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Fig. 1. Slecp-dependent motor memory enhancement [9]. ##4P <0002, Wake first group: participants were traimed at [0am., rctested at 10pm. aficr
12 hours awake, and again at [0am. the next moming afier a might of slecp. Sleep first group: participants were trained at 10 pm,, tested at 10am. the
next morning after a night of sleep, then retested apam at 10pom. afier 12 hours swake. Reprinted from Newron, Vol. 35, Walker MP ot al., Practice with
sleep makes perfect slecp-dependent motor skill leamming, p205-11, Copyright € 2002, with permission from Elsevier.

how sleep affects memory andor vice versa, and whether
this relationship is uni- or bi-directional. The aim of this
article is to briefly examine the current knowledge of sleep-
dependent memory processing. It is beyond the scope of
this article to explore all interactions exhaustively, therefore,
the focus will be on REM and NREM sleep and how they
impact acquisition’encoding and consolidation of episodic
and procedural memory.

3. Learning and sleep

Interesting results from a study examining learning efficiency
and sleep have shown that learning can affect the structure
of sleep. In a study by De Koninck and colleagues,
polysomnographic analysis before and afier an intensive
language course indicated that changes in sleep structure take
place during leaming and that these changes are correlated
with knowledge acquisition [8]. In this study, the authors
found a significant positive correlation between language
learning efficiency and increases in proportion of REM sleep
from before the 6-week language course and during the
course [8]. These results indicate that the act of learning
can affect sleep and produce changes in the structure of
subsequent sleep. With this in mind, does the relationship
work both ways, that is, does sleep affect learning?

4. Sleep after learning

While the old adage “practice makes perfect™ has an
irrevocable truth to it, the results of many studies have
indicated that time can have an important influence on motor
skill learning. In addition, many studies have demonsirated
that sleep after learning improves memory performance [3].
In a computerized sequential finger-tapping task, sleep
after learning resulied in consolidated and enhanced mo-
tor skill memories (Figure 1). In the study, motor skill
performance (number and accuracy of key-press sequences
completed) was tested following offline time delays: all
participants were trained and retested, but variations in sleep

conditions between the groups were imposed to determine
the consolidation benefit of (1) wake-time, (2) wake-time fol-
lowed by sleep, and (3) sleep then wake-time. No significant
improvements in motor performance were seen after 12 hours
of wake-time. However, large and significant enhancements
in motor performance (19-21%) were observed after a night
of sleep; improvements in performance were observed in
individuals who slept immediately after training and in
those who initiated sleep up to 12 hours after training.
Analysis of the sleeping individuals revealed a significant
relationship between total percentage of stage 2 NREM sleep
and the percentage of overnight motor skill improvement
[r(10)=0.66, P=0.01], but no correlation for other sleep
stages [9,10]. Further analysis of the motor improvements
and sleep stages revealed that, when the night of sleep was
divided into quarters, overnight motor skill improvement was
correlated to the proportion of stage 2 NREM sleep in the
4th quarter of the sleep period (Figure 1)[9].

Based on evidence that motor skill memories are consol-
idated across a night of sleep and correlate with stage 2
NREM, the influence of daytime naps on memory con-
solidation has recently been explored[11]. Two groups of
participants were trained on a motor skill task using their
left hand — a paradigm known to result in overnight plastic
changes in the contralateral, right motor cortex [12]. Both
groups trained in the morning and were tested 8 hours
later, with one group obtaining a 60—%0min intervening
midday nap, while the other group remained awake. At
testing, individuals who did not nap showed no significant
performance improvement, yet those who did nap expressed
a highly significant consolidation enhancement. Within the
nap group, the amount of offline improvement showed a
significant correlation with the global measure of stage 2
NREM sleep. However, topographical sleep-spindle analysis
revealed more precise correlations (Figure 2). Specifically,
when spindle activity (sigma power in the 12—16 Hz range)
at the central electrode of the non-learning hemisphere (lefi)
was subtracted from that in the learning hemisphere (right)
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Fig. 2. Association between regionally specific sleep-spindles and motor-memory consolidation: (A) Slecp-EEG array (blue dises) superimposed on the
known overnight plastic reorganization of motor-memory [12], including the right motor cortex; (B) difference in sleep-spindle sctivity (power) in ceniral
clectrodes of the Learning (relative to Mon-learning) hemisphere, which (C) accurately predicts the amount of post-sleep memory improvement across

subjects.

(Figure 2B), representing the within subject, between hemi-
sphere homeostatic difference in spindle activity following
learning, strong positive relationships with offline memory
improvement emerged (Figure 2C) — correlations that were
not evident for either hemisphere alone. These results
demonstrate that motor memories are dynamically facilitated
across daytime naps, and are uniquely associated with
electrophysiclogical events expressed at local, anatomically
discrete locations of the brain.

