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Intrinsic  and  historical  weaknesses  delayed  the  spread  of  a sound  neurobiological  investigation  on
dreaming.  Nevertheless,  recent  independent  findings  confirm  the  hypothesis  that  the  neurophysiologi-
cal  mechanisms  of  encoding  and  recall  of episodic  memories  are  largely  comparable  across  wakefulness
and  sleep.  Brain  lesion  and  neuroimaging  studies  converge  in indicating  that  temporo-parieto-occipital
junction  and  ventromesial  prefrontal  cortex  play  a  crucial  role  in  dream  recall.  Morphoanatomical
measurements  disclose  some  direct  relations  between  volumetric  and  ultrastructural  measures  of  the
hippocampus–amygdala  on  the  one  hand,  and  some  specific  qualitative  features  of  dreaming  on  the  other.
Intracranial  recordings  of epileptic  patients  also  provide  support  for the  notion  that  hippocampal  nuclei
EG oscillations
iffusion tensor imaging
ubcortical nuclei
ocal sleep

mediate  memory  formation  during  sleep  as  well  as  in  wakefulness.  Finally,  surface  EEG  studies  showed
that  sleep  cortical  oscillations  associated  to a successful  dream  recall  are  the  same  involved  in encoding
and recall  of  episodic  memories  during  wakefulness.

Although  preliminary,  these  converging  pieces  of evidence  strengthen  the  general  view  that  the  neu-
rophysiological  mechanisms  underlying  episodic/declarative  memory  formation  may  be  the  same  across
different  states  of  consciousness.
© 2011 Elsevier B.V. All rights reserved.
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. Introduction to the neurobiological investigation on
reams

recall after spontaneous or provoked awakening from sleep. Like
the Schrodinger’s Cat, we  can investigate dreaming only interrupt-
ing dream experience and, in this way, altering the physiological
scenario in which dreams are produced (i.e., the electrical and
The production of dreams during sleep is a largely unex-

lained phenomenon of human existence, and its underlying brain
echanisms are mostly unknown. This is mainly due to the unac-

essibility of dreams to a direct study, but only by using dream

∗ Corresponding author at: Dept. of Psychology – Section of Neuroscience, Univer-
ity of Rome “Sapienza”, Via dei Marsi, 78, 00185 Rome, Italy. Tel.: +39 06 49917647;
ax: +39 06 49917711.

E-mail address: luigi.degennaro@uniroma1.it (L. De Gennaro).

166-4328/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.bbr.2011.10.017
neurochemical characteristics of sleep stages). Until innovative
protocols – which might overcome this apparently insurmount-
able obstacle – will be introduced, neurobiological investigation is
necessarily limited to the brain mechanisms of dream recall.

Almost inevitably related to the issue of this indirect access

to dreaming, the study of brain mechanisms of dreams has been
mainly restricted to rapid eye movement sleep (REMS), implicitly
assuming that dreams are strictly dependent on its specific physi-
ology. This assumption was essentially based on the initial finding

dx.doi.org/10.1016/j.bbr.2011.10.017
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
mailto:luigi.degennaro@uniroma1.it
dx.doi.org/10.1016/j.bbr.2011.10.017
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hat subjects awakened from REMS reported that they were dream-
ng in 70–95% of the cases, whereas only in 5–10% of the cases after
on-rapid eye movement sleep (NREMS) awakenings [1].  In fact,
he systematic review of the studies comparing dream recall from
EMS and NREMS awakenings shows that the phenomenon cannot
e restricted to a specific sleep state, although large REMS–NREMS
ifferences actually do exist in dream report length [2,3] and qual-

tative features [4].  The assumption that dreams are dependent on
or strictly associated to) the specific physiology of REMS seems
ow untenable.

The consequences of the reduction of dreaming to a single sleep
tage do not seem trivial, since it might imply that the physiol-
gy of REMS partly or completely coincides with that of dreaming.
n such way, studying the brain mechanisms of REM sleep might
ave surrogated the analysis of brain mechanisms of dreaming as
ell as of dream recall. The weakness and the paucity of consistent

vidence on this topic should be attributed overall to the indirect
ccess to dream experience, and the improper reduction of dream
eneration to REM sleep.

