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Sleep, Learning, and Dreams: Off-line 

Memory Reprocessing 

R. Stickgold,'* J. A. Hobson,' R. Fos~e, ' ,~M. Fosse' 

Converging evidence and new research methodologies from across the 
neurosciences permit the neuroscientific study of the role of sleep in 
off-line memory reprocessing, as well as the nature and function of 
dreaming. Evidence supports a role for sleep in the consolidation of an 
array of learning and memory tasks. In addition, new methodologies allow 
the experimental manipulation of dream content at sleep onset, permit- 
ting an objective and scientific study of this dream formation and a 
renewed search for the possible functions of dreaming and the biological 
processes subserving it. 

It is 200 years since David Hartley ( I ) first 
suggested that dreaming might alter the 
strength of associative memories, but the 
basic proposition that either sleep or 
dreaming plays a role in the off-line repro- 
cessing of memories remains hotly debated 
(2-4) .  Recent developments in molecular 
genetics, neurophysiology, and the cogni- 
tive neurosclences have produced a striking 
body of research that provides converging 

evidence for an important role of sleep in 
learning and the reprocessing of memories 
( 5 ) .  

On the basis of patterns of brain electri- 
cal activity measured in the electroenceph- 
alogram (EEG), eye movements, and mus- 
cle tone ( 6 ) , sleep can be broadly divided 
into rapid eye movement sleep (REM) and 
non-rapid eye movement sleep (NREM) ,  
with the human REM-NREM cycle typical- 
ly having a 90-min period. Recent evidence 
strengthens the hypothesis that sleep plays 
a role in learnlng and memory processing at 
several levels, including the REM-depen- 
dent developmental wiring of binocular 
cells in visual cortex ( 7 ,  a), procedural 
learning of a visual discrimination task (Y-
12), and the development of problem-solv- 
ing skills (13).  

In contrast, since Freud proposed his the 
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ory of dream interpretation (14) ,  there has 
been a frustrating dearth of scientific evi-
dence concerning the mechanism of dream 
construction and its possible functions. One 
such function might be as part of a multilevel 
system of sleep-dependent learning and 
memory reprocessing, wherein dreams would 
be the conscious manifestation of these pro- 
cesses New approaches described below of- 
fer a methodology for experimentally ap-
proaching these questions. 

Behavioral Studies of Learning and 
Memory in Sleep 
Behavioral studies of sleep and learning in 
humans and animals, neurochemical and neu- 
rophysiological studies of the brain basis of 
possible sleep-dependent memory process-
ing, and neurocognitive studies of informa- 
tion processing during sleep provide evidence 
for an interdependence between sleep, learn- 
lng, and memory Still, considerable contro- 
versy surrounds the question (2 ,  4, 15). For 
additional discussions of these questions, see 
the accompanying reviews by Maquet ( 5 )and 
Siegel (16) .  

Research into sleep and memory began in 
earnest after the discovery of REM in 1953 
(1  7 ) .  Since then, a wide range of animal 
studies have supported the hypothesis that 
REM plays a critical role in learning (18-21). 
A meta-analysis concluded that REM sleep 
plays a critical role in the consolidation of 
procedural learning but not of declarative 
memory (22). In a synthesis of the animal 
literature, Smith proposed the existence of 
"REM windows" ( l a ) , periods of time after 

procedural training when rats show increased 
amounts of REM and during which REM 
deprivation leads to diminished retention. For 
many of the early REM deprivation studies. 
the apparent decrease in recall after depriva- 
tion may be the consequence of deprivation- 
induced stress (2 ,  4 ) .  But other studies (23) 
have demonstrated performance decrements 
20 hours after REM deprivation, but not 8 to 
16 hours after deprivation (24,25).This is the 
opposite of what a stress model would pre- 
dict. Other studies have shown effects as long 
as a week after REM deprivation (26) .  

