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Abstract
Purpose of Review Pioneering work in rodents has shown that the reactivation of recently acquired memories during sleep 
is a key mechanism underlying the beneficial effect of sleep on memory consolidation. In this review, we consider recent 
evidence of memory reactivation processes in human sleep.
Recent Findings The precise temporal coupling of sleep spindles to slow oscillations during non-rapid eye movement sleep 
plays a central role in sleep-associated memory consolidation. Both correlational studies and studies directly manipulating 
oscillatory activity in the sleeping brain have confirmed that spindles coupled to slow oscillations are better predictors of 
memory than uncoupled spindles and that the greatest memory benefit comes when spindles are tightly coupled to the up-
state of the slow oscillation. Recent evidence suggests that memory content is reactivated during sleep, with a functional 
benefit for memory performance after sleep. Reactivation events are time-locked around slow oscillation-spindle coupling 
events, as well as sharp-wave ripples in hippocampus.
Summary Memory reactivation, which is facilitated by slow oscillation-spindle coupling events, can be observed during 
human sleep and shows promise as a prime mechanism underlying sleep’s beneficial effects on memory.

Keywords Sleep spindles · Slow oscillations · Memory consolidation · Memory reactivation · Memory replay · Neuronal 
coupling

Introduction

Seminal work in rodents has demonstrated a process of 
memory reactivation during sleep, especially non-rapid eye 
movement (NREM) sleep [1–3]. In these studies, reactiva-
tion is indicated by patterns of neuronal firing observed at 
learning being replayed during sleep in temporally com-
pressed sequences [3–5]. Although primarily documented 
in hippocampus, memory replay also occurs in learning-
related cortical sites [6], and co-ordinated replay of the same 

experience in both hippocampus and neocortex has been 
observed [7, 8]. Memory replay in sleep appears to play a 
fundamental role in consolidation, that is, the strengthening, 
stabilisation, and integration of newly acquired memories [2, 
9, 10]. Evidence for this comes from studies showing that 
the occurrence of replay events during sleep is correlated 
with subsequent memory improvement [6] and others show-
ing that the disruption of replay events through electrical 
stimulation and optogenetic techniques eliminates any sleep-
related performance gain [11–13].

According to the influential Active Systems Consolida-
tion (ASC) framework, coordinated memory reactivation 
between hippocampus and learning-related cortical areas 
underpins the overnight strengthening and integration of 
newly formed memory representations [14]. This hippocam-
pal-cortical dialogue during sleep is believed to be driven by 
a finely tuned and hierarchical interplay of ~ 80–150 Hz hip-
pocampal sharp-wave ripples, thalamocortical sleep spindles 
(~ 10–16 Hz), and global slow oscillations (SOs ~ 1 Hz) [15, 
16] (Fig. 1A).  In hippocampus, ripples encompassing reac-
tivation events [4, 19] are nested into the excitable troughs 
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of sleep spindles, which propagate to neocortex where they 
induce long-term potentiation (LTP) and synaptic plastic-
ity in local circuits [20–25]. A subset of spindles are in 
turn nested into the up-states of SOs, periods of neuronal 
depolarisation and heightened communication throughout 
the brain, therefore providing a critical time window for 
spindle propagation across neocortex [26, 27•]. The precise 

temporal coupling of SOs, sleep spindles, and sharp wave 
ripples thus represents a physiological mechanism underpin-
ning coordinated communication and reactivation between 
neural ensembles of hippocampus and neocortex [28–30].

