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Chapter 16
Genes, Sleep and Dreams

S. Ribeiro1,2, C. Simões1,2, and M. Nicolelis1,3,4

Keywords Dream, engram, immediate early gene, learning, memory, differential 
plasticity, propagation, reverberation, REM sleep, slow wave sleep

16.1 Dreams in Medicine and Psychology

Dream interpretation, religion and medicine were once closely linked. Dream 
soothsayers prospered during all of the antiquity (Jung et al., 1969; Miller, 1997). 
In ancient Greece, a ritual known as “Dream Incubation” took place in sanctuaries 
named asklepieia in honor to Asclepius, the god of medicine. Greeks would travel 
long distances to visit these healing temples in search for cures for their ailments. 
Each asklepieion contained a sacred large hall, the enkoimeterion, where Dream 
Incubation took place. The patient would sleep overnight and the next day a priest 
would listen to a description of the patient’s dream to diagnose the illness and 
determine the right treatment (Meier, 2003). Sometimes, Asclepius himself would 
appear in dreams to prescribe the treatment (Horstmanshoff, 2004). Similar rituals 
also existed in Ancient Egypt in the temples of the God Serapis and were preserved 
throughout the Middle Ages in some Byzantine Christian sects (Meier, 2003). 
Indeed, dreams play a major role in the Christian tradition, as remarkable instruments 
by which God reveals His wishes to the chosen people. The newborn Jesus was 
protected a number of times due to advice received in dreams by his father Joseph. 
The first such episode occurred before Jesus’ birth, when Joseph intended to leave 

[Au1][Au1]

1 International Institute for Neuroscience of Natal Edmond and Lily Safra (IINN-ELS), 
Rua Prof. Francisco Luciano de Oliveira, 2460, Natal/RN, 59066-060 Brazil

2 Universidade Federal do Rio Grande do Norte, Centro de Biociências - Departamento de 
Fisiologia, Campus Universitário Lagoa Nova | Lagoa Nova, Natal/RN, 59078-970 Brazil, Caixa 
Postal 1511

3 Departments of Neurobiology, Biomedical Engineering, Psychology and Neurosciences, 
Duke University Medical Center, Durham, NC, 27710, USA

4 Center for Neuroengineering, Duke University Medical Center, Durham, NC 27710, USA

D. Lloyd and E. Rossi (eds.), Ultradian Rhythms from Molecules to Mind. 361
© Springer Science + Business Media B.V. 2008

Llyod_Ch16.indd   361Llyod_Ch16.indd   361 3/11/2008   7:20:37 AM3/11/2008   7:20:37 AM



Unc
or

re
ct

ed
 P

ro
of

362 S. Ribeiro et al.

Mary because of her pregnancy prior to marriage. An angel of the Lord appeared 
to Joseph in a dream and told him not to be afraid of taking Mary as his wife, 
because the baby she carried was the son of God and should be called Jesus. Joseph 
obeyed, saving the pregnant mother from being stoned (Matthew 1:18–25). When 
Jesus was born, three magi came to Bethlehem from the East to worship the King 
of Jews. The local ruler Herod, troubled by the prophecies regarding Jesus, asked 
the magi to search for the child and bring back news as soon as possible, so that he 
could honor the new king himself. The magi were warned in their dreams that 
Herod’s request was deceptive, for his real intention was to kill the baby. At the 
same time, in his dreams, Joseph was advised by an angel to take his family away 
to Egypt, for Herod had ordered the assassination of all children under the age of 
two. After Herod’s death, the angel visited Joseph’s dreams once again to tell him 
that it was now safe to return home (Matthew 2:1–20).

Given the great importance attributed to the predictive and healing power of 
dreams in so many ancient cultures, as well as in present-day “primitive” traditions 
(Kilton, 1951; Cawte, 1984; Shulman et al., 1999; Lincoln, 2003), it is interesting 
that dreams achieve such poor status in contemporary western society. The arcane 
relationship between dreams and divinity is likely the explanation for the decay of 
dream status in a world in which rationalism progressively replaced religiosity. Any 
effort to rescue the prominent role of dreams in the new rationalist world would 
require dreaming to be brought inside the scientific arena. Even though dreams are 
quite accessible as inner reality to most people, they are rather hard to assess 
empirically. This is related to the high degree of subjectivity involved in dream 
symbiology. Any introspective dreamer can recall a wide variety of dreams, ranging 
from fleeting impressions to complex time-evolving narratives. Dreams comprise 
the reproduction of trivial situations of daily life, such as walking on the street, but 
they also include impossible feats such as flying like a bird or breathing under 
water. Familiar and unfamiliar characters can show up in coherent settings or 
absolutely bizarre contexts and places. Dreams can depict completely unreal situations, 
as Kafkian as having hair growing on teeth. Anyone who has awakened from a bad 
dream in the middle of the night knows that dreams can also be diverse in respect 
to their emotional tone, ranging from the pleasant fulfillment of a secret wish to a 
gory nightmare. The weird fantasies experienced in dreams are often vivid. 
Although visual images tend to be prevalent, dreams can also involve combinations 
of auditory, olfactory, tactile, gustatory, motor, vestibular and linguistic modalities 
in a mix of senses and emotions.

The first attempt to explore dreams scientifically occurred at the dawn of the 
20th century, when Sigmund Freud published “The Interpretation of Dreams” 
(Freud, 1900). Freud’s research program was not yet a quantitative approach of the 
oneiric phenomenon, but it sought to identify the underlying causes of dreaming in 
a very objective manner, dissecting the complex oneiric symbology with reference 
to the patient’s own memories and recollections. Freud stated that dreams, far from 
being nonsense or chaotic, are highly meaningful reflections of the emotions, 
desires and concerns of the dreamer. He postulated that dream narratives fulfill 
wishes (or anti-wishes) of the awake subject, simulating the realization (or frustration) 
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16 Genes, Sleep and Dreams 363

of specific desires (Freud, 1920). He also noted that mnemonic images and the 
wishes that bring them together tend to remain unconscious most of the waking 
time, surfacing during dreams in a very special manner. Freud’s recognition that 
dreams are usually stamped with impressions from the waking period advanced the 
important concept of “day residue”, i.e. the part of a dream that derives directly 
from experiences of the previous day(s). The intensity of this waking intrusion varies 
according to how recent, novel and behaviorally relevant waking events are.

Although implicit in the concept of “day residue”, the beneficial role of sleep for 
learning was not foreseen by Freud himself. The discovery of the cognitive role of 
sleep occurred more than 20 years later, with pioneering studies of the effect of sleep 
on the retention of nonsense syllables (Jenkins and Dallenbach, 1924). These first 
findings remained obscure for several decades, and it was only in the late 1960s that 
the relationship between sleep and memory consolidation began to be systematically 
subjected to experimental tests in rodents and humans. The studies concluded that 
sleep is a powerful learning booster (Fishbein et al., 1966, 1971, 1974; Leconte and 
Bloch, 1970; Fishbein, 1971; Leconte and Hennevin, 1971, 1973; Leconte et al., 
1973, 1974; Smith et al., 1974, 1980; Fishbein and Gutwein, 1977; Hennevin and 
Leconte, 1977; Smith and Butler, 1982; Hennevin and Hars, 1985, 1992; Smith and 
Lapp, 1986, 1991; Smith and Kelly, 1988; Hennevin et al., 1989, 1993, 1995a, b; 
Smith and Wong, 1991; Smith and MacNeill, 1993). Freud’s ideas concerning the 
importance of dreams for mental health remain controversial to this day, mostly due 
to rifts within the field of psychology. While the Freudian psychoanalytic tradition 
focused on wish fulfillment and dream meaning (Freud, 1900; Jung, 1953a, b, 1974; 
Jung et al., 1969; Fosshage and Loew, 1978; Solms, 2004), experimental psycholo-
gists pursued the more objective dream aspects related to sleep-dependent memory 
consolidation (Bryson and Schacher, 1969; Pearlman, 1969; Leconte and 
Bloch, 1970; Lucero, 1970; Fishbein, 1971; Leconte and Hennevin, 1971; Smith and 
Butler, 1982; Smith and Lapp, 1986; Karni et al., 1994; Smith, 1995, 1996, 2001; 
Maquet, 1996, 2001; Maquet et al., 1996, 1997, 2000; Maquet and Phillips, 1998; 
Stickgold, 1998, 2001, 2003; Stickgold et al., 1999, 2000a, b, 2001, 2002; Mednick 
et al., 2002, 2003; Walker et al., 2002a, b, 2003; Born and Wagner, 2004a, b; Walker 
and Stickgold, 2004; Stickgold and Walker, 2005; Born et al., 2006).

