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Over the last ten years, scientists have developed a method for selectively strengthening
memories during sleep called targeted memory reactivation (TMR). Prior to this, memory
manipulation during sleep was at most a plot device in science fiction movies, but a large
corpus of studies now demonstrates that TMR is both reliable and effective. TMR studies
hypothesize that this method taps into normal consolidation mechanisms which require the
repeated replay of memories during sleep. This idea has recently been supported by several
new studies demonstrating that TMR upregulates the reactivation of cued memories, and that
such upregulation predicts subsequent memory performance. This new body of work provides
a unique window onto many properties of memory reactivation and helps to close the gap
between our understanding of replay in rodents, where it has been visualised at the neural
level for many years, and humans where such studies are only just starting to become
possible. We will discuss this new literature and highlight the vast potential of these new
methods for future research.
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Our conscious minds rest while we sleep, but our brains remain active. Almost 50 years ago,
David Marr postulated that recently acquired memories may reactivate during sleep for the
purpose of consolidation [1]. While aspects of his model may have been oversimplified, Marr’s
theoretical framework for memory reactivation during sleep has been substantiated by the
discovery of memory reactivation in both rodents [2,3] and humans [4—6], with stereotyped
patterns of neural activity representing a recent behavioural episode spontaneously
reactivating during sleep. In this review, we will discuss memory reactivation in sleep, and the

burgeoning evidence that it can be actively biased by presenting sensory cues.
Memory reactivation in rodents

Preliminary evidence for the reactivation of memory traces during sleep came from
observations in rodents that the firing rates of hippocampal neurons during behaviour tend to
be correlated with firing rates of the same neurons during subsequent sleep [7]. The
development of large-scale electrophysiological recordings soon made it feasible to observe
neuronal ensembles firing in a stereotyped temporal sequence. Using this approach,
reactivation was indexed via the correlation of spike timing between pairs of neurons. Thus,
neurons that fired together during behaviour were more likely to fire together during non-REM
sleep [2]. With more sophisticated analysis methods, observation of reactivating neuronal
pairs was extended the reactivation of actual sequences within neuronal ensembles [3,8],
figure 1A which is known as memory replay.

Memory replay has mainly been studied in the rodent hippocampus, where it occurs during
sharp-wave ripple events, which are frequent in periods of rest and non-REM sleep. Such
replay possesses several important properties including temporal compression: replays occur
~5-20x faster than actual events [3,8], context-specificity: hippocampal place cells remap their
place fields between contexts, potentially helping prevent interference between replayed
memories [9], coordination: hippocampal replay can be accompanied by cortical replay of the
same event [10], and causality: manipulating sharp wave ripples such that replay is
suppressed (or enhanced), results in impairment (or improvement) in memory consolidation
[11,12]. Replay has also been observed during wake [13] and rapid eye movement (REM)
sleep [14], however whether these forms of replay share the properties of hippocampal replay
in non-REM sleep, and whether they are similar in function or at least complementary to non-

REM sleep replay remain as open questions.
Memory reactivation in human sleep

Building on experiments in rodents, evidence of neural reactivation has also been identified in
human sleep. Neuroimaging has shown that areas of the motor system associated with a

finger tapping task spontaneously reactivate during REM [4], and that a hippocampal region



which activates during navigation around a virtual maze spontaneously reactivates during
subsequent slow wave sleep (SWS) [5]. In the latter study, the extent of reactivation predicted
the degree to which navigation improved across the night, providing the first evidence that
reactivation may have a functional role in memory consolidation. In a more sensitive approach,
electroencephalography (EEG) classifiers were used to detect reinstatement of neural
patterns associated with viewing faces or houses during subsequent sleep [6], and the extent
of such reinstatement predicted subsequent task performance. When integrating this human
work with studies of rodent replay, it is important to point out that neuroimaging studies, which
examine large populations of neurons, probe the system at a very different level of analysis
from single-unit recordings in rodents. The apparent reinstatement observed in human studies
could potentially be due to a completely different form of neural activity within the areas in
guestion, such as processes associated with homeostatic downscaling rather than reactivation
[15]. However, reinstatement has also been observed in humans at the single neural level in
both cortex and hippocampus [16]. In addition, while the bulk of the human literature relates
only to reactivation, sequential replay has also been observed in humans using

Magnetoencephalography (MEG) during wake [17], though it has yet to be detected in sleep.

