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In this paper, the physiological features associated with the different stages of REM sleep and with what 

information processing researchers have called “effort” and “arousal” are compared. It is suggested that 

tonic REM sleep and effort involve an increase in the metabolism of cerebral glycogen, and phasic REM 

sleep and arousal involve the transfer of glucose from the body to the brain. Both stages of REM sleep 

seem to elevate cerebral glucose levels and likely result in increased ATP generation in some part(s) of the 

brain. It is noted that the functioning of the hippocampus depends heavily on ATP, and that this part of the 

brain becomes especially active during REM sleep. From this, although many details remain to be 

clarified, it seems clear that the primary function of REM sleep is to re-energize the brain. 

 

1. Introduction 

Although many different theories have been suggested to explain the function of 

sleep, none has been widely accepted (Zepelin, Siegel, & Tobler, 2005). Common sense 

suggests that a person is somehow re-energized during sleep, and many scientists and 

members of the general public share this view. However, it has proved extremely difficult 

to determine what sort of energy reserve is replenished during sleep, where this reserve is 

located, when it is replenished, and how the process occurs (Rechtschaffen, 1998). Sleep 

has long remained “one of the major unanswered questions in biology” and “one of 

nature’s greatest mysteries” (Bennington & Heller, 1995, p. 347; Frank, 2006, p. 47).  

I propose that depleted ATP reserves in the hippocampus and associated brain 

structures are replenished during rapid eye movement (REM) sleep. A comparison of the 

physiological features associated with REM sleep and what information-processing 
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researchers have called “effort” and “arousal” strongly suggests that REM sleep 

facilitates the re-energization of the brain. Hippocampal functioning depends 

significantly on the presence of ATP (e.g., Inoue, 1998; Inoue, Koizumi, Ueno, Kita, & 

Tsuda, 1999), and the hippocampus is the part of the brain that becomes especially active 

during REM sleep (Lerma-Garcia-Austt, 1985; Rimbaud, Passouant, & Cadilhac, 1955). 

In this paper, physiological features associated with tonic REM sleep, phasic 

REM sleep, effort, and arousal are reviewed. It is then noted that tonic REM sleep and 

effort share a number of significant physiological similarities, and phasic REM sleep and 

arousal also appear to share a common underlying biological process. It is argued that 

REM sleep replenishes depleted ATP reserves in the hippocampus and associated brain 

structures, such as the amygdala. A preliminary interpretation of the physiological 

features associated with REM sleep is offered. 

 

2. REM sleep 

 REM sleep was initially discovered by researchers at the University of Chicago in 

the mid-twentieth century (Aserinsky & Kleitman, 1953), and it has become clear that it 

fulfills some critical biological function in nearly all mammals and birds (Zepelin, Siegel, 

& Tobler, 2005). REM sleep and non-REM (NREM) sleep alternate cyclically 

throughout the sleep cycle. Human infants typically enter REM sleep directly after the 

initial onset of sleep and spend approximately 50% of their total sleep time in REM sleep. 

Humans older than two years old typically enter NREM sleep before REM sleep and 

spend approximately 20% to 25% of their total sleep time in REM sleep “across 
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childhood, adolescence, adulthood, and into old age” (Carskadon & Dement, 2005, p. 

13).  

The pupils of the eyes generally appear constricted during REM sleep (Siegel, 

2005), but they presumably dilate initially and do so periodically throughout this stage of 

the sleep cycle (Rechtschaffen, 1998). The heart rate periodically decelerates (Taylor, 

Moldofsky, & Furedy, 1985; Verrier, Harper, & Hobson, 2005; Verrier et al., 1998). 

REM sleep has been described as “activated” or “paradoxical” sleep because the brain 

appears active, and the EEG becomes desynchronized in a manner that resembles 

wakefulness (Siegel, 2005). It is also possible to observe rhythmic theta waves (Lerma & 

Garcia-Austt, 1985; Rowe et al., 1999; Sakai, Sano, & Iwahara, 1973; Sei & Morita, 

1996), which are closely associated with activity in the hippocampus (Green & Arduini, 

1954; Jung & Kornmueller, 1938; Walter & Walter, 1953; Winson, 1975). These are the 

tonic physiological features of REM sleep.  