If dreams are normally directed by the anxieties and expectations of the dreamer 
and tend to recapitulate the past and the present (Winson, 1985), dream narratives 
sometimes contain anticipatory simulations of expected challenges. A good example 
is provided by the dreams of students facing difficult exams in the near future. 
In these cases, the occurrence of dreams related to test questions in the night preceding 
the exam is common. Such simulations of future events can simply deliver emo-
tional readiness, or sometimes bring forth the solution for some puzzling situation. 
This unique way of learning is called insight (Kohler, 1947) or abduction (Peirce, 
1958) and corresponds to the creation of new memory traces through the restructuration 
of pre-existing ones. Although insights occur often during waking (Jung-Beeman 
et al., 2004), they are greatly facilitated by sleep (Wagner et al., 2004). Notorious 
examples of sleep-dependent insight can be drawn from both science and art 
(Barrett, 2001). August Kekulé was puzzled by the number of carbon and hydrogen 
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atoms in benzene, which did not fit any linear diagram he could conceive. He then 
saw in a dream the famous alchemical symbol called Ouroboros, the snake that eats 
its own tail. After giving thought to this dream, he inferred that benzene has a 
circular structure, the benzene ring that is so important in organic chemistry. Dimitri 
Mendeleyev, the great discoverer of the periodic table, visualized his breakthrough 
concept in a dream. Intense dreams have greatly inspired artists like Albrecht 
Dürer, William Blake, Salvador Dalí, Frida Kahlo and many others (Barrett, 2001). 
Learning from insight gained through dream evaluation is reminiscent of the old 
view of dreams as oracles, a strong belief even to this day among lay people with 
little education. Why would dreams appear to predict the future? Studies comparing 
dream reports of children exposed to different degrees of environmental threats 
suggest that dreaming simulates actions that lead to undesirable consequences and 
therefore should be avoided in the real world (Revonsuo, 2000). This “threat simulation” 
theory has been generalized to include dreams regarding actions that lead to a desirable 
outcome and therefore should be performed in the real world (Ribeiro and Nicolelis, 
2006). The main function of these simulations would be to test specific novel 
behaviors against a memory replica of the world, rather than the real world itself, 
thereby leading to learning without risk. An investigation of REM sleep mentation 
found that over 70% of the reports included emotions, with a balanced proportion 
of positive and negative ones (Fosse et al., 2001). The notion that nightmares 
evolved as a way to negatively modulate particularly dangerous behavior simulations, 
while blissful dreams correspond to the association of pleasure (reward) with dream 
simulations of especially adaptive behaviors, is analogous to the concepts of Eros 
and Thanatos proposed by Freud as life and death drives (Freud, 1920).

16.2 The Search for Mechanisms: Active Versus Passive Sleep

Even if both branches of psychology agree that sleep and dreaming are active mental 
processes that play a key role in cognition, such certainty is not held by all biologists, 
nor by all philosophers. The past several decades of investigation have witnessed a 
fierce clash between two major notions regarding the existence of active, adaptive 
and cognitive processes during sleep and dreams. While the biological mechanisms 
underlying the generation and maintenance of the sleep-wake cycle are fairly 
understood (Aserinsky and Kleitman, 1953; Dement and Kleitman, 1957a, b; 
Dement, 1958; Jouvet et al., 1959; Grastyan and Karmos, 1961; Roffwarg et al., 1962; 
Jouvet, 1967; Rechtschaffen and Kales, 1968; Timo-Iaria et al., 1970; Siegel, 1990; 
Steriade, 1992; Steriade et al., 1993; Sutcliffe and de Lecea, 2002; Lee and Jones, 
2004; Luppi et al., 2004), no consensus has been achieved about the biological 
function of sleep and dreams (Maquet, 2001; Siegel, 2001; Stickgold et al., 2001). 
Some authors even stand for the opinion that dreams play no relevant biological role 
at all, being nothing but an epiphenomenon of sleep. The anti-Freudian philosopher 
Owen Flanagan, for instance, argues that dreams cannot possibly be the result of a 
biological adaptation, based on his failure to recognize fitness-enhancing elements 
on his own dreams. In his opinion, “dreams are the spandrels of sleep” (Flanagan, 
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16 Genes, Sleep and Dreams 365

2000). The neural corollary of this point of view is that the bizarreness and hyper-
associativeness of dreams can be trivially explained as a side effect of random 
engram activation during sleep, due to a generalized bombardment of the cerebral 
cortex by neurons located in deep brain nuclei (Crick and Mitchison, 1983, 1995) 
Dreams would in this case reflect some sort of “house cleaning” process by which 
randomly activated memories would be washed away. If this was the case, dreams 
would have no relevant meaning, and would serve no function per se. Despite its 
ingenuity, the “random cortical activation” theory does not survive confrontation 
with the fact that dreams can sometimes be very repetitive. This phenomenon 
occurs in healthy subjects but becomes much more frequent in patients with 
post-traumatic stress disorder (PTSD). Recursive nightmares related to major 
trauma are indeed an important symptom of this syndrome, and are very common 
among war veterans (Ross et al., 1994, 1999). Typically, PTSD dream narratives 
represent battle events that may recur decades after the end of combat (Neylan 
et al., 1998; Schreuder et al., 1998; Esposito et al., 1999). Given the colossal 
number of neurons and synapses in the human neocortex, it is clearly impossible to 
explain the activation of nearly identical neuronal firing patterns over several 
consecutive dreams by way of random neocortical activation.

To consider sleep as nothing more than an opportunity for the body and mind to 
rest is very intuitive, since most of sleep coincides with behavioral quiescence and 
the slumber experience of slow-wave sleep (SWS). The typical mental content of a 
person woken up during SWS is a dark visual scene plus thoughts related to waking 
preoccupations (Kales et al., 1967; Fosse et al., 2004). The subjective experience of 
being in SWS is in line with the fact that SWS is concomitant with slow neural 
oscillations under 4 Hz, and decreased firing rates in the cerebral cortex (Timo-Iaria 
et al., 1970; Steriade et al., 1993; Gervasoni et al., 2004; Ribeiro et al., 2004a). On 
the other hand, the discovery of a sleep state characterized by dreaming and high 
neuronal activity in most of the cerebral cortex (Aserinsky and Kleitman, 1953; 
Dement and Kleitman, 1957b), supported the active sleep paradigm. This second 
sleep state, called rapid-eye-movement (REM) (Aserinsky and Kleitman, 1953) or 
paradoxical sleep (Jouvet et al., 1959; Jouvet, 1967), is highly correlated in humans 
with widespread atonia, except for fast eye movements and occasional localized 
muscle twitches (Dement and Kleitman, 1957a; Dement, 1958; Jouvet et al., 1959; 
Roffwarg et al., 1962; Kleitman, 1963; Grastyan, 1961, p. 12008; Jouvet, 1967; 
Rechtschaffen and Kales, 1968; Timo-Iaria et al., 1970). Despite the motionless 
body, increased neural activity during REM sleep gives life to a succession of mental 
representations that constitutes the vivid subjective experience of dreaming. 
Conceived by Freud as “a conglomerate of psychic formations” (Freud, 1900), the 
dream therefore seems to reflect the fragmented activation of the very stuff the 
unconscious is made of, i.e. latent memories (Freud, 1915). It is amazing that such 
high levels of brain activity fail to be converted into behavior. The explanation lies 
in the activation of glycinergic neurons in the pons that inhibit the efferent control 
of muscles during REM sleep (Jouvet, 1994). Cats with lesions on these brainstem 
cells sleep quietly during SWS, but become agitated during REM sleep by vigorous 
species-specific behaviors, such as meowing and pouncing (Jouvet and Delorme, 1965).
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Neural activity during REM sleep is grossly similar to that of waking in intensity 
and spectral content, with a predominance of high oscillatory frequencies above 
30 Hz (Cantero et al., 2004; Gervasoni et al., 2004). A selected set of forebrain 
areas becomes activated during human REM sleep, including portions of the 
hypothalamus, amygdala, septum and ventral striatum, as well as the orbitofrontal, 
anterior cingulate, entorhinal and insular cortices (Maquet et al., 1996; Braun et al., 
1997; Nofzinger et al., 1997). In addition, dreaming ceases upon lesion of mesolimbic 
pathways connecting reward centers with the cerebral cortex, striatum and thalamus 
(Solms, 1997, 2000). This suggests that dreams promote the “integration of neocortical 
function […] with motivational and reward mechanisms”(Nofzinger et al., 1997). 
Deactivation during REM sleep of the dorsolateral prefrontal cortex (Maquet et al., 
1996; Muzur et al., 2002), a brain region essential for the planning, execution and 
evaluation of goal-directed behaviors (Tanji and Hoshi, 2001; Schultz, 2002), is the 
likely basis for the limited volitional power of the self-representation during dreams.

