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Abstract

Sleep is a complex physiologic state, the importance of which has long been recognized. Lack of 

sleep is detrimental to humans and animals. Over the past decade, an important link between sleep 

and cognitive processing has been established. Sleep plays an important role in consolidation of 

different types of memory and contributes to insightful, inferential thinking. While the mechanism 

by which memories are processed in sleep remains unknown, several experimental models have 

been proposed. This article explores the link between sleep and cognition by reviewing (1) the 

effects of sleep deprivation on cognition, (2) the influence of sleep on consolidation of declarative 

and non-declarative memory, and 3) some proposed models of how sleep facilitates memory 

consolidation in sleep.
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The question of the function of sleep has fascinated people for thousands of years, and is 

now a subject of both basic and clinical research. One important facet of this question is how 

sleep contributes to cognitive processing and learning. A clue to the role of sleep in 

cognition is the detrimental effect of sleep deprivation on cognitive functioning. Over the 

past decade, growing interest in and experimentation on the role of sleep in learning and 
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memory has led to an explosion of research, which has established a firm connection 

between sleep and memory. Although there are still many unknowns, recent studies have led 

to a better understanding of the contribution of sleep to cognition and of possible 

mechanisms underlying this relationship. This article offers an overview of current literature 

addressing the role of sleep in memory and cognitive processing.

Neurobiology of Sleep

Sleep is composed of physiologically and neurochemically distinct stages. Sleep stages are 

divided, first, into rapid eye movement sleep (REM) and non-rapid eye movement sleep 

(non-REM), which alternate throughout the night in a roughly 90-minute cycle (Figure 1). 

Non-REM sleep is further divided into three stages. Stage N3, which is referred to as slow 

wave sleep (SWS), is prevalent during the first half of the night, while REM sleep is 

prevalent during the second half.†

Transitions from wake to sleep and between the stages of sleep are accompanied by complex 

changes in pattern of neuronal firing and neurotransmitter release [1]. Wakefulness is a time 

when “all systems are go” from a neurophysiological perspective; the brainstem reticular 

formation is active; the pons releases norepinephrine, serotonin and acetylcholine; the 

posterior hypothalamus releases histamine. Orexin/hypocretin neurons in the lateral and 

posterior hypothalamus are also most active during wakefulness and play an important role 

in the stabilization of both wakefulness and sleep. Production of non-REM sleep is 

coordinated by the ventrolateral preoptic nucleus in the anterior hypothalamus. During non-

REM sleep, norepinephrine, serotonin, acetylcholine and histamine release are decreased. 

The initiation of REM sleep is coordinated by communication between aminergic neurons, 

which produce norepinephrine, serotonin and histamine, and cholinergic neurons. During 

REM sleep, the aminergic neurons become nearly silent, while cholinergic neurons become 

highly active. These profound changes in neurophysiological state seen across the sleep 

cycle, with changes both in the activity of neuronal networks and in the neurochemical 

milieu of the brain, suggest that sleep evolved as a period of altered cognitive processing.

Effects of Sleep Deprivation

One element essential to understanding the role of sleep in cognition is observing the effects 

of lack of sleep on cognitive processing. This is particularly relevant in our society because 

of the common practices of acute sleep deprivation and chronic sleep restriction. While the 

impact of acute, total sleep deprivation is well established [2], the effects of chronic sleep 

restriction have only more recently been studied under carefully controlled conditions. In 

one seminal study, young adults were restricted to 4, 6, or 8 hours of time in bed per night 

for 14 days, under controlled laboratory conditions [3] (Figure 2). Several times per day, 

subjects performed a psychomotor vigilance test (PVT) of attention, a digit-symbol 

substitution task (DSST) test of working memory, and a serial addition/subtraction test 

(SAST) of cognitive throughput. The performance of subjects restricted to 4 and 6 hours in 

bed per night worsened progressively over the 14 days on all cognitive tasks. After 14 days, 

†Prior to 2007, NREM sleep was classified into four stages, with NREM stages 3 and 4 collectively referred to as SWS.
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their cognitive performance was similar to that of subjects who are totally sleep deprived for 

24 to 48 hours. Similar findings of progressive worsening of performance on the PVT were 

reported in a second study in which time in bed was restricted to 3, 5, or 7 hours, over a 

shorter, 7 day period [4].

