Pediatr. Diabetes 21, 98-105. 

https://doi.org/10.1111/pedi.12918. 

72. Ermann, M., Peichl, J., Pohl, H., Schneider, M.M., Winkelmann, Y., 1993. Spontanerwachen und Träumen 

bei Patienten mit psychovegetativen Schlafstörungen [Spontaneous awakening and dreams of patients 

with psychophysiologic sleep disorders]. Psychother. Psychosom. Med. Psychol. 43, 333-340. 

73. Ermis, U., Krakow, K., Voss, U., 2010. Arousal thresholds during human tonic and phasic REM sleep. J. 

Sleep Res. 19, 400-406. https://doi.org/10.1111/j.1365-2869.2010.00831.x. 

74. España, R.A., Scammell, T.E., 2011. Sleep neurobiology from a clinical perspective. Sleep 34, 845-858. 

https://doi.org/10.5665/SLEEP.1112. 

75. Estabrooke, I.V., McCarthy, M.T., Ko, E., Chou, T.C., Chemelli, R.M., Yanagisawa, M., Saper, C.B., 

Scammell, T.E., 2001. Fos expression in orexin neurons varies with behavioral state. J. Neurosci. 21, 1656-

1662. https://doi.org/10.1523/JNEUROSCI.21-05-01656.2001. 

76. Exner, C., Weniger, G., Irle, E., 2001. Implicit and explicit memory after focal thalamic lesions. Neurology 

57, 2054-2063. https://doi.org/10.1212/wnl.57.11.2054. 

77. Feinberg, I., Floyd, T.C., March, J.D., 1987. Effects of sleep loss on delta (0.3-3 Hz) EEG and eye movement 

density: New observations and hypotheses. Electroencephalogr. Clin. Neurophysiol. 67, 217-221. 

https://doi.org/10.1016/0013-4694(87)90019-8. 

78. Felsenstein, J., 1985. Phylogenies and the comparative method. Am. Nat. 125, 1-15. 

79. Feng, H., Wen, S.Y., Qiao, Q.C., Pang, Y.J., Wang, S.Y., Li, H.Y., Cai, J., Zhang, K.X., Chen, J., Hu, Z.A., Luo, 

F.L., Wang, G.Z., Yang, N., Zhang, J., 2020. Orexin signaling modulates synchronized excitation in the 

sublaterodorsal tegmental nucleus to stabilize REM sleep. Nat. Commun. 11, 3661. 

https://doi.org/10.1038/s41467-020-17401-3. 

80. Feng, Y.Z., Chen, J.T., Hu, Z.Y., Liu, G.X., Zhou, Y.S., Zhang, P., Su, A.X., Yang, S., Zhang, Y.M., Wei, R.M., 

Chen, G.H., 2023. Effects of Sleep Reactivity on Sleep Macro-Structure, Orderliness, and Cortisol After 

Stress: A Preliminary Study in Healthy Young Adults. Nat. Sci. Sleep 15, 533-546. 

https://doi.org/10.2147/NSS.S415464. 

81. Feriante, J., Araujo, J.F., 2023. Physiology, REM sleep. StatPearls, StatPearls Publishing. 

https://pubmed.ncbi.nlm.nih.gov/30285349/. 

82. Ficca, G., Scavelli, S., Fagioli, I., Gori, S., Murri, L., Salzarulo, P., 2004. Rapid eye movement activity before 

spontaneous awakening in elderly subjects. J. Sleep Res. 13, 49-53. https://doi.org/10.1046/j.1365-

2869.2003.00376.x. 

83. Foote, S.L., Aston-Jones, G., Bloom, F.E., 1980. Impulse activity of locus coeruleus neurons in awake rats 

and monkeys is a function of sensory stimulation and arousal. PNAS 77, 3033-3037. 

https://doi.org/10.1073/pnas.77.5.3033. 

84. Fraigne, J.J., Torontali, Z.A., Snow, M.B., Peever, J.H., 2015. REM Sleep at its Core - Circuits, 

Neurotransmitters, and Pathophysiology. Front. Neurol. 6, 123. https://doi.org/10.3389/fneur.2015.00123. 

85. Franco, R., 2009. The conjunction fallacy and interference effects. J. Math. Psychol. 53, 415-422. 

https://doi.org/10.1016/j.jmp.2009.02.002. 

86. Frank, M.G., Waldrop, R.H., Dumoulin, M., Aton, S., Boal, J.G., 2012. A preliminary analysis of sleep-like 

states in the cuttlefish Sepia officinalis. PLoS ONE 7, e38125. https://doi.org/10.1371/journal.pone.0038125. 

87. Friess, E., Tagaya, H., Grethe, C., Trachsel, L., Holsboer, F., 2004. Acute cortisol administration promotes 

sleep intensity in man. Neuropsychopharmacology 29, 598-604. https://doi.org/10.1038/sj.npp.1300362. 

88. Gazzaniga, M., Heatherton, T., Halpern, D., 2016. Psychological Science, fifth ed. W. W. Norton & 

Company, New York. 

89. Goldstein, A.N., Walker, M.P., 2014. The role of sleep in emotional brain function. Annu. Rev. Clin. Psychol. 

10, 679-708. https://doi.org/10.1146/annurev-clinpsy-032813-153716. 

90. Gonnissen, H.K., Hursel, R., Rutters, F., Martens, E.A., Westerterp-Plantenga, M.S., 2013. Effects of sleep 

fragmentation on appetite and related hormone concentrations over 24 h in healthy men. Br. J. Nutr. 109, 

748-756. https://doi.org/10.1017/S0007114512001894. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 August 2024                   doi:10.20944/preprints202408.1867.v1

https://doi.org/10.20944/preprints202408.1867.v1


 37 

 

91. Graven, S.N., Browne, J.V., 2008. Sleep and brain development: The critical role of sleep in fetal and early 

neonatal brain development. Newborn Infant Nurs. Rev. 8, 173-179. 

92. Grigg-Damberger, M.M., Wolfe, K.M., 2017. Infants Sleep for Brain. J. Clin. Sleep Med. 13, 1233-1234. 

https://doi.org/10.5664/jcsm.6786. 

93. Gutwein, B.M., Fishbein, W., 1980a. Paradoxical sleep and memory (I): Selective alterations following 

enriched and impoverished environmental rearing. Brain Res. Bull. 5, 9-12. https://doi.org/10.1016/0361-

9230(80)90276-2. 

94. Gutwein, B.M., Fishbein, W., 1980b. Paradoxical sleep and memory (II): Sleep circadian rhythmicity 

following enriched and impoverished environmental rearing. Brain Res. Bull. 5, 105-109. 

https://doi.org/10.1016/0361-9230(80)90180-x. 

95. Hague, J.F., Gilbert, S.S., Burgess, H.J., Ferguson, S.A., Dawson, D., 2003. A sedentary day: Effects on 

subsequent sleep and body temperatures in trained athletes. Physiol. Behav. 78, 261-267. 

https://doi.org/10.1016/s0031-9384(02)00975-7. 