The discovery that waking patterns of neuronal activity reverberate throughout both 
phases of subsequent sleep provided a mechanism to explain memory reactivation 
during REM sleep dreams, as well as SWS mentation (Pavlides and Winson, 1989; 
Wilson and McNaughton, 1994; Skaggs and McNaughton, 1996; Qin et al., 1997; 
Nadasdy et al., 1999; Dave and Margoliash, 2000; Maquet et al., 2000; Hirase et al., 
2001; Louie and Wilson, 2001; Hoffman and McNaughton, 2002; Lee and Wilson, 
2002; Peigneux et al., 2003; Ribeiro et al., 2004a, 2007). But SWS and REM sleep are 
different states when it comes to the stability of neuronal reverberation. While SWS 
exhibits a steady reactivation of memory traces that is likely to strengthen the networks 
involved, REM sleep exhibits less stationary reverberation (Winson and Abzug, 1977; 
Pavlides and Winson, 1989; Ribeiro et al., 2004a, b; Pereira et al., 2007). Such ‘noisy’ 
reverberation during REM sleep, long postulated by psychology (Hartmann, 1967, 
1998), has been proposed to promote the reconfiguration of neuronal networks, 
assembling pre-existing memory fragments to give origin to novel engrams underlying 
sleep-dependent insight (Ribeiro et al., 2004a; Ribeiro and Nicolelis, 2006).

16.3  Long-Lasting Memories and Gene Expression 
During Sleep

Altogether, the electrophysiological studies of neuronal reverberation performed in 
animal models support the theory that sleep is an active state linked to mnemonic 
processing and cognitive work (Pavlides and Winson, 1989; Wilson and McNaughton, 
1994; Skaggs and McNaughton, 1996; Qin et al., 1997; Nadasdy et al., 1999; Dave 
and Margoliash, 2000; Hirase et al., 2001; Louie and Wilson, 2001; Hoffman and 
McNaughton, 2002; Lee and Wilson, 2002; Ribeiro et al., 2004a, 2007). Equivalent 
results were obtained in human subjects using brain scanning techniques such as 
positron emission tomography (Maquet et al., 2000; Peigneux et al., 2003). Still, 
increased blood oxygenation and neuronal depolarization per se cannot produce 
long-lasting memories. The long-term storage of newly acquired memories depends 
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crucially on de novo protein synthesis related to neuronal plasticity, resulting from 
the activation of gene expression programs that promote durable changes in synaptic 
abundance, localization and efficacy (Bliss and Collingridge, 1993; McGaugh, 
2000). Mnemonic changes are triggered by sustained neuronal depolarization and 
mediated by calcium-dependent kinases (Frankland et al., 2001; Lisman et al., 
2002; Bozon et al., 2003). The first wave of gene expression after memory formation 
corresponds to the transcriptional upregulation of fast response genes that couple 
membrane depolarization to genomic regulation inside the cell nucleus. The proteins 
coded by such immediate early genes (IEG) may be direct effectors of plasticity 
within the cell, or indirect modulators of cellular change, functioning as transcriptional 
regulators for other genes. An example of memory-related effector gene is the 
activity-regulated cytoskeleton-associated protein (arc), a calcium-dependent IEG 
that interacts with glutamatergic AMPA receptors, actin and calcium-calmodulin 
kinase II to promote synaptic remodeling; arc mRNA is transported to dendrites for 
local translation, leading to retrograde effects with respect to the cell soma (Lyford 
et al., 1995; Steward et al., 1998; Guzowski et al., 2000; Waltereit et al., 2001). The 
calcium-dependent gene zif-268 (a.k.a. egr-1, krox-24, NGFI-A and ZENK) is an 
example of memory-related gene with indirect regulatory function. Zif-268 encodes 
a transcription factor potentially involved in the expression of hundreds of different 
genes (Milbrandt, 1987; Christy and Nathans, 1989; Wisden et al., 1990). There is 
in vitro evidence that the zif-268 protein controls the transcription of synapsins 
(Thiel et al., 1994; Petersohn et al., 1995), the most abundant protein constituent of 
synapses, required for synaptic vesicle release (Hilfiker et al., 1999). The control of 
synapsin levels by the zif-268 protein illustrates how neuronal depolarization can 
effect anterograde synaptic remodeling with respect to the cell soma (Ribeiro and 
Nicolelis, 2004).

An early attempt to address the role of de novo protein synthesis for the cognitive 
role of sleep found that the blockade of protein synthesis during sleep impairs 
memory consolidation (Gutwein et al., 1980). When calcium-dependent IEG were 
discovered in the late 1980s, many researchers envisioned a link between neuronal 
reverberation at the electrophysiological level and memory consolidation at the 
genomic and proteomic level. If sleep benefits memory consolidation and IEG are 
required for long-lasting plasticity, at least some of those genes should be upregulated 
during sleep. But the first measurements of the c-fos and zif-268 gene expression 
in the rat telencephalon across the sleep-wake cycle detected upregulation during 
waking and downregulation during sleep (Pompeiano et al., 1994). This result was 
soon corroborated by another other team (O’Hara et al., 1993) and extended to 
other IEG (Tononi et al., 1995; Cirelli and Tononi, 1998, 1999a, b, 2000a, b; Cirelli 
et al., 2004, 2006; Cirelli, 2005, p. 12636), as well as calcium-dependent kinases 
and other molecular markers of plasticity (Vyazovskiy et al., 2008). Further studies 
in flies by the same group detected a sleep-related increase in transcripts encoding 
membrane trafficking proteins, and a general decay in the expression levels of 
metabolic enzymes, such as cytochromes necessary for respiration inside mito-
chondria (Shaw et al., 2000; Huber et al., 2004; Cirelli et al., 2005a, b; Cirelli, 
2006; Bushey et al., 2007). The fly studies seemed to confirm the experiments in 
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mammals, i.e. sleep correlated with a transcriptional downregulation of plasticity-
related genes such as arc, brain-derived neurotrophic factor (BDNF), homer and 
zif-268 (Cirelli et al., 2004). Taken together, these results produced an unexpected 
revival of the passive sleep paradigm, leading to a synaptic downscaling theory of 
sleep (Tononi and Cirelli, 2003) which proposes that “periods of wakefulness are 
associated with a net increase in cortical synaptic strength and periods of sleep are 
associated with a net decrease” (Vyazovskiy et al., 2008). Sleep, in this case, would 
play a role in “an overall balance of synaptic strength” by favoring “global synaptic 
depression” (Vyazovskiy et al., 2008).