In humans, a wealth of behavioural evidence has accu-
mulated to suggest that sleep facilitates the consolidation 
of both declarative (e.g. episodic) and non-declarative 

Fig. 1  Mechanisms of memory consolidation during human non-
rapid eye movement (NREM) sleep. A Cardinal neural oscillations 
of NREM sleep. Sharp wave ripples in hippocampus support mem-
ory replay. Ripples nest into the troughs of thalamocortical sleep 
spindles, which induce synaptic plasticity in learning-related cor-
tical sites. Spindles are coupled to the excitable up-states of global 
slow oscillations (SOs). B Common metrics to quantify SO-spindle 
coupling in humans. Top occurrence: the amount of coupling, often 
expressed as the coupled spindle density (# coupled events/min) or 
% of spindles that are coupled. Bottom phase: the average phase of 
the SO that spindles are coupled to, typically expressed in degrees or 
radians (direction of the arrow in left-hand circular phase plot. Right: 
mapping of SO phase to circular plot). Spindles preferentially couple 
to the rising up-state or peak of the SO. Consistency: amount of vari-
ability in spindle coupling phase, often quantified as the mean vector 
length (length of the arrow in the circular phase plot). C Manipula-

tions to enhance SO-spindle coupling. Left panel: pharmacology. 
Following administration of an oscillation-enhancing agent, the drug 
effect on SO-spindle characteristics and memory consolidation are 
contrasted to a placebo. Right panel: auditory stimulation. Following 
the online detection of an SO, two brief auditory clicks are presented 
in phase with SO up-states. Stimulation enhances the SO rhythm and 
phase-locked spindle activity. Figure reproduced from [17]. D Neural 
oscillations support memory reinstatement. Top: Following a TMR 
cue, there is a larger sleep spindle response for sounds associated 
with memories compared to non-memory control sounds. Bottom: 
Greater EEG pattern similarity for TMR cues corresponding to mem-
ories from the same vs different categories emerges ~ 2  s after the 
cue, in a time window is closely aligned to the evoked sleep spindle 
response. Figure reproduced from reference [18]. All figure reproduc-
tions made under a Creative Commons Attribution 4.0 International 
License
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memories (e.g. motor skills) [31–35]. The purpose of this 
review is to address the current state of the literature in terms 
of the electrophysiological evidence of memory reactivation 
in human sleep. Our review is divided into three major parts. 
In the first part, we address the evidence for a role of NREM 
sleep neural oscillations, and their temporal coupling, in 
sleep-associated memory consolidation. In part two, we 
discuss research that has attempted to delineate memory 
reactivation in the sleeping brain. Finally, in part three, we 
focus on evidence that brings parts one and two together to 
link memory reactivation to the finely tuned temporal cou-
pling of NREM sleep neural oscillations.

Neural Oscillations

Currently, the only way to directly measure ripples in human 
hippocampus is via invasive intracranial depth electrode 
(iEEG) recordings, typically only used with medication-
resistant epilepsy patients. These studies have confirmed the 
nesting of ripples, spindles, and SOs in human [36] NREM 
sleep and have suggested that this coupling mediates infor-
mation transfer between hippocampus and neocortex [37, 
38]. Studies using non-invasive scalp EEG in healthy adults 
(which represents the vast majority of human work investi-
gating NREM sleep neural oscillations) have reported analo-
gous coupling between cortical SOs and spindles [39–44]. 
When interpreting the results of iEEG studies, it is important 
to consider that results come from a rare patient population 
who exhibit altered brain physiology and have been subject 
to chronic anti-convulsant medication use [45]. As such, 
caution should be taken when applying these results to the 
wider population.

Correlational Studies

Many studies have found that memory retention over sleep 
is correlated with the occurrence of sleep spindles (e.g. 
[46–50]). Meta-analysis has concluded that this association 
is robust across memory domains (declarative and non-
declarative), spindle measures (e.g. spindle density, ampli-
tude and power), and electrode locations (frontal, central, 
parietal) [51]. Sleep spindles have also been linked to the 
overnight, systems-level restructuring of recently formed 
memories, as indicated via measures of memory trace 
integration and hippocampal-cortical connectivity [52•]. 
Although encouraging, the meta-analysis found evidence of 
publication bias in the literature and noted issues of multiple 
comparisons and low statistical power [51] (see also [53, 54] 
for discussion of this topic). Furthermore, the largest study 
to date (N = 929) examining correlations between spindle 
activity and memory retention failed to find a significant 
relationship [55].