These findings in no way suggest that 
REM is critical for all memory consolidation. 
Substantial memory consolidation occurs 
dunng normal waking, and many memon 
tasks are unaffected by subsequent REM de- 
privat~on(2 ,  4, 15). Nor 1s there clear ell-  
dence that REM sleep enhances subsequent 
encoding (27) .Furthermore, memory consol- 
idation is most likely not the only function of 
REM sleep, not explaining, for example, the 
decrease in REM during the first year of life 
(2) .  

In humans, posttraining REM deprivat~on 
Impairs retention of procedural learning (20. 
28). Declarative memory tasks in general 
have not shown any sleep dependence [e.g.. 
(29)] ,although some studies have suggested 
that deep, slow-wave sleep (SWS) early in 
the night may aid in their consolidation (30. 
31). 

REM may also enhance the processing of 
emotional memories. There is enhanced re- 
call for emotionally salient memories after 
periods of sleep rich in REM (32) .and seb- 
era1 older studies sin~ilarly support a role for 
REM in processing emotional memories (27. 
33--36).In addition. shortenings of REM la- 
tencies and Increases in REM densities have 
been reported in major depression (37. 38). 
the state of bereavement (37. 39),  war-related 
anxlety (40), and, more generally. posttrau- 
matic stress dlsorder (41).  

Some of the strongest evidence for human 
learning being sleep dependent comes from a 
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visual texture discrimination task (10, 42, 
43). On this task, improvement is not seen 
until after posttraining sleep (Fig. 1A) (II), 
and sleep deprivation on the night after train- 
ing eliminatks all benefits of training, even 
when measured after two full nights of recov- 
ery sleep (Fig. 1B) (12). Karni et al. (10) 
found no improvement after a night with 
selective REM deprivation, but did see im- 
provement after selective SWS deprivation. 
Other studies suggest that both SWS and 
REM are required (Fig. 1, C and D) ( l l ) ,  a 
result in keeping with the two-step model 
proposed by Giuditta et al. (44) for the con- 
solidation of learning in rats, but contrary to 
what would have been expected on the basis 
of the Karni et al. study (1 0). 

More generally, studies suggest that REM 
might modify neocortical networks in gener- 
al, rather than simply those involved in pro- 
cedural learning, with REM effects reported 
for learning of complex logic games (13), for 
foreign language acquisition (45), and after 
intensive studying (19). The fact that REM 
appears to play little or no role in memory 
consolidation on simple tests of declarative 
memory has led some researchers (2, 4, 46) 
to doubt that REM plays any role in memory, 
citing studies that conclude that long-term 
REM suppression in depressed and narcolep- 
tic humans produces "no adverse effects on 
cognitiordmemory" (4, p. 874). Unfortunate-
ly, none of the studies cited in these reviews 
looked at performance on either procedural or 
complex learning tasks after a night of post- 
training sleep. Instead, they used almost en- 
tirely simple declarative memory tasks retest- 
ed within minutes after training, where we 
would not expect to find any effect of REM 
deprivation. A resolution of this question 
must await the testing of these patient popu- 
lations with tasks such as the texture discrim- 
ination task, which otherwise appear to be 
REM dependent. 

Sleep Architecture and Physiology 
Probing the mechanisms underlying the pos- 
sible roles of sleep in memory processing 
requires knowledge of the complex physiol- 
ogy of sleep. The electrophysiologically de- 
fined stages of sleep differ along several di- 
mensions, some of which are shown in Table 
1. Researchers have speculated that many of 
these phenomena might contribute to learning 
and memory processing in sleep. 