On the other hand, the refinement of the experimental tech-
iques over the last years allows more direct and systematic

nvestigations on the neurobiological features and the neural basis
f dreaming. In the present review, we will discuss the findings
f some recent investigations which outline a coherent, albeit still
ncomplete, picture of how brain structures interact in dream for-

ation. This will be done by integrating the main findings provided
y neurobiological approaches focused on (A) brain lesions, (B)
unctional neuroimaging of cortical and subcortical structures, (C)

orphoanatomical measurements of subcortical structures, and
D) “local” changes in electroencephalographic (EEG) cortical oscil-
ations.

. Dreaming in brain damaged patients

The so-called “neuropsychology of dreaming” has evaluated
ream features in patients with selective brain lesions and pro-
ided univocal evidences that confirmed the assumption that
henomenology of dreams is closely related to the brain activ-

ty and organization. Preliminary neuropsychological observations
ere addressed to the brainstem, in keeping with the view that

he high co-occurrence of REM sleep and dream recall implies that
rainstem mechanisms are also responsible of dream generation.
evertheless, it was reported that brainstem lesions do not nec-
ssarily abolish dreaming [5].  Accordingly, dreaming occurs in the
bsence of REMS in depressed patients treated with monoamine
xidase (MAO) inhibitors, which suppress REMS without affecting
he intensity of NREMS or the exponential decay of SWA  [6].

Indeed, historical reports of the 19th century had suggested that
he complete (or nearly complete) loss of dreaming was associ-
ted with localized lesions in the forebrain and with total absence
f lesions in the brainstem. These clinical reports described two
atients who dreamed “almost not at all anymore” after respec-
ively a bilateral occipital–temporal [7] and bilateral occipital [8]
esion. There was, in fact, a double dissociation, suggesting that
EMS can occur without dreaming as well as dreaming can occur
ithout REMS. Even at this stage of evidence REM sleep does not

eem strictly necessary for dreaming.
A crucial involvement of cortical areas has been substantially

onfirmed, about one century after, by Doricchi and Violani [9] who
valuated the sites of the lesions producing cessation, alteration
r maintenance of dreaming following cerebral damage. These

uthors re-evaluated 104 patients with brain lesions, who  reported
nformation about their dreams. Their main finding was that the
resence of damages in the frontal lobes is not systematically asso-
iated with loss of dreaming, and that lesions in the parietal lobes
 Research 226 (2012) 592– 596 593

and lesion associated with disconnective syndromes could cause a
loss of dreaming without notable hemispheric asymmetry. More-
over, they reported that dream cessation after unilateral left or right
damage was as frequent as after bilateral damage. Since a lesion in
either hemisphere could be sufficient to cause dream loss, no simple
relation between either hemisphere (i.e., unilateral brain lesions)
and dreams can be posited, so that they proposed that the right
hemisphere provides the core material for the dreams, whereas
the left hemisphere provides the means of decoding it.

The notion that mechanisms underlying dreaming are generated
and mediated by specific cortical areas was strongly supported by
further re-evaluations of lesion studies allowing to outline the net-
work of cortical areas involved in dreaming. Unilateral (or, in a few
cases, bilateral) injuries in or near the temporo-parieto-occipital
junction were associated to a complete loss of dreaming, suggest-
ing that this area might be essential for dreaming itself [5].  This
finding is crucial, since it has been long time recognized that the cor-
tical network for spatial representation is centered in the inferior
parietal lobe, that subserves various cognitive processes involved
in waking mental imagery. As a matter of fact, patients with such
damage typically show a decline in waking visuospatial abilities
[10].