96. Harvey, P.H., Pagel, M.D., 1991. The comparative method in evolutionary biology. Oxford university press, 

New York. 

97. Hess, C.W., Mills, K.R., Murray, N.M., Schriefer, T.N., 1987. Excitability of the human motor cortex is 

enhanced during REM sleep. Neurosci. Lett. 82, 47-52. https://doi.org/10.1016/0304-3940(87)90169-8. 

98. Hong, C.C., Harris, J.C., Pearlson, G.D., Kim, J.S., Calhoun, V.D., Fallon, J.H., Golay, X., Gillen, J.S., 

Simmonds, D.J., van Zijl, P.C., Zee, D.S., Pekar, J.J., 2009. fMRI evidence for multisensory recruitment 

associated with rapid eye movements during sleep. Hum. Brain Mapp. 30, 1705-1722. 

https://doi.org/10.1002/hbm.20635. 

99. Horner, R.L., Sanford, L.D., Annis, D., Pack, A.I., Morrison, A.R., 1997. Serotonin at the laterodorsal 

tegmental nucleus suppresses rapid-eye-movement sleep in freely behaving rats. J. Neurosci. 17, 7541-7552. 

https://doi.org/10.1523/JNEUROSCI.17-19-07541.1997. 

100. Hrozanova, M., Klöckner, C.A., Sandbakk, Ø., Pallesen, S., Moen, F., 2020. Reciprocal associations between 

sleep, mental strain, and training load in junior endurance athletes and the role of poor subjective sleep 

quality. Front. Psychol. 11, 545581. https://doi.org/10.3389/fpsyg.2020.545581. 

101. Inoue, M., Koyanagi, T., Nakahara, H., Hara, K., Hori, E., Nakano, H., 1986. Functional development of 

human eye movement in utero assessed quantitatively with real-time ultrasound. AJOG 155, 170-174. 

10.1016/0002-9378(86)90105-5. 

102. Ito, H., Fukatsu, N., Rahaman, S.M., Mukai, Y., Izawa, S., Ono, D., Kilduff, T.S., Yamanaka, A., 2023. 

Deficiency of orexin signaling during sleep is involved in abnormal REM sleep architecture in narcolepsy. 

PNAS 120, e2301951120. https://doi.org/10.1073/pnas.2301951120. 

103. Jaggard, J.B., Wang, G.X., Mourrain, P., 2021. Non-REM and REM/paradoxical sleep dynamics across 

phylogeny.  Curr. Opin. Neurobiol. 71, 44-51. https://doi.org/10.1016/j.conb.2021.08.004. 

104. Jan, J.E., Reiter, R.J., Wasdell, M.B., Bax, M., 2009. The role of the thalamus in sleep, pineal melatonin 

production, and circadian rhythm sleep disorders. J. Pineal Res. 46, 1-7. https://doi.org/10.1111/j.1600-

079x.2008.00628.x. 

105. Jouvet-Mounier, D., Astic, L., Lacote, D., 1970. Ontogenesis of the states of sleep in rat, cat, and guinea pig 

during the first postnatal month. Dev. Psychobiol. 2, 216-239. https://doi.org/10.1002/dev.420020407. 

106. Jumah, F.R., Dossani, R.H., 2022. Neuroanatomy, Cingulate Cortex. StatPearls, StatPearls Publishing. 

https://pubmed.ncbi.nlm.nih.gov/30725762. 

107. Kahneman, D., 2011. Thinking, Fast and Slow. Farrar, Straus and Giroux, New York. 

108. Kanaya, H.J., Park, S., Kim, J.H., Kusumi, J., Krenenou, S., Sawatari, E., Sato, A., Lee, J., Bang, H., 

Kobayakawa, Y., Lim, C., Itoh, T.Q., 2020. A sleep-like state in Hydra unravels conserved sleep mechanisms 

during the evolutionary development of the central nervous system. Sci. Adv. 6, eabb9415. 

https://doi.org/10.1126/sciadv.abb9415. 

109. Kandel, E.R., Koester, J.D., Mack, S.H., Siegelbaum, S.A. (Eds.), 2021. Principles of neural science, sixth ed. 

McGraw-Hill, New York. 

110. Kandel, E.R., Schwartz, J.H., Jessell, T.M., Siegelbaum, S.A., Hudspeth, A.J. (Eds.), 2013. Principles of neural 

science, fifth ed. McGraw-Hill, New York. 

111. Kavanau, J.L., 1997. Memory, sleep and the evolution of mechanisms of synaptic efficacy maintenance. 

Neurosci. 79, 7-44. https://doi.org/10.1016/s0306-4522(96)00610-0. 

112. Keene, A.C., Duboue, E.R., 2018. The origins and evolution of sleep. J. Exp. Biol. 221, jeb159533. 

https://doi.org/10.1242/jeb.159533. 

113. Kishi, T.T., Andersen, M.L., Luciano, Y.M., Kakazu, V.A., Tufik, S., Pires, G.N., 2023. Methods for REM 

sleep density analysis: A scoping review. Clocks & Sleep 5, 793-805. 

https://doi.org/10.3390/clockssleep5040051. 

114. Kitamura, E., Kawasaki, Y., Kasai, T., Midorikawa, I., Shiroshita, N., Kawana, F., Ogasawara, E., Kitade, 

M., Itakura, A., Koikawa, N., Matsuda, T., 2021. The relationship between body composition and sleep 

architecture in athletes. Sleep Med. 87, 92–96. https://doi.org/10.1016/j.sleep.2021.08.028. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 August 2024                   doi:10.20944/preprints202408.1867.v1

https://doi.org/10.20944/preprints202408.1867.v1


 38 

 

115. Kiyono, S., Seo, M.L., Shibagaki, M., 1981. Effects of rearing environments upon sleep-waking parameters 

in rats. Physiol. Behav. 26, 391-394. https://doi.org/10.1016/0031-9384(81)90164-5. 

116. Kjaerby, C., Andersen, M., Hauglund, N., Untiet, V., Dall, C., Sigurdsson, B., Ding, F., Feng, J., Li, Y., 

Weikop, P., Hirase, H., Nedergaard, M., 2022. Memory-enhancing properties of sleep depend on the 

oscillatory amplitude of norepinephrine. Nat. Neurosci. 25, 1059-1070. https://doi.org/10.1038/s41593-022-

01102-9. 

117. Klemm, W.R., 2011. Why does REM sleep occur? A wake-up hypothesis. Front. Syst. Neurosci. 5, 73. 

https://doi.org/10.3389/fnsys.2011.00073. 

118. Knight, R.D., 2009. Física: Uma Abordagem Estratégica: Volume 2 - Termodinâmica Óptica, second ed. 

[Physics for Scientists and Engineers: A Strategic Approach with Modern Physics]. Bookman, Porto Alegre. 