In addition to attention and memory tasks, sleep deprived patients have also shown deficits 

in executive function. In particular, several studies have demonstrated impairment on 

neuropsychological tests that depend on the prefrontal cortex [5, 6]. Patients acutely sleep 

deprived for just 30 hours demonstrated deficits in verbal fluency, creative thinking and 

nonverbal planning.

Cognitive deficits in the setting of sleep deprivation have also been demonstrated in real-life 

circumstances demanding high level functioning. One such example is a series of studies 

performed on medical interns while “on the job”. In one of these studies, interns worked 

either a traditional schedule of 85 hours per week, or a modified schedule averaging 65 

hours of work per week, which resulted in an additional 6 hours of sleep per week [7]. 

Interns working the traditional schedule had more than twice the rate of attention failures 

during work, as measured by the intrusion of slow rolling eye movements into wakefulness. 

Another study found that medical interns working in the intensive care unit on a traditional 

schedule consisting of extended shifts of greater than 24 hours made 36 percent more serious 

medical errors than interns on a modified schedule with shorter shifts and less total hours per 

week [8].

The question of what specific alterations in brain activation might underlie changes in 

performance in sleep-deprived individuals has been explored with functional magnetic 

resonance imaging (fMRI) [9, 10]. Brain regions activated during performance of cognitive 

tasks in the sleep-deprived condition differ from those activated in the rested condition, in a 

manner that appears to be task-dependent. During performance of an arithmetic task, several 

brain regions that were activated in the rested condition, including prefrontal cortex, were 

less activated in the sleep-deprived condition [9]. But for a verbal memory task, not only 

were the areas activated in the rested condition maintained during sleep-deprivation, 

additional novel areas became activated in the sleep-deprived condition [10]. Increased 

activation in one of these areas, the parietal lobes, correlated with improved performance 

(even though performance overall was worse in the sleep-deprived condition), suggesting 

that this new area of activation can play a compensatory role. In summary, sleep deprivation 

results in dynamic changes in patterns of brain activation. These changes may result in either 

increased or depressed activity in brain regions typically required for a given task. In other 

instances, attempts to compensate for the negative effects of lack of sleep on cognition 

appear to recruit entirely new regions of the brain.

Taken as a whole, these and other studies of cognitive deficits associated with both acute 

total sleep deprivation and chronic sleep restriction paint a picture of dramatic impairment in 

attention, memory and executive function caused by lack of sleep, whether tested in the 

laboratory or under real-life workplace conditions. This impairment is accompanied by 

fundamental changes in brain activation patterns, which play an important role in 

determining how an individual performs when deprived of sleep.
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Sleep-Dependent Memory Consolidation

Over the past 10 years, a growing body of literature has supported a role for sleep in the 

consolidation of several types of memory. This includes both declarative and non-declarative 

memory. By definition, non-declarative memory includes memories that cannot be recalled 

to conscious awareness. One type of non-declarative memory is procedural memory (for 

example, how to play tennis). Declarative memory is information that can be retrieved into 

conscious awareness, including memory for specific life events (episodic memory; e.g., 
eating dinner last night) and memory for facts and general knowledge (semantic memory; 

e.g., the capital of France).

Non-Declarative Memory

Sleep-dependent consolidation or enhancement has been demonstrated for several non-

declarative procedural tasks, including visual and auditory discrimination tasks, motor 

sequence tasks and a motor adaptation task. The first task to show clear sleep-dependent 

enhancement was a visual texture discrimination task (VDT), developed by Karni et al. In 

this procedural task, subjects identify the orientation of an array of three diagonal bars 

embedded in a background of horizontal bars [11]. Having reported that task improvement 

could be seen 6 to 8 hours after training [12], they went on to demonstrate that performance 

improved over a night of sleep, but only when subjects were allowed REM sleep [13]. These 

results are confirmed by an experiment that compared performance on the VDT in subjects 

who were retested hours after training on the same day to subjects retested after a night of 

sleep [12]. The study found that overnight improvement was significantly better than 

daytime improvement [14] (Figure 3a) and correlated with the number of hours of post-

training sleep [14]. While the initial study of Karni et al [12] suggested that the simple 

passage of time could lead to improvement, subsequent studies found improvement only 

when this time included sleep. When subjects’ sleep was recorded in the laboratory, 

overnight improvement correlated with both the amount of SWS early in the night and of 