Synchronous brain activity. Steriade (47, 
48) has hypothesized that high rates of -10-
Hz firing of neocortical neurons during the 
long-lasting depolarization phase of SWS os- 
cillations might induce long-term potentia- 
tion (LTP) at cortical synapses (49-51), 
which could serve to reorganize or respecify 
connections within neural networks and func- 
tionally connect distant cortical regions. Sim- 
ilarly, sharp wave potentials seen in SWS 
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(52) might facilitate information flow from hance LTP, considered critical for hippocam- 

the hippocampus to the neocortex (53). pal memory formation (49). Neural network 


In contrast, theta rhythms in REM may simulations (54) have suggested that such an 

support information transfer from neocortex alternating "hippocampo-neocortical dialog" 

to hippocampus (53), where theta waves en- (53) could enhance the encoding of hip-


I 
Test interval (h) Days 

C Correlation of learning with sleep SWS,X REM, 

1 2 3 4 

Quartile 

+sws &REM SWSlx REM4 (% x %) 

Fig. 1. Sleep-dependent Learning o f  a texture discrimination task: Subjects were trained and then 
retested at a Later time. Each subject was retested only once, and each point represents a separate 
group of subjects. (A) lmprovement across a night's sleep. Subjects were trained and then retested 
either 3 t o  12 hours later on the same day (open circles) or after 8 t o  24 hours after a night's sleep 
(filled circles). ALL told, n = 57, wi th n = 7 t o  9 for individual points. Error bars = SEM. (B) 
lmprovement across a week. Solid bars: Subjects were retested the same day as training (day = 0) 
or after 1 t o  7 days (n = 122). Open bar: Subjects were sleep deprived the night after training and 
retested after a total of 3 days (n = 11). Error bars = SEM. (C) Overnight improvement was 
correlated with both the amount o f  SWS (solid squares) and of REM (open circles) in  each quarter 
of the night, and the Pearson correlation coefficient was plotted (n = 12). Significant correlations 
were seen for the percentages of t ime spent in  SWS during the first quarter of the night (SWS,) 
and in REM during the Last quarter of the night (REMA. (D) SWS, was multiplied by REM, for each 
subject and plotted against the individual's overnight improvement. From Stickgold et  al. (7 7, 72). 

Table 1. Brain physiology shifts across sleep states. Human sleep is divided into REM and NREM, with 
NREM further subdivided into sleep onset (stage 1 sleep), light NREM (stage 2), and SWS (stages 3 and 
4). The physiological parameters listed here are characterized by robust state-dependent changes that are 
thought to  be linked to sleep-dependent learning and memory reprocessing. Arrow represents changes in 
activity relative to waking. See text for explanations. 

Physiological correlates of sleep stages REM Stage 2 
NREM SWS 

Synchronous brain electrical activity 4 to  6 Hz 12 to 14 Hz 
Eye movements t? 44 
Muscle tone u 1 
External inputs u 1 
Hippocampal-neocortical dialog (HC-NC) NC-HC ? 
Cholinergic modulation (ACh) t? 4 
Aminergic modulation (NE and 5-HT) u 1 
Glucocorticoids (GC) ( 1  -
Frontal activation (DLPFC) a ? 
Limbic activation (e.g., anterior cingulate cortex) 
Sensory cortices 

t 
? 

? 
? 
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pocampally dependent memories in the neo- 
cortex (3). 

Phasic ponto-geniculo-occipital (PGO) 
waves, which activate visual and motor cor- 
tices as well as the amygdala and hippocam- 
pus (59, are seen during the transition from 
NREM to REM and throughout REM. These 
waves may play an important role in memory 
consolidation in the rat (56) and have been 
proposed to reactivate memory traces during 
REM dreaming (57). 

It has been hypothesized that gamma 
waves (-40 Hz) mediate the binding of sen- 
sory features in both waking consciousness 
(58) and REM dreaming (59), although there 
are no data linking them to leaming or mem- 
ory consolidation in sleep. 