Because the temporal coupling between spindles and 
SOs is thought to play a major role in the memory func-
tion of sleep, more recent work has specifically examined 
the relationship between SO-coupled spindles and memory. 
Retention of word-pairs is uniquely associated with the 
density of SO-coupled spindles, and not uncoupled spin-
dles [56•]. Similar findings have been reported in studies 
using non-declarative memory tasks [57, 58•], suggesting 
that SO-coupled spindles support consolidation across mul-
tiple memory domains. An interesting exception to this is 
one study examining emotional memory consolidation fol-
lowing a stress induction, where a negative association with 
the amount of SO-spindle coupling was found [59]. This 
highlights the need for more work to determine potential 
boundary conditions of SO-spindle mediated consolidation.

The precision of SO-spindle coupling is also relevant for 
memory consolidation. Several correlational studies have 
reported that memory retention in adults is optimal when 
spindles are consistently coupled close to the peak of the 
SO (Fig. 1B), with performance declining as the spindle 
coupling phase becomes less consistent and shifts further 
away from the SO peak [60–68].

Correlational studies have helped to establish an asso-
ciation between NREM sleep spindles (particularly those 
that are tightly coupled to the peak of the SO up-state) and 
overnight memory consolidation. Correlational studies can-
not, however, determine a causal relationship. Evidence that 
SO-spindle coupling plays a causal role in memory consoli-
dation has come from studies where these oscillations have 
been enhanced via experimental manipulation.

Enhancement of SO‑Spindle Coupling

Certain pharmacological agents can be used to boost oscil-
latory activity during sleep (Fig. 1C). Relative to placebo, 
zolpidem (a GABA-a agonist) enhances the precision of SO-
spindle coupling, with the magnitude of this enhancement 
predicting overnight memory retention [66, 67, 69]. Intrigu-
ingly, a different pattern emerges when a different GABA-
a agonist, eszopiclone, is administered. While both drugs 
increase spindle activity, eszopiclone does not enhance 
memory consolidation [58•, 70]. Closer inspection reveals 
that, despite the increase in spindle activity, eszopiclone 
reduces the precision of SO-spindle coupling [58•]. These 
findings reveal that it is the coupling of SOs and spindles 
that is crucial for memory consolidation, rather than spin-
dles in isolation, substantiating the correlational evidence 
above. It is important to note, however, that pharmacologi-
cally induced sleep spindles may differ from those gener-
ated endogenously. Furthermore, pharmaceuticals lead to 
widespread alterations in oscillatory activity during sleep 
[71, 72], raising issues of specificity regarding the influence 
of enhanced SO-spindle coupling on memory consolidation. 
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Finally, from an intervention standpoint, long-term use 
of drugs such as zolpidem have been linked to cognitive 
impairment in some samples [73, 74] (though see [75]).

Non-invasive, non-pharmacological approaches provide 
an alternative method for enhancing SOs and spindles with-
out influencing neural activity at other frequencies. Tran-
scranial electrical stimulation, for example, has been used 
to boost SO and spindle activity [76, 77], shift spindle cou-
pling closer to the SO peak [78], and, consequently, enhance 
memory performance [79]. Auditory stimulation protocols, 
where brief auditory clicks are delivered in phase with SO 
up-states (Fig. 1C), have also gained traction in recent years 
[17]. In a seminal study, auditory stimulation amplified the 
SO rhythm, enhanced SO-spindle coupling, and improved 
overnight memory retention, as compared to sham stimula-
tion [80], effects that have been replicated in subsequent 
studies [17, 81, 82]. Current work assessing the boundary 
conditions of auditory stimulation (e.g. the types of memory 
that receive a stimulation benefit) [79, 83, 84] and optimal 
stimulation parameters (e.g. duration of stimulation) [85, 86] 
will serve to improve this method further.