REM sleep late in the night [14]. One to six additional nights of sleep after training resulted 

in significantly more improvement than seen after only one night [15]. In addition, subjects 

who were deprived of sleep the night following training did not demonstrate significant 

improvement on the VDT, even after two nights of recovery sleep [15]. Thus, sleep, and not 

the simple passage of time, appears to be required for post-training memory consolidation 

and improvement in performance.

As in the case of the VDT, the first hint that sleep was essential to the process of learning 

motor tasks came from the notion that the passage of time, in addition to practice alone, was 

required for improvement in motor skills [16]. In one experiment, subjects were asked to tap 

two five-element sequences of finger-to-thumb opposition [16]. Although improvement in 

speed and accuracy was seen during training, a marked further improvement was seen 24 

hours later in the absence of additional training. When tested with a computerized version of 

this test, which involved typing the same numeric sequence (4-1-3-2-4), subjects 

demonstrated no further significant improvement when retested after 12 hours of daytime 

wake [17] (Figure 3b). However, when retested after 12 hours that contained a night of sleep, 
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the subjects improved in speed by 20% (Figure 3b). Thus sleep, rather than the simple 

passage of time, appears to mediate this offline improvement in motor performance [18, 19].

Another motor task where sleep dependence has been demonstrated is a motor adaptation 

task. In this computerized task, subjects move a cursor on the screen between a central 

starting point and one of eight targets locations, while overcoming an automatic rotation in 

the cursor at a fixed angle from hand position [20]. When tested 8 hours after training, mean 

directional error was significantly reduced in a group retested after an eight hour night of 

sleep compared to a group retested after 8 hours of daytime wakefulness (Figure 3c).

Declarative Memory

While the role of sleep in the consolidation of declarative memory was at one time 

controversial, recent evidence has increasingly supported such a function. Several studies 

have found a significant benefit of sleep on a declarative task that involves memorization of 

word pairs. Two studies suggested that subjects recalled word pairs better after sleeping 

during just the first half of a night of sleep than just the second half [21] [22] (Figure 4a). 

Additionally, subjects that were permitted to sleep, either early or late in the sleep interval, 

performed better than subjects that stayed awake. Since the first half of the night is rich in 

slow wave sleep, the authors concluded that slow wave sleep is likely playing an important 

role in the protection or enhancement of declarative memories [21] [22]. The benefits of 

sleep was also seen on the word pairs task in subjects who took daytime naps that contained 

only non-REM sleep when compared to subjects who stayed awake between training and 

retest [23]. Interestingly, sleep that occurs soon after a period of learning appears to be more 

beneficial than sleep that is delayed for several hours after learning [24].

Sleep also benefits declarative memory by protecting such memories from interference. 

Ellenbogen et al. demonstrated this concept with an experiment during which subjects learn 

a list of unrelated word pair associates (A-B pairs), similar to previous word pair 

experiments [25]. After a 12-hour interval that contained either nocturnal sleep or daytime 

wakefulness, subjects in the interference group learned a new list of word pairs (A-C pairs), 

in which words from the original list (A) were paired with new words (C). All participants 

were then retested on the original list. Patients that did not undergo the interference testing 

demonstrated a modest, non-significant benefit from sleep (Figure 4b). However, for the 

group that underwent interference training, there was a large and significant benefit from 

sleep (76% correct recall versus 32% in the “wake” group) (Figure 4b). This study supports 

a role of sleep not only in rote memorization of words, but also in protection of memories 

that are threatened by subsequent associative interference.