Neuronal replay. Stronger evidence of the 
possible role of these processes in learning 
and memory comes from analyses of neuro- 
nal activity in the rat hippocampus. During 
sleep, replay of recent waking patterns of 
neuronal activity is seen within the CAI layer 
of the hippocampus. This reactivation is seen 
during SWS for about half an hour after 
learning (60, 61) and in REM after 24 hours 
(62, 63). Although this replay in SWS may 
simply reflect continued activity unrelated to 
sleep (64), the presence of replay in REM 
onlv after 24 hours demonstrates that these 
patterns of neuronal activation are specifical- 
ly reactivated during REM. Neuronal replay 
during REM can be synchronized with theta 
wave activity, shifting from in-phase (i.e., 
coincident with peaks of theta waves) to out- 
of-phase (coincident with theta troughs) over 
4 to 7 days (65), a time course similar to that 
over which initially hippocampally depen- 
dent memories become independent of the 
hippocampus (66, 67). Such a shift might 
produce a switch from LTP and memory 
consolidation to long-term depression (LTD) 
(50,68) and memory erasure (69) after effec- 
tive transfer of the memory to the neocortex. 

1 A similar replay during sleep has been found 
for neurons mediating vocal learning in song 
birds (70), and this may mediate the consol- 
idation of this leaming. 

Neuromodulators. The REM-NREM cy- 
cle also displays marked shifts in levels of 
neuromodulators in the brain. Brainstem sys- 
tems that control the REM-NREM cycle in- 
clude the noradrenergic CNE) locus coer- 

all brain regions become less active in SWS sumably reflects the consolidation of leam- 
compared with waking. But although many re- 
gions remain relatively inactive in REM (7.9, 
dorsolateral prefrontal cortex (DLPFC), which 
is involved in decision making and memory, 
becomes further inactivated in this state (75). At 
the same time, seved midliine limbic struo 
tures, including both the anterior cingulate and 
medial orbitofiontal cortices and the amygdala, 
(76) become reactivated to levels at or above 
waking levels (77). 

Taken together, these studies of sleep 
physiology provide considerable circumstan- 
tial evidence for both REM and NREM play- 
ing important roles in memory consolidation. 
Direct evidence for such roles comes from 
studies that link physiological processes with 
behavioral outcomes. 

ing. These and related findings led to the 
suggestion that the PKA signaling pathway 
mediates sleep-dependent leaming and mem- 
ory processes (79). 

A qualitatively different form of sleep- 
dependent synaptic plasticity has been dem- 
onstrated during early postnatal development 
of the cat visual system (8,84). Studies com- 
bining monocular visual deprivation with 
sleep deprivation (7) suggest that sleep con- 
tributes as much to developmental changes in 
synaptic connectivity as does visual experi- 
ence, presumably by consolidating or en- 
hancing the changes that occurred during the 
prior period of monocular deprivation. 

Similarly, molecular changes accompany 
the reorganization of the receptive fields of 
barrel cortex neurons after trimming of mys- 

Sleep Ph~siolog~, Memory Processing, tacial whiskers in the rat. These fluctuations, 
and Behavior in nerve growth factor (85) as well as levels 
Hennevin et al. investigated the ability of the of rnRNA for the GABA-synthetic enzyme 
brain to encode and consolidate memories 
during REM through direct brain stimulation 
(24). Their results indicate that both the con- 
solidation of learning and the formation of 
new associations can be mediated by pontine 
reticular formation (PRF) activation during 
sleep (78). In addition, a correlation between 
an increased density of PRF-generated PGO 
waves during posttraining REM and subse- 
quent improved task performance has been 
reported (56), suggesting that PGO waves 
facilitate learning in the rat. 

Biochemical aspects of memory consoli- 
dation have recently been reviewed (79, 80). 
Both protein synthesis and phosphokinase A 
(PKA) are required for hippocampally medi- 
ated learning, and their inhibition during 
REM windows produces effects similar to 
those produced by REM deprivation (81,82). 
In addition, exposure to an enriched learning 
environment induces the immediate early 
gene ~$268 during subsequent REM (83). 
Z$268 expression normally coincides with 
synaptic modification and, during REM, pre- 

glutamate decarboxylase (86), are modulated 
by sleep deprivation. Stimulation of whiskers 
also affects subsequent sleep EEG patterns 
(87). 