Each period of REM sleep is interrupted several times by phasic bursts of rapid 

eye movement (Aserinsky, 1965). In humans, a heart rate deceleration occurs about three 

seconds before each eye burst (Taylor, Moldofsky, & Furedy, 1985; Verrier, Harper, & 

Hobson, 2005). As eye activity begins, the heart rate surges, arterial blood pressure 

increases, and then the heart rate abruptly decelerates (Verrier et al., 2005). The pupils 

dilate (Kemp & Kaada, 1975; Rechtschaffen, 1998), the eyes jerk frantically back and 

forth (Aserinsky & Kleitman, 1953), and then the pupils constrict (Rechtschaffen, 1998; 

Siegel, 2005). Respiratory activity fluctuates (Aserinsky, 1965; Aserinsky & Kleitman, 

1953; Sullivan, 1980), and electrodermal activity momentarily increases (Broughton, 

Poire, & Tassinari, 1965; Kushniruk, Rustenburg, & Ogilvie, 1985). Cerebral blood flow 
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increases (Franzini, 2005; Franzini, Zoccoli, Cianci, & Lenzi, 1996; Herman & Bassetti, 

2002), particularly to the amygdala, anterior cortex, pontine tegumentum, left thalamus, 

and right parietal operculum (Maquet, 1995; Maquet et al., 1996). These areas as well as 

the hippocampal formation appear significantly activated on PET scans (Maquet, 2000).  

 

3. Effort and arousal 

Researchers have distinguished “three types of energetical supply or resources” 

that are involved in human information processing (Sanders, 1983, p. 74). These have 

become known as energetic pools (Sergeant, Oosterlaan, & van der Meere, 1999, p. 77). 

The first is effort, which is said to be “mobilized in response to the changing demands of 

the tasks in which one engages” (Kahneman, 1973, p. 26). It is “conceived of as the 

necessary energy to meet the demands of a task” (Sergeant et al., 1999, p. 77) and is 

responsible for controlling the other two pools (Pribram & McGuiness, 1975; Sanders, 

1983). Arousal is associated with phasic readiness to act and refers to “energy 

mobilization of the organism” (Sanders, 1983, p. 116). Activation is described as “tonic 

physiological readiness to respond” (Pribram & McGuinness, 1975). The effort and 

arousal pools are most relevant here. 

The concept of effort was developed to explain the fact that increased motivation 

can improve an individual’s performance on a task (Kahneman, 1973). People exert more 

effort when they are motivated by factors such as time constraints, increased task 

difficulty, or the promise of incentives or rewards (Lohr, 1999). The pupils dilate during 

the exertion of effort (Kahneman, 1973; cf. Hess, 1965; Hess, 1964), but only to a point. 

Then they actually constrict (Granholm, Asarnow, Sarkin & Dykes, 1996; cf. Miller, 
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1956). The exertion of effort is associated with significant heart rate deceleration (Coles, 

1972; Kramer & Spinks, 1991; cf. Kagan, 1965; Lewis, Kagan, Campbell, & Kalafat, 

1966). The EEG becomes desynchronized (Boiten, Sergeant, & Geuze, 1992; Sergeant et 

al., 1999; van Winsum, Sergeant, & Geuze, 1984), and rhythmic theta waves associated 

with hippocampal activity can be observed (Pribram & McGuinness, 1975). 

Effort is closely linked to arousal. Kahneman (1973) sometimes equated the two 

processes, but further research has suggested that they should be regarded as intimately 

related rather than inseparable (Pribram & McGuiness, 1975; Sanders, 1983). During an 

episode of physiological arousal, the heart rate surges (Obrist, Wood, & Perez-Reyes, 

1965), arterial blood pressure increases (Abrahams & Hilton, 1964), and then the heart 

rate abruptly decelerates (Pribram & McGuinness, 1975). The eyes may dart back and 

forth briefly, as has been frequently noted in arousals associated with deceptive behavior 

(Ekman, 2001; Moore, Petrie, & Braga, 2003). Respiratory activity fluctuates, and 

electrodermal activity momentarily increases (Tursky, Shapiro, Crider, & Kahneman, 

1969). Blood flow is altered (Abrahams & Hilton, 1964), and the amygdala becomes 

active (Pribram & McGuiness, 1975). 