A growing body of literature supports a special role of sleep in the consolidation of 

emotional declarative memories. During one experiment, subjects viewed both neutral and 

emotionally arousing pictures in the evening or in the morning [26]. Subjects again viewed 

the pictures intermixed with new pictures twelve hours later, after either sleeping or staying 

awake. The subjects were asked to identify which pictures they consciously remembered 

from the previous session, which pictures were only familiar, and which they thought were 

new. Subject performance improved overall after sleep. Most striking was the influence of 

sleep on recognition of emotional pictures, with recognition (identification of pictures as 
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familiar by subjects) in the subjects who slept during the 12-hour interval between the first 

and second viewing being 42% greater than in the wake controls, while identification of 

neutral pictures did not differ significantly between the wake and sleep subjects. The study 

thus suggests that sleep may permit preferential retention of memories based on emotional 

content.

In another experiment, subjects were exposed to scenes involving either negative arousing 

objects or neutral objects, displayed on neutral background scenes [27]. After studying the 

pictures during baseline training, one group of subjects was retested 30 minutes later, while 

two additional groups were tested after a 12-hour period either of daytime wake or 

containing a night of sleep. Compared to performance at 30 minutes, subjects retested after a 

night of sleep were significantly better at recognizing negative images they had previously 

seen than the subjects tested after a period of wake (Figure 5). Moreover, this improvement 

was not seen for the neutral images or for the neutral image backgrounds, suggesting that 

sleep permitted consolidation of memory for the emotional objects to the detriment of 

neutral memory. The emotional memory retention bias seen after periods of sleep may relate 

to an unconscious perception that emotional memories are most relevant to the individual; 

and, thus, sleep is playing a role in preserving that information which is deemed most 

significant.

Sleep and Insight

In addition to playing a role in the stabilization and enhancement of different types of 

memory, sleep has also been implicated in the process of gaining creative insight and 

making broad connections among learned information. In an experiment by Wagner et al, 

subjects were presented with a task where discovery of a hidden rule greatly improves speed 

of performance [28]. After initial training, subjects were retested after an 8-hour period, 

which contained a night of sleep, a night of wake, or a day of wake. Sleep dramatically 

increased the likelihood of grasping the hidden rule, with 59% of the sleep group gaining 

insight compared with 23% of either group that stayed awake (Figure 6a). Similarly, 

Ellenbogen et al. looked at the concept of “relational memory”, which involves placing 

learned information in a context and making inferences by relating individual pieces of 

information [29]. Subjects were presented with a series of “premise pairs”, such as ”choose 

A over B”, “B over C”, “C over D”, and “D over E”. At retest 20 minutes, 12 hours, or 24 

hours later, subjects were tested on their memory for these premise pairs, but also on their 

ability to integrate these premise pairs to infer, for example, that they should “choose B over 

D”. The ability to draw inferences was greatly improved after 12 or 24 hours compared to 20 

minutes. Moreover, when a delay of 12 hours over a day of wake was compared to 12 hours 

over a night of sleep, subjects who slept between training and retest performed better with 

inference pairs that had a greater degree of separation, for example inferring that they should 

“choose B over E” (Figure 6b).

Sleep can also support the development and maintenance of a “big picture” view, enhancing 

the “gist” of a memory, at the expense of detail. This is evident in Payne et al.’s examination 

of the role of sleep in false memory formation [30]. Here, subjects were presented with a list 

of related words. However, a “critical word”, which connected all of the words in the list, 
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was missing. For example, words like “ledge, sill, curtain and open” were present, but not 

“window”. Not only did subjects tested after 12 hours of sleep forget fewer of the studied 

words that did subjects tested after 12 hours of wake, but they also showed a numerical 

increase in recall of critical or gist words, which subjects falsely believe to be part of the 

original list, while those in the wake group showed a significant deterioration in the “recall”.

What aspect of sleep permits the incorporation of new information in these lists? Cai et al. 

studied the role of sleep in the development of associative networks [31]. The presence of 

REM sleep during a daytime nap, independent of total sleep time, enhanced performance in 

creative problem solving for items that subjects were exposed to prior to sleep. Another 

approach to understanding the processing of information in such associative networks has 

been to awaken subjects out of different sleep stages and quickly test their performance on 

various cognitive tasks [32] [33]. In one experiment, subjects were presented with a 

semantic priming task, which is designed to determine the strength of association between 

words [32]. Subjects were awakened out of REM and non-REM sleep for testing, as well as 

tested pre- and post-sleep. As expected, the associative strength of strongly related pairs 

(such as “hot – cold”) was markedly greater than that of weakly related pairs (such as “thief 

– wrong”) after awakenings from NREM sleep. In contrast, when subjects were awakened 

from REM sleep, the normally weakly related pairs showed greater associative strength than 

did the normally strongly related pairs. These results suggest that REM sleep may play an 

important role in identifying and strengthening previous weak cognitive associations. 