But other research groups have generated divergent results, based on different 
assumptions and consequently different experimental strategies. One such 
assumption is the necessity to compare animals with and without exposure to 
novel experience in order to investigate the cognitive role of sleep (Giuditta, 
1985). Another key point is the need to distinguish the contributions of SWS and 
REM sleep for the biological variable of interest, since the two main sleep states 
show very different neural dynamics. In addition, SWS is considerably more 
abundant than REM sleep (Gervasoni et al., 2004), and therefore experiments that 
do not sort sleep states tend to be dominated by SWS (Cirelli et al., 2004). Using 
an experimental strategy that comprised sleep state sorting and pre-sleep novel 
experience, we found that zif-268 mRNA levels in the cerebral cortex and 
hippocampus are upregulated during the first REM sleep episode that follows 
exposure to a novel environment (Ribeiro et al., 1999). In a follow-up study 
(Ribeiro et al., 2002), we found similar results when exposure to novel environment 
was replaced by the induction of long-term potentiation (LTP) in the hippocampus, 
a well-known neurophysiological model of memory (Bliss and Collingridge, 
1993). Our experiments revealed a sequence of three spatiotemporally distinct 
waves of zif-268 expression, beginning locally at the hippocampus 30 min after 
stimulation, still during waking, and proceeding to distal extrahippocampal areas 
during the two subsequent REM sleep episodes. Each zif-268 upregulation wave 
was interrupted by the next SWS episode, indicating the existence of recurrent 
plasticity cycles as the two sleep states alternate.

In 2005, our reports of experience-dependent upregulation of zif-268 mRNA 
during REM sleep were extended to other plasticity-related molecules by an inde-
pendent research team. The study, which employed the active avoidance learning 
task as behavioral paradigm, linked REM sleep and pontine waves typical of that 
state to the experience-dependent upregulation of arc and brain-derived nerve 
growth factor (BDNF) levels, as well as to the increased phosphorylation of the 
cyclic AMP response element-binding (CREB) protein (Ulloor and Datta, 2005). In 
2006, a study of sleep in flies investigated the effects of enriched environment 
exposure on sleep-related gene expression. The researchers found evidence that 
sleep is increased in flies exposed to socially enriched environment. Most impor-
tantly, during sleep these flies showed increased expression of 17 genes related to 
long-term memory (Ganguly-Fitzgerald et al., 2006). More recently, our research 
team showed that the mRNA levels of zif-268 and arc are upregulated in the cere-
bral cortex during late REM sleep episodes (Ribeiro et al., 2007). Taken together, 
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16 Genes, Sleep and Dreams 369

these findings corroborate the notion that sleep harbors active experience-dependent 
processes related to neural plasticity.

Karl Popper prescribed that scientists should constantly attempt to falsify their 
own theories, subjecting them to critical tests in order to best advance knowledge 
(Popper, 1963). The refutation of a conjecture derived from a well established 
theory produces anomalous results with respect to that theory. According to Popper, 
it is the accumulation of such anomalies that allows other scientists to challenge 
and eventually substitute a faulty theory with a better one. However, Thomas Kuhn 
showed that when different theories collide, they tend to coexist for a while (Kuhn, 
1962), because scientists become partisan about their own theories. Rather than 
convincing each other, believers of opposite theories tend to build separate edifices, 
sometimes even reaching the point of completely ignoring the contribution of others. 
When additional experiments performed by competitors produce results that do not 
fit the theory, its proponents often neglect to seriously consider these anomalies. Far 
from trying to kill their own theories, real life scientists tend to protect their own 
theories from critical tests, and may avoid performing experiments that could 
directly refute their theories (Kuhn, 1962).

The issue of molecular markers of plasticity during sleep constitutes a good 
example of paradigm clash in neuroscience. Despite the fact that three independent 
groups reported an increase in learning-related gene expression during sleep 
(Ribeiro et al., 1999, 2002, 2007; Ulloor and Datta, 2005; Ganguly-Fitzgerald et al., 
2006), these results have been completely ignored by the proponents of the “synap-
tic downscaling” theory. The neglect was so strong that it even precluded citation 
of any divergent results in the 40 publications regarding sleep and plasticity produced 
in the last decade by the proponents of the “synaptic downscaling” theory. In fact, 
none of these studies attempted to run the critical experiments involving learning 
and separation of SWS and REM sleep. Only in their most recent article has this 
issue begun to be contemplated, by way of measurements of evoked electrical 
responses after novel object exposure and post-exposure sleep. However, post-
exposure sleep was simply not investigated at the molecular level, as if the question 
was not pertinent to contemporary neuroscience (Vyazovskiy et al., 2008).

Remarkably, synaptic upscaling and downscaling are not mutually exclusive. 
Experience-dependent IEG expression during REM sleep is compatible with the 
notion of sleep-dependent synaptic downscaling, as long as the latter happens more 
strongly in neuronal circuits that were not activated by waking experience (Ribeiro 
and Nicolelis, 2004). Synaptic downscaling during SWS is likely to be essential for 
learning, but if it occurred with equal strength in activated and non-activated circuits, 
it should promote generalized forgetting, not learning. We have proposed that the 
combination of synaptic upscaling in activated circuits and synaptic downscaling in 
non-activated circuits should markedly increase the signal-to-noise ratio of memory 
consolidation during sleep. In principle, such differential plasticity should be sufficient 
to carve high-relief memory traces in a background of disengaged synapses 
(Ribeiro, 2004, 2006). Recent results comparing stimulated and non-stimulated 
regions of the cerebral cortex indicate that this is exactly the case, at least with 
regard to different sensory modalities (Ribeiro et al., 2007).

[Au5][Au5]
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16.4 Conclusion

Can passive quiescence fully explain the cognitive role of sleep? The ancient 
Greeks were surely unaware of the neural mechanisms activated during sleep, but 
in a very intuitive way they knew that a powerful learning tool was effective at 
night. They believed that dreams could predict the future as a result of divine inter-
vention. The abundance of votive offers at asklepieion archaeological sites is 
intriguing, suggesting that Dream Incubation often resulted in healing (Meier, 
2003). During this ritual, the god of medicine Asclepius had the assistance of 
Hypnos, the god of quiescent sleep who was the twin brother of Thanatos, god of 
death. Hypnos would first induce the subject into gentle sleep, and then he would 
request the help of his son Morpheus, god of dreams, to open the mental window 
that allowed Asclepius to bring prescription of the right treatment for the subject’s 
illness. The dichotomy between Hypnos and Morpheus illustrates the ongoing 
scientific debate regarding the mechanisms underlying the cognitive role of sleep. 
One of the competing theories proposes that the function of sleep is to trigger 
generalized synaptic downscaling, so as to restore homeostatic balance and enable 
further waking potentiation. This theory focuses on SWS, disregards REM sleep, 
and does not take into account experience-dependent changes (Tononi and Cirelli, 
2003). Our theory proposes that the cognitive role of sleep derives from the 
cooperative interaction of its two major states: While SWS reverberates waking 
memories in the absence of distracting stimuli, REM sleep elicits plasticity-related 
IEG expression in previously activated neurons (Ribeiro and Nicolelis, 2004). 
According to this view, sleep harbors decreased and increased plasticity in separate 
circuits, leading to experience-dependent differential plasticity. Further experimen-
tation is required to convincingly refute either theory.

References

Aserinsky E, Kleitman N (1953) Regularly occurring periods of eye motility, and concomitant 
phenomena, during sleep. Science 118:273–274.

Barrett D (2001) The Committee of Sleep: How Artists, Scientists, and Athletes Use Dreams for 
Creative Problem-Solving, 1st ed. Edition. New York: Crown Publishers.

Bliss TV, Collingridge GL (1993) A synaptic model of memory: long-term potentiation in the 
hippocampus. Nature 361:31–39.

Born J, Wagner U (2004a) Memory consolidation during sleep: role of cortisol feedback. Ann NY 
Acad Sci 1032:198–201.

Born J, Wagner U (2004b) Awareness in memory: being explicit about the role of sleep. Trends 
Cogn Sci 8:242–244.

Born J, Rasch B, Gais S (2006) Sleep to remember. Neuroscientist 12:410–424.
Bozon B, Kelly A, Josselyn SA, Silva AJ, Davis S, Laroche S (2003) MAPK, CREB and zif268 

are all required for the consolidation of recognition memory. Philos Trans R Soc Lond B Biol 
Sci 358:805–814.