119. Kollar, E.J., Pasnau, R.O., Rubin, R.T., Naitoh, P., Slater, G.G., Kales, A., 1969. Psychological, 

psychophysiological, and biochemical correlates of prolonged sleep deprivation. Am. J. Psychiatry 126, 

488-497. https://doi.org/10.1176/ajp.126.4.488. 

120. Konadhode, R.R., Pelluru, D., Shiromani, P.J., 2016. Unihemispheric sleep: An enigma for current models 

of sleep-wake regulation. Sleep 39, 491-494. https://doi.org/10.5665/sleep.5508. 

121. Koshmanova, E., Berger, A., Beckers, E., Campbell, I., Mortazavi, N., Sharifpour, R., Paparella, I., Balda, F., 

Berthomier, C., Degueldre, C., Salmon, E., Lamalle, L., Bastin, C., Van Egroo, M., Phillips, C., Maquet, P., 

Collette, F., Muto, V., Chylinski, D., Jacobs, H.I., … Vandewalle, G., 2023. Locus coeruleus activity while 

awake is associated with REM sleep quality in older individuals. JCI insight 8, e172008. 

https://doi.org/10.1172/jci.insight.172008. 

122. Lee, M.G., Hassani, O.K., Jones, B.E., 2005. Discharge of identified orexin/hypocretin neurons across the 

sleep-waking cycle. J. Neurosci. 25, 6716-6720. https://doi.org/10.1523/JNEUROSCI.1887-05.2005. 

123. Lee, M., Sanz, L.R.D., Barra, A., Wolff, A., Nieminen, J.O., Boly, M., Rosanova, M., Casarotto, S., Bodart, O., 

Annen, J., Thibaut, A., Panda, R., Bonhomme, V., Massimini, M., Tononi, G., Laureys, S., Gosseries, O., Lee, 

S.W., 2022. Quantifying arousal and awareness in altered states of consciousness using interpretable deep 

learning. Nat. Commun. 13, 1064. https://doi.org/10.1038/s41467-022-28451-0. 

124. Le Bon, O., 2021. An Asymmetrical Hypothesis for the NREM-REM Sleep Alternation-What Is the NREM-

REM Cycle? Front. Neurosci. 15, 627193. https://doi.org/10.3389/fnins.2021.627193. 

125. Leung, L.C., Wang, G.X., Madelaine, R., Skariah, G., Kawakami, K., Deisseroth, K., Urban, A.E., Mourrain, 

P., 2019. Neural signatures of sleep in zebrafish. Nature 571, 198-204. https://doi.org/10.1038/s41586-019-

1336-7. 

126. Libourel, P.A., Barrillot, B., Arthaud, S., Massot, B., Morel, A.L., Beuf, O., Herrel, A., Luppi, P.H., 2018. 

Partial homologies between sleep states in lizards, mammals, and birds suggest a complex evolution of 

sleep states in amniotes. PLoS biology 16, e2005982. https://doi.org/10.1371/journal.pbio.2005982. 

127. Libourel, P.A., Herrel, A., 2016. Sleep in amphibians and reptiles: A review and a preliminary analysis of 

evolutionary patterns. Biol. Rev. Camb. Philos. Soc. 91, 833-866. https://doi.org/10.1111/brv.12197. 

128. Liu, X., Forbes, E.E., Ryan, N.D., Rofey, D., Hannon, T.S., Dahl, R.E., 2008. Rapid eye movement sleep in 

relation to overweight in children and adolescents. Arch. Gen. Psychiatry 65, 924-932. 

https://doi.org/10.1001/archpsyc.65.8.924. 

129. Lu, Y., 2016. The Conjunction and Disjunction Fallacies: Explanations of the Linda Problem by the Equate-

to-Differentiate Model. Integr. Psychol. Behav. Sci. 50, 507-531. https://doi.org/10.1007/s12124-015-9314-6. 

130. Lyamin, O.I., Kosenko, P.O., Korneva, S.M., Vyssotski, A.L., Mukhametov, L.M., Siegel, J.M., 2018. Fur seals 

suppress REM sleep for very long periods without subsequent rebound. Curr. Biol. 28, 2000-2005.e2. 

https://doi.org/10.1016/j.cub.2018.05.022. 

131. Lyamin, O.I., Manger, P.R., Ridgway, S.H., Mukhametov, L.M., Siegel, J.M., 2008. Cetacean sleep: An 

unusual form of mammalian sleep. Neurosci. Biobehav. Rev. 32, 1451-1484. 

https://doi.org/10.1016/j.neubiorev.2008.05.023. 

132. Maquet, P., Péters, J., Aerts, J., Delfiore, G., Degueldre, C., Luxen, A., Franck, G., 1996. Functional 

neuroanatomy of human rapid-eye-movement sleep and dreaming. Nature 383, 163-166. 

https://doi.org/10.1038/383163a0. 

133. Maquet, P., 2000. Functional neuroimaging of normal human sleep by positron emission tomography. J. 

Sleep Res. 9, 207-231. https://doi.org/10.1046/j.1365-2869.2000.00214.x. 

134. Martin, J.M., Andriano, D.W., Mota, N.B., Mota-Rolim, S.A., Araújo, J.F., Solms, M., Ribeiro, S., 2020. 

Structural differences between REM and non-REM dream reports assessed by graph analysis. PLoS ONE 

15, e0228903. https://doi.org/10.1371/journal.pone.0228903. 

135. Martins, E.P., Garland, T., Jr., 1991. Phylogenetic analyses of the correlated evolution of continuous 

characters: A simulation study. Evol.; int. j. org. evol. 45, 534-557. https://doi.org/10.1111/j.1558-

5646.1991.tb04328.x. 

136. Mascetti, G.G., 2016. Unihemispheric sleep and asymmetrical sleep: Behavioral, neurophysiological, and 

functional perspectives. Nat. Sci. Sleep 8, 221-238. https://doi.org/10.2147/NSS.S71970. Erratum in: Nat. Sci. 

Sleep 9, 1. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 August 2024                   doi:10.20944/preprints202408.1867.v1

https://doi.org/10.20944/preprints202408.1867.v1


 39 

 

137. Matsuda, Y., Ozawa, N., Shinozaki, T., Aoki, K., Nihonmatsu-Kikuchi, N., Shinba, T., Tatebayashi, Y., 2021. 

Chronic antidepressant treatment rescues abnormally reduced REM sleep theta power in socially defeated 

rats. Sci. Rep. 11, 16713. https://doi.org/10.1038/s41598-021-96094-0. 

138. Mavanji, V., Perez-Leighton, C.E., Kotz, C.M., Billington, C.J., Parthasarathy, S., Sinton, C.M., Teske, J.A., 

2015. Promotion of Wakefulness and Energy Expenditure by Orexin-A in the Ventrolateral Preoptic Area. 

Sleep 38, 1361-1370. https://doi.org/10.5665/sleep.4970. 

139. Mayr, E., 1982. The Growth of Biological Thought: Diversity, Evolution, and Inheritance. Harvard 

University Press, Cambridge. 