Another study compared performance on anagram word puzzles during wake and during 

awakenings from REM and non-REM sleep [33]. The number of anagrams solved following 

REM awakenings was 32% higher than those solved following non-REM awakenings, again 

suggesting that cognitive processing during REM may be a vital component in creative 

thinking and problem solving.

However, the role of REM sleep remains controversial. Individuals who have decreased 

amounts of REM sleep from medications or rare cases of brainstem damage appear to 

function normally [34]. Some studies involving suppression of REM sleep do not 

demonstrate impairments in learning, although creative insight has not specifically been 

tested [35]. The role of specific stages of sleep will be discussed in greater detail below.

Models of Memory Processing in Sleep

The mechanisms by which sleep facilitates memory consolidation are unclear. Several 

theoretical models have been proposed, not all of which are compatible. We review some of 

the major working theories here.

The first question is what processes occur in the brain during sleep that result in improved 

memory. One suggestion is the idea of “replay” of brain activity, i.e. reemergence of brain 

activity in sleep that occurred during learning in prior wakefulness. Wilson et al examined 

brain activity at the neuronal level in rats [36] [37]. They noted that hippocampal cells that 

fired together during a spatial behavioral task had an increased tendency to fire together 

during subsequent slow wave sleep, and tended to replicate sequences of neuronal firing 

representing movement along a spatial path. Peigneux et al. examined regional brain activity 
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in humans by measuring cerebral blood flow with positron emission tomography (PET) [38]. 

They noted that hippocampal areas that were activated in human subjects while learning a 

route in a virtual town showed increased activation during subsequent slow wave sleep. 

Additionally, the amount of hippocampal activity seen during slow wave sleep correlated 

with task performance the next day. Maquet et al. also demonstrated regional activation 

using PET, this time with a serial reaction time task [39]. Multiple regions of the brain that 

were active during performance of the task were significantly more active during REM sleep 

in subjects who had recently executed the task than in those who had not trained on the task. 

These findings and those from other laboratories have led many researchers to conclude that 

recently encoded memories are reactivated and “replayed” during sleep, and that this replay 

mediates the memory processing seen to occur during sleep. In contrast to this notion that 

replay during sleep strengthens memories is the theory of “synaptic homeostasis”, which 

proposes that during sleep, particularly slow wave sleep, a process of synaptic downscaling 

occurs [40]. During this process total synaptic strength in the cortex is dramatically 

decreased, as a means of conserving energy and space within the brain. According to some 

formulations of this model, such downscaling could indirectly benefit learning and memory.

In addition to defining the processes, such as memory replay, that enhance specific 

memories during sleep, another important question is how sleep facilitates these processes. 

One approach to this question is to look at specific neurophysiologic features of sleep. One 

candidate is sleep spindles – short (~ 1 sec) bursts of rhythmic 12 to 16 Hertz (Hz) activity 

seen in the electroencephalogram (EEG) during non-REM sleep, which create feedback 

loops between the thalamus and the cortex [41]. These thalamo-cortical loops are believed to 

facilitate synapse formation and strengthening and thereby enhance memory [36]. Nishida 

and Walker observed differences in spindle activity between the “trained” and “untrained” 

hemisphere during a nap after subjects trained on a motor skill task [42]. The difference in 

spindle activity between the two hemispheres correlated with the amount of sleep-dependent 

improvement, with greater difference between the “learning” and “non-learning” 

hemispheres predicting greater improvement on the task after the nap. Other types of natural 

oscillation in the brain, including slow (<1 Hz) waves in the neocortex, theta (4 to 10 Hz) 

waves in the hippocampus, and gamma (40 to 100 Hz) waves in the cortex and thalamus, 

have also been implicated in sleep-dependent memory processing [43].