Cognitive Processing in REM and 
NREM 
Studies of dreaming often investigate aspects 
of this conscious experience that are poten- 
tially relevant to our understanding of leam- 
ing and memory. One approach, which seeks 
to identify isomorphisms between the basic 
neurophysiological features of REM and the 
formal properties of REM dreams (57), led to 
the first physiologically based model of 
dream construction (57, 88) and has yielded 
rich and novel data. We have recently re- 
viewed this literature in detail (89). 

An alternate approach is to actually mea- 
sure cognitive processes within minutes of 
awakenings from REM and NREM. During 
this period of "sleep inertia" (90), the brain is 
thought to remain in a state similar to that of 
the prior sleep period (91). 

Fig. 2. The ultradian cycle and Active Wake 
information processing. Changes 
in cholinergic neuromodulation 
and hippocampo-neocortical 
communication are superim- 

N~ SWS l+,ypd 
11 pm 7 am posed on the 90-min human 

uleus, the serotonergic (5-HT) dorsal Raphe ~EM-NREM cycle across the 
nucleu$ and the cholinergic ( ~ m )  nuclei of night. The slow shift from SWS input 

domination to REM domination the dorsolateral pons (71). Whereas NREM is across the night is seen in 
characterized by decreases in all three neuro- amounts sws and REM, as Neocortex 
modulators compared with waking, ACh lev- well as in the duration of REM 
els in REM arekqual to or high& (72) than periods and in both the ampli- Hippocampus 
during wake (Fig. 2), and levels of NE and tude and frequency of rapid eye w N R N R N R N R N R 

5-HT drop to near zero (73). movements within REM. The 
cholinergic neuromodulation is Regional brain activation. Finally, positron presumed to follow this pattern 

emission tomography PET) studies have dem- because rapid eye movements ACh activity 
onstrated unique Pawem of regional brain ac- parallel the activitv of brainstem 

I tivation across wake-sleep states (74). Almost kholinergic neuron;. From Stickgold et al. (3). 
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Using this technique, we have shown (92) 

that semantic priming favors weaker associ- 
ations after REM awakenings than after 
NREM awakenings (Fig. 3) and that solving 
anagrams is similarly enhanced after REM 
compared with NREM awakenings (93). 
Both of these findings support the contention 
that REM favors more "fluid thinking" than 
NREM, perhaps as a result of the decreased 
aminergic and increased cholinergic modula- 
tion found in this state (94). 

More generally, the cognitive changes 
seen during REM may be the combined result 
of three physiological characteristics of 
REM: (i) the shift in neuromodulatory bal- 
ance from aminergic to cholinergic, (ii) the 
decreased activity in DLPFC and increased 
activity in both the anterior cingulate cortex 
and amygdala (75-77), and (iii) the de- 
creased outflow of information from hip- 
pocampus to neocortex (53). Taken together, 
these findings suggest that the brain in REM 
is tuned more for the processing of associa- 
tive memories than for the simple consolida- 
tion of recent memory traces and may ex- 
plain, in part, various features of REM 
dreams, including their bizarre, hyperassocia- 
tive quality (95) and minimal incorporation 
of episodic memories (96, 97). 

Dreams and Memory 
Sources of dream elements in waking and 
sleep. Dreams presumably reflect the activa- 
tion and recombination of memories, and 
both these memories and associations to them 
may be altered in some ways in the process. 
But which memory systems are activated dur- 
ing dreaming remains uncertain. 