A further systematic relation was found for another cerebral sys-
tem, since bilateral lesions in the ventromesial frontal white matter
cause complete cessation of dreaming [11]. This area plays a cru-
cial role in the interactions between the basal forebrain and limbic
structures, on one hand, and many parts of the frontal cortex, on
the other hand. Sparse observations showed that this lesion site
coincides with the region that was targeted in modified (orbito-
mesial) prefrontal leukotomy and, interestingly, that an average
80% incidence of nearly complete loss of dreaming was reported in
the cases of prefrontal leucotomy [e.g., 12,13].  Moreover, a dam-
age along this system typically produces disorders characterized
by reduced interest, initiative, imagination, and ability to plan
ahead, while a chemical activation of this circuit (e.g., through Lev-
odopa) stimulate not only positive psychotic symptoms but also
excessive, unusually vivid dreaming and nightmares [13]. Alto-
gether, these observations provide support to the view that also
the mesocortical–mesolimbic dopamine system may have a causal
role in the generation of dreams. In keeping with this hypothesis,
it has been reported that lesions in the medial prefrontal cortex,
the anterior cingulate cortex and the basal forebrain, caused an
increased frequency and vividness of dreams often accompanied
by a breakdown of the distinction between dreaming and wak-
ing cognition. This suggests that the hallucinated, disoriented and
delusional quality of dream cognition may  be associated with the
inhibition of these structures during sleep [11]. Conversely, some
parts of the brain seem inessential for dreaming sleep. Indeed, it
has been shown that lesions in the dorsolateral prefrontal cor-
tex can cause waking deficits of self-monitoring and disorders of
volitional control, but do not affect dreaming [5].  This last find-
ing is reminiscent of the attenuated volition and other executive
deficiencies of dream cognition. Moreover, lesions in ventrome-
sial occipitotemporal (visual association) cortex caused unimodal
deficits of dream imagery (in association with identical deficits of
waking imagery), whereas lesions in the primary visual cortex have
no effect on dreams [11].

Altogether, these data showed that specific brain lesions deter-
mine specific loss or alteration of dreaming. Therefore, based
on the observations of 332 clinical cases with confirmed cere-
bral lesions, Solms [11] proposed a nosology for the brain-lesion
related disorders of dreaming identifying four major disorders of

dreaming. In the syndrome termed “visual anoneira” (or nonvisual
dreaming), a bilateral medial occipito-temporal lesion produces
full or partial loss of dream visual imagery. The second syn-
drome, “global anoneira” (or global cessation of dreaming) is
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haracterized by a total cessation of dreaming in presence of
 preserved vision; this disorder was associated to posterior
ortical or deep bilateral frontal lesions. The third syndrome pro-
osed is the “anoneirognosis” (or dream-reality confusion), due to
rontal–limbic lesions. The patients affected by this disorder are
mpaired at distinguishing internally generated experiences, such
s their dreams, from externally driven percepts. Finally, the syn-
rome of “recurring nightmares” was characterized by frequent
ightmares with a repetitive theme. Recurring nightmares often
ppeared in the presence of a temporal-limbic seizure activity, with
tereotyped nightmares accompanying complex-partial seizures in
ome cases.

Taken together, these clinical investigations suggest that neu-
ological diseases result in specific alterations of dream experience
nd that, vice versa, dream disorders can also inform about their
nderlying neuropathological processes [14].

To summarize, the evaluation of brain damaged patients seems
o support the hypothesis that dreaming is not an intrinsic function
f REM sleep (or of the brainstem mechanisms that control it), but
esults from various forms of cerebral activation during sleep. Thus,
europsychological evidence strongly indicates that dreaming and
EM sleep can be dissociated.