In addition to examining oscillatory patterns in the EEG, investigators have examined levels 

of hormones and neurotransmitters during sleep as possible contributors to memory 

consolidation. Levels of acetylcholine [44] and cortisol [45] both have been implicated in 

declarative memory processing during sleep.

Despite this research, the question of the mechanisms underlying sleep-dependent memory 

consolidation remain uncertain. It should be noted that these various models – memory 

replay, synaptic homeostasis, cortical oscillations, hormones and neuromodulators – are not 

mutually exclusive. Indeed, in the end, some or all of these processes may turn out to play a 

role in sleep-dependent memory processing.

Another approach to identifying mechanisms involved in sleep-dependent memory 

consolidation has been to investigate which stages of sleep mediate consolidation. Many 
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studies that examine the role of sleep in memory consolidation have attempted to attribute 

consolidation of specific types of memory to particular stages of sleep. For example, non-

declarative memory tasks have been linked to several stages of sleep, depending on the 

specific task in question. Consolidation of motor skills has been correlated with stage 2 sleep 

in the case of the motor sequence task (MST) [17] and SWS in the case of the motor 

adaptation task [20], while both REM sleep and SWS have been linked to performance on 

the visual discrimination task (VDT) [10] [11]. Declarative memory consolidation on the 

paired-associates word list has been correlated to non-REM sleep, specifically slow wave 

sleep [19] [20]. Sleep dependent improvements on other declarative tasks, where gist 

extraction or creative insight is required, have been correlated to REM sleep or a decrease in 

SWS [30, 31].

However, many of the relationships between specific sleep stages and types of memory 

remain unclear and controversial. Researchers have yet to clarify which types of memory are 

consolidated in sleep, which components of memory consolidation occur during sleep, and 

how these relate to particular stages of sleep. For example, while specific sleep stages have 

generally been thought of as mediating consolidation for different types of memories, an 

alternate recently proposed model suggests that individual sleep stages mediate specific 

components of the consolidation process, independent of memory type [46]. According to 

this theory, slow wave sleep plays a role in stabilizing recently encoded memories at the 

synaptic level, while stage 2 and REM sleep play roles in integrating the memories into 

larger neuronal networks at the systems level. This systems-level consolidation links 

memories together and captures the essence of large amounts of information. Further studies 

are necessary to determine whether either or conceivably both of these models are correct.

Conclusion

Sleep is composed of a series of complex neurophysiological states that play important roles 

in learning, memory and cognitive processing. Studies that examine the effects of sleep 

deprivation have noted drastic deficits in cognitive processing. With careful experimentation 

involving various types of memory tasks, an important role for sleep in both non-declarative 

and declarative memory processing has been established. In addition to simply strengthening 

memories and improving their resistance to interference, sleep contributes to the process of 

gaining insight, making connections and integrating large amounts of information. Though 

our understanding of these processes has dramatically increased over the past 10 years, there 

remain many interesting, unanswered questions. The full range of specific types of memory 

that are consolidated during sleep remains to be clarified, as do the particular mechanisms 

and aspects of sleep physiology that underlie memory consolidation and cognitive 

processing during sleep.
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Figure 1. The human sleep cycle
Across the night, NREM and REM sleep cycle every 90 min in an ultradian manner, while 

the ratio of NREM to REM sleep shifts. During the first half of the night, NREM stage N3 

(SWS) dominates, while N2 and REM sleep prevail in the latter half of the night. EEG 

patterns also differ significantly between sleep stages, with electrical oscillations such as K 

complexes and sleep spindles occurring during stage 2 NREM, slow (0.5–4Hz) delta waves 

developing in SWS, and theta waves seen during REM.
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Figure 2. Neurobehavioral responses to varying doses of daily sleep
Three different neurobehavioral assays served to measure cognitive performance capability 

and subjective sleepiness. Each panel displays group averages for subjects in the 8 h (red 

lines), 6 h (green lines), and 4 h (lines) chronic sleep period conditions across 14 days, and 

in the 0 h (blue lines) sleep condition across 3 days. Upward corresponds to worse 

performance on the PVT (left), and to better performance on the DSST (center) and the 

SAST (right). The curves represent statistical non-linear model-based best-fitting profiles of 

the response to sleep deprivation. The mean ± s.e.m. ranges of performance for 1 and 2 days 

of total sleep deprivation are shown as light and dark gray bands, respectively, allowing 

comparison with the 14-day chronic sleep restriction conditions. For the DSST and SAST, 

these gray bands are curved parallel to the practice effect displayed by the subjects in the 8 h 

sleep period condition to compensate for different amounts of practice on these tasks. 