Braun AR, Balkin TJ, Wesenten NJ, Carson RE, 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.

Llyod_Ch16.indd   370Llyod_Ch16.indd   370 3/11/2008   7:20:37 AM3/11/2008   7:20:37 AM



Unc
or

re
ct

ed
 P

ro
of

16 Genes, Sleep and Dreams 371

Bryson D, Schacher S (1969) Behavioral analysis of mammalian sleep and learning. Perspect Biol 
Med 13:71–79.

Bushey D, Huber R, Tononi G, Cirelli C (2007) Drosophila Hyperkinetic mutants have reduced 
sleep and impaired memory. J Neurosci 27:5384–5393.

Cantero JL, Atienza M, Madsen JR, Stickgold R (2004) Gamma EEG dynamics in neocortex and 
hippocampus during human wakefulness and sleep. Neuroimage 22:1271–1280.

Cawte J (1984) The ‘ordinary’ dreams of the Yolngu in Arnhem Land. Aust N Z J Psychiatr 
18:236–243.

Christy B, Nathans D (1989) DNA binding site of the growth factor-inducible protein Zif268. Proc 
Natl Acad Sci USA 86:8737–8741.

Cirelli C (2006) Sleep disruption, oxidative stress, and aging: new insights from fruit flies. Proc 
Natl Acad Sci USA 103:13901–13902.

Cirelli C, Tononi G (1998) Differences in gene expression between sleep and waking as revealed 
by mRNA differential display. Brain Res Mol Brain Res 56:293–305.

Cirelli C, Tononi G (1999a) Differences in brain gene expression between sleep and waking as 
revealed by mRNA differential display and cDNA microarray technology. J Sleep Res 8 Suppl 
1:44–52.

Cirelli C, Tononi G (1999b) Differences in gene expression during sleep and wakefulness. Ann 
Med 31:117–124.

Cirelli C, Tononi G (2000a) Gene expression in the brain across the sleep-waking cycle. Brain Res 
885:303–321.

Cirelli C, Tononi G (2000b) Differential expression of plasticity-related genes in waking and sleep 
and their regulation by the noradrenergic system. J Neurosci 20:9187–9194.

Cirelli C, Gutierrez CM, Tononi G (2004) Extensive and divergent effects of sleep and wakeful-
ness on brain gene expression. Neuron 41:35–43.

Cirelli C, LaVaute TM, Tononi G (2005a) Sleep and wakefulness modulate gene expression in 
Drosophila. J Neurochem 94:1411–1419.

Cirelli C, Faraguna U, Tononi G (2006) Changes in brain gene expression after long-term sleep 
deprivation. J Neurochem 98:1632–1645.

Cirelli C, Bushey D, Hill S, Huber R, Kreber R, Ganetzky B, Tononi G (2005b) Reduced sleep in 
Drosophila Shaker mutants. Nature 434:1087–1092.

Crick F, Mitchison G (1983) The function of dream sleep. Nature 304:111–114.
Crick F, Mitchison G (1995) REM sleep and neural nets. Behav Brain Res 69:147–155.
Dave AS, Margoliash D (2000) Song replay during sleep and computational rules for sensorimo-

tor vocal learning. Science 290:812–816.
Dement W, Kleitman N (1957a) Cyclic variations in EEG during sleep and their relation to eye 

movements, body motility, and dreaming. Electroenceph Clin Neurophysiol Suppl 
9:673–690.

Dement WC (1958) The occurrence of low voltage, fast, electroencephalogram patterns during 
behavioral sleep in the cat. Electroenceph Clin Neurophysiol 10:291–296.

Dement WC, Kleitman N (1957b) The relation of eye movements during sleep to dream activity: 
an objective method for the study of dreaming. J Exp Psychol 53:339–346.

Esposito K, Benitez A, Barza L, Mellman T (1999) Evaluation of dream content in combat-related 
PTSD. J Trauma Stress 12:681–687.

Fishbein W (1971) Disruptive effects of rapid eye movement sleep deprivation on long-term 
memory. Physiol Behav 6:279–282.

Fishbein W, Gutwein BM (1977) Paradoxical sleep and memory storage processes. Behav Biol 
19:425–464.

Fishbein W, Schaumburg H, Weitzman ED (1966) Rapid eye movements during sleep in dark-
reared kittens. J Nerv Ment Dis 143:281–283.

Fishbein W, McGaugh JL, Swarz JR (1971) Retrograde amnesia: electroconvulsive shock effects 
after termination of rapid eye movement sleep deprivation. Science 172:80–82.

Fishbein W, Kastaniotis C, Chattman D (1974) Paradoxical sleep: prolonged augmentation fol-
lowing learning. Brain Res 79:61–75.

Llyod_Ch16.indd   371Llyod_Ch16.indd   371 3/11/2008   7:20:38 AM3/11/2008   7:20:38 AM



Unc
or

re
ct

ed
 P

ro
of

372 S. Ribeiro et al.

Flanagan O (2000) Dreaming is not an adaptation. Behavioral & Brain Sciences 23:936–939.
Fosse R, Stickgold R, Hobson JA (2001) The mind in REM sleep: reports of emotional experience. 

Sleep 24:947–955.
Fosse R, Stickgold R, Hobson JA (2004) Thinking and hallucinating: reciprocal changes in sleep. 

Psychophysiology 41:298–305.
Fosshage JL, Loew CA (1978) Dream Interpretation: A Comparative Study. New York: SP 

Medical & Scientific Books.
Frankland PW, O’Brien C, Ohno M, Kirkwood A, Silva AJ (2001) Alpha-CaMKII-dependent 

plasticity in the cortex is required for permanent memory. Nature 411:309–313.
Freud S (1900) The Interpretation of Dreams, 1952 Edition. London: Encyclopaedia Britannica.
Freud S (1915) The Unconscious, Republished in 1952 Edition. London: Encyclopaedia 

Britannica.
Freud S (1920) Beyond the Pleasure Principle. New York: W. W. Norton.
Ganguly-Fitzgerald I, Donlea J, Shaw PJ (2006) Waking experience affects sleep need in 

Drosophila. Science 313:1775–1781.
Gervasoni D, Lin SC, Ribeiro S, Soares ES, Pantoja P, Nicolelis M (2004) Global forebrain 

dynamics predict rat behavioral states and their transitions. J Neurosci 24:11137–11147.
Giuditta A, ed (1985) A Sequential Hypothesis for the Function of Sleep. Stuttgart: 

Fisher-Verlag.
Grastyan E, Karmos G (1961) A study of a possible “dreaming” mechanism in the cat. Acta 

Physiol Acad Sci Hung 20:41–50.
Gutwein BM, Shiromani PJ, Fishbein W (1980) Paradoxical sleep and memory: long-term disrup-

tive effects of Anisomycin. Pharmacol Biochem Behav 12:377–384.
Guzowski JF, Lyford GL, Stevenson GD, Houston FP, McGaugh JL, Worley PF, Barnes CA 

(2000) Inhibition of activity-dependent arc protein expression in the rat hippocampus impairs 
the maintenance of long-term potentiation and the consolidation of long-term memory. J Neurosci 
20:3993–4001.