140. Mayr, E., 2001. This is Biology: The Science of the Living World. Harvard University Press, Cambridge. 

141. Mayr, E., 2004. What Makes Biology Unique?: Considerations on the Autonomy of a Scientific Discipline. 

Cambridge University Press, New York. 

142. McCarley, R.W., 1982. REM sleep and depression: Common neurobiological control mechanisms. Am. J. 

Psychiatry 139, 565-570. https://doi.org/10.1176/ajp.139.5.565. 

143. McCarthy, A., Wafford, K., Shanks, E., Ligocki, M., Edgar, D.M., Dijk, D.J., 2016. REM sleep homeostasis in 

the absence of REM sleep: Effects of antidepressants. Neuropharmacology 108, 415-425. 

https://doi.org/10.1016/j.neuropharm.2016.04.047. 

144. McFadden, 2022. A Navalha de Occam: O Princípio Filosófico que Libertou a Ciência e Ajudou a Explicar 

o Universo [Life is Simple]. Sextante, Rio de Janeiro. 

145. Medeiros, S.L.S., Paiva, M.M.M., Lopes, P.H., Blanco, W., Lima, F.D., Oliveira, J.B.C., Medeiros, I.G., 

Sequerra, E.B., de Souza, S., Leite, T.S., Ribeiro, S., 2021. Cyclic alternation of quiet and active sleep states 

in the octopus. iScience 24, 102223. https://doi.org/10.1016/j.isci.2021.102223. 

146. Meisel, D.V., Byrne, R.A., Mather, J.A., Kuba, M., 2011. Behavioral sleep in Octopus vulgaris. Vie et Milieu 

61, 185-190. 

147. Mignot, E., 2008. Why we sleep: The temporal organization of recovery. PLoS Biol. 6, e106. 

https://doi.org/10.1371/journal.pbio.0060106. 

148. Mileykovskiy, B.Y., Kiyashchenko, L.I., Siegel, J.M., 2005. Behavioral correlates of activity in identified 

hypocretin/orexin neurons. Neuron 46, 787-798. https://doi.org/10.1016/j.neuron.2005.04.035. 

149. Mirmiran, M., van den Dungen, H., Uylings, H.B., 1982. Sleep patterns during rearing under different 

environmental conditions in juvenile rats. Brain Res. 233, 287-298. https://doi.org/10.1016/0006-

8993(82)91203-3. 

150. Mizrahi, E.M., Hrachovy, R.A., Kellaway, P., 2004. Atlas of neonatal electroencephalography, third ed. 

Lippincott Williams e Wilkins, Philadelphia. 

151. Mlodinow, L., 2009. O Andar do Bêbado: Como o Acaso Determina Nossas [The drunkard’s walk: How 

randomness rules our lives]. Zahar, Rio de Janeiro. 

152. Mochizuki, T., Arrigoni, E., Marcus, J.N., Clark, E.L., Yamamoto, M., Honer, M., Borroni, E., Lowell, B.B., 

Elmquist, J.K., Scammell, T.E., 2011. Orexin receptor 2 expression in the posterior hypothalamus rescues 

sleepiness in narcoleptic mice. PNAS 108, 4471-4476. https://doi.org/10.1073/pnas.1012456108. 

153. Mogavero, M.P., Godos, J., Grosso, G., Caraci, F., Ferri, R., 2023. Rethinking the Role of Orexin in the 

Regulation of REM Sleep and Appetite. Nutrients 15, 3679. https://doi.org/10.3390/nu15173679. 

154. Monti, J.M., Jantos, H., 2008. The roles of dopamine and serotonin, and of their receptors, in regulating 

sleep and waking. Prog. Brain Res. 172, 625-646. https://doi.org/10.1016/S0079-6123(08)00929-1. 

155. Moruzzi, G., Eccles, J.C., 1966. Brain and conscious experience. Adv. Neurol. 77, 181-192. 

156. Moyne, M., Legendre, G., Arnal, L., Kumar, S., Sterpenich, V., Seeck, M., Grandjean, D., Schwartz, S., 

Vuilleumier, P., Domínguez-Borràs, J., 2022. Brain reactivity to emotion persists in NREM sleep and is 

associated with individual dream recall. Cereb. Cortex Commun. 3, tgac003. 

https://doi.org/10.1093/texcom/tgac003. 

157. Mukherjee, S., 2016. The Gene: An Intimate History. Scribner, New York. 

158. Myllymäki, T., Kyröläinen, H., Savolainen, K., Hokka, L., Jakonen, R., Juuti, T., Martinmäki, K., Kaartinen, 

J., Kinnunen, M.L., Rusko, H., 2011. Effects of vigorous late-night exercise on sleep quality and cardiac 

autonomic activity. J. Sleep Res. 20, 146-153. https://doi.org/10.1111/j.1365-2869.2010.00874.x. 

159. Nair, K.P., Salaka, R.J., Srikumar, B.N., Kutty, B.M., Shankaranarayana Rao, B.S., 2022. Enriched 

environment rescues impaired sleep-wake architecture and abnormal neural dynamics in chronic epileptic 

rats. Neuroscience 495, 97-114. https://doi.org/10.1016/j.neuroscience.2022.05.024. 

160. Nakahara, K., Morokuma, S., Maehara, K., Okawa, H., Funabiki, Y., Kato, K., 2022. Association of fetal eye 

movement density with sleeping and developmental problems in 1.5-year-old infants. Sci. Rep. 12, 8236. 

https://doi.org/10.1038/s41598-022-12330-1. 

161. Nath, R.D., Bedbrook, C.N., Abrams, M.J., Basinger, T., Bois, J.S., Prober, D.A., Sternberg, P.W., Gradinaru, 

V., Goentoro, L., 2017. The Jellyfish Cassiopea exhibits a sleep-like state. Curr. Biol. 27, 2984-2990.e3. 

https://doi.org/10.1016/j.cub.2017.08.014. 

162. Nelson, D.L., Cox, M.M., 2013. Lehninger Principles of Biochemistry, sixth ed. W. H. Freeman and 

Company, New York. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 August 2024                   doi:10.20944/preprints202408.1867.v1

https://doi.org/10.20944/preprints202408.1867.v1


 40 

 

163. Nicolau, M.C., Akaârir, M., Gamundí, A., González, J., Rial, R.V., 2000. Why we sleep: The evolutionary 

pathway to the mammalian sleep. Prog. Neurobiol. 62, 379-406. https://doi.org/10.1016/s0301-

0082(00)00013-7. 

164. Nofzinger, E.A., Mintun, M.A., Wiseman, M., Kupfer, D.J., Moore, R.Y., 1997. Forebrain activation in REM 

sleep: An FDG PET study. Brain Res. 770, 192-201. https://doi.org/10.1016/s0006-8993(97)00807-x. 

