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Abstract:

Newly formed memories are spontaneously reactivated during sleep, leading to their
strengthening. This reactivation process can be manipulated by reinstating learning-related
stimuli during sleep, a technique termed targeted memory reactivation. Numerous studies have
found that delivering cues during sleep improves memory for simple associations, in which one
cue reactivates one tested memory. However, real-life memories often live in rich, complex
networks of associations. In this review, we will examine recent forays into investigating how
targeted sleep reactivation affects memories within complex paradigms, in which one cue can
reactivate multiple tested memories. A common theme across studies is that reactivation
consequences do not merely depend on whether memories reside in complex arrangements,
but on how memories interact with one another during acquisition. We therefore emphasize how
intricate study design details that alter the nature of learning and/or participant intentions impact
the outcomes of sleep reactivation. In some cases, complex networks of memories interact
harmoniously to bring about mutual memory benefits; in other cases, memories may interact
antagonistically and produce selective impairments in retrieval. Ultimately, although this
burgeoning area of research has yet to be systematically explored, results suggest that the fate
of reactivated stimuli within complex arrangements depends on how they were learned.
Keywords: memory reactivation, memory consolidation, sleep, episodic memory, memory
interference



A wealth of research has bloomed in recent decades around the idea that sleep affects
memory functioning. Although not a new idea (Benson & Feinberg, 1977; Heine, 1914; Jenkins
& Dallenbach, 1924; Yaroush et al., 1971), this newfound growth was spurred by
neurophysiological findings that cellular activity underlying new learning is reactivated (Buzsaki,
1989; Pavlides & Winson, 1989; Wilson & McNaughton, 1994) — and even replayed in a similar
spatiotemporal pattern (Ji & Wilson, 2007; Lee & Wilson, 2002; Nadasdy et al., 1999) — during
post-learning sleep. Other studies have shown that reactivation and related physiological
phenomena in rodents are modified by important learning variables such as reward (Carey et
al., 2019; Dupret et al., 2010; Peyrache et al., 2011). Moreover, markers of reactivation are
causally related to later behavioral performance (Aleman-Zapata et al., 2022; Ego-Stengel &
Wilson, 2010; Fernandez-Ruiz et al., 2019; Girardeau et al., 2009; Gridchyn et al., 2020),
demonstrating that reactivation during sleep is a dynamic and critical process for stabilizing
newly formed memories.

Intriguingly, reactivation during sleep can be manipulated by presenting stimuli that had
been linked with learning before sleep. Research using this technique — termed targeted
memory reactivation (TMR) — started during the second half of the 20th century (e.g., Guerrien
et al., 1989) but exploded in the late 2000s, following the publication of two seminal studies (see
Hu et al., 2020 for meta-analysis). Rasch et al. (2007) had participants learn on-screen spatial
locations of pairs of objects amid the presence of a rose odor. They were then presented with
the odor during subsequent slow wave sleep (SWS), subsequent rapid eye movement sleep, or
not at all. Participants who were exposed to the odor during SWS improved their performance
on a morning memory test, whereas those in the other groups did not. Therefore, Rasch et al.
(2007) showed that reactivating a learning context during sleep — and specifically SWS —
benefited memory. Later, Rudoy et al. (2009) showed that reactivation can be even more
specific. They had participants learn spatial locations of objects along with a specific, congruent
sound (e.g., “meow” for cat). Participants then took an afternoon nap, during which the
experimenters cued half of the sounds when participants entered non rapid eye movement
sleep, which includes SWS. In a post-nap memory test, memory was better for cued than
uncued objects, showing that cues can reactivate individual memories. These experiments
nicely demonstrated that reactivation aids memory in humans and can be manipulated using
straightforward associations among stimuli.

As a technique, TMR has been instrumental in uncovering how different forms of
learning benefit from sleep (Hu et al., 2020). However, a major goal of research is to capture
how humans remember in the real world. Real-world memories do not live in a vacuum, but
rather in dense, interconnected networks of associations that are linked together based on
shared time and space, among other features. As an example, imagine that you visit a chic
coffee shop. Upon entering, you encounter a long line, sparking concerns about being late for
an upcoming meeting. While waiting in line, you realize that you forgot your wallet, but luckily a
stranger comes to your rescue and covers the cost. A complex episodic memory like that differs
substantially from those commonly used in lab-based memory experiments. The sound of coffee
grinding, linked with this complex scenario, could elicit any number of associations during
wakefulness: nervousness about being late, the artistic sensibilities of the coffee shop’s vibe,
the delicious smell of coffee, the self-punishment of forgetting your wallet, the appreciation felt
for the stranger you encountered, and/or a host of other possibilities. Memory processing



related to this event during sleep may be equally complex and layered. Which memories would
the sleeping brain process when exposed to the same grinding sound?

Here we cover recent ventures into understanding reactivation under such complex
arrangements during sleep (Fig 1). We define complex arrangements as those wherein memory
cues are tightly related to multiple tested items. According to this definition, the study by Rasch
et al. (2007), which involved a one-to-many relationship between the odor and its learning
context consisting of multiple tested memories, is of higher complexity than that of Rudoy et al.
(2009), which involved one-to-one relationships between sound cues and tested memories. We
designate paradigms like the latter experiment as “simple”, despite there being some variation
within them (Box 1). While TMR experiments in real-world settings are scant (though see Gao et
al., 2020; Knoétzele et al., 2023; Neumann et al., 2020; Vidal et al., 2022), recent experiments
have made inroads into how reactivation drives memory benefits and impairments in complex
situations. We will review these findings and argue that an underlying theme is that the specifics
of the learning experience determine the consolidation trajectories of associated memories,
which we refer to as the consolidation trajectory hypothesis. Specifically, we will argue that if the
interconnected elements incorporated in a complex memory are learned harmoniously, they will
be jointly promoted during sleep, whereas if they were antagonistically pitted against one
another during learning, these dynamics will be replicated during sleep. We will conclude by
considering alternative accounts and by suggesting new avenues of research that serve to both
investigate the links between wake and sleep memory dynamics and to further advance the
ecological validity of sleep and memory studies.