Hartmann E (1967) The Biology of Dreaming. Springfield, IL: Charles Thomas.
Hartmann E (1998) Dreams and Nightmares: The New Theory on the origin and Meaning of 

Dreams. New York: Plenum.
Hennevin E, Leconte P (1977) [Study of the relations between paradoxical sleep and learning 

processes (author’s transl)]. [French]. Physiol Behav 18:307–319.
Hennevin E, Hars B, eds (1985) Post-learning Paradoxical Sleep: a Critical Period When New 

Memory Is Reactivated. New York: Plenum.
Hennevin E, Hars B (1992) 2nd-order conditioning during sleep. Psychobiology 20:166–176.
Hennevin E, Hars B, Bloch V (1989) Improvement of learning by mesencephalic reticular 

stimulation during postlearning paradoxical sleep. Behav Neural Biol 51:291–306.
Hennevin E, Hars B, Maho C (1995a) Memory processing in paradoxical sleep. Sleep Res Soc 

Bull 1:44–50.
Hennevin E, Maho C, Hars B, Dutrieux G (1993) Learning-induced plasticity in the medial 

geniculate nucleus is expressed during paradoxical sleep. Behav Neurosci 107:1018–1030.
Hennevin E, Hars B, Maho C, Bloch V (1995b) Processing of learned information in paradoxical 

sleep: relevance for memory. Behav Brain Res 69:125–135.
Hilfiker S, Pieribone VA, Czernik AJ, Kao HT, Augustine GJ, Greengard P (1999) Synapsins as 

regulators of neurotransmitter release. Philos Trans R Soc Lond B Biol Sci 354:269–279.
Hirase H, Leinekugel X, Czurko A, Csicsvari J, Buzsaki G (2001) Firing rates of hippocampal 

neurons are preserved during subsequent sleep episodes and modified by novel awake experi-
ence. Proc Natl Acad Sci USA 98:9386–9390.

Hoffman KL, McNaughton B (2002) Coordinated reactivation of distributed memory traces in 
primate neocortex. Science 297:2070–2073.

Horstmanshoff HF (2004) Asclepius and temple medicine in aelius Aristides’ Sacred Tales. Stud 
Anc Med 27:325–341.

Huber R, Hill SL, Holladay C, Biesiadecki M, Tononi G, Cirelli C (2004) Sleep homeostasis in 
Drosophila melanogaster. Sleep 27:628–639.

Llyod_Ch16.indd   372Llyod_Ch16.indd   372 3/11/2008   7:20:38 AM3/11/2008   7:20:38 AM



Unc
or

re
ct

ed
 P

ro
of

16 Genes, Sleep and Dreams 373

Jenkins JB, Dallenbach KM (1924) Oblivescence during sleep and waking. Am J of Psychology 
35:605–612.

Jouvet M (1967) The states of sleep. Sci Am 216:62–68.
Jouvet M (1994) Paradoxical sleep mechanisms. Sleep 17:S77–S83.
Jouvet M, Delorme F (1965) Locus coeruleus et sommeil paradoxal. CR Soc Biol (Paris) 

159:895–899.
Jouvet M, Michel F, Courjon J (1959) Sur un stade d’activité électrique cérébrale rapide au cours 

du sommeil physiologique. CR Soc Biol (Paris) 153:1024–1028.
Jung CG (1953a) General Aspects of Dream Psychology. In: Collected Works, pp 237–280. 

Princeton, NJ: Princeton University Press.
Jung CG (1953b) On the nature of Dreams. In, pp 281–297. Princeton, NJ: Princeton University 

Press.
Jung CG (1974) Dreams, 1st Edition. Princeton, NJ: Princeton University Press.
Jung CG, Von Franz ML, Henderson J (1969) Man and His Symbols. New York: Doubleday.
Jung-Beeman M, Bowden EM, Haberman J, Frymiare JL, Arambel-Liu S, Greenblatt R, Reber PJ, 

Kounios J (2004) Neural activity when people solve verbal problems with insight. PLoS Biol 
2:500–510.

Kales A, Hoedemaker FS, Jacobson A, Kales JD, Paulson MJ, Wilson TE (1967) Mentation dur-
ing sleep: REM and NREM recall reports. Percept Mot Skills 24:555–560.

Karni A, Tanne D, Rubenstein BS, Askenasy JJ, Sagi D (1994) Dependence on REM sleep of 
overnight improvement of a perceptual skill. Science 265:679–682.

Kilton S (1951) Dream theory in Malaya. Complex 6:21–33.
Kleitman N (1963) Sleep and Wakefulness. Chicago, IL: University of Chicago Press.
Kohler W (1947) Gestalt Psychology: An Introduction to New Concepts in Modern Psychology, 

Reissue Edition. New York: Liveright.
Kuhn TS (1962) The Structure of Scientific Revolutions. Chicago, IL: University of Chicago 

Press.
Leconte P, Bloch V (1970) Déficit de la rétention d’un conditionnement après privation de som-

meil paradoxal chez le rat. Comptes Rendus de l’Académie des Sciences (Paris) 
271D:226–229.

Leconte P, Hennevin E (1971) Augmentation de la durée de sommeil paradoxal consécutive à un 
apprentissage chez le rat. C R Acad Sci (Paris) 273:86–88.

Leconte P, Hennevin E (1973) [Temporal characteristics of the augmentation of paradoxal sleep 
following learning in the rat]. [French]. Physiol Behav 11:677–686.

Leconte P, Hennevin E, Bloch V (1973) Analyse des effets d’un apprentissage et de son niveau 
d’acquisition sur le sommeil paradoxal consécutif. Brain Res 49:367–379.

Leconte P, Hennevin E, Bloch V (1974) Duration of paradoxical sleep necessary for the acquisi-
tion of conditioned avoidance in the rat. Physiol Behav 13:675–681.

Lee AK, Wilson MA (2002) Memory of sequential experience in the hippocampus during slow 
wave sleep. Neuron 36:1183–1194.

Lee MG, Jones BE (2004) Role of basalo-cortical system in modulating cortical activity and 
sleep-wake states. In: Sleep: Circuits & Functions (Luppi P-H, ed). New York: CRC.

Lincoln JS (2003) The Dream in Native American and Other Primitive Cultures. New York: Dover 
Publications.

Lisman J, Schulman H, Cline H (2002) The molecular basis of CaMKII function in synaptic and 
behavioural memory. Nat Rev Neurosci 3:175–190.

Louie K, Wilson MA (2001) Temporally structured replay of awake hippocampal ensemble activity 
during rapid eye movement sleep. Neuron 29:145–156.

Lucero MA (1970) Lengthening of REM sleep duration consecutive to learning in the rat. Brain 
Res 20:319–322.

Luppi P-H, Boissard R, Gervasoni D, Verret L, Goutagny R, Peyron C, Salvert D, Léger L, 
Barbagli B, Fort P (2004) The network responsible for paradoxical sleep onset and mainte-
nance: a new theory based on the head-restrained rat model. In: Sleep: Circuits & Functions 
(Luppi P-H, ed). New York: CRC.

Llyod_Ch16.indd   373Llyod_Ch16.indd   373 3/11/2008   7:20:38 AM3/11/2008   7:20:38 AM



Unc
or

re
ct

ed
 P

ro
of

374 S. Ribeiro et al.

Lyford GL, Yamagata K, Kaufmann WE, Barnes CA, Sanders LK, Copeland NG, Gilbert DJ, 
Jenkins NA, Lanahan AA, Worley PF (1995) Arc, a growth factor and activity-regulated gene, 
encodes a novel cytoskeleton-associated protein that is enriched in neuronal dendrites. Neuron 
145:433–434.

Maquet P (1996) [Paradoxical human sleep]. Rev Med Liege 51:632.
Maquet P (2001) The role of sleep in learning and memory. Science 294:1048–1052.
Maquet P, Phillips C (1998) Functional brain imaging of human sleep. J Sleep Res 7:42–47.
Maquet P, Peters J, Aerts J, Delfiore G, Degueldre C, Luxen A, Franck G (1996) Functional neu-

roanatomy of human rapid-eye-movement sleep and dreaming. Nature 383:163–166.
Maquet P, Degueldre C, Delfiore G, Aerts J, Peters JM, Luxen A, Franck G (1997) Functional 

neuroanatomy of human slow wave sleep. J Neurosci 17:2807–2812.
Maquet P, Laureys S, Peigneux P, Fuchs S, Petiau C, Phillips C, Aerts J, Del Fiore G, Degueldre C, 

Meulemans T, Luxen A, Franck G, Van Der Linden M, Smith C, Cleeremans A (2000) 
Experience-dependent changes in cerebral activation during human REM sleep. Nat Neurosci 
3:831–836.