165. Nollet, M., Hicks, H., McCarthy, A.P., Wu, H., Möller-Levet, C.S., Laing, E.E., Malki, K., Lawless, N., 

Wafford, K.A., Dijk, D.J., Winsky-Sommerer, R., 2019. REM sleep's unique associations with corticosterone 

regulation, apoptotic pathways, and behavior in chronic stress in mice. Proc. Natl. Acad. Sci. U.S.A. 116, 

2733-2742. https://doi.org/10.1073/pnas.1816456116. 

166. Okawa, H., Morokuma, S., Maehara, K., Arata, A., Ohmura, Y., Horinouchi, T., Konishi, Y., Kato, K., 2017. 

Eye movement activity in normal human fetuses between 24 and 39 weeks of gestation. PLoS ONE 12, 

e0178722. https://doi.org/10.1371/journal.pone.0178722. 

167. Oken, B.S., Salinsky, M.C., Elsas, S.M., 2006. Vigilance, alertness, or sustained attention: Physiological basis 

and measurement. Clin. Neurophysiol. 117, 1885-1901. https://doi.org/10.1016/j.clinph.2006.01.017. 

168. Okuno, H., 2011. Regulation and function of immediate-early genes in the brain: Beyond neuronal activity 

markers. Neurosci. Res. 69, 175-186. https://doi.org/10.1016/j.neures.2010.12.007. 

169. Ono, D., Yamanaka, A., 2017. Hypothalamic regulation of the sleep/wake cycle. Neurosci. Res. 118, 74-81. 

https://doi.org/10.1016/j.neures.2017.03.013. 

170. Ootsuka, Y., Tanaka, M., 2015. Control of cutaneous blood flow by central nervous system. Temperature 

(Austin) 2, 392-405. https://doi.org/10.1080/23328940.2015.1069437. 

171. Osorio-Forero, A., Cardis, R., Vantomme, G., Guillaume-Gentil, A., Katsioudi, G., Devenoges, C., 

Fernandez, L.M.J., Lüthi, A., 2021. Noradrenergic circuit control of non-REM sleep substates. Curr. Biol. 31, 

5009-5023.e7. https://doi.org/10.1016/j.cub.2021.09.041. 

172. Osorio-Forero, A., Cherrad, N., Banterle, L., Fernandez, L.M.J., Lüthi, A., 2022. When the Locus Coeruleus 

Speaks Up in Sleep: Recent Insights, Emerging Perspectives. Int. J. Mol. Sci. 23, 5028. 

https://doi.org/10.3390/ijms23095028. 

173. Pagel, J.F., Parnes, B.L., 2001. Medications for the treatment of sleep disorders: An overview. Prim. Care 

Companion J. Clin. Psychiatry 3, 118-125. https://doi.org/10.4088/pcc.v03n0303. 

174. Palagini, L., Baglioni, C., Ciapparelli, A., Gemignani, A., Riemann, D., 2013. REM sleep dysregulation in 

depression: State of the art. Sleep Med. Rev. 17, 377-390. https://doi.org/10.1016/j.smrv.2012.11.001. 

175. Pal, N.R., Pal, S.K., 1991. Entropy: A new definition and its applications. IEEE Trans. Syst. Man Cybern. 21, 

1260-1270. https://doi.org/10.1109/21.120079. 

176. Papale, L.A., Andersen, M.L., Antunes, I.B., Alvarenga, T.A., Tufik, S., 2005. Sleep pattern in rats under 

different stress modalities. Brain Res. 1060, 47-54. https://doi.org/10.1016/j.brainres.2005.08.021. 

177. Paulin, M.G., Cahill-Lane, J., 2021. Events in Early Nervous System Evolution. Top. Cogn. Sci. 13, 25-44. 

https://doi.org/10.1111/tops.12461. 

178. Paus, T., Zatorre, R.J., Hofle, N., Caramanos, Z., Gotman, J., Petrides, M., Evans, A.C., 1997. Time-related 

changes in neural systems underlying attention and arousal during the performance of an auditory 

vigilance task. J. Cogn. Neurosci. 9, 392-408. https://doi.org/10.1162/jocn.1997.9.3.392. 

179. Peever, J., Fuller, P.M., 2017. The biology of REM sleep. Curr. Biol. 27, R1237-R1248. 

https://doi.org/10.1016/j.cub.2017.10.026. 

180. Perea Bartolomé, M.V., Ladera Fernández, V., 2004. El talamo: Aspectos neurofuncionales 

[Neurofunctional aspects of the thalamus]. Rev. Neurol. 38, 687-693. 

https://doi.org/10.33588/rn.3807.2003565. 

181. Peterson, N.D., Henke, P.G., Hayes, Z., 2002. Limbic system function and dream content in university 

students. J. Neuropsychiatry Clin. Neurosci. 14, 283-288. https://doi.org/10.1176/jnp.14.3.283. 

182. Pignatelli, M., Beyeler, A., 2019. Valence coding in amygdala circuits. Curr. Opin. Behav. Sci. 26, 97-106. 

https://doi.org/10.1016/j.cobeha.2018.10.010. 

183. Poe, G.R., Foote, S., Eschenko, O., Johansen, J.P., Bouret, S., Aston-Jones, G., Harley, C.W., Manahan-

Vaughan, D., Weinshenker, D., Valentino, R., Berridge, C., Chandler, D.J., Waterhouse, B., Sara, S.J., 2020. 

Locus coeruleus: A new look at the blue spot. Nat. Rev. Neurosci. 21, 644-659. 

https://doi.org/10.1038/s41583-020-0360-9. 

184. Pompeiano, M., Cirelli, C., Arrighi, P., Tononi, G., 1995. c-Fos expression during wakefulness and sleep. 

Neurophysiol. Clin. (NCCN) 25, 329-341. https://doi.org/10.1016/0987-7053(96)84906-9. 

185. Pompeiano, M., Cirelli, C., Ronca-Testoni, S.P., Tononi, G., 1997. NGFI-A expression in the rat brain after 

sleep deprivation. Mol. Brain Res. 46, 143-153. https://doi.org/10.1016/S0169-328X(96)00295-1. 

186. Pompeiano, M., Cirelli, C., Tononi, G., 1992. Effects of sleep deprivation on fos-like immunoreactivity in 

the rat brain. Arch. Ital. Biol. 130, 325-335. 

187. Pompeiano, M., Cirelli, C., Tononi, G., 1994. Immediate-early genes in spontaneous wakefulness and sleep: 

Expression of c-fos and NGFI-A mRNA and protein. J. Sleep Res. 3, 80-96. https://doi.org/10.1111/j.1365-

2869.1994.tb00111.x. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 August 2024                   doi:10.20944/preprints202408.1867.v1

https://doi.org/10.20944/preprints202408.1867.v1


 41 

 

188. Pringle, J.W.S., 1951. On the parallel between learning and evolution. Behav. 3, 174-215. 

https://doi.org/10.1163/156853951X00269. 

189. Purves, D., Augustine, G.J., Fitzpatrick, D., Hall, W.C., LaMantia, A.-S., McNamara, J.O., Williams, S.M. 

(Eds.), 2004. Neuroscience, third ed. Sinauer Associates, Sunderland. 