Evidence of memory activation comes 

PM REM NREM 

Fig. 3. Semantic priming across wake-sleep 
states. Priming is defined as the decrease in 
reaction times when identifying a target word 
that is preceded by a semantically related 
"prime" word compared with identifying a tar- 
get preceded by an unrelated prime. Priming 
(ms) = RT,,,,,,, ,, - RT,,,,,,,. Within-state 
comparison p vaiues are shown in bars below 
the graph. From Stickgold et al. (92). PM: wake 
subjects, tested in the afternoon, n = 20; REM 
and NREM: n = 44. 

from verbal reports of dreaming. Such reports 
indicate, for example, that as the brain state 
progresses from quiet waking to sleep onset, 
NREM, and finally REM, hallucinations in- 
crease sharply in frequency, whereas directed 
thinking gradually decreases (Fig. 4) (98- 
101). Along with the increase in hallucina- 
tions, REM dreams show a parallel increase 
in bizarre, hyperassociative elements (89) 
and emotions (102, 103). 

Changes in sleep states appear to be ac- 
companied by a shift in the sources of mem- 
ories incorporated into the dreams as well. In 
a recent meta-analysis, it was found that 
when subjects were asked to identify the 
waking sources for dream elements, episodic 
memory sources were less frequently identi- 
fied in REM than in NREM or at sleep onset, 
paralleling the decline in directed thinking 
across these stages (104) (Fig. 4). 

Dream elements often appear to arise 
from memories of waking events. But the fact 
that an element can be traced to a specific 
waking event does not necessarily mean that 
an episodic memory was used for dream con- 
struction. Episodic memories are defined as a 

Fig. 4. Memory sources, 
thoughts, and halluci- 
nations. Percentage of 
dream elements ("the- 
matic units") with iden- 
tified episodic memory 
sources and percentage 
of dreams containing 
directed thinking and 
hallucinating. Data for 
episodic memory 
sources are taken from 
Baylor and Cavallero 
(704) and for thinking 
and hallucinating from 
Fosse et al. (707). For 
episodic memory 
sources, sleep onset 
(SO): n = 27; REM and 
NREM: n = 93. For 

1 
Episodic memory 

sources 
80% 

memory of an event, recalled as an integrated 
whole, with the actual waking event (or "ep- 
isode'') replayed in one's mind. Episodic 
memories are thought to consist of multiple 
hippocampally linked memory traces located 
within neocortical regions and dependent on 
the hippocampus for their integrated recall 
(105). In contrast, dream researchers normal- 
ly ask if the source of a dream element is a 
waking event, independent of how memories 
of the event are stored in the brain. Thus, if a 
subject has a phone conversation with an old 
friend in the evening and subsequently 
dreams of mountain climbing with the friend, 
the dream element is judged to have an epi- 
sodic memory source, even though the dream 
element shows almost no similarity to the 
event and clearly is not, itself, a replay of an 
episodic memory. 

In fact, when subjects identify waking 
events as the sources of dream elements, the 
dreams themselves rarely replay episodic 
memories. When 364 dream elements from 
299 dream reports with identified origins in 
prior waking were analyzed, only 1 to 2% 
were found to have these properties of epi- 

20% 

0% 
SO NREM REM 

Thinking Hallucinating 
T 

1 SO NREM REM 

thinking and hallucinating, n = 16. 

Table 2. Memory systems and dream elements. Subjects recorded 299 dream reports (criterion A) 
containing 364 dream elements (criterion B) indicated by the subjects to have identifiable sources in 
waking thoughts and events of the preceding 2 weeks. Although subjects ascribed the sources of 147 of 
these dream elements to prior events (criterion C), the remaining 217 elements were ascribed not to 
events, but to prior waking thoughts. Of the 147 dream elements that could conceivably represent 
replays of episodic memories, only 38 (10% of all elements) occurred in the same Location in both the 
dream and waking event (criterion D), and only 12 (3% of all elements) conserved at least two other 
aspects of the waking event (e.g., characters and actions). When these 12 dream elements were compared 
by external judges with their ascribed waking sources, only five were rated as probable replays of episodic 
memories and only three additional elements were judged as possible replays, representing a total of five 
to eight instances (1 to 2%) of possible episodic replay. Data from Fosse et al. (96,97). 

