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Abstract

In our modern societies, sleep is commonly viewed as a luxury rather than a
necessity, and should be kept at a strict minimum to enhance productivity.
However, recent empirical studies reveal that sleep does play a critical role in
our learning and memory; in fact, it has been shown that good sleep quality,
feeling rested at school and having a distinct bed time have been associated
with better functioning at school. Although consensus on sleep’s contribution
to the active processing of newly acquired memories has been established
now, the question about exactly what underlying mechanisms are involved in
the sleep-memory connection still remains unclear. This paper will critically
discuss how sleep affects learning and memory with reference to current re-
search findings.
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1. Introduction

The eye-catching title “ Well-rested children do better at school’ of an article
posted on the webpage “Neuro-hit or neuro-myth?” of the Centre for Educa-
tional Neuroscience (CEN) in London definitely draws the attention of each
parent (CEN, 2017). At first glance such an idea is never foreign to us because
almost every one of us has experienced that being tired does hinder both our
physical and mental functioning. Indeed, our family doctors always remind us
that sleep plays a crucial role in memory, and that the quantity and quality of

sleep profoundly affect our learning and memory (Harvard Health, 2012, 2014 &
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2017). Learning is a complex cognitive process which requires the brain to en-
code new memories and put them in long-term storage so that they can be called
upon for future purposes (Hill et al., 2007). Empirical research findings indicate
that learning and memory involve three stages, namely acquisition, consolida-
tion and retrieval (Hill et al., 2007; Rasch & Born, 2013; Stickgold, 2013; Feld &
Diekelmann, 2015; Watson & Buzaki, 2015). Acquisition is the process of en-
coding new information into memory. These newly acquired memories are frag-
ile and unstable, so they need to be strengthened and reorganized for long-term
storage (i.e. consolidation). Consolidation is important because its disruption
leads to forgetting. Lastly, retrieval of information from storage involves either
calling something to mind without any external stimulus reminder or remem-
bering triggered by an external stimulus. All these three stages are necessary for
proper memory function; acquisition and retrieval occur only during wakeful-
ness whilst consolidation takes place during sleep (Hill et al., 2007; Feld & Diek-
elmann, 2015).

Even though consensus on sleep’s role in promoting the consolidation of
newly acquired memories has been established now, the question about exactly
what underlying mechanisms are involved in the sleep-memory connection still
remains unresolved (Hill et al., 2007; Kopasz et al., 2010; De Bruin et al., 2017;
CEN, 2017). It is thus the aim of this paper to critically discuss how sleep affects

learning and memory with reference to current research findings.

2. Sleep’s Role for Memory Consolidation

Every day humans spend about one-third of their lives on sleep but the purpose
or functioning of sleep is still not entirely understood. Sleep not only is a basic
human drive but also is a universal behaviour across the animal kingdom. Basi-
cally, sleep consists of two phases, namely the rapid eye movement (REM) phase
and non-rapid eye movement (NREM) phase, and there are four stages in the
NREM phase, of which the third and fourth are collectively known as the slow
wave sleep (SWS) stage due to the presence of a slow wave electroencephalogram
(EEG) pattern (Hill et al., 2007; Schulz, 2008; Alger et al., 2014; Feld & Diekel-
mann, 2015). The SWS stage is characterised by a predominance of vagal activity
with slowing and regularising of cardio-respiratory rates. Children in the SWS
stage are difficult to rouse and are said to be in a state of “deep sleep”. One night
of sleep usually involves four or five sleep cycles, each of which is a progression
through various stages of NREM sleep and REM sleep, each lasting for about 90
minutes (Hill et al., 2007; Billiard, 2008; Alger et al., 2014; Feld & Diekelmann,
2015).

2.1. Active System Consolidation Theory

In accordance with the active system consolidation theory, which is one of the
most widely studied models of sleep’s role for memory consolidation, an active

neuronal replay of memory representations takes place during the stage of SWS
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so as to strengthen the memory traces encoded during prior wakefulness
(Diekelmann & Born, 2010; Rasch & Born, 2013; Oudiette & Paller, 2013). Em-
pirical supporting evidence shows that sleep following learning boosts a signifi-
cant increase of synaptic spines specifically associated with preceding learning
experience (Euston & Steenland, 2014; Yang et al., 2014). Such a neuronal replay
was first observed in rats, but recently signs of reactivation were also found in
humans using the functional magnetic resonance imaging (fMRI). In these ex-
perimental studies participants learned tasks that activated specific brain re-
gions, and similar activation patterns were then re-expressed in the hippocam-
pus and cortex during the subsequent stage of SWS (Maquet et al,, 2000;
Peigneux et al., 2004; Diekelmann & Born, 2010). The fMRI results suggested
that the hallmark SWS oscillation (large amplitude waves < 1 Hz in the EEG)
generated in cortical areas was responsible for coordinating the replay in the
hippocampus, subsequently enabling the gradual transfer of the transient mem-
ory representations to their long-term storage sites within the cortex (for re-
trieval at a later point).