190. Rafferty, J.P., 2018. Ediacaran Period. https://www.britannica.com/science/Ediacaran-Period (accessed 16 

Apr 2024). 

191. Ramón, F., Hernández-Falcón, J., Nguyen, B., Bullock, T.H., 2004. Slow wave sleep in crayfish. PNAS 101, 

11857-11861. https://doi.org/10.1073/pnas.0402015101. 

192. Rattenborg, N.C., Lima, S.L., Amlaner, C.J., 1999a. Facultative control of avian unihemispheric sleep under 

the risk of predation. Behav. Brain Res. 105, 163-172. https://doi.org/10.1016/s0166-4328(99)00070-4. 

193. Rattenborg, N.C., Lima, S.L., Amlaner, C.J., 1999b. Half-awake to the risk of predation. Nature 397, 397-

398. https://doi.org/10.1038/17037. 

194. Rattenborg, N.C., Ungurean, G., 2023. The evolution and diversification of sleep. Trends Ecol. Evol. 38, 156-

170. https://doi.org/10.1016/j.tree.2022.10.004. 

195. Rattenborg, N.C., van der Meij, J., Beckers, G.J.L., Lesku, J.A., 2019. Local Aspects of Avian Non-REM and 

REM Sleep. Front. Neurosci. 13, 567. https://doi.org/10.3389/fnins.2019.00567. 

196. Reite, M., Stynes, A.J., Vaughn, L., Pauley, J.D., Short, R.A., 1976. Sleep in infant monkeys: Normal values 

and behavioral correlates. Physiol. Behav. 16, 245-251. https://doi.org/10.1016/0031-9384(76)90128-1. 

197. Ribeiro, S., Goyal, V., Mello, C.V., Pavlides, C., 1999. Brain gene expression during REM sleep depends on 

prior waking experience. Learn. Mem. 6, 500-508. https://doi.org/10.1101/lm.6.5.500. 

198. Ribeiro, S., 2003. Sonho, memória e o reencontro de Freud com o cérebro [Dream, memory and Freud's 

reconciliation with the brain]. Revista brasileira de psiquiatria 25, 59-78. https://doi.org/10.1590/s1516-

44462003000600013. 

199. Ribeiro, S., 2020. O Oráculo da Noite: A História e a Ciência do Sonho [The Oracle of Night: The History 

and Science of Dreams]. Editora Schwarcz S.A., São Paulo. 

200. Riemann, D., Berger, M., 1989. EEG sleep in depression and in remission and the REM sleep response to 

the cholinergic agonist RS 86. Neuropsychopharmacology 2, 145-152. https://doi.org/10.1016/0893-

133x(89)90017-1. 

201. Riemann, D., Krone, L.B., Wulff, K., Nissen, C., 2020. Sleep, insomnia, and depression. 

Neuropsychopharmacology 45, 74-89. https://doi.org/10.1038/s41386-019-0411-y. 

202. Robison, R.A., Crick, R.E., Johnson, M.E., 2024. Cambrian Period. 

https://www.britannica.com/science/Cambrian-Period (accessed 16 Apr 2024). 

203. Rodenbeck, A., Hajak, G., 2001. Neuroendocrine dysregulation in primary insomnia. Rev. Neurol. (Paris) 

157, S57-S61. 

204. Rolls, A., Schaich Borg, J., de Lecea, L., 2010. Sleep and metabolism: Role of hypothalamic neuronal 

circuitry. Best Pract. Res. Clin. Endocrinol. Metab. 24, 817-828. https://doi.org/10.1016/j.beem.2010.08.002. 

205. Rolls, E.T., 2019. The cingulate cortex and limbic systems for emotion, action, and memory. Brain Struct. 

Funct. 224, 3001-3018. https://doi.org/10.1007/s00429-019-01945-2. 

206. Ross, J.A., Van Bockstaele, E.J., 2021. The Locus Coeruleus- Norepinephrine System in Stress and Arousal: 

Unraveling Historical, Current, and Future Perspectives. Front. Psychiatry 11, 601519. 

https://doi.org/10.3389/fpsyt.2020.601519. 

207. Ruckebusch, Y., Gaujoux, M., Eghbali, B., 1977. Sleep cycles and kinesis in the foetal lamb. 

Electroencephalogr. Clin. Neurophysiol. 42, 226-237. https://doi.org/10.1016/0013-4694(77)90029-3. 

208. Saalmann, Y.B., Kastner, S., 2015. The cognitive thalamus. Front. Syst. Neurosci. 9, 39. 

https://doi.org/10.3389/fnsys.2015.00039. 

209. Sagan, C., 1978. The Dragons of Eden: Speculations on the Evolution of Human Intelligence. Ballantine 

Books, New York. 

210. Sagan, C., 1996. O Mundo Assombrado Pelos Demônios: A Ciência Vista Como Uma Vela no Escuro [The 

Demon-Haunted World: Science as a Candle in the Dark]. Companhia Das Letras, São Paulo. 

211. Sah, P., Faber, E.S., Lopez De Armentia, M., Power, J., 2003. The amygdaloid complex: Anatomy and 

physiology. Physiol. Rev. 83, 803-834. https://doi.org/10.1152/physrev.00002.2003. 

212. Sanford, L.D., Yang, L., Liu, X., Tang, X., 2006. Effects of tetrodotoxin (TTX) inactivation of the central 

nucleus of the amygdala (CNA) on dark period sleep and activity. Brain Res. 1084, 80-88. 

https://doi.org/10.1016/j.brainres.2006.02.020. 

213. Sasaki, K., Suzuki, M., Mieda, M., Tsujino, N., Roth, B., Sakurai, T., 2011. Pharmacogenetic modulation of 

orexin neurons alters sleep/wakefulness states in mice. PLoS ONE 6, e20360. 

https://doi.org/10.1371/journal.pone.0020360. 

214. Schmid, D.A., Brunner, H., Lauer, C.J., Uhr, M., Yassouridis, A., Holsboer, F., Friess, E., 2008. Acute cortisol 

administration increases sleep depth and growth hormone release in patients with major depression. J. 

Psychiatr. Res. 42, 991-999. https://doi.org/10.1016/j.jpsychires.2007.12.003. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 August 2024                   doi:10.20944/preprints202408.1867.v1

https://doi.org/10.20944/preprints202408.1867.v1


 42 

 

215. Schneider, K.N., Sciarillo, X.A., Nudelman, J.L., Cheer, J.F., Roesch, M.R., 2020. Anterior cingulate cortex 

signals attention in a social paradigm that manipulates reward and shock. Curr. Biol. 30, 3724-3735.e2. 

https://doi.org/10.1016/j.cub.2020.07.039. 

216. Schwartz, J.R., Roth, T., 2008. Neurophysiology of sleep and wakefulness: Basic science and clinical 

implications. Curr. Neuropharmacol. 6, 367-378. https://doi.org/10.2174/157015908787386050. 