 

4. Analysis 

Table 1 summarizes the physiological similiarities between tonic REM sleep and 

effort and between phasic REM sleep and arousal. Although it is currently challenging to 

make an exhaustive comparison because of the piecemeal and often imprecise nature of  
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Table 1 

Physiological similarities between the different stages of REM sleep, effort, and arousal 
 

Tonic REM/Effort 

• Pupil dilation 

• Pupil constriction 

• Heart rate deceleration 

• EEG desynchronization 

• Rhythmic theta waves 

• Intense activity in the hippocampus 

 

 

Phasic REM/Arousal 

• Heart rate acceleration 

• Increased arterial blood pressure 

• Heart rate deceleration 

• Pupil dilation 

• Rapid eye movement 

• Pupil constriction 

• Respiratory fluctuations 

• Increased electrodermal activity 

• Altered blood flow 

• Intense activity in the amygdala 

 

available data, the physiological similarities between the different stages of REM sleep, 

effort, and arousal are striking. Tonic REM appears to be the unconscious equivalent of 

effort, and phasic REM appears to involve the same kind of physiological arousal that 

occurs during wakefulness. 

Given the many physiological similarities, it seems reasonable to suggest that 

REM sleep facilitates the “mobilization of energy,” just as effort and arousal do. More 

specifically, the different stages of REM sleep, effort, and arousal probably increase the 

amount of energy available in the brain or some part of it. Such an idea is certainly 

supported by the fact that sleep, effort, and arousal have the same effect on a person: they 

elevate alertness. A person can improve his or her ability to focus on performing a task 

by getting a good night’s sleep with adequate REM sleep or by exerting effort and 

becoming physiologically aroused. Any differences are merely a matter of degree. 
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The assertion that REM sleep replenishes depleted ATP reserves in the 

hippocampus and associated brain structures rest on four primary assumptions. First, the 

hippocampus becomes especially active during REM sleep (Lerma-Garcia-Austt, 1985;  

Rimbaud, Passouant, & Cadilhac, 1955). Second, the hippocampus requires ATP to  

function (e.g., Inoue, 1998; Inoue et al., 1999). Third, ATP in the brain comes almost 

exclusively from the metabolism of glucose (Peters et al., 2004). Fourth, glucose in the 

brain comes from two primary sources: cerebral glycogen and blood glucose (Benington 

& Heller, 1995). 

A preliminary interpretation of the physiological features associated with REM 

sleep may now be offered. Preparations for replenishing depleted ATP reserves in the 

hippocampus appear to begin prior to the onset of REM sleep. It seems that a sequence of 

events ensures that an adequate amount of glucose will be available for significant ATP 

generation during REM sleep. Hormonal changes rhythmically increase blood glucose 

levels in the hours before nocturnal sleep in healthy young adults, and blood glucose 

levels remain elevated throughout sleep (Van Cauter, 2005). During NREM sleep, 

cerebral glycogen levels become elevated (Anchors & Burrows, 1983; Benington & 

Heller, 1995). “Glycogen represents the largest store of glucose equivalents in the brain” 

(Gruetter, 2003). 

 Tonic REM sleep begins with the complete immobilization of the body (Rama, 

Cho, & Kushida, 2006). Glycogen is metabolized, increasing the amount of glucose 

available in the brain (Rechtschaffen, 1998). Increased cerebral glycogen metabolism has 

also been observed in organisms exerting effort (Gruetter, 2003).  However, this is “an 

unlikely end point of sleep’s functional role in brain energy homeostasis” (Franken, Gip, 
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Hagiwara, Ruby, & Heller, 2003). Glucose still must be metabolized to generate ATP for 

the hippocampus. As this happens, brain temperature increases due to the intense 

metabolic activity (Heller, 2005). Homeostatic thermoregulation has been suspended 

(Orem & Keeling, 1980), perhaps to allow this increase in cerebral metabolic activity.  