Adapted from Van Dongen et al. (2003).
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Figure 3. Sleep-dependent enhancement of performance on procedural memory task
Three different procedural tasks show sleep dependent improvements in performance. (A) 

Visual discrimination task: performance improvements were seen only in groups retested 

after a night of sleep (green circles), and not in groups retested after equivalent amounts of 

daytime wake (red circles). Adapted from Stickgold et al. 2000. (B) Finger-tapping motor 

sequence task: performance improvements were seen only after a night of sleep (green bars). 

Left panel – subjects trained in the morning and retested that evening (PM) and again the 

next morning (AM); Center panel – the same as Left panel, except subjects wore mittens 

across the initial period of daytime wakefulness to eliminate interference as a possible cause 

of the lack of PM improvement; Right panel – subjects trained in the evening and retested 

the following morning and again that evening show improvement at both post-sleep tests. 

Adapted from Walker et al. 2002. (C) Motor adaptation to a virtual sideways force shows 

improved accuracy in direction of movement after sleep, but not after an equivalent period of 

daytime wake. Adapted from Huber et al. 2004.
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Figure 4. Sleep-dependent enhancement of performance on declarative memory tasks
Two different memory tasks show sleep-dependent improvements in performance. (A) 

Benefits of early and late night sleep on the paired associates list: performance improvement 

was significantly greater following early sleep (green bar left) compared to the early wake 

control (red bar left), and compared to late sleep (green bar right). There was no significant 

difference between the late sleep (green bar right) and late wake (red bar right) groups. * p< 

0.05; **p<0.01. Adapted from Plihal and Born (1997). (B) Paired associates task and effect 

of interference: there was a modest non-significant improvement in performance after sleep 

(green bar left compared to wake (red bar left). Performance improved significantly after 

sleep for the group that underwent interference training (green bar right) compared to the 

interference wake group (red bar right) and significantly more so than in the no interference 

condition (left). (*) 0.05 ≤ p ≤ 0.10, *p< 0.05, ***p<0.001. Adapted from Ellenbogen et al 

(2006).
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Figure 5. The influence of sleep on emotional memory
Change in recognition rate of emotional or neutral images is demonstrated 12 hours from 

initial encoding compared to 30 minutes after encoding. Left: Neutral objects (striped bars) 

and their neutral backgrounds (solid bars) both show 6-11% deterioration across the 12 hr 

interval, whether across a period of daytime wake or across a night with sleep; Right: The 

same pattern is seen for emotional objects (striped bars) and neutral backgrounds (solid 

bars), except that emotional objects are recognized significantly better after a night of sleep 

than either objects or backgrounds in any other condition.
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Figure 6. Sleep-dependent development of insight
(A) Number reduction task: subjects were asked to determine the final digit in a series by 

processing digits from left to right according to two simple rules. However, subjects who 

gained insight into a hidden rule could determine the correct response after only the second 

digit presentation versus the sixth in those who did not gain insight. After initial training, 

subjects were retested after periods of wake or sleep – W/D: daytime wake; W/N: overnight 

sleep deprivation; S/N: nocturnal sleep. Subjects who slept had more than twice the chance 

of gaining insight compared to either of the wake groups. Adapted from Wagner et al (2004). 

(B) Inference pair performance: After initial training, subjects were tested after 12 hours of 

daytime wake (red), 12 hours including a night of sleep (green), or a full 24-hr day (blue). 

1°: first order association (e.g., A => C); 2°: second order association (e.g., A => D). In the 

wake group (red), there was no difference in performance between first and second order 

associations. Both sleep groups (green and blue) performed significantly better on second 

order associations compared to first order associations. * p<0.05. Adapted from Ellenbogen 

et al (2007).
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