. Neuroimaging studies: functional measures

Neuroimaging techniques like Positron Emission Tomogra-
hy (PET), using H2

15O measurements of regional cerebral blood
ow (rCBF), have allowed to describe a functional neuroanatomy
f human sleep and the possible correlates of dream features.
lthough consistent evidence has been provided on dream recall
pon awakenings from any stage of NREM sleep [2,4], neu-
oimaging studies mostly focused their attention on the peculiar
ssociation between REM sleep and dreaming, in order to identify
hich dream characteristics are related to the patterns of cerebral

ctivity observed during REM sleep.
Some PET studies identified networks of areas that seem respon-

ible of the modulation of distinct characteristics of dreams.
ccording to the lesion studies, it has been suggested that the per-
eptual aspects of dreams would be related to the activation of
osterior (occipital and temporal) cortices during REM sleep, and
hat the strong activation of high-order occipito-temporal visual
ortex would explain the vivid visual imagery during dreams [e.g.,
5].

The emotional features in dreams would be related to the acti-
ation of amygdalar complexes, orbitofrontal cortex, and anterior
ingulate cortex [e.g., 16,17,18]. Secondly, the relative hypoacti-
ation of the prefrontal cortex would explain the alterations in
ogical reasoning, working memory, episodic memory, and exec-
tive functions which characterize dream reports obtained from
EM sleep awakenings [e.g., 16]. Therefore, the origin of the dream
motionality would derive from the limbic activation, while the
EMS frontal deactivation may  cause the appearance of dream-
ssociated executive impairment. In addition, it has been found
e.g., 15,19] a marked activity in the hippocampal formation, which
eems to confirm that the activation of mesio-temporal areas dur-
ng REM sleep would account for the memory content commonly
ound in dreams. Functional neuroanatomic studies strongly sup-
orted a metabolic distinction between the different sleep states,

n fact NREM sleep showed marked decreases in activation lev-
ls compared to REM sleep. More specifically, it has been found

 prominent thalamic deactivation and a concomitant regional

eactivation in the pontine brainstem, orbitofrontal cortex, ante-
ior cingulate cortex, and lateral prefrontal cortex [e.g., 15,20].
otably, the main finding is the metabolic decline of the cen-

ral core structures (brainstem, thalamus), which are known to
n Research 226 (2012) 592– 596

play a role in the generation of the slow oscillations of NREM
sleep [21]. In more detail, thalamic activation was found to decline
significantly in concomitance with increased delta EEG activity;
moreover, an additional decline resulted associated with increased
spindle-frequency activity when the decrements associated with
delta were subtracted [22]. This pattern of decline has been inter-
preted as reflecting the progressive deactivation of the reticular
activating system that accompanies deepening NREMS. In con-
clusion, the regional pattern of deactivation in NREMS sharply
contrasts with the regional activation of these same regions (i.e.,
thalamus, pontine brainstem, anterior cingulate cortex) in REMS,
supporting the traditional notion that more story-like affect-laden
dreams are attributable to REMS more than NREMS.

Although neuroimaging techniques yielded new body of evi-
dence which helped to better describe the brain mapping of human
sleep stages, the functional neuroanatomy of dreaming remains
almost speculative. In fact, only the study by Maquet et al. [16]
evaluated dream recall in association to PET scans (i.e., in subjects
awakened by REM sleep after the collection of PET measures, and
with the presence of a dream report). This means that a system-
atic evaluation of functional imaging measures before awakenings
from different sleep stages, with and without dream recall, is still
lacking.

4. Neuroimaging studies: morphoanatomical measures of
subcortical nuclei

Neuroimaging measures and intracranial recordings delineate a
fairly coherent picture of how two deep grey matter structures may
play a pivotal role in dreaming: the hippocampus and the amygdala.

The specific activity of the hippocampus should mediate the
partial reproduction of memories of events occurred during wake-
fulness into dream contents. The first evidence in favour of this
hypothesis was provided by studies using intracranial recordings
in epileptic patients, which showed that rhinal-hippocampal con-
nectivity mediates memory formation in the waking state [23], and
there is a close association between a successful recall of a dream
upon awakening from a period of REM sleep and an enhancement in
rhinal-hippocampal and intrahippocampal EEG connectivity dur-
ing such period [24]. Both these findings suggest that the ability to
memorize dreams may  be related to a coordinated activity between
the neocortex and the hippocampus.

The amydgala is involved in both the control of the encoding and
retrieval of emotional memories and the expression of emotions
during wakefulness [25]. Therefore, it may  be also involved in the
processing of emotionally significant memories during sleep and
the emotional load in dreams might be related to its activation level.
Consistent with this hypothesis, a higher amygdalar activity during
REMS and NREMS [21,26] compared to wakefulness, and a bilateral
amygdalar activation in subjects capable to report a dream upon
awakening from REM sleep have been reported [21].

However, neuroimaging studies appear limited by their very
low temporal resolution, bringing about an intrinsic difficulty in
evaluating changes on a much longer time scale, as well as by the
implicit (but untenable) assumption of a one-to-one coincidence
of dreaming and REM sleep. On the other hand, intracranial studies
may  be limited by the availability of pre-surgical pharmacoresis-
tant epileptic patients and by some cautions in the generalization
of findings to normal subjects.

Several recent findings converge to indicate that the structural
characteristics of some subcortical nuclei (i.e., hippocampus and

amygdala) are associated with cognitive and emotional process-
ing in waking tasks [27–29].  This “structural” approach may  also
represent a methodological improvement capable of overcoming
some long-standing obstacles in the understanding of the neural
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orrelates of dreaming by “functional” approaches. Indeed, these
pproaches inevitably combine the low temporal resolution of PET
nd Functional Magnetic Resonance Imaging (fMRI) methods with
n indirect access to dreaming through the collection of dream
eports upon awakening from sleep. According to this view, indi-
idual volumetric and ultrastructural measures of hippocampus
nd amygdala, which are stable over time, may  be related to simi-
arly stable (i.e., trait-like) individual features of dream experience.
his prediction has been confirmed by a recent microstructural
nalysis of Magnetic Resonance (MR) brain scans and of Diffu-
ion Tensor Imaging (DTI) analysis of the hippocampus and the
mygdala [30]. These methods allowed to measure the volume of
rey matter and its microstructural alterations, as expressed by
educed cellular barriers that restrict the free diffusion of water
olecules in tissues. The main results showed the presence of a

issociation between some quantitative and qualitative aspects of
ream reports. The measures of inter-individual differences in the
rain tissue of the hippocampus–amygdala complex were directly
elated to emotional load, bizarreness, and vividness of dream-
ng, whereas no correlation with the quantitative measures (i.e.,
he mean number of dreams recalled per day) of dream reports
as found. More in details, bizarreness of dream reports was
egatively correlated with the left amygdala volume and posi-
ively correlated with the right amygdala microstructural integrity,
hile a lower emotional load was correlated with a decreased
icrostructural integrity of the left amygdala. Weaker relation-

hips were also reported between bizarreness and hippocampal
easures.
Hence, these findings provide an indirect support to the hypoth-

sis that the amygdalar and hippocampal structures, and their
elationship with memory and emotional sources, are crucially
nvolved in dream experience. In order to provide insightful hints
nto the fundamental neural correlates of dreaming in humans,
uture studies should detail the subcortical networks underlying
he peculiar features and organization of dream experience.

. Local (cortical) electrophysiology of sleep and dream
ecall

In the last decades, a large body of evidence corroborated the
ypothesis that sleep is not a spatially global and uniform state.

ndeed, the application of the technical advancements (i.e., multi-
hannel sleep EEG and Fast Fourier Transform – FFT – analyses of
EG) allowed to evaluate the spatio-temporal dynamics EEG dur-
ng sleep, showing that the homeostatic dynamics of EEG power
n the recovery process are intrinsically local and did not involve
he whole cerebral cortex to the same extent [31]. It has been
eported that the main correlate of sleep intensity and the marker
f sleep need (expressed by the amount of slow wave activity, SWA)
as a regional modulation, since mostly affects the frontal cortex
e.g., 32,33].  Furthermore, the “local sleep theory” posits that sleep
epends on past activity, so that its local features should be use-
ependent. Indeed, it has been shown that experience-dependent
lasticity in specific neural circuits during wakefulness induces

ocalized changes of SWA  during subsequent sleep, highlighting
he presence of specific regional effects of learning and plasticity
n EEG sleep measures [e.g., 34,35,36].

The framework of the local, use-dependent, theory of sleep may
rovide further insights into the process of dream generation, and
ay  shed light on the relationship between episodic memories,

ortical activity, and dreaming. Since dream recall regards such a

eculiar form of episodic information as dream content, which is
ncoded in declarative memory during sleep, the retrieval of oneiric
ontents could share some electrophysiological mechanisms with
uccessful episodic memory encoding of the awake brain. With
 Research 226 (2012) 592– 596 595

respect to this general view, a large body of findings point to that
cortical theta oscillations during wakefulness act to temporally
order individual memory representations [37]. Intracranial record-
ings in humans have confirmed that significant increases in frontal
theta oscillations during the encoding phase predict subsequent
recall [38].

According to the hypothesis that theta oscillations plays a piv-
otal role in memory encoding and that wakefulness and sleep
share some neurophysiological mechanisms involved in successful
episodic memory encoding, Marzano et al. [39] provided electro-
physiological evidence that stage-specific cortical brain oscillations
in the 5 min  of sleep before morning awakening (from REMS and
NREMS) are predictive of a successful dream recall. In particular,
higher frontal theta activity during sleep predicted subsequent
dream recall upon the awakenings from REM sleep. Differently,
a lower alpha oscillatory activity in correspondence of right
temporo-parietal areas predicted a successful dream recall upon
the awakenings from stage 2 sleep. These findings provide a direct
support to the notion that the intrinsic differences in the basic
electrophysiology of the NREM stage 2 and REM sleep, and their
regional changes, may  determine which cortical EEG oscillation
(i.e., frontal theta or right temporal alpha) is predictive of dream
recall upon awakening. In other words, closer times in collecting
dream report lead to the larger differences.

Hence, the changes of cortical oscillatory activity during sleep
localized over the frontal and temporo-occipital regions appear
indicative of the involvement also in dreaming of those regions
which control successful memory encoding in waking. This sug-
gests an interdependent regulation of two  neuronal circuits
involved in the ability to recall a dream upon awakenings from REM
and NREM sleep (the hippocampo-cortical circuit and the thalamo-
cortical circuit, respectively) and makes it further plausible that
the neurophysiological mechanisms underlying the encoding and
recall of episodic memories remain the same across different states
of consciousness.

6. Concluding remarks and future perspectives

Neurobiological evidences discussed in this review, by inte-
grating findings from different approaches and methods, depicts
a fairly coherent picture that emphasizes the continuity between
cortical and subcortical mechanisms of waking and sleep cognitive
activity [40,41]. Regional EEG results suggest that the electrophys-
iological mechanisms involved in encoding and recall of episodic
memories across wakefulness and sleep are the same [39]. Brain
lesions and functional neuroanatomy of healthy subjects identify
two  cortical systems crucial for dream generation, which are also
involved in waking mental imagery and visuospatial abilities (i.e.,
the temporo-parieto-occipital junction) and in waking encoding
and retrieval of episodic memories (i.e. the ventromesial regions of
prefrontal cortex) [e.g., 5,21]. Morphoanatomy of deep grey matter
structures shows direct relationships between specific qualitative
features of dreaming and volumetric and ultrastructural measures
of the hippocampus–amygdala complex, that is the structures
involved during wakefulness in both the control of the encoding
and retrieval of emotional memories and the expression of emo-
tions [30]. Finally, intracranial recordings of epileptic patients show
that rhinal-hippocampal connectivity mediates memory formation
in waking as well as during sleep [23,24].

These converging pieces of clinical and experimental evi-
dence, although not definitive, support the general view that the

neurophysiological mechanisms underlying episodic/declarative
memory formation remain the same across different states of con-
sciousness and, thus, their functioning also during sleep may  be
studied.
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