Other studies have also demonstrated sleep-dependent
benefits for declarative memory. Several reports by Born
and his colleagues have shown actual improvement on a
paired word associates test after early night sleep, rich
in SWS[13], and modification of sleep characteristics
following intensive learning of word pairs [14]. In addition
to classically defined slow delta waves (1—4 Hz), the very
slow cortical oscillation (<1 Hz) also appears to be important
for memory consolidation. Marshall and colleagues showed
that experimentally boosting human slow oscillations in the
prefrontal cortex results in improved memory performance
the following day [15]. Following learning of a word-pair
list, a technique called Direct Current Stimulation (DCS)
was used to induce these slow (in this case, 0.75Hz)
oscillation-like field potentials during early delta-rich sleep.
The DCS not only increased the amount of SWS sleep
during the simulation period {and for some time after), but
also enhanced the retention of these hippocampal-dependent
factual memories, suggesting a causal benefit of SWS sleep
neurophysiology.

These findings are striking in the face of earlier studies
that showed no effect, but this discrepancy may well reflect
the nature of the word pairs used. While older studies used
unrelated word pair, such as dog-leaf, Born has used related
word pairs, such as dog-bone. The nature of the learning
task thus shifis from forming and retaining completely novel
associations (dog-leafl) to the strengthening or tagging of
well-formed associations (dog-bone) for recall at testing.

Thus, sleep’s role in declarative memory consolidation, rather
than being absolute, might depend on more subtle aspects of
the consolidation task.

The breadth of these reported correlations between dif-
ferent stages of sleep and leaming exercises and memory
contributes further to the notion that the connection between
sleep and learning is complex and multi-faceted. This
aside, what is clear is that sleep after learning performs
a preferential, if not necessary, role in offline memory
consolidation.

4.1. The neural basis jor the role of sleep after learning

The underlying neural basis for the role of sleep in
specific forms of learning improvement has been increasingly
investigated. For example, it appears that a systems-level
alteration in neural representation of a learned motor memory
takes place during sleep, an alteration that does not appear
to take place to the same extent during a period of
wakefulness [12,16]). Using functional magnetic resonance
imaging (fMRI), it has been demonstrated that, following
sleep, there is differential activation of brain regions and
a reorganization of motor memories: regions of increased
activation were expressed in the rght primary motor cortex,
medial prefrontal lobe, hippocampus and lefi cerebellum
{Figure 3)[12]. These changes were postulated to facilitate
faster motor output and more precise mapping of key-
press movements. Conversely, reductions in activity signals
were Tecorded in parietal cortices, the left insular cortex,
temporal pole and fronto-polar region potentially associated
with a decreased need for conscious spatial monitoring
due to automated performance, posi-sleep. This suggesis
that overnight, plastic reorganization of memory within the
brain may result in a more refined storage representation of
information, such that the access and availability of memory
recall is more efficient the next day. Therefore, it appears
that sleep after learning of certain tasks is required for
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Fig. 3. Overnight, slecp-dependent reorganization of human motor memories [12]. Following sleep, there is differential activation of brain regions and a
reorganisation of motor memories. Enhanced activity in the corchellum & primary miotor cortex (M) are thought to result in faster and more accurate
motor output while hippocampal changes correet temporal sequential ordering of finger movements. In contrast, reduced parictal lobe activity sugpests a
decrease i the need for conscious control due to greater memory automation. Reprinted from Newroscience, Vol 133, Walker MP ct al., Slecp-dependent
motor memory plasticity in the human brain, p211-7, Copyright © 2003, with permission from Elsevicr.
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Fig. 4. Slecp deprivation induced emotional and neutral memory encoding impairments |3, 18]. #P = 005, *+P < (101, Reprinted, with permission, from
the Annual Review of Psychology, Volume 57. & 2006 by Annual Reviews www annualreviews.org

the subsequent neural reorganization needed to consolidate
MEmory.

5. Sleep before learning

While the merits of sleep after learning have been clearly
demonstrated, it has become apparent that sleep before learn-
ing is also critical for brain functioning. Animal studies have
shown that sleep deprivation leads to changes at a cellular
and molecular level that inhibit hippocampal functioning and
impair subsequent performance on a hippocampus-dependent
spatial learning task [17]. The importance of sleep before
learning has also been demonstrated in humans [18]. Yoo
and colleagues examined the functional relationship between
the hippocampal deficits produced by sleep deprivation and
memory encoding. Study participants were either deprived
for one night (sleep-deprived) or allowed to sleep normally
(sleep-control) on the evening before the memory-encoding
task. A pilot study [Walker, unpublished] involved viewing

positive, negative and neutral words presented to subjects,
followed by a recognition test two days later after recovery
sleep.

When combined across all stimulus types, individuals in
the sleep deprived condition exhibited a striking 40% re-
duction in the ability to form new human memories (Fig-
ure 4A). However, when these data were separated into the
three affective categories (negative, positive or neuiral), the
magnitude of encoding impairment differed across categories
(Figure 4B). In those who had slept, both positive and
negative stimuli were associated with superior retention
levels relative to the neutral condition, consonant with the
notion that emotion facilitates memory encoding. However,
there was severe disruption of encoding and hence later
retention deficit for neutral and especially positive emotional
memory in the sleep-deprived group. In contrast, a relative
resistance of negative emotional memory was observed in
the deprivation group. These data suggest that, while the