Changes in SO‑Spindle Coupling and Memory 
Consolidation Across Development

There are profound changes in sleep architecture and physi-
ology across the lifespan [87, 88], and a growing number 
of studies have shown that developmental changes in the 
efficacy of sleep-associated memory consolidation co-vary 
with the maturation of SO-spindle coupling. In early child-
hood (~ 5–6 years old), the timing of SO-spindle coupling 
is less consistent than in adulthood [89]. Coupling consist-
ency increases as children enter adolescence, with 14–18-
year olds showing more consistent coupling than 5–11-year 
olds [90, 91]. Using a powerful longitudinal design, Hahn 
and colleagues showed that increases in the consistency of 
SO-spindle coupling across adolescence are associated with 
a stronger benefit of sleep for memory consolidation [92•]. 
As such, developmental changes in memory appear to track 
the maturation of SO-spindle timing.

While the temporal precision of SO-spindle coupling 
increases from childhood to young adulthood, the oppo-
site occurs in older age [63, 65]. Similar to observations 
in early childhood, the consistency of SO-spindle coupling 
is reduced in older adults (~ 60–80 years old) compared to 
younger adults (~ 20–30 years old). Additionally, spindles 
start to couple earlier in the SO phase in older adults [63, 
65]. Reduced SO-spindle coupling in older age is accompa-
nied by a deterioration of overnight memory retention, with 
greater misalignment between the spindle and SO peak pre-
dicting worse performance [63, 65]. Relatedly, longitudinal 
work has shown that earlier coupling of spindles to the SO 
up-state is predictive of greater memory decline two years 

later [93]. These studies again suggest that precise coupling 
of sleep spindles to the SO peak is central to effective over-
night memory processing.

Local Spindle Activity

A putative function of sleep spindles is to induce synap-
tic plasticity in learning-related cortical circuits [20, 21]. 
Therefore, SO-coupled spindle activity should be maximal 
at cortical sites that are engaged at learning. Studies address-
ing this question have employed tasks that recruit highly 
localised cortical areas during encoding and then examined 
whether spindle activity is enhanced across those areas dur-
ing post-encoding sleep.

In declarative tasks, learning-related cortical areas show 
enhancements in spindle amplitude relative to control 
regions that are not recruited at encoding, as well as a shift 
in the timing of SO-coupled spindles, such that they emerge 
in closer proximity to the SO peak [94••, 95]. Similarly, 
in procedural motor learning tasks, SO-coupled spindles 
emerge more frequently in the hemisphere contralateral to 
the trained hand [57], with only SO-coupled spindles in this 
region (and not spindles occurring in isolation) correlating 
with overnight performance gains [57, 96]. Interestingly, 
recent work using a spatial memory task reported topograph-
ical overlap between cortical regions recruited at learning 
and expressions of spindle activity during subsequent sleep, 
with the extent of this encoding-spindle overlap predicting 
later memory performance. However, these effects were not 
observed when analyses were restricted to SO-coupled spin-
dles, suggesting that uncoupled spindles in local cortical 
circuits support overnight memory processing under certain 
conditions [97]. Future work is necessary to integrate these 
findings with the SO-spindle coupling mechanisms empha-
sised by ASC theory.

Memory Reactivation

Endogenous Reactivation

A large body of evidence for memory reactivation in human 
sleep has come from neuroimaging studies demonstrat-
ing that neural activity patterns associated with learning 
re-emerge in the sleeping brain. A landmark study using 
positron emission tomography found that hippocampal 
responses observed during spatial navigation were observed 
again during post-learning sleep (but not pre-learning sleep) 
[98]. A multitude of subsequent neuroimaging studies have 
repeatedly demonstrated that patterns of brain activity asso-
ciated with learning are reinstated during sleep, with the 
level of reinstatement correlating with post-sleep retention 
[99–106].
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Similarly, electrophysiological methods have revealed 
that topographical patterns of cortical activity observed at 
learning are re-expressed during sleep [107, 108]. Work 
using multivariate classification approaches has reliably 
decoded from sleep EEG data the types of images viewed 
in a preceding learning session, consistent with memory 
reprocessing in sleep [109]. Interestingly, while reprocessing 
was detected throughout the night, only reprocessing during 
slow wave sleep (where SO-coupled spindles predominate) 
influenced later memory performance.