How can sensory stimulation in sleep influence reactivation?

Not all memory reactivation is spontaneous. Instead, a technique called Targeted Memory
Reactivation, or TMR, is thought to manipulate reactivation on demand. In this method,
sensory cues such as odours [18] or sounds [19] are paired with information during wake, and
then re-presented during subsequent sleep. This can lead to a behavioural memory benefit,
a result which seems to suggest that the manipulation may increase memory replay (see [18—
21] for examples, [22] for a review, and box 1). One study [23] directly investigated this
suggestion by training rats on a simplified TMR-style task where auditory cues were used to
initiate leftward or rightward trajectories. During non-REM sleep, presentation of an auditory
cue resulted in increased replay of the cued trajectory. However, presentation of the cue did
not evoke replay events or increase the total number of such events. This suggests that task-
related cues only increase the likelihood that the cued trajectory would replay, an effect that
lasted at least ten seconds after each sound, or until another sound was played. These
findings support the idea that TMR influences what is replayed, but doesn'’t increase the total
number of replays. This is also supported by TMR studies in humans since performance on
non-cued items is worse than it would be if no TMR had been applied, suggesting that TMR

cued benefit to one memory comes at the cost of non-cued memories [20,21].

As sleep architecture and hippocampal properties differ markedly between humans and

rodents [24] it isn’t immediately clear that TMR in humans necessarily influences replay in the



same way as it does in rodents. One tantalising study [25] showed that TMR cues associated
with objects and scenes respectively lead to highly discriminable patterns in the post-cue EEG
(see Figure 1B top). Interestingly, the extent of this discriminability also predicted subsequent
behavioural benefit from TMR. However, the discriminability in sleep was not based on any
measure in wake, so these data cannot be taken as a measure of reactivation. The first study
to demonstrate actual reactivation of task-specific responses after a TMR cue in sleep [26]
used a serial reaction time task, in which participants learned to associate each of four fingers
with a different tone and picture, and to press the associated buttons in a sequence cued by
these tone/picture stimuli. In the experimental condition, a classifier was trained to discriminate
the EEG associated with each finger press while participants experienced these sensory cues.
The tones were then replayed during subsequent sleep, and the wake-trained classifier was
applied to the sleep data following each tone. Remarkably, this led to above chance
classification of which finger movement was cued by each tone, even though the participant
was asleep. Because such classification could potentially be due to sensory processing of the
tones themselves, the study used a control group in which tones were played during wake
exactly as in the experimental condition, but with no task or image associated. The classifier
was trained on these control tones using the exact same pipeline that had been applied in the
experimental condition, but was unable to distinguish between the tones. Given this control,
successful discrimination by the experimental classifier during sleep is most likely due to
detection of reactivating task-related material (e.g. memories of the visual images and finger
movements) elicited by the tones, not to sensory processing of the tones themselves.
Following this work, Schreiner et al [27] used a phase locking measurement in the theta
frequency band to demonstrate that neural activity patterns associated with learned
vocabulary word pairs were reinstated when the cue words were played back during NREM
sleep. Reactivation was only detected for the pairs that were subsequently remembered — not
those subsequently forgotten. Interestingly, the reactivation occurred up to three times after
the TMR cue, echoing back roughly once per second. However, there was no control condition
in this study, so the reactivation-like pattern observed here could potentially be due to sensory
processing, making the results difficult to interpret. In addition to these EEG studies, a recent
fMRI study [28] showed that the extent to which ventromedial prefrontal cortex voxels
reactivated in response to odour TMR predicted the extent of overnight increases in recall
accuracy. Here, reactivation was indexed by the similarity of the post-odour response pattern
to a pattern elicited during wakeful experience of the category associated with that odour (see

figure 1, box 1).