McGaugh JL (2000) Memory–a century of consolidation. Science 287:248–251.
Mednick SC, Nakayama K, Stickgold R (2003) Sleep-dependent learning: a nap is as good as a 

night. Nat Neurosci 6:697–698.
Mednick SC, Nakayama K, Cantero JL, Atienza M, Levin AA, Pathak N, Stickgold R (2002) The 

restorative effect of naps on perceptual deterioration. Nat Neurosci 5:677–681.
Meier CA (2003) Healing Dream and Ritual: Ancient Incubation and Modern Psychotherapy. 

Einsiedeln, Switzerland: Daimon Verlag.
Milbrandt J (1987) A nerve growth factor-induced gene encodes a possible transcriptional regula-

tory factor. Science 238:797–799.
Miller PC (1997) Dreams in Late Antiquity. Princeton, NJ: Princeton University Press.
Muzur A, Pace-Schott EF, Hobson JA (2002) The prefrontal cortex in sleep. Trends Cogn Sci 

6:475–481.
Nadasdy Z, Hirase H, Czurko A, Csicsvari J, Buzsaki G (1999) Replay and time compression of 

recurring spike sequences in the hippocampus. J Neurosci 19:9497–9507.
Neylan TC, Marmar CR, Metzler TJ, Weiss DS, Zatzick DF, Delucchi KL, Wu RM, Schoenfeld 

FB (1998) Sleep disturbances in the Vietnam generation: findings from a nationally represent-
ative sample of male Vietnam veterans. Am J Psychiatr 155:929–933.

Nofzinger EA, Mintun MA, Wiseman M, Kupfer DJ, Moore RY (1997) Forebrain activation in 
REM sleep: an FDG PET study. Brain Res 770:192–201.

O’Hara BF, Young KA, Watson FL, Heller HC, Kilduff TS (1993) Immediate early gene expres-
sion in brain during sleep deprivation: preliminary observations. Sleep 16:1–7.

Pavlides C, Winson J (1989) Influences of hippocampal place cell firing in the awake state on the 
activity of these cells during subsequent sleep episodes. J Neurosci 9:2907–2918.

Pearlman CA (1969) Effect of rapid eye movement (dreaming) sleep deprivation on retention of 
avoidance learning in rats. Report US Naval Submarine Medical Center 22:1–4.

Peigneux P, Laureys S, Fuchs S, Destrebecqz A, Collette F, Delbeuck X, Phillips C, Aerts J, Del 
Fiore G, Degueldre C, Luxen A, Cleeremans A, Maquet P (2003) Learned material content and 
acquisition level modulate cerebral reactivation during posttraining rapid-eye-movements 
sleep. Neuroimage 20:125–134.

Peirce CS (1958) Collected Papers of Charles Sanders Peirce. Cambridge, MA: Harvard 
University Press.

Pereira A, Ribeiro S, Wiest M, Moore LC, Pantoja J, Lin SC, Nicolelis MA (2007) Processing of 
tactile information by the hippocampus. Proc Natl Acad Sci USA 104:18286–18291.

Petersohn D, Schoch S, Brinkmann DR, Thiel G (1995) The human synapsin II gene promoter. 
Possible role for the transcription factor zif268/egr-1, polyoma enhancer activator 3, and AP2. 
J Biol Chem 270:24361–24369.

Pompeiano M, Cirelli C, Tononi G (1994) Immediate-early genes in spontaneous wakefulness and 
sleep: expression of c-fos and NGIF-A mRNA protein. J Sleep Res 3:80–96.

Llyod_Ch16.indd   374Llyod_Ch16.indd   374 3/11/2008   7:20:38 AM3/11/2008   7:20:38 AM



Unc
or

re
ct

ed
 P

ro
of

16 Genes, Sleep and Dreams 375

Popper K (1963) Conjectures and Refutations: The Growth of Scientific Knowledge. London: 
Routledge.

Qin YL, McNaughton BL, Skaggs WE, Barnes CA (1997) Memory reprocessing in corticocortical 
and hippocampocortical neuronal ensembles. Philos Trans R Soc Lond B Biol Sci 
352:1525–1533.

Rechtschaffen A, Kales A (1968) A manual of standardized terminology, techniques and scoring 
system for sleep stages in human subjects. Washington, DC: National Institutes of Health.

Revonsuo A (2000) The reinterpretation of dreams: an evolutionary hypothesis of the function of 
dreaming. Behav Brain Sci 23:877–901.

Ribeiro S, Nicolelis MAL (2004) Reverberation, storage and postsynaptic propagation of memo-
ries during sleep. Learn Mem 11:686–696.

Ribeiro S, Nicolelis M (2006) The evolution of neural systems for sleep and dreaming. In: 
Evolution of Nervous Systems (Kaas J, ed), pp 451–464. New York: Elsevier.

Ribeiro S, Goyal V, Mello CV, Pavlides C (1999) Brain gene expression during REM sleep 
depends on prior waking experience. Learn Mem 6:500–508.

Ribeiro S, Mello CV, Velho T, Gardner TJ, Jarvis ED, Pavlides C (2002) Induction of hippocampal 
long-term potentiation during waking leads to increased extrahippocampal zif-268 expression 
during ensuing rapid-eye- movement sleep. J Neurosci 22:10914–10923.

Ribeiro S, Gervasoni D, Soares ES, Zhou Y, Lin SC, Pantoja P, Lavine M, Nicolelis M (2004a) 
Long-lasting novelty-induced neuronal reverberation during slow-wave sleep in multiple fore-
brain areas. PLoS Biology 2:126–137.

Ribeiro S, Pereira A, Ross J, Gao Z, Lin S-C, Gervasoni D, Marriott P, Lavine M, Nicolelis MAL 
(2004b) REM sleep is a noisy mode of offline neuronal processing. In: 34th Meeting of the 
Society for Neuroscience, p 324.310. San Diego, CA: Society for Neuroscience.

Ribeiro S, Xinwu S, Engelhard M, Zhou Y, Zhang H, Gervasoni D, Lin SC, Wada K, Lemos 
NAM, Nicolelis MAL (2007) Novel experience induces persistent sleep-dependent plasticity 
in the cortex but not in the hippocampus. Frontiers in Neuroscience 1:43–55.

Roffwarg HP, Dement WC, Muzio JN, Fisher C (1962) Dream imagery: relationship to rapid eye 
movements of sleep. Arch Gen Psychiatry 7:235–258.

Ross RJ, Ball WA, Dinges DF, Kribbs NB, Morrison AR, Silver SM, Mulvaney FD (1994) Rapid 
eye movement sleep disturbance in posttraumatic stress disorder. Biol Psychiatry 
35:195–202.

Ross RJ, Ball WA, Sanford LD, Morrison AR, Dinges DF, Silver SM, Kribbs NB, Mulvaney FD, 
Gehrman PR, McGinnis DE (1999) Rapid eye movement sleep changes during the adaptation 
night in combat veterans with posttraumatic stress disorder. Biol Psychiatry 45:938–941.

Schreuder BJ, van Egmond M, Kleijn WC, Visser AT (1998) Daily reports of posttraumatic night-
mares and anxiety dreams in Dutch war victims. J Anxiety Disord 12:511–524.

Schultz W (2002) Getting formal with dopamine and reward. Neuron 36:241–263.
Shaw PJ, Cirelli C, Greenspan RJ, Tononi G (2000) Correlates of sleep and waking in Drosophila 

melanogaster. Science 287:1834–1837.
Shulman D, Stroumsa GG, Stroumsa GAG (1999) Dream Cultures: Explorations in the 

Comparative History of Dreaming. Oxford: Oxford University Press.
Siegel JM (1990) Mechanisms of sleep control. J Clin Neurophysiol 7:49–65.
Siegel JM (2001) The REM sleep-memory consolidation hypothesis. Science 294:1058–1063.
Skaggs WE, McNaughton BL (1996) Replay of neuronal firing sequences in rat hippocampus 

during sleep following spatial experience. Science 271:1870–1873.
Smith C (1995) Sleep states and memory processes. Behav Brain Res 69:137–145.
Smith C (1996) Sleep states, memory processes and synaptic plasticity. Behav Brain Res 

78:49–56.
Smith C (2001) Sleep states and memory processes in humans: procedural versus declarative 

memory systems. Sleep Med Rev 5:491–506.
Smith C, Butler S (1982) Paradoxical sleep at selective times following training is necessary for 

learning. Physiol Behav 29:469–473.