217. Seol, J., Lee, J., Park, I., Tokuyama, K., Fukusumi, S., Kokubo, T., Yanagisawa, M., Okura, T., 2022. 

Bidirectional associations between physical activity and sleep in older adults: A multilevel analysis using 

polysomnography. Sci. Rep. 12, 15399. https://doi.org/10.1038/s41598-022-19841-x. 

218. Serway, R.A., Jewett, Jr., J.W., 2014. Physics for Scientists and Engineers with Modern Physics, ninth ed. 

Brooks/Cole, Boston. 

219. Shu, D.G., Chen, L., Han, J., Zhang, X.L., 2001. An Early Cambrian tunicate from China. Nature 411, 472-

473. https://doi.org/10.1038/35078069. 

220. Siegel, J., Langley, T.D., 1965. Arousal threshold in the cat as a function of sleep phase and stimulus 

significance. Experientia 21, 740-741. https://doi.org/10.1007/BF02138511. 

221. Siegel, J.M., Manger, P.R., Nienhuis, R., Fahringer, H.M., Pettigrew, J.D., 1998. Monotremes and the 

evolution of rapid eye movement sleep. Philos. Trans. R. Soc. Lond. B Biol. Sci. 353, 1147-1157. 

https://doi.org/10.1098/rstb.1998.0272. 

222. Siegel, J.M., 2005. Clues to the functions of mammalian sleep. Nature 437, 1264-1271. 

https://doi.org/10.1038/nature04285. 

223. Siegel, J.M., 2011. REM sleep: A biological and psychological paradox. Sleep Med. Rev. 15, 139-142. 

https://doi.org/10.1016/j.smrv.2011.01.001. 

224. Smith, C., 1996. Sleep states, memory processes and synaptic plasticity. Behav. Brain Res. 78, 49-56. 

https://doi.org/10.1016/0166-4328(95)00218-9. 

225. Snyder, F., 1966. Toward an evolutionary theory of dreaming. Am. J. Psychiatry 123, 121-142. 

https://doi.org/10.1176/ajp.123.2.121. 

226. Sokal, A., Bricmont, J., 2016. Imposturas Intelectuais: O Abuso da Ciência Pelos Filósofos Pós-Modernos 

[Fashionable Nonsense]. BestBolso, Rio de Janeiro. 

227. Solms M. (2000). Dreaming and REM sleep are controlled by different brain mechanisms. Behavioral and 

brain sciences 23, 843-1121. https://doi.org/10.1017/s0140525x00003988. 

228. Stahl, S.M., 2002. The psychopharmacology of energy and fatigue. J. Clin. Psychiatry 63, 7-8. 

https://doi.org/10.4088/jcp.v63n0102. 

229. Steiger, A., Dresler, M., Kluge, M., Schüssler, P., 2013. Pathology of sleep, hormones and depression. 

Pharmacopsychiatry 46, S30-S35. https://doi.org/10.1055/s-0033-1337921. 

230. Steiger, A., Pawlowski, M., 2019. Depression and Sleep. Int. J. Mol. Sci. 20, 607. 

https://doi.org/10.3390/ijms20030607. 

231. Suchecki, D., Tiba, P.A., Machado, R.B., 2012. REM Sleep Rebound as an Adaptive Response to Stressful 

Situations. Front. Neurol. 3, 41. https://doi.org/10.3389/fneur.2012.00041. 

232. Summer, J., Singh, A., 2024. REM Sleep: What It Is and Why It’s Important. 

https://www.sleepfoundation.org/stages-of-sleep/rem-sleep (accessed 21 Aug 2024). 

233. Swift, K.M., Gross, B.A., Frazer, M.A., Bauer, D.S., Clark, K.J.D., Vazey, E.M., Aston-Jones, G., Li, Y., 

Pickering, A.E., Sara, S.J., Poe, G.R., 2018. Abnormal Locus Coeruleus Sleep Activity Alters Sleep Signatures 

of Memory Consolidation and Impairs Place Cell Stability and Spatial Memory. Curr. Biol. 28, 3599-3609.e4. 

https://doi.org/10.1016/j.cub.2018.09.054. 

234. Szeto, H.H., Hinman, D.J., 1985. Prenatal development of sleep-wake patterns in sheep. Sleep 8, 347-355. 

https://doi.org/10.1093/sleep/8.4.347. 

235. Šimić, G., Tkalčić, M., Vukić, V., Mulc, D., Španić, E., Šagud, M., Olucha-Bordonau, F.E., Vukšić, M., Hof, 

P.R., 2021. Understanding emotions: Origins and roles of the amygdala. Biomolecules 11, 823. 

https://doi.org/10.3390/biom11060823. 

236. Tagney, J., 1973. Sleep patterns related to rearing rats in enriched and impoverished environments. Brain 

Res. 53, 353-361. https://doi.org/10.1016/0006-8993(73)90220-5. 

237. Tainton-Heap, L.A.L., Kirszenblat, L.C., Notaras, E.T., Grabowska, M.J., Jeans, R., Feng, K., Shaw, P.J., van 

Swinderen, B., 2021. A Paradoxical Kind of Sleep in Drosophila melanogaster. Curr. Biol. 31, 578-590.e6. 

https://doi.org/10.1016/j.cub.2020.10.081. 

238. Takahashi, K., Kayama, Y., Lin, J.S., Sakai, K., 2010. Locus coeruleus neuronal activity during the sleep-

waking cycle in mice. Neuroscience 169, 1115-1126. https://doi.org/10.1016/j.neuroscience.2010.06.009. 

239. Tang, X., Yang, L., Liu, X., Sanford, L.D., 2005. Influence of tetrodotoxin inactivation of the central nucleus 

of the amygdala on sleep and arousal. Sleep 28, 923-930. https://doi.org/10.1093/sleep/28.8.923. 

240. Targum, S.D., Fava, M., 2011. Fatigue as a residual symptom of depression. Innov. Clin. Neurosci. 8, 40-43. 

241. Theorell-Haglöw, J., Berne, C., Janson, C., Sahlin, C., Lindberg, E., 2010. Associations between short sleep 

duration and central obesity in women. Sleep 33, 601-610. https://doi.org/10.1093/sleep/33.5.593. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 August 2024                   doi:10.20944/preprints202408.1867.v1

https://doi.org/10.20944/preprints202408.1867.v1


 43 

 

242. Thurber, A., Jha, S.K., Coleman, T., Frank, M.G., 2008. A preliminary study of sleep ontogenesis in the ferret 

(Mustela putorius furo). Behav Brain Res 189, 41-51. https://doi.org/10.1016/j.bbr.2007.12.019. 

243. Torrico, T.J., Munakomi, S., 2023. Neuroanatomy, Thalamus. StatPearls, StatPearls Publishing. 

https://pubmed.ncbi.nlm.nih.gov/31194341/. 

244. Tuttle, C., Boto, J., Martin, S., Barnaure, I., Korchi, A.M., Scheffler, M., Vargas, M.I., 2019. Neuroimaging of 

acute and chronic unilateral and bilateral thalamic lesions. Insights Imaging 10, 24. 

https://doi.org/10.1186/s13244-019-0700-3. 

