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There is ample evidence supporting a key role of sleep in memory consolidation. Thalamo-cortical and

hippocampal-neocortical interactions allow the reconfiguration of synapses. Oscillatory and molecular changes are

involved during sleep in memory consolidation and synaptic rescalling.
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1. Introduction

Declarative memory is hippocampal-dependent both in early stages of memory consolidation and also in recall 

and after consolidation occurs, memories become hippocampal-independent . Specifically in Alzheimer's disease

(AD), declarative episodic memory is affected in the early stages, while other types of memory only deteriorate as

the disease progresses .

2. Role of Sleep in Declarative Memory Consolidation

The active systems consolidation hypothesis is currently one of the most important theories on the mechanisms of

declarative memory consolidation. It focuses on the interaction between neocortex and hippocampus during sleep.

After encoding, memories are labile and highly dependent on the hippocampus. To create more stable long-term

memories, the hippocampal representations are repeatedly reactivated during sleep. These reactivations

coactivate neocortical areas that will integrate the new representations into preexisting memories .

Ample evidence pointed out a key role of sleep in declarative memory consolidation. Animal and human studies

supported three main evidences: firstly, the amount of sleep—or the amount of a specific sleep stage—increased

following learning or environmental enrichment, with a consequent increase in hippocampal and cortical plasticity.

Secondly, sleep—or certain sleep stages—improved performance in certain memory and learning tasks. Finally,

sleep deprivation impaired cognitive processing in different ways and, in healthy humans, it decreased the ability to

induce long term potentiation (LTP) plasticity .

Sleep in mammals consists of a cyclic alternation between Rapid Eye Movement (REM) and Non-REM (NREM)

sleep. REM sleep was characterized by a theta activity (4–8 Hz) that appear especially in the hippocampus,
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coupled to a gamma activity (30–120 Hz). NREM sleep is divided into light (N1 and N2) and deep sleep (N3, also

called slow wave sleep—SWS). During the N2 stage of NREM sleep, there is a characteristic thalamo-cortical

reactivation that displays sudden bursts of oscillatory brain activity between 12–15 Hz called sleep spindles. N3

NREM sleep is characterized by slow waves between 1–4 Hz and by slow oscillations (SO) of <1 Hz, which

represent the slow wave activity (SWA) . During this stage an interplay between the hippocampus and neocortex

occurs . Finally, in N3 NREM also appears hippocampal sharp-wave/ripples, which are intermittent patterns of

highly synchronous spiking seen as high-frequency oscillations (120–200 Hz) . It represents the

reactivation of hippocampal memory representations and has been proposed as a cognitive biomarker for episodic

memory . Sleep spindles also occur during N3 sleep where their occurrence is often obscured by slow

oscillations  (see Figure 1 for summarizing).

The interaction and the timing of these oscillations during NREM sleep will be critical for a correct communication

between the hippocampus, neocortex and other structures. A precise timing will allow thalamic spindles to couple

with the correct SO phase. The specific SO-spindle coupling will then facilitate synaptic plasticity and enhance

consolidation, while a mistimed coupling will diminish memory formation. At the same time, hippocampal sharp-

waves/ripples need to be timed to spindles, which will result in a spindle-ripple coupling. Therefore, the correct

timing and characteristics of these waves will allow the reactivated hippocampal information (ripples) to be

transmitted to the neocortex (SO), by way of the thalamus (spindles). This process will facilitate synaptic

consolidations processes that will store the information as a long-term memory .

Finally, REM sleep is thought to process specifically emotional memories, given that it presents a distribution of

theta activity within limbic structures. Furthermore, REM sleep seems to be also critical for working and spatial

memory consolidation , with a characterized coupling between theta and gamma oscillations. From this point of

view, REM would mediate the integration and recombination of memory traces previously consolidated during

NREM sleep .
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Figure 1. Role of sleep in memory consolidation. (a) During wakefulness, new memories are encoded by neuronal

assemblies distributed within the neocortex and the hippocampal formation, integrating contextual information.

During sleep, in absence of external inputs, memory reorganization is performed, reinforcing some neuronal

assemblies by reactivation of the hippocampal-neocortical and thalamocortical circuits. Neural plasticity allows the

consolidation of the stronger hippocampal-independent neocortical connections, together with the extinction of

weak memory traces. (b) Neural oscillations hierarchically coupled allow memory processing during sleep. Slow

oscillations propagate across cortical areas during Non-Rapid Eye Movement (NREM) sleep following a craneo-

caudal direction, exhibiting upstates and downstates. During the downstates, neuronal rest is observed, while

during upstates, highly synchronous discharges are observed, with replay of previous neuronal assemblies,

coupled with sleep spindles originated in the thalamus. REM sleep is characterized by prominent theta waves in

the hippocampal formation among other structures, coupled to gamma activity distributed within the neocortex. In

this period, place-cells and grid cells exhibit a replay, allowing consolidation of contextual memory. Modified from

Born and Wilhelm (2012) .[21]
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