Llyod_Ch16.indd   375Llyod_Ch16.indd   375 3/11/2008   7:20:38 AM3/11/2008   7:20:38 AM



Unc
or

re
ct

ed
 P

ro
of

376 S. Ribeiro et al.

Smith C, Lapp L (1986) Prolonged increases in both PS and number of REMS following a shuttle 
avoidance task. Physiol Behav 36:1053–1057.

Smith C, Kelly G (1988) Paradoxical sleep deprivation applied two days after end of training 
retards learning. Physiol Behav 43:213–216.

Smith C, Wong PTP (1991) Paradoxical sleep increases predict successful learning in a complex 
operant task. Behav Neurosci 105:282–288.

Smith C, Lapp L (1991) Increases in number of REMS and REM density in humans following an 
intensive learning period. Sleep 14:325–330.

Smith C, MacNeill C (1993) A paradoxical sleep-dependent window for memory 53–56-H after 
the end of avoidance training. Psychobiology 21:109–112.

Smith C, Young J, Young W (1980) Prolonged increases in paradoxical sleep during and after 
avoidance-task acquisition. Sleep 3:67–68.

Smith C, Kitahama K, Valatx JL, Jouvet M (1974) Increased paradoxical sleep in mice during 
acquisition of a shock avoidance task. Brain Res 77:221–230.

Solms M (1997) The Neuropsychology of Dreams. New York: Lawrence Erlbaum.
Solms M (2000) Dreaming and REM sleep are controlled by different brain mechanisms. Behav 

Brain Sci 23:843–850.
Solms M (2004) Freud returns. Sci Am 290:82–88.
Steriade M (1992) Basic mechanisms of sleep generation. Neurology 42:9–18.
Steriade M, McCormick DA, Sejnowski TJ (1993) Thalamocortical oscillations in the sleeping 

and aroused brain. Science 262:679–685.
Steward O, Wallace CS, Lyford GL, Worley PF (1998) Synaptic activation causes the mRNA for 

the IEG Arc to localize selectively near activated postsynaptic sites on dendrites. Neuron 
21:741–751.

Stickgold R (1998) Sleep: off-line memory reprocessing. Trends Cogn Sci 2:484–492.
Stickgold R (2001) Toward a cognitive neuroscience of sleep. Sleep Med Rev 5:417–421.
Stickgold R (2003) Memory, cognition, and dreams. In: Sleep and Brain Plasticity (P. Maquet CS, 

R. Stickgold, ed), pp 17–39. Oxford: Oxford University Press.
Stickgold R, Walker MP (2005) Memory consolidation and reconsolidation: what is the role of 

sleep? Trends Neurosci 28:408–415.
Stickgold R, James L, Hobson JA (2000a) Visual discrimination learning requires sleep after train-

ing. Nat Neurosci 3:1237–1238.
Stickgold R, Fosse R, Walker MP (2002) Linking brain and behavior in sleep-dependent learning 

and memory consolidation. Proc Natl Acad Sci USA 99:16519–16521.
Stickgold R, Scott L, Rittenhouse C, Hobson JA (1999) Sleep-induced changes in associative 

memory. J Cogn Neurosci 11:182–193.
Stickgold R, Hobson JA, Fosse R, Fosse M (2001) Sleep, learning, and dreams: off-line memory 

reprocessing. Science 294:1052–1057.
Stickgold R, Whidbee D, Schirmer B, Patel V, Hobson JA (2000b) Visual discrimination task 

improvement: a multi-step process occurring during sleep. J Cogn Neurosci 12:246–254.
Sutcliffe JG, de Lecea L (2002) The hypocretins: setting the arousal threshold. Nat Rev Neurosci 

3:339–349.
Tanji J, Hoshi E (2001) Behavioral planning in the prefrontal cortex. Curr Opin Neurobiol 

11:164–170.
Thiel G, Schoch S, Petersohn D (1994) Regulation of synapsin I gene expression by the zinc finger 

transcription factor zif268/egr-1. J Biol Chem 269:15294–15301.
Timo-Iaria C, Negrao N, Schmidek WR, Hoshino K, Lobato de Menezes CE, Leme da Rocha T 

(1970) Phases and states of sleep in the rat. Physiol Behav 5:1057–1062.
Tononi G, Cirelli C (2003) Sleep and synaptic homeostasis: a hypothesis. Brain Res Bull 

62:143–150.
Tononi G, Cirelli C, Pompeiano M (1995) Changes in gene expression during the sleep-waking 

cycle: a new view of activating systems. Arch Ital Biol 134:21–37.
Ulloor J, Datta S (2005) Spatio-temporal activation of cyclic AMP response element-binding 

protein, activity-regulated cytoskeletal-associated protein and brain-derived nerve growth 

Llyod_Ch16.indd   376Llyod_Ch16.indd   376 3/11/2008   7:20:38 AM3/11/2008   7:20:38 AM



Unc
or

re
ct

ed
 P

ro
of

16 Genes, Sleep and Dreams 377

factor: a mechanism for pontine-wave generator activation-dependent two-way active-avoid-
ance memory processing in the rat. J Neurochem 95:418–428.

Vyazovskiy V, Cirelli C, Pfister-Genskow M, Faraguna U, Tononi G (2008) Molecular and 
electrophysiological evidence for net synaptic potentiation in wake and depression in sleep. 
Nat Neurosci 11:200–208.

Wagner U, Gais S, Haider H, Verleger R, Born J (2004) Sleep inspires insight. Nature 
427:352–355.

Walker MP, Stickgold R (2004) Sleep-dependent learning and memory consolidation. Neuron 
44:121–133.

Walker MP, Liston C, Hobson JA, Stickgold R (2002a) Cognitive flexibility across the sleep-wake 
cycle: REM-sleep enhancement of anagram problem solving. Brain Res Cogn Brain Res 
14:317–324.

Walker MP, Brakefield T, Morgan A, Hobson JA, Stickgold R (2002b) Practice with sleep makes 
perfect: sleep-dependent motor skill learning. Neuron 35:205–211.

Walker MP, Brakefield T, Seidman J, Morgan A, Hobson JA, Stickgold R (2003) Sleep and the 
time course of motor skill learning. Learn Mem 10:275–284.

Waltereit R, Dammermann B, Wulff P, Scafidi J, Staubli U, Kauselmann G, Bundman M, Kuhl D 
(2001) Arg3.1/Arc mRNA induction by Ca2 + and cAMP requires protein kinase A and 
mitogen-activated protein kinase/extracellular regulated kinase activation. J Neurosci 
21:5484–5493.

Wilson MA, McNaughton BL (1994) Reactivation of hippocampal ensemble memories during 
sleep. Science 265:676–679.

Winson J (1985) Brain and Psyche. New York: Anchor.
Winson J, Abzug C (1977) Gating of neuronal transmission in the hippocampus: efficacy of trans-

mission varies with behavioral state. Science 196:1223–1225.
Wisden W, Errington ML, Williams S, Dunnett SB, Waters C, Hitchcock D, Evan G, Bliss TV, 

Hunt SP (1990) Differential expression of immediate early genes in the hippocampus and spinal 
cord. Neuron 4:603–614.

Llyod_Ch16.indd   377Llyod_Ch16.indd   377 3/11/2008   7:20:38 AM3/11/2008   7:20:38 AM



Unc
or

re
ct

ed
 P

ro
of

Author Queries:

[Au1]: Kindly provide abstract for this chapter.
[Au2]: Grastyan, 1961 is not included in the reference list.
[Au3]: Muzur et al., 2002 is not included in the reference list.
[Au4]: Cirelli, 2005 is not included in the reference list.
[Au5]: Ribeiro, 2004 and Ribeiro, 2006 are not included in the reference llist.

Llyod_Ch16.indd   378Llyod_Ch16.indd   378 3/11/2008   7:20:38 AM3/11/2008   7:20:38 AM



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice




