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Sleep has been shown to play an important role in memory consolidation. The direction of studies of learn-
ing during sleep is based on the hypothesis that assimilation of new information can occur during the state
of sleep. We present here a review of articles addressing the question of the formation of new memory traces
during sleep with retention to waking, as well as reports of work seeking to identify the mechanisms of this
learning. Associative conditioned reflex, perceptual, and other forms of learning are demonstrated, the main

type being implicit learning.
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Sleep is a quickly reversible state characterized by the
absence of consciousness and reductions in activity and the
ability to respond to external stimuli. Sleep plays an import-
ant role in memory consolidation and, therefore, learning
processes. Current studies address the specific mechanisms
accompanying memory consolidation at levels from mole-
cules to whole-brain activity. These works and the theories
based on them suggest processing of previously obtained
information stored in short-term memory. The question
“can de novo learning not based on previously acquired in-
formation occur during sleep?” has been controversial for
many years.

There are now two main theories for the important role
of sleep in learning. The active consolidation theory holds
that during sleep, the neuronal complexes in the cerebral
cortex which encode new information are reactivated and
reorganized for integration into long-term memory. The
neuronal representations of these memories are potentiat-
ed and fixed. Hippocampus-dependent memory is tight-
ly linked with the processes of slow-wave sleep (NREM
sleep) and sleep spindles [1-3]. The synaptic homeostasis
theory focuses on the opposite process: an overall reduction
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in synaptic activity during sleep. Representations of import-
ant memory traces undergo minimal weakening, while other
connections return to their initial levels. This leads to im-
provements in the signal:noise ratio in neuronal ensembles,
readying the brain to work with the new information [4, 5].

These theories complement each other, but presup-
pose that the brain operates as an isolated system during
sleep. They both indicate that memory consolidation will
prevent the formation of new memories. However, the brain
can also process incoming sensory signals during sleep, as
complete isolation from the external environment would be
an enormous evolutionary risk. Various studies, especially
those reported in the last decade, have pointed to the possi-
bility that several types of learning may occur. The mecha-
nisms and limits of learning potential during sleep remain
unclear, though the authors of these studies have tried to
integrate their results into a modern understanding of the
mechanisms of sleep and memory consolidation.

The review presented here focuses on the most straight-
forward studies in the understanding of “learning in sleep”:
studies in which subjects must assimilate some kind of new
information during sleep, this being reflected in their reac-
tions or behavior.

Another approach to manipulating memory during
sleep has become popular in recent years. This is directed
not to the memorization of new information during sleep
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but to increasing the effectiveness of preceding learning.
This os the targeted memory reactivation paradigm, which
suggests reinforcement of memory traces formed during
waking by presentation of a learning-associated nonwak-
ing “cue stimulus” during sleep after training sessions. This
approach has demonstrated efficacy in controlling declar-
ative, emotional, and procedural memory in terms of both
strengthening and weakening representations [6].

Learning during Sleep in Newborn Children. The
ability to learn during sleep may be closely linked with
age and the stage of development of the brain. Babies have
specific EEG patterns, sleep—waking structure, and intense
assimilation of information about the surrounding world. In
the first days of life, babies can remember conditioned sig-
nals of different modalities and carry out cross-sensory as-
sociative learning [7]. Sleeping newborns can discriminate
prosodically rich sounds (intonation in speech and sing-
ing) and speech distorted to minimize prosodic features.
Magnetoencephalogram studies recording reactions in-
duced by speech or singing demonstrated significant weak-
ening when speech prosody was reduced [8]. Newborns
sleep for a significant proportion of the day and inclusion
of this period into the time during which learning can occur
significantly extends the potential for early learning and as-
similation of associations.

The baby’s brain is already able to carry out quite com-
plex phonological processing, which does not cease during
sleep. EEG recording studies have demonstrated that sleep-
ing newborns can include information presented during
sleep in learning to differentiate vowel sounds. Mismatch
negativity in event-linked EEG potentials to rare stimuli can
be seen in both waking and sleeping babies even at age less
than seven days. Newborns were presented with one fre-
quent and two rare vowel sounds in the evening and then in
the morning [9]. The experimental group was also presented
with these sounds for 2.5-5 h during sleep. The experimen-
tal group, in contrast to children not trained during sleep and
the group trained using a different set of sounds, learned to
discriminate the “phonetically complex” rare signal from the
similar frequent stimulus, while the “simpler” rare stimulus
induced strong mismatch negativity in the morning. This ef-
fect persisted to at least the following evening. Learning to
discriminate sounds is required for assimilation of speech,
and the path to auditory learning during sleep may be sig-
nificantly more effective in babies than adults [9]. In this
study, the stimuli heard by sleeping babies were not novel
for them, though the differences between the groups hearing
the sounds only in the evening or in the evening and during
sleep provide evidence of additional learning during sleep.

Sleeping newborns are also able to carry out associa-
tive learning. The experimental group of sleeping children
aged 1-2 days was trained to the “sound tone/puff of air on
the eyelid” association. The control group was also present-
ed with the same stimuli in the same conditions but at ran-
dom points in time. The puff of air induced a characteristic
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movement of the closed eyelid in more than 90% of cases.
During training, the experimental group showed a four-fold
increase in the probability of an eyelid reaction to the tone,
from 20 to 80%, while there were no positive changes in the
control group. Thus, learning of the new association of
stimuli occurred during sleep [7].

The ability of babies to learn may be an important
adaptive mechanism. Sleep in neonates is not as structured
as in adults; the first years of life involve critically import-
ant periods of maturation of the sensory systems and learn-
ing. The ability to learn effectively during sleep may be a
characteristic of the early sensory period, with gradual loss
of importance and fading with the formation of adult sleep
patterns and their accompanying processes [10], though it
does not disappear entirely.

Learning during Sleep in Adult Humans and
Animals. The ability of sleeping humans to learn new skills
or knowledge has long attracted researchers’ attention. This
type of learning is usually considered in response to ques-
tions about “learning something during sleep.” The most
obvious and convenient question, the first to fall into the
focus of attention, is the question of the unconscious assim-
ilation of new information in declarative memory to form
new explicit knowledge, which is usually verbal informa-
tion new to the subject. It is entirely natural that systematic
scientific research into this question started quite early.

Positive and encouraging results on the acquisition of
new heard information by sleeping patients started to appear
at the beginning of the last century, though by the 1950s these
were subject to criticism in relation to the experimental pro-
tocols, statistics, and, most importantly, the fact or otherwise
of sleep at the moment of learning. Use of EEG analysis
methods showed that the ability to reproduce information
presented during sleep was linked with the presence of the
EEG o rhythm at the moment of presentation, i.e., it occurred
outside the state of normal sleep [11, 12]. Similar results, with
memorization of pairs of words exclusively in the presence
of a activity (activation) also appeared after this [13]. If pre-
sentation took place in uninterrupted second stage of sleep or
during REM sleep, no memorization occurred [14]. Studies
in this direction gave quite unambiguous results which could
be reproduced from study to study: memorization of new ex-
plicit verbal information by sleeping adult humans without
interruption of sleep structure was not possible.

Despite stable negative results on the activation and
consolidation of declarative memory without coming out of
the state of sleep, investigators also employed other ap-
proaches for which the fundamental possibility of learning
without sleep interruption could be demonstrated.

The first to be detected was the possibility of simple
associative learning. Early studies reproduced the classical
paradigms of conditioned reflex learning. Sleepers were
trained to link a sound with an electric shock. Reactions to
stimuli consisted of changes in heart rate and the effect was
more marked for NREM sleep than stage 2 sleep [15]. New
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studies enlarged the understanding of the possibility of the
assimilation of nonverbal information, memorization effec-
tiveness depending on sleep stage.

A new series of studies in this area reinvigorated in-
terest in this theme from 2010. A report appeared in 2012
[17] confirming the fundamental possibility of memoriz-
ing new associations during sleep. A new combination of
stimuli was used: a sound tone and odors, learning results
being evaluated by sniffing reactions, i.e., an increase in in-
halation in response to presentation of the odor. This same
group of researchers had previously demonstrated [16] that
various odors whose perception involves only the olfacto-
ry nerve (nontrigeminal odors) lack arousing effects when
presented during sleep but induce involuntary sniffing re-
actions. Inhalation reactions in response to pleasant odors
were of grater volume than those to unpleasant odors and
served as nonverbal sensory reactions which were appar-
ent in waking and while asleep. The investigators combined
different sound tones with pleasant and unpleasant nontri-
geminal odors, presenting pairs of stimuli during nocturnal
sleep. If EEG activation was seen on presentation of stimu-
lation, the data were not included in the analysis. Learning
curves could be seen in responses to presentation of sounds
during nocturnal sleep: increases in the volume of inhala-
tion in response to sounds associated with pleasant odors
and decreases in the volume of inhalation in response to
sounds associated with unpleasant odors.

Differences in reactions to odors and sounds have been
seen during both REM sleep and non-REM sleep. Reactions
to tones were stronger in REM sleep. Differences in inhala-
tion volume in response to sound persisted after waking,
though the subjects did not recall the learning process and
the untrained control group showed no differences in inha-
lation after presentation of tones. The learning effect was
more marked after waking when training was run in NREM
sleep; when stimuli were presented in the REM phase, reac-
tions did not persist into waking. These results point to suc-
cessful implicit learning of the new sound/odor association
during sleep and partial transfer of the memory from sleep
to waking [17].

A report was published in 2014 [18] by the same group
of authors on the long-term behavioral effects of implicit
associative learning during sleep. Smokers performed asso-
ciative learning: the odor of cigarettes/an unpleasant odor
(ammonium sulfide or rotting fish at a non-arousing con-
centration). The odor of cigarettes was reinforced by the un-
pleasant odor in 2/3 of presentations, while only the unpleas-
ant odor was presented in the control group. Presentations
were made during waking, in the second stage of sleep,
or during the REM phase. An additional “untrained” con-
trol group received stimuli in random order during sleep
phase 2. Stimulation was terminated on waking or activa-
tion. Sleeping and waking subjects responded to odors with
decreases in the first inhalation after presentation of the odor,
which confirmed the occurrence of sensory processing.
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Implicit learning had a long-lasting behavioral effect:
patients of the groups trained during sleep did not recall the
fact of stimulus presentation but decreased their cigarette
consumption over the seven days following training as
compared with the seven days prior to training, especially
when trained in sleep stage 2. The effect was more marked
during the first three days after training. Patients of the
group trained during waking (explicit training) and the “un-
trained” control group showed no such effect. Thus, a single
night of implicit associative training during sleep had a
marked and long-lasting behavioral effect [18].

These study results demonstrate the possibility of as-
sociative learning during sleep, though the mechanisms me-
diating it remain unclear. A new study [19] continued this
direction — the authors investigated brain activity during the
process of associative learning. Patients were trained to a
“tone (400 or 1200 Hz)/odor (pleasant or unpleasant)” asso-
ciation during NREM sleep or REM sleep, and learning was
evaluated in terms of the volume of inhalation in response
to presentation of the sound without the odor. Increases in
the power of the 0 and 0 rhythms were seen in response to
the “unpleasant” tone as compared with the “pleasant” tone
in the NREM phase, though in the REM phase of sleep there
were no differences in the 0 rhythm, as expected by the au-
thors from the results of other experiments. Thus, associ-
ations assimilated during sleep affected conditioned stim-
ulus-induced slow-wave activity and spindles in NREM
sleep, these being regarded as tightly linked with memory
processes. These reactions were not due to the frequency
of the tone as such. Changes in the 0 rhythm during sleep
induced by the conditioned stimulus were found to be asso-
ciated with the extent of the sniffing reaction in response to
the conditioned sound. The stronger the § activity, the more
marked the reaction after waking. During NREM sleep, the
extent of the induced o rhythm correlated negatively with
the sniffing reaction in response to the “unpleasant” sound
but showed no correlation with sniffing in response to the
“pleasant” sound, pointing to stronger learning in response
to the unpleasant stimulus. The sharp difference in the link
between the 0 rhythm and behavior during sleep and waking
(sniffing reactions during sleep and in the morning did not
correlate with each other) points to consolidation processes
occurring after the period of learning but before waking.

Another investigation [21] was carried out in parallel
with this series of studies, demonstrating the possibility of
forming and suppressing new memory traces during sleep
using perceptual learning. This used the paradigm of recog-
nition of previously heard sound segments where patients
had to recognize repeated sound segments arising on the
background of white noise. Recognition effectiveness in-
creased with the duration of presentation of the target stim-
ulus and voluntary attention was not obligatory [20], so this
paradigm was suitable for passive learning during sleep. In
the evening, patients had to discriminate the simple sound
and the repeated sound segment. They fell asleep carrying
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TABLE 1. Studies Demonstrating Successful Learning during Sleep Showing Type of Learning, Stimuli, Reactions Recorded for Study States, and
Effectiveness of Learning in States

Learning Stimulus Reaction Effe?ctlv.eness (.)f Notes Reference
learning in waking
Perceptual, W+ Neonates. Cheour et al
discrimination Speech sounds EEG ERP Sleep+ Additional learning ”
. 2002 [9]
of sounds W- occurred during sleep
Sound/puff of air . . Neonates ; Fifer et al.,
. Eyelid movement Reactions only during sleep,
on eyelid R . 2010 [7]
learning curve during sleep
. . 2nd and 3rd stages+ Ikeda et al.,
Sound/electric shock Change in HR 3rd stage > 2nd stage 1996 [15]
. . REM- During sleep, reaction in Arzietal.,
Associative Sound/odor Volume of inhalation NREM+ REM > NREM 2010 [16]
W—
. . . REM+ Arzi et al.,
Odor of cigarette/odor | Cigarette consumption 2nd stage+ 2014 [18]
2nd stage > REM
Volume of inhalation, Growth of 0 and o rhythms in | Canales-Johnson et al.,
Sound/odor EEG rhythms NREM+ NREM to “unpleasant” odor 2018 [19]
Looped sound Evoked' EEG ac.t1v1t.y, W, REM+ In the. mo.rnmg — .Weal?ened. Andrillon et al.,
Perceptual seoments detection of stimuli NREM+ memorization of stimuli previ- 2015 [20]
& in noise 2nd stage > 3rd stage ously presented in NREM
Perceptual Recognition of old Implicit memorization during
.p . stimulus, confidence W+ sleep affects EEG ERP and Andrillon et al.,
recognition of Words, pseudowords . . . o
\d/new stimuli in recognition, Sleep+ confidence in recognition of 2016 [22]
oldimew stumu EEG ERP some words

EEG ERP - EEG event-related potentials; HR — heart rate; W — waking; “—" indicates absence of learning effect; “+” indicates learning effect limited or weak;

“+” indicates presence of learning effect; “>" indicates learning effect more marked in one state than another.

out the task and during sleep the experiments started with
presentation of a further two sets of five patterns of different
repeated segments: in NREM and REM sleep, respectively.

Evoked EEG activity in response to the repeated seg-
ments was seen during both waking and sleep and, although
the characteristics and dynamics of responses differed in the
different stages, this was evidence of successful processing
and recognition of segments in both states. In the morning,
patients again carried out the task of discriminating the re-
peated segments, when they were presented with novel stim-
uli as well as those which had failed in the evening during
the REM and NREM phases. At the beginning of the morn-
ing test, patients in the early stage effectively recognized
the segments presented in the evening or in REM sleep and
poorly recognized the novel segments and those presented
during the NREM phase. Perceptual learning took place
during testing and recognition of the novel segments im-
proved, while recognition of those presented in the NREM
phase remained low. For REM sleep, learning effectiveness
correlated positively with the number of stimuli presented
during the period of phasic REM sleep. For sleep stage 2,
learning effectiveness correlated positively with the num-
ber of frontal spindles during the training period. Training
effectiveness decreased with increases in the proportion of
sleep stage 3, while evoked activity in the patients showed

decreased discrimination between target and unrecognized
reference segments of the sound with increases in 0 activity
within the sleep cycle.

Thus, this study demonstrated the possibility that new
representations of complex sound stimuli could be formed
and that different sleep stages are fundamentally differ-
ent in terms of their potential for forming or suppressing
new memory traces. The mechanism of the most percep-
tual learning remains incompletely understood, though the
involvement of structures of the hippocampus has been
demonstrated and the inclusion of basic neuroplastic pro-
cesses has been suggested.

Implicit training is evidently not blocked during sleep
as firmly as explicit. This was also indicated by a study in
2016 [22], addressing implicit memorization of words pre-
sented during sleep. Patients had to discriminate words and
pseudowords by pressing keys with the right or left hands,
respectively. They fell asleep carrying out this task. This ap-
proach led to retention of a high level of signal processing
during sleep. In the evening, before going to sleep, patients
were presented with the first set of words and, after transi-
tion to the second and third stages, a second set (the pro-
tocol switched to the first set on activation). During sleep,
differentiated lateralized evoked EEG reactions were seen
to words and pseudowords corresponding to the hand with
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which the button had to be pressed. This confirmed reten-
tion of high-level processing and preparation of responses
during sleep.

After waking, subjects were presented with the old sets
and a third, new, set of words, and had to indicate whether
they heard a new word or an old word and how confident
they were. In the morning, patients in most cases did not
recognize words presented during sleep and the overall lev-
el of recognition errors and confidence that a word was new
were the same as for new words, indicating a lack of ex-
plicit memory for words. Words presented in the afternoon
were in most cases recognized as old with high confidence.
However, if patients identified a word from the second set
as old, their confidence in this was higher than for an “old”
word from the third set. Differences between words of the
second and third sets were also seen in evoked EEG activity
in the form of “centroparietal negativity” about 500 msec
after presentation even in cases when the patient recognized
the word as new. The authors regarded these as signs of im-
plicit memory of the words presented during sleep [22].

We can now say that some forms of learning during
sleep are possible for humans, though it is still difficult to
say that approaches and results can be systematized. Studies
yielding positive results are included in Table 1. However,
studies of learning during sleep are not limited to research
involving humans. Experiments on animals have also ad-
dressed a wide range of approaches to formation of memory
traces and quite complex forms of learning.

Conditioned reflex learning has been demonstrated in
rats [23]. The animals acquired a second-order conditioned
reflex during sleep: associations between a sound tone and
electrocutaneous stimulation of the ear, which had previ-
ously been the conditioned signal for delivery of an elec-
tric shock via the floor as they lapped water. The animals
underwent second-order training either during waking or
during REM or NREM sleep. The measure of training ef-
fectiveness was suppression of water lapping on delivery
of the second-order conditioned stimulus. Training in both
sleep stages was effective, and although the effect was less
marked than in waking it also persisted to day 3 of testing.

Formation of explicit memory in mice during sleep oc-
curred as a result of invasive stimulation [24]. Place cells
are a group of cells in the hippocampus which are activat-
ed when the animal finds itself in a defined place in space.
There is a “cell/region of space” bond, so they serve for con-
struction of a cognitive map of the surroundings and their
reactivation during sleep is regarded as part of the process
of consolidation of spatial memory. The mice received pos-
itive reinforcement consisting of stimulation of the medial
bundle of the forebrain on spontaneous activation of defined
place cells already known to be bound to a space. This cre-
ated an artificial imitation of the place preference formation
task, which according to current views is based on explic-
it hippocampal-dependent memory. Stimulation was per-
formed in waking or sleeping animals. During sleep, many

261

stimuli were delivered during NREM sleep and a significant
proportionate number of stimuli were delivered during pe-
riods of sharp waves, i.e., oscillation patterns linked with
memory consolidation.