This growing literature on the detection of reactivation in humans provides invaluable

information about the activity elicited by TMR cues (see box 1). This literature also provides



a brand new set of tools for studying reactivation in the human cortex. In EEG and MEG data,
these include Linear Discriminant Classifiers applied to signal amplitude [29], as well as to
wavelet and Fourier transformed data [26], lasso logistic regression [17], Representation
Similarity Analysis [25,30]), Independent Component Analysis (ICA) based feature selection
[25], microstates analysis, and Phase Locking Values [27] . In fMRI data, Multi Voxel Pattern
Similarity Analyses (MVPA) has proved very useful [28]. Together, these tools should facilitate
the optimisation of TMR by working out which types of cues most effectively influence
reactivation, the study of TMR in different sleep stages to determine whether the associated
reactivations have different characteristics, and the search for a mapping between the number
and strength of reactivations and subsequent plasticity — both behavioural and functional. We
should also be able to use variants of these techniques to search for temporal compression in

cortical reactivation during sleep.

As we begin to apply these new methods to the study of reactivation in the human brain, it
may be interesting to bear in mind the four hallmark features of hippocampal replay in rodents:
compression, coordination, context-specificity, and causality, in order to determine whether

these are shared by human reactivation.
Why does TMR bias replay?

TMR appears to protect or strengthen memories by biasing the hippocampus to replay them
during sleep, but how does this work? In the standard model of consolidation [31], the
hippocampus stores cortical information during behaviour, then during off-line periods such as
sleep these memories are replayed back to neocortex for long term storage. Information is
hypothesized to flow uni-directionally from hippocampus to cortex during sharp-wave ripple
events, within which replay is observed [32]. However accumulating evidence suggests that
cortical-hippocampal interactions may be more complicated, given that increases in cortical
activity often occur prior to hippocampal replay [10,33,34]. Interestingly, cortical activity prior
to hippocampal reactivation has also been shown to predict the content of subsequent
hippocampal reactivation [35]. As sensory cues still evoke neocortical activity during sleep
[36], TMR may effectively trick the hippocampus by evoking what looks like a spontaneous

reactivation of a memory in cortex and in turn influence what the hippocampus replays.

Why would memory consolidation rely on cortical inputs to the hippocampus? A recent model
[37] proposed by Rothschild suggests that cortical input is part of a cortico-hippocampal-
cortical loop, which strengthens a memory through the reverberation of replay between the
cortex and hippocampus. Because the hippocampus encodes spatiotemporal context, while
other aspects of the memory such as emotional valence and sensory components are

encoded in cortex, the reverberation of a replay event helps bind these different components



together to form a coherent memory. According to this model, a cortical memory
representation reactivates during the ‘up’ state of a slow oscillation, and triggers a
hippocampal replay of the same memory, allowing integration of this information across space
and time. This integrated representation is then sent back to the cortex for a second
reactivation, with the repetition of this pattern potentially creating a series of temporally spaced
hippocampal-cortical reactivations. Interestingly, this model is in line with the pattern of
‘echoing’ reactivations observed by Schreiner et al [27] and others [25,38] in cortical-
dominated EEG data, see Figure 1B. These results probably reflect both an initial cortical
response immediately after the TMR cue, and secondary and even tertiary responses. Under
the Rothschild model, these latter ‘echoes’ could potentially represent genuine replays

triggered in the cortex by the hippocampus.