Targeted Memory Reactivation

Some of the strongest evidence that memory reactivation 
is a central mechanism of sleep-associated consolidation 
in humans has come from studies using an experimental 
technique known as targeted memory reactivation (TMR; 
Fig. 1D). In a typical TMR paradigm, sounds or odours 
are paired with to-be-learned information, and participants 
are re-exposed to a subset of these stimuli during sleep. 
This cueing procedure is intended to bias memory reac-
tivation in the sleeping brain towards memories that are 
associated with the sound/odour cues [110]. Numerous 
studies have documented a behavioural benefit of TMR, 
showing improved memory retention for materials associ-
ated with the cues presented during sleep, as compared to 
the non-cued materials. This behavioural benefit has been 
confirmed by a recent meta-analysis [111].

The behavioural effects of TMR are usually accompa-
nied by electrophysiological evidence of memory repro-
cessing in the sleeping brain. For instance, TMR cues 
often evoke a transient increase in spindle activity [95, 
112–122], which is greater than that observed for previ-
ously unheard control sounds [18, 117, 120, 122], and 
predictive of later memory performance [112, 114, 116, 
119, 122].

TMR-evoked changes in oscillatory activity often include 
increases in the theta band (~ 4–8 Hz), which precede those 
arising in the spindle band [112–117, 123, 124]. A notable 
study linked theta activity during pre-sleep retrieval with 
theta activity subsequently evoked by TMR, suggesting that 
oscillatory signatures of memory retrieval are reinstated 
upon the presentation of TMR cues in sleep [125]. While 
the ASC framework does not typically ascribe a role for 
theta oscillations in memory consolidation, adaptations to 
this framework have proposed complementary roles of theta 
and spindle oscillations, with the initial surge in theta activ-
ity reflecting memory reinstatement, and the subsequent 
increase in spindle activity supporting mnemonic stabilisa-
tion and transfer to neocortex [126]. Direct testing of this 
hypothesis is warranted in future work.

Recent work has combined the TMR protocol with mul-
tivariate decoding methods to provide further evidence of 

memory reinstatement during sleep. Cairney and colleagues 
showed that the categorical features (objects or scenes) of 
declarative memories cued via TMR can be reliably decoded 
during the evoked spindle response, with the magnitude of 
this effect predicting later memory performance [18]. Simi-
lar results have been found for motor skill learning, where 
researchers were able to differentiate TMR-evoked responses 
associated with left- and right-handed movements, but only 
for trials that were subsequently remembered after sleep 
[119]. Other work has successfully discriminated TMR-
evoked patterns of brain activity associated with individual 
finger movements on a serial reaction time task [127], and of 
contextual details associated with encoded materials [128].

Neural Oscillations Support Memory Reactivation 
Events

SO-spindle coupling and memory reactivation are both inte-
gral to sleep-associated memory processing. Rodent work 
and experimental models, however, emphasise the impor-
tance of reactivation events that are tied to hippocampal 
sharp-wave ripples, which occur in synchrony with spindles 
and SOs [11, 28]. Hence, this next section will consider evi-
dence from humans that memory reactivation is tied to this 
temporally coordinated oscillatory activity.

Spindles are most beneficial to memory when they are 
coupled to the rising phase of the SO. In line with this 
observation, the benefit of TMR has been shown to be 
greatest when cues are presented during the up-state of the 
SO [129, 130], though see [131]. Recent work has found 
that the decoding of categorical information from TMR-
evoked neural activity is only possible when memory cues 
are presented during the SO up-state, with no evidence of 
reinstatement emerging when cues are presented in the SO 
down-state [132•]. This implies that reactivation is tied to 
the up-state of SOs.

A potential limitation of TMR is that reactivation events 
are externally cued and thus might not be reflective of mem-
ory reactivation that occurs endogenously. Recent work has 
tied endogenous memory reactivation to SO-spindle com-
plexes [133••]. Here, the categorical features of previously 
encoded memories (objects or scenes) could be reliably dis-
criminated near the peak of the ongoing SO, with the magni-
tude of categorical discrimination predicting the precision of 
SO-spindle coupling and subsequent retention performance 
[133••]. Taken together with the foregoing evidence from 
the TMR literature, this pioneering work supports the view 
that memory reactivation during SO-spindle complexes is a 
central mechanism of sleep-associated memory processing.