Although memory reactivation also occurs during wakefulness and REM
sleep, yet the specific combination of the oscillatory environment found during
the SWS stage seems to be responsible for the consolidation through reactivation
in the hippocampus and cortex (Diekelmann & Born, 2010). In addition to
strengthening memories, sleep is found to reorganize memories to facilitate
generalization and the abstraction of the gist from encoded information as well
(Gomez et al., 2006; Durrant et al., 2011; Lewis & Durrant, 2011; Inostroza &
Born, 2013; Feld & Diekelmann, 2015). By conducting a study on a number re-
duction task in which participants tried to discover a hidden rule via performing
a series of numerical transformations in order to find a short cut to solve the
task, Wagner et al. (2004) found that sleep could even help gain insight and find

new solutions to problems.

2.2. Synaptic Homeostasis Theory

Another very popular theory of the function of sleep for memory is the synaptic
homeostasis theory (Tononi & Cirelli, 2003, 2006, 2014). During wakefulness
rising demands of space and energy in the brain are caused by the widespread
synaptic potentiation occurring at encoding of information. In order to avoid
breaching the limits of the encoding capabilities of the brain, sleep is essential to
maintain basic brain functioning via a homeostatic mechanism known as synap-
tic downscaling that renormalizes synaptic weights (Cirelli & Tononi, 2008;
Tononi & Cirelli, 2014). Thus, overall synaptic spines and markers for synaptic
potentiation increase during wakefulness and decrease across periods of sleep
(Vyazovskiy et al., 2008; Maret et al., 2011). In other words, sleep seems to play a
similar role as the defragmenter and disk clean-up function of a personal com-
puter. As a result, an improvement of learning after a period containing sleep is

expected, compared to a period containing only wakefulness (McDermott et al.,
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2003).

In a nap study in which one group of participants was allowed to take a nap in
between two learning sessions and another group stayed awake, Mander and
co-workers demonstrated substantial deterioration in encoding capability across
the day in the wake participants and that those who took a nap could even
slightly improve encoding performance at the second session (Mander et al.,
2011). Yoo and co-workers also observed the same impairments associated with
reduced hippocampal activation occurring to participants who were
sleep-deprived for one night (Yoo et al., 2007). In addition, recent use of fMRI in
sleep-deprived healthy young adults participating in a verbal learning task re-
vealed decreased hippocampal activity and that these sleep-deprived adults per-
formed significantly worse in the task, compared to controls who experienced
normal sleep (Drummond et al., 2000). Beyond question sleep deprivation does
have a significant negative impact on the consolidation and accurate retrieval of
memories. Accordingly, the efficiency of the system of adaptation, learning and

memory is indeed controlled by sleep’s balancing effects.

2.3. Two-State Model

In spite of their popularity, these two theories seem to be conflicting with each
other at the level of the synapse. In particular, the consolidation theory requires
strengthening selected synaptic connections during sleep so as to consolidate
memories whereas the homeostasis theory anticipates that synapses are generally
weakened. In order to reconcile the seemingly opposing views of synaptic ho-
meostasis and consolidation, Watson and Buzsaki (2015) put forward a theory of
sleep that involves the division of labour between two states of sleep, namely the
REM state and non-REM state. It is suggested that the REM sleep may contrib-
ute to the homeostatic weakening of overworked synapses, and that in the
non-REM state a prominent and transient oscillatory rhythm called the
sharp-wave ripple (SPW-R) provides a perfect mechanism for the precise con-
solidation of behaviourally relevant memories across many structures of the
brain. The SPW-R, which is a brief (50 - 150 ms) electrical rhythm generated by
an intrinsic self-organizing process in the hippocampus, is the key player in the
memory consolidation process of waking experience (Buzsaki, 1989). Since the
weakening of synapses generally covers the entire duration of sleep whilst com-
pressed sequence replay of waking experience vanishes after thirty to sixty min-
utes (Wilson & McNaughton, 1994), it seems to be possible that the REM and
SWS play different but complementary roles in the sleep-memory process. In
other words, sleep consists of a pair of special components, i.e. SWS and REM,
which work together to prepare and clean the learning and memory system
while retaining important information for later use (Watson & Buzsaki, 2015).
On the contrary, both the homeostasis and consolidation theories are mute on
the role of REM sleep and unable to account for the complex choreography of
the cyclic SWS-REM sleep process. Consequently, Watson and Buzsaki’s theory
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actually unifies the two main theories of sleep that promotes both optimal

knowledge retention and waking brain function.

3. How Much Sleep Is Needed?

If sleep deprivation is negatively associated with learning and memory, then Aow
much sleep is necessary for memory consolidation? In other words, Aow can we
optimize sleep’s beneficial influence on memory? As expected, the timing of
sleep does influence sleep’s effect on memory; a shorter interval between sleep
and learning enhances the effect of sleep on memory (Gais et al., 2006; Talamini
et al., 2008; Payne et al., 2012). For instance, sleep that follows within 3 hours af-
ter encoding is more beneficial to the consolidation of English-German vocabu-
lary than sleep following after 10 hours (Gais et al., 2006). Several studies have
also shown that declarative memory can benefit from rather short periods (about
3 hours) of sleep (Yaroush et al., 1971; Barrett & Ekstrand, 1972; Fowler et al.,
1973; Plihal & Born, 1997; Tucker & Fishbein, 2009) or even naps (Lahl et al.,
2008). As found in a study by Lahl et al. (2008), a brief period of sleep (approxi-
mately 6 minutes) facilitated superior recall of a learned list of words compared
to remaining awake, but this effect was not as effective as obtaining a nap of 35
minutes. However, the brief nap’s benefit was found to be temporary and not
indicative of true memory consolidation (Alger et al., 2012). Hence, even though
short intervals of sleep can help the initial consolidation of new memories, naps
cannot replace a good night’s sleep for longer periods of sleep provide better
outcomes (Diekelmann et al., 2012).

Likewise, sleep might benefit children more than adults. In a study that tried
to train adults and children who are 8 - 11 years old to press a specific sequence
of buttons on a button-box, Wilhelm and co-workers (2013) observed that while
both groups of participants gained more explicit awareness of the sequence after
sleep compared to a wake interval, children clearly outperformed the adults after
sleep. Similar observations of this beneficial effect of sleep on knowledge were
also found in highly demanding education such as medical school (Ahrberg et
al., 2012; Genzel et al., 2013). A questionnaire study indicated that sleep behav-
iour turned out to be the strongest predictor for the final grade in the medical
examination (Genzel et al., 2013). Accordingly, “ Well-rested children do better
at school” might not be a myth at all, and improving sleep in children and stu-
dents might be a promising target to improve school performance (Ribeiro &
Stickgold, 2014).

4. Discussion

Consensus on sleep’s contribution to the active processing of newly acquired
memories is now well established. Mounting empirical evidence indicates that
during sleep the brain consolidates the newly acquired memories and integrates
them into established knowledge networks for long-term storage. Sleep also

helps renew the capacity of the brain for new learning. In addition to simply
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preserving memories, sleep promotes the flexible recombination of information,
resulting in gist extraction and insight. Moreover, both nocturnal and daytime
sleep episodes of varying lengths have been found to benefit memory processing,
whereas sleep deprivation causes profound impairments in abstract and complex
tasks involving higher brain functions. Therefore, sleep is in fact not idle time;
instead, it is an active state.

As a result, sleep should be viewed as a necessity and not a luxury because it
skilfully helps monitor our brain to work at its best. Improved sleeping condi-
tions will thus enhance overall productivity to a larger extent than increasing the
mere presence at work. For students it is probably of utmost importance to have
a sufficient amount of sleep rather than to skip sleep in order to have more
hours to study for tests and examinations. Nevertheless, further studies are badly
needed for systematic investigations on the impact of sleep on distinct memory
systems (both declarative and non-declarative) as well as for possible develop-
ment of novel strategies concerning the interplay between sleep and memory in
children and adolescents. Furthermore, in modern societies, sleep is increasingly
vulnerable to disruption from features of our environment such as light and
noise pollution, so it is essential to assess the amount of sleep deprivation that
can be tolerated in order to have a better understanding of potential compensa-

tory mechanisms.
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