As ATP is generated, the hippocampus becomes active and rhythmic theta waves 

appear on the EEG. The pupils dilate (Rechtschaffen, 1998), perhaps indicating a change 

in hippocampal energy availability. Then, the pupils become constricted (Siegel, 2005), 

perhaps indicating that the hippocampus has more than enough energy to function. The 

EEG becomes desynchronized as it does during wakefulness. Dreams occur (Aserinsky & 

Kleitman, 1953). However, all of this brain activity is probably incidental. It likely occurs 

only because of the sudden availability of ATP, and it probably uses only a small 

percentage of the ATP that is generated. Thus, most of the ATP generated during REM 

sleep is conserved for use during wakefulness. 

 Phasic REM sleep likely occurs when additional cerebral glucose is required to 

meet the elevated metabolic requirements of REM sleep. The heart rate surges, arterial 

blood pressure increases, respiratory activity fluctuates, and there is a momentary 

increase in electrodermal activity. Blood glucose levels have already been elevated, and 

glucose is transported from the body to the brain via the bloodstream. Cerebral blood 

flow to the amygdala and parts of the pons, thalamus, cingulate cortex, and parietal 

operculum increases significantly (Maquet, 1995; Maquet et al., 1996). These areas and 

the hippocampal formation become significantly activated (Maquet, 2000). The pupils 

dilate maximally (Kemp & Kaada, 1975), perhaps indicating a massive increase in ATP 
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Figure 2 

The restoration of depleted cerebral ATP reserves during REM sleep 
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Blood glucose levels are elevated prior to the onset of sleep and remain elevated throughout the 

sleep cycle. Cerebral glycogen levels are elevated during NREM sleep. Glycogen is metabolized 

to glucose during tonic REM sleep. Extra blood glucose is transported to brain during phasic 

REM sleep. Glucose is metabolized to generate ATP. The hippocampus requires ATP to function 

properly, and it becomes especially active during REM sleep. 

 

levels in the hippocampus. The eyes move back and forth frantically (Aserinsky & 

Kleitman, 1953), perhaps as a result of the sudden energy surge. Then, the pupils become 

constricted and the heart rate slows again. It is probably fortunate that a person is 

unconscious and effectively immobilized during the energy surge of phasic REM sleep. 

People who are awakened from phasic REM sleep report quite bizarre mentation 

(Kushniruk, Rustenburg, & Ogilvie, 1985). 

 

5. Conclusion  

The details of the theory of REM sleep proposed here will undoubtedly require 

much clarification, and its potentially staggering implications for our understanding of 
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numerous medical conditions (e.g., type-II diabetes, Attention-Deficit/Hyperactivity 

Disorder, depression) and other biological phenomena (e.g., exercise, infant sleep, sleep 

deprivation) will have to be worked out thoroughly in the future. For the present, it only 

needs to be noted that this theory is testable. It should not be difficult to make an 

exhaustive comparison of the physiological features associated with tonic REM sleep, 

phasic REM sleep, effort, and arousal in human beings. The technology needed to 

monitor cerebral metabolism is now available, and it is also being rapidly improved. 

I predict that two central tenets of this theory will withstand all future scrutiny. 

First, REM sleep involves the replenishment of a depleted ATP reserve somewhere in the 

brain. Present evidence suggests that the hippocampus is mostly likely the part of the 

brain that is re-energized during REM sleep. However, there are several other areas of the 

brain that may also be re-energized during this stage of the sleep cycle. Second, glucose 

is transferred from the body to the brain via the bloodstream during phasic REM sleep 

and during increases in physiological arousal that occur while a person is awake. 

Many questions about sleep still remain to be answered, but it now seems clear 

that the primary function of REM sleep is to re-energize the brain. 
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