Criterion Subjects Reports Elements 

A All reports with content 29 299 - 
B Elements with waking sources 27 194 364 (100%) 
C Elements with episodic sources 22 104 147 (40%) 
D +Conserved Location 17 31 38 (1 0%) 
E +Additional conserved features 9 11 12 (3%) 
F +Judged episodic 4to6 St08 5 to 8 (1 to 2%) 
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sodic memories. Instead, the dream elements 
normally reflect only one or two aspects of 
the waking experience (Table 2). 

This suggests that the brain sources for 
dream elements are not hippocampally medi-
ated episodic memories, but cortical traces of 
discrete components of the episodic memo-
ries, which then presumably are combined 
with associated semantic memories. With 
dorsolateral prefrontal cortex deactivated in 
both REM and NREM (75, 76,106,107) and 
the hippocampal formation producing only 
minimal cortical output in REM (53), actual 
episodic memories may be inaccessible and 
hence irrelevant to the dream construction 
process. Such a conclusion would profoundly 
alter the standard conceutualization of dream-
Ing and would strongly constrain any models 
of dream construction and function. Further 
evidence in support of this conclusion comes 
from studies of sleep onset dreaming, re-
viewed below. 

Emotions and dreams. Emotions may play 
a central role in the functioning of the brain-
mind during dreaming. In REM, the central 
nucleus of the amygdala plays a crucial role 
in the activation of medial prefrontal cortical 
structures associated with the highest order 
regulation of emotions (76, 108, 109). This 
adds to the deactivation of DLPFC, normally 
associated with higher cognitive functions 
(IIO), in REM. Thus, the brain appears to be 
biased toward emotional processing in this 
state. 

As noted earlier, there is evidence for both 
emotion-enhanced REM and REM-facilitated 
retention of emotionally salient memories. 
Moreover, both depression ( I l l )  and the 
presleep viewing of unpleasant films (112) 
correlate with reports of negative emotion in 
early night REM dreaming. How specific 
asuects of emotional events affect dream con-
struction remains obscure, as it has been dif-
ficult to reliably induce the incorporation of 
waking events or emotions into subsequent 
dreams. 

Sleep onset dreaming. Many of the prob-
lems associated with identifying dream sources 
can be eliminated by studying hypnagogic 
dreams, which occur at sleep onset. These trun-
cated dreams show robust incorporation of day-
time experiences and are experimentally con-
trollable. We have manipulated hypnagogic 
dream content by having subjects play the vid-
eo game Tetris (113) or the arcade style down-
hill skiing simulator, Alpine Racer I1 (114, 
115). Reports were collected from subjects in 
their own homes, with their sleep monitored by 
the Nightcap sleep monitoring system, rather 
than standard polysornnography (116, 117). 
Using these games, we obtained sleep onset 
reports of images of Tetris or downhill skiing in 
up to 89% of subjects and 42% of f~st-night 
reports (114. 1l j ) ,  with no difference in fre-
quency or content between normal and densely 

amnesic subjects (113). Nevertheless, the neo-
cortical sources of these images were not sim-
ply stored sensory representations of recent 
stimuli, as Tetris players occasionally reported 
images from past versions of Tetris and Alpine 
Racers reported images from actual sking 
(115). 

These initial experimental studies have 
demonstrated that hypnagogic dreaming in-
volves (i) a high rate of incorporation of 
memories of events from the day or (ii) from 
older related memories, with (iii) a preference 
for emotionally salient material but (iv) with-
out high dream affect (114, 115) and (v) 
without hippocampal or medial temporal lobe 
involvement. Although the sleep onset period 
differs from normal NREM and E M  sleep 
both in its characteristic dream features (117, 
118) and polysomnographic features (6), 
these findings nevertheless further constrain 
the shape of any general theory explaining 
the nature and function of dreaming. 

Modeling Dream Theory 
A comprehensive theory of dreaming must 
address two questions: how dreams are con-
structed and what purpose that construction 
process might serve. To answer the first ques-
tion, we need to show (i) how neurophysiol-
ogy sets the stage for memory selection, (ii) 
how it favors associative processes that pro-
duce bizarre and unrecognizable representa-
tions of memories, and (iii) how these ele-
ments are combined with others into a narra-
tive, often with high emotional content. To 
answer the second question, we need to know 
if, how, and why the dream construction pro-
cess is behaviorally, psychologically, and 
psychosocially useful. Theories of dreaming 
continue to appear unabated (46, 57, 89, 
119-121), but each theory addresses only a 
subset of the questions necessary for a com-
prehensive theory, and all contain enormous 
explanatory gaps. 

In the context of a multilevel system of 
sleep-dependent memory reprocessing, 
dreams represent the conscious awareness of 
complex brain systems involved in the repro-
cessing of emotions and memories during 
sleep. But in discussing the functions of sleep 
and dreaming, it is important to remember 
that ne~theris a uniform process. Sleep onset. 
NREM, and REM each are characterized by a 
unique physiology and normative dream 
structure. As such, there is a need to discuss 
each of them separately. 

Hypnagogic dreams normally lack the bi-
zarreness, self-representation, emotions, and 
narrative complexities common to REM 
dreams. Although they are often tightly 
linked to prior waking activities, they can 
also display associated memories from the 
distant past. Here. as in REM, it appears that 
the hippocampal episodic memory system is 
inactih-e. And although emotions appear to 

play an important role in the selection of 
memories for incorporation into dreams. the 
dreams themselves often show little or no 
emotional content (114). They thus seem to 
access and integrate memories and emotions 
in a manner uniquely different from that seen. 
for example, in REM. The nature of NREM 
dreaming and how it does and does not differ 
from E M  dreaming remains a confusing 
field (46. 89) and is beyond the scope of this 
review. 

Because REM dreams are normally the 
longest and the most visually intense. bizarre. 
and emotional, researchers have proposed 
that the unique physiology of REM must 
contribute to this more intense dream produc-
tion. In 1977. Hobson and McCarley ( 5 7 )  

proposed that REM dreams are initiated by 
chaotic brainstem activity that then activates 
cortical regions, where the "brain!mind" 
makes the best sense it can out of a nois! 
signal, bringing forth, rather than hiding. 
meaning. Almost 25 years later, our increased 
understanding of brain systems makes a more 
detailed picture possible. 

During REM. limbic forebrain struc-
tures and the amygdala are activated while 
both DLPFC and the locus coeruleus be-
come less active. This presumably inhibits 
the ability of DLPFC to allocate attentional 
resources (and the dreaming brain classi-
cally pays little attention to bizarre Incon-
gruities in dreams). At the same time. the 
inhibition of hippocampal outflow ~xould 
prevent the reactivation of episodic memo-
ries (53). Dreams would thus be construct-
ed largely from those primarily weak neo-
cortical associations available during R E M  
(92). Although the process of incorporation 
of these weak associates is unknown. me 
predict that associated emotions. mediated 
by both the amygdala and medial orbito-
frontal cortex, play an important role. Thus. 
the resulting dreams would appear to be not 
only unpredictable and bizarre but highly 
emotional as well. 

We hypothesize that these features reflect 
an attempt, on the part of the brain. to identify 
and evaluate novel cortical associations in the 
light of emotions mediated by limbic stmc-
tures activated during REM. T h ~ swould be in 
keeping with the proposed role in waking of 
these structures in the identification of mi.;-
matches between expected and actual beha\.-
ioral outcomes (122-125) and would also 
explain the similarities seen between cholin-
ergic and PGO activity in the amygdala dur-
ing REM on the one hand and during alert~ng 
and orienting responses in awake animals on 
the other (126--1219).Such evaluations could 
then lead to the strengthening or weakening 
of specific activated associations. providing 
the functional consequence of REM drcam-
ing. Although this model is highly specula-
tive, it is only through such integration of the 
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converging neuroscientific and psychological 
data that we can hope to construct a new 
cognitive neuroscience of dreaming. 
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