After stimulation in any state, animals showed marked
behavioral preference for the reinforced place linked with
the stimulation. Apart from the possibility of learning, this
work confirmed the theory of spatial memory reactivation
and retention of spatial encoding by place cells during sleep.

Despite new advances, the small number of studies on
learning in sleep, and the absence of any deep understanding
of the link between sleep stages and the processes consoli-
dating different types of memory and the extent of process-
ing of signals of different modalities in the sleeping brain,
it is still not possible to describe the interactions between
these factors. Some patterns can be identified and may pro-
vide the basis for new studies. Attention can be drawn to the
observation that successful cases of learning during sleep
mainly involve implicit types of memory: formation of the
ability to discriminate sounds, conditioned reflex associa-
tions, and recognition of old and new stimuli in the absence
of explicit recognition of the fact of learning in those studies
in which this was addressed.

Specific Features of the Mechanisms of Learning
during Sleep. Sleep is conventionally regarded as a state
promoting memory consolidation but not encoding new
memories [4, 25]. However, examples of the successful as-
similation of new information during sleep show that these
pathways are not completely blocked. In some cases, this is
explained by effective bypassing of sensory blocks by pre-
sentation of olfactory information [17, 18], which does not
pass through the thalamic switch, which may explain the
special status of odors perceived during sleep [26]. Detection
of stimulus-evoked potentials and EEG rhythms in the stud-
ies described above is evidence that the sensory barrier can
also be overcome in sleep.

Understanding why sleep stages have different poten-
tials for sensory processing of external signals and detection
in different paradigms may throw light on the question of
their role in memory formation and consolidation. One of
the causes of this sharp difference in learning effectiveness
may consist of changes in neurotransmitter levels occurring
on transfer from one sleep stage to another, for example, the
strong decrease in the acetylcholine level in NREM sleep [27].
It may be that the network of neurons recruited by the novel
stimulus in deep sleep remains in the stressed state during
waking, which is apparent as suppression of memorization
of the new stimulus. Changes in the neurochemical status of
the brain are tightly linked with plastic processes continuing
actively during sleep. Different stages are dominated by po-
tentiation or decreases in synaptic connections. The absence
of perceptual learning seen in deep NREM sleep [21] may
reflect the process of weakening of synaptic connections.

Conventionally, REM sleep is regarded as a quite “iso-
lated” state in which the brain has low sensitivity to external
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stimuli and endogenous processes compete with external
signals. In this situation, the ability to memorize stimuli in
this state should be lacking. However, division of this stage
into phasic and tonic sleep may solve the resulting contra-
diction. In the state of tonic REM sleep, sensitivity to senso-
ry information was higher [28, 29] and periods of tonic
REM sleep were associated with effective learning [21]. On
the other hand, transfer of learning effects to subsequent
waking in associative learning paradigms using olfactory
stimuli was weaker than in stage 2, which may be associated
with the mechanism of rapid forgetting of REM sleep-
linked memorization [30].

Learning in NREM sleep, which is seen in studies in-
volving people and experimental animals, is consistent with
current concepts on the important role of this stage overall
and individual oscillatory phenomena (0 waves, spindles)
in memory consolidation [1]. The previous sensory barri-
er to information from outside evidently also undergoes
consolidation.

Overall, the theme of learning in sleep is now under-
going a renaissance. This direction of studies is apparent
as a general trend for sleep to be attractive for improving
cognitive functions [31]. Experiments characterizing the
possible types of learning available at different periods of
stimulation using different stimulus modalities are being
conducted. The prime task may be systematization of links
between sleep stages, types of learning, and the mechanisms
mediating them. Current methods allow the subtlety of the
responses of the sleeping brain to stimuli to be identified,
while animal experiments have the potential to evaluate the
neurophysiological processes underlying them. Paradigms
of implicit learning may attract the interest of specialists in
this type of memory and may in future find practical appli-
cation. And although the subject of “learning during sleep”
has met with scientific skepticism for many years, it may
widen our understanding of the operation of the processes
of perception, attention, memory, and learning.

The author has no conflicts of interests.
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