Using iEEG, Zhang et al. were able to detect sponta-
neous reactivation of recently learned information in hip-
pocampus [134]. Although reactivation occurred continu-
ously throughout both quiet rest and sleep, only reactivation 
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that was tied to hippocampal ripples during sleep was ben-
eficial to memory retention [134]. As such, the findings of 
this study are in line with rodent work linking hippocampal 
ripples in sleep to memory replay and, in turn, overnight 
consolidation.

A breakthrough study has reported evidence of memory 
reactivation in human sleep at the single neuron level. Record-
ings were obtained from the motor cortex of a patient per-
forming a motor imagery task [135••]. During subsequent 
sleep, the neural sequences associated with learning were re-
expressed at a rate significantly higher than chance [135••]. 
Consistent with rodent work, there was evidence that these 
reactivation events were temporally compressed and occurred 
most frequently during slow-wave sleep [135••]. Future work 
with multiple patients is now needed to link these events to 
behavioural expressions of memory consolidation and to 
assess how these reactivations are coupled to SO and spindle 
events.

Open Questions

Although much progress has been made in elucidating the 
mechanisms of memory reactivation during human NREM 
sleep, several open questions remain:

1) Coupled and uncoupled spindles: Whereas SO-spindle 
coupling has been heavily implicated in memory con-
solidation, not all findings support this view, and various 
metrics of uncoupled spindles (e.g. synchronisation in 
local circuits [136, 137]) have been linked to overnight 
memory processing. Understanding the (complemen-
tary) mnemonic functions of coupled and uncoupled 
spindles is thus a crucial endeavour for future work in 
humans and will be integral to the advancement of ASC 
theory.

2) Rapid eye movement (REM) sleep: Rodent studies 
have demonstrated that replay occurs in hippocam-
pus during REM sleep and have highlighted REM 
sleep theta oscillations as a candidate mechanism for 
overnight memory processing [138, 139]. In humans, 
a limited number of studies have linked REM sleep 
theta oscillations to memory, especially for emotion-
ally salient experiences [140–142], but REM theta 
stimulation does not lead to emotional memory 
enhancement [143]. A clearer characterisation of the 
neural oscillations that support REM-based consoli-
dation will help further elucidate the memory func-
tion of sleep.

3) Sleep-dependent consolidation? To what extent mem-
ory consolidation is dependent on the electrophysio-
logical features of sleep remains unclear. Both SOs and 
hippocampal ripples occur during quiet resting wake 

[134, 144], during which spontaneous memory reac-
tivations have been observed [145]. Moreover, recent 
work has shown that the memory benefits of quiet (vs 
active) wake are in some cases comparable to those 
of sleep [146, 147]. Spindles are, to our knowledge, 
uniquely sleep-dependent and might therefore be central 
to understanding the distinct roles of sleep and wake in 
mnemonic processing,

Conclusion

Research in non-human animals has demonstrated that 
memory reactivation, clocked by NREM sleep neural 
oscillations, is a key mechanistic driver of memory con-
solidation. Here, we reviewed the growing evidence for 
this process in humans. The precise temporal coupling 
of spindles to SOs predicts memory consolidation across 
multiple memory domains, and enhancement of these 
oscillations can lead to memory improvements. Trigger-
ing memory reactivations with external cues, combined 
with multivariate decoding approaches, provides a means 
of identifying mnemonic reinstatement in the sleeping 
brain. These reinstatements are closely tied to cardinal 
NREM sleep oscillations and are predictive of behavioural 
performance. Future challenges for the field will be to bet-
ter characterise the memory functions of SO-coupled and 
uncoupled spindles, as well as the neural oscillations of 
REM sleep, to advance understanding of sleep’s unique 
contributions to memory.
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