245. Urry, L.A., Cain, M.L., Wasserman, S.A., Minorsky, P.V., Orr, R.C., 2020. Campbell Biology, twelfth ed. 

Pearson, New York. 

246. van Alphen, B., Yap, M.H., Kirszenblat, L., Kottler, B., van Swinderen, B., 2013. A dynamic deep sleep stage 

in Drosophila. J. Neurosci. 33, 6917-6927. https://doi.org/10.1523/JNEUROSCI.0061-13.2013. 

247. van Gool, W.A., Mirmiran, M., 1986. Effects of aging and housing in an enriched environment on sleep-

wake patterns in rats. Sleep 9, 335-347. https://doi.org/10.1093/sleep/9.2.335. 

248. Vazquez, J., Baghdoyan, H.A., 2001. Basal forebrain acetylcholine release during REM sleep is significantly 

greater than during waking. Am. j. physiol., Regul. integr. comp. physiol. 280, R598-R601. 

https://doi.org/10.1152/ajpregu.2001.280.2.R598. 

249. Vertes, R.P., 1986. A life-sustaining function for REM sleep: A theory. Neurosci. Biobehav. Rev. 10, 371-376. 

https://doi.org/10.1016/0149-7634(86)90002-3. 

250. Vitti, J.J., 2013. Cephalopod cognition in an evolutionary context: Implications for ethology. Biosemiotics 6, 

393-401. 

251. Vyazovskiy, V.V., Delogu, A., 2014. NREM and REM Sleep: Complementary Roles in Recovery after 

Wakefulness. Neuroscientist. 20, 203-219. https://doi.org/10.1177/1073858413518152. 

252. Vyazovskiy, V.V., Harris, K.D., 2013. Sleep and the single neuron: The role of global slow oscillations in 

individual cell rest. Nat. Rev. Neurosci. 14, 443-451. https://doi.org/10.1038/nrn3494. 

253. Watson, C.J., Baghdoyan, H.A., Lydic, R., 2010. Neuropharmacology of Sleep and Wakefulness. Sleep Med. 

Clin. 5, 513-528. https://doi.org/10.1016/j.jsmc.2010.08.003. 

254. Walton, D., 2008. Informal Logic: A Pragmatic Approach. Cambridge University Press, New York. 

255. Weiskopf, D.A., 2024. The Theory-Theory of Concepts. https://iep.utm.edu/theory-theory-of-

concepts/#SH2b (accessed 21 Aug 2024). 

256. Werth, J., Atallah, L., Andriessen, P., Long, X., Zwartkruis-Pelgrim, E., Aarts, R.M., 2017. Unobtrusive sleep 

state measurements in preterm infants – A review. Sleep Med. Rev. 32, 109-122. 

https://doi.org/10.1016/j.smrv.2016.03.005. 

257. Weston, A., 2009. A Construção do Argumento [A Rulebook for Arguments]. Editora WMF Martins Fontes, 

São Paulo. 

258. Whalen, P.J., Raila, H., Bennett, R., Mattek, A., Brown, A., Taylor, J., van Tieghem, M., Tanner, A., Miner, 

M., Palmer, A., 2013. Neuroscience and facial expressions of emotion: The role of amygdala–prefrontal 

interactions. Emot. Rev. 5, 78-83. https://doi.org/10.1177/1754073912457231. 

259. WHO, 2023. Depressive disorder (depression). https://www.who.int/news-room/fact-

sheets/detail/depression (accessed 21 Aug 2024). 

260. Wichniak, A., Wierzbicka, A., Walęcka, M., Jernajczyk, W., 2017. Effects of Antidepressants on Sleep. Curr. 

Psychiatry Rep. 19, 63. https://doi.org/10.1007/s11920-017-0816-4. 

261. Wolpert, L., 2008. Depression in an evolutionary context. Philos. Ethics Humanit. Med. 3, 8. 

https://doi.org/10.1186/1747-5341-3-8. 

262. Wu, D., Deng, H., Xiao, X., Zuo, Y., Sun, J., Wang, Z., 2017. Persistent neuronal activity in anterior cingulate 

cortex correlates with sustained attention in rats regardless of sensory modality. Sci. Rep. 7, 43101. 

https://doi.org/10.1038/srep43101. 

263. Xiao, X., Ding, M., Zhang, Y.Q., 2021. Role of the anterior cingulate cortex in translational pain research. 

Neurosci. Bull. 37, 405-422. https://doi.org/10.1007/s12264-020-00615-2. 

264. Xiao, X., Zhang, Y.Q., 2018. A new perspective on the anterior cingulate cortex and affective pain. Neurosci. 

Biobehav. Rev. 90, 200-211. https://doi.org/10.1016/j.neubiorev.2018.03.022. 

265. Yamaguchi, H., Hopf, F.W., Li, S.B., de Lecea, L. (2018). In vivo cell type-specific CRISPR knockdown of 

dopamine beta hydroxylase reduces locus coeruleus evoked wakefulness. Nat. Commun. 9, 5211. 

https://doi.org/10.1038/s41467-018-07566-3. 

266. Yamazaki, R., Toda, H., Libourel, P.A., Hayashi, Y., Vogt, K.E., Sakurai, T., 2020. Evolutionary origin of 

distinct NREM and REM sleep. Front. Psychol. 11, 567618. https://doi.org/10.3389/fpsyg.2020.567618. 

267. Zapalac, K., Miller, M., Champagne, F.A., Schnyer, D.M., Baird, B., 2024. The effects of physical activity on 

sleep architecture and mood in naturalistic environments. Sci. Rep. 14, 5637. https://doi.org/10.1038/s41598-

024-56332-7. 

268. Zepelin, H., 1989. Mammalian sleep, in Kryger, M.H., Roth, T., Dement, W.C. (Eds.), Principles and 

Practices of Sleep Medicine. Saunders, Philadelphia, pp. 30–49. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 August 2024                   doi:10.20944/preprints202408.1867.v1

https://doi.org/10.20944/preprints202408.1867.v1


 44 

 

269. Zepelin, H., Rechtschaffen, A., 1974. Mammalian sleep, longevity, and energy metabolism. Brain, Behav. 

Evol. 10, 425-470. https://doi.org/10.1159/000124330. 

270. Zepelin, H., Siegel, J.M., Tobler, I., 2005. Mammalian sleep, in Kryger, M.H., Roth, T., Dement, W.C. (Eds.), 

Principles and Practices of Sleep Medicine. Saunders, New York, pp. 91–100. 

271. Zimmerman, J.E., Naidoo, N., Raizen, D.M., Pack, A.I., 2008. Conservation of sleep: Insights from non-

mammalian model systems. Trends Neurosci. 31, 371-376. https://doi.org/10.1016/j.tins.2008.05.001. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 August 2024                   doi:10.20944/preprints202408.1867.v1

https://doi.org/10.20944/preprints202408.1867.v1