Building on this model, we propose that this cortico-hippocampal-cortical loop could serve as
a mechanism for memory triage, a sleep-dependent process by which memories with
perceived future relevance are prioritized for consolidation [39,40], see Figure 2. We propose
that, during behaviour, cortical networks associated with a memory may be tagged in a way
that indicates their salience, and thus their priority for subsequent consolidation [34,41]. Such
tagging could manifest as increased excitability during a non-REM up state, and this
excitability could scale based on the behavioural relevance of the tagged information. Thus,
the excitation of salient cortical networks in an up state could contribute to the task-related
cortical activity observed prior to spontaneous hippocampal replay [10,35,42]. Such cortical
excitation could potentially represent multiple cortical networks “competing” to determine
which memory will be replayed by the hippocampus. We speculate that repeated replay events
(or post-replay activity) could gradually decrease the strength of the ‘tag’ associated with a
cortical network, thus decreasing that network’s excitability. This would create a prioritization
trade-off between how many times a memory has been replayed and its salience relative to
other recent memories, and would thus form a critical feedback mechanism for the memory

triage process.
Closing Remarks

This is an exciting era for neuroscience, and the story of how memaories evolve via replay and
reinstatement is one of the most striking areas of progress. Many questions remain to be
answered, but the development of TMR, in combination with the new methods for detection of
neural reactivation on a trial by trial basis in humans has provided us with a promising way
forward. In many ways, the study of memory reactivation in the human brain is following
directly in the footsteps of earlier studies in rodents. For example, a recent report of awake

replay in humans, provides evidence of several key hallmarks of rodent replay including



sequential reactivation, temporal compression, replay alignment with hippocampal ripple
activity, and coordination between the hippocampus and neocortex [17]. However, we have
yet to detect true sequential replay during sleep, though this seems the inevitable next step.
Similarly, we have yet to understand interactions between the hippocampus and neocortex
during replay, and to detect replay during REM sleep in humans. As with so many areas of
science, it is clear that human and animal researchers will need to work closely, and in this
case such collaboration seems to be leading to a renaissance of studying the replay
phenomena, now focused on the human brain.
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Figure 1. Neural reinstatement in sleep. A) Schematic of place cell firing during locomotion
on a linear track and then, in a temporally compressed form, during subsequent sleep,
concurrent with a sharp-wave ripple (SWR). B) Identification of cue-related reinstatement in
sleep in EEG data shows a recurrent pattern. Top: Cairney et. al. 2018 [25] shows the
discriminability of EEG data following auditory TMR of memories for objects or scenes.
Discriminability is higher between than within categories at both ~0.5 seconds and 2 seconds
post cue. Bottom: Schreiner et. al. 2018 [27] use Phase Locking values to detect
reinstatement of patterns form wakeful retrieval in response to word cues. Evidence for
reinstatement occurs immediately after the TMR cue, then echoes back two more times,
spaced approximately a second apart. We speculate that reactivation directly after TMR may
be due to the potentiation of cortical areas which represent part of a memory trace, while the

subsequent ‘echoes’ may represent more complete replays triggered by hippocampal ripples.
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Figure 2. Proposed mechanism for cortical biasing of hippocampal replay in non-REM sleep.
A) TMR: Presentation of a cue during TMR increases the activity of cortical neurons
associated with the cued-memory during an upstate, this subsequently biases hippocampal
replay as shown in B. B) The role of cortical feedback in memory triage: 1. Strongly tagged
cortical networks (or neurons activated by TMR) increase their activity during a cortical
upstate. 2. The cortical network with the greatest activity determines which context will be
represented by the hippocampus. 3. Hippocampal replay occurs spontaneously, reactivating
a sequence related to the selected context. 4. Hippocampal replay drives cortical replay of the
same memory, complete with sequential information. 5. Additional hippocampal-cortical replay
can occur (echoes) while cortical neurons remain in an up state. 6. Following replay, the tag
in cortical neurons which were recently involved in a replay is weakened, reducing the priority

for them to replay again, and this cycle is repeated in the next cortical up-state.



BOX 1 - Targeted Memory Reactivation —what has been learned from classifiers

Memories are replayed spontaneously in sleep, but is it possible to control this process by
biasing the replay towards specific memories? A landmark study by Rasch and colleagues
[18] demonstrated that it is. In this study, re-presentation of an odour that had been previously
associated with learned locations during subsequent NREM sleep led to hippocampal activity
in sleep and subsequent memory benefit. This method of re-presenting a memory associated
cue during sleep was assumed to bias memory reactivation, and was dubbed Targeted
Memory Reactivation or TMR. Subsequent studies showed that auditory cues could be used
in place of odour [19], and that procedural as well as episodic memories could be enhanced
[20]. Other work showed that TMR effects can last for over a week [19], and involve qualitative
as well as quantitative changes in memory [21]. Importantly, TMR does not always lead to
significant results. Nevertheless, it has substantial potential for translation, both in healthy
and clinical populations where selective memory improvement would be beneficial. While
other authors comprehensively review this literature, e.g. [22], our focus is on the recent work
which has used machine learning to detect reactivation after TMR cues. Some of the key
features identified by these methods are outlined below. As this is a very new area, it will be

interesting to see if these properties are supported in the future.
Key features of TMR cued Reactivation:

Reactivation after TMR is identifiable: recent work shows that TMR is often followed by
cortical reactivation of memories associated with the cued experience [26-28,38].

Reactivation in sleep predicts subsequent memory: the extent to which reactivation is
measurable after TMR predicts subsequent memory [28,38,43], see Figure 1, and/or is
stronger for subsequently remembered than forgotten items [27,38]. This is also true for
spontaneous reactivation [6,30], although some studies have also found a negative
relationship [44].

Echoing of reactivation after TMR: cortical reactivation recurs several times after TMR
[27,38,43]. Inrats, the TMR induced bias in hippocampal replay continues until another cue
is played [23]. It is possible that the first cortical response is represents a partial trace, while

subsequent ‘reactivations’ are triggered by the hippocampus and more complete.

Relationship of reactivation to spindles: reactivation may occur during sleep spindles
[25, 43], see Box 2, and TMR cues are less likely to elicit reactivation if they occur too soon

after a spindle [38].
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Box 1, Figure 1. From Shanahan et. al. 2019 [28], this figure shows (A) a region of
ventromedial prefrontal cortex (vmPFC) which strongly reactivates category information
(faces, buildings, animals, tools) in response to odour TMR during slow wave sleep. B)
Significant correlation between the extent of vmPFC reactivation and subsequent recall
accuracy for that category. The blue and red dots represent two different categories, each

showing the same correlation.
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BOX 2: How do sleep spindles relate to memory replay?

Sleep spindles are tightly linked to memory consolidation. This has been shown by many
correlational studies, see [45] for a review, as well as several manipulations in which spindle
enhancement lead to greater memory consolidation [46,47]. Indeed, there is a tight correlation
between the hippocampal sharp-wave ripples during which memory replay occurs, and sleep
spindles [34]. This link has been supported by the new human literature on identifying
reactivation with classifiers. Specifically, strong evidence for category related activity after
TMR of a picture recognition task has been detected during spindles two seconds after TMR
[25]. Additionally, evidence for reactivation of a right or left handed finger press was observed
to increase with post-cue spindle power and cues followed by spindles were better
remembered than cues without a spindle [38]. Related to this, a brain area which was active
during pre-sleep encoding and post sleep retrieval was also active during fast spindles in
sleep, with the extent of such activity predicting overnight performance change [48]. This latter
result builds on a prior study showing that the extent of pre-sleep learning modulates the
interaction between fast spindles and hippocampus during Non-REM sleep [49]. In keeping
with this literature, a prominent model [45] proposes that replay is concurrent with spindles.
Human intracranial data from hippocampal recordings has supported this by describing ripples
nested in the troughs of spindles [29]. Nevertheless, the rodent literature suggests that the
relationship between ripples and spindles is complex, and we should be careful about
generalising. For instance, this work reveals that hippocampal sharp-wave ripples often
precede prefrontal cortical spindles by more than a second [34]. Interestingly, spindles are
associated with inhibition [43,50] and it has been suggested that they play a role in preventing
interference, thus allowing plasticity resulting from recent replays to occur without disruption.
In summary, while spindles are almost certainly related to replay, it would be an
oversimplification to think of them as concurrent ‘markers’ of replay, and much remains to be

understood about their role in memory consolidation.
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