Box 1: Variations on simple reactivation experiments. Even seemingly simple associations used in
targeted memory reactivation (TMR) experiments vary in several noteworthy dimensions (Fig 1,
“Simple”). First, many simple experiments involve only a single association, wherein the cueing
stimulus (i.e., the stimulus presented during sleep) is also the cue for the memory at retrieval, such as
between two vocabulary words, e.g., “Winst’-"Gewinn” (Schreiner & Rasch, 2015). Other experiments
involve two associations — one between the cue and some reference object and one between that
object and another associate, e.g., meow-cat and cat-location in Rudoy et al. (2009). Rarely, some
TMR studies do not involve associations at all, incorporating an auditory presentation of the to-be-
recalled memory itself rather than a cue (Ai et al., 2018; Tilley, 1979). We group all these instances
under the term “simple” because there remains a route from a single cue to a single tested memory.
Second, cues often have an a priori link to their reactivated memory (e.g., “meow” reactivating a cat’s
spatial location; Creery et al., 2015; Rudoy et al., 2009), but that is not always the case. Sometimes
these associations are learned de novo, whereby cues first become linked with other stimuli before
further learning (e.g., “meow”-Brad Pitt is learned before the spatial location of the image of Brad Pitt;
Antony, Cheng, et al., 2018; Cairney et al., 2018). A final aspect in which all TMR studies exploring
declarative memories vary is the specifics of the task. The most commonly used tasks are spatial (i.e.,
memory for on-screen positions; e.g., Rudoy et al., 2009) and verbal paired-associates tasks (i.e.,
memory for the association between two words; e.g., Schreiner & Rasch, 2015). Despite these
delineations, TMR has benefited memory in studies using all of these simple paradigms.




A Simple Complex + harmonious Complex + antagonistic

B Simple Complex + harmonious Complex + antagonistic

One-to-one? One-to-many?® One-to-one/two/six® One-to-two, “prioritize”,  One-to-two, “prioritize”,
separate trials" consecutive trials"

One-to-two, separated = One-to-two, separated
by contiguous blocks' by delayed blocks'

One-to-two, separated
by contiguous blocks!

Figure 1: Taxonomy of targeted memory reactivation studies based on experimental design. (a)
Targeted memory reactivation (TMR) experiments involve the unobtrusive presentation of memory-
related stimuli during sleep. Most experiments (simple designs; left) include a single reactivation cue
(“Stimulus”) linked with a single associated memory (“Memory”). In this review, we discuss experiments
in which multiple memories are linked with the same cue (complex memories). We argue that the
memory trajectories in complex designs diverge based on the type of interaction between the
associates, and we distinguish between two types of experimental paradigms: harmonious paradigms,
in which TMR-linked memories do not directly compete during wakefulness, and antagonistic
paradigms, in which TMR-linked memories compete with each other during wakefulness. (b) Examples
of simple- and complex-design studies testing the impact of TMR on reactivation consequences.
Details on the design of each study can be found in the main text. Whereas simple designs largely lead




to TMR benefits?®, the consequences of TMR in complex designs differ based on whether multiple
memories interact harmoniously or antagonistically. Harmonious paradigms®9¢ have resulted in memory
benefits to items linked together during learning’, and these benefits were sometimes correlated among
items?. In antagonistic paradigms™, TMR cues have impaired some subset of memories" or made one
memory less likely to benefit". SM: spatial memory; VM: verbal memory; ??: untested; *: impaired if
both items were well-learned; gray color: uncued during sleep. References — 2: Schreiner & Rasch
(2015); b: Rudoy et al. (2009); °: Antony, Piloto, et al. (2018); ¢: Rasch et al. (2007); ¢: Schechtman et al.
(2021); " Schechtman et al. (2022b) 9: Vargas et al. (2019) ": Antony, Cheng, et al. (2018); : Oyarzun et
al. (2017) ’: Joensen et al. (2022). Where applicable, line strength differences reflect relative pre-sleep
association strengths.

Beyond the reactivation of simple memories during sleep

The theoretical rationale explaining why TMR aids simple associations appears
straightforward: TMR cues likely promote the reactivation of the associated memory trace
(Bendor & Wilson, 2012; Rothschild et al., 2017) and strengthen the memory via Hebbian,
repetition-induced plasticity (Buzsaki, 1989; Hebb, 1949). The behavioral contribution of TMR in
complex paradigms has been generally established as well, as detailed below, but the
complexities arising from the interactions between multiple memories in studies using these
designs have raised novel questions which were previously unexplored. For example, in Rasch
et al. (2007) and other studies using similar designs (e.g., Bar et al., 2020; Diekelmann et al.,
2011; Seibold et al., 2018; Shanahan et al., 2018), the odor cue benefited mean performance
for many individual memories (Fig 1, “Complex + harmonious”), but this could have arisen in
multiple ways. For instance, did the overall average TMR benefit mask complexity in how
individual items were impacted by the cues (e.g., a larger subset were strengthened, some were
unaffected, some were weakened)? Did it reactivate multiple memories simultaneously, or is a
limited subset reactivated at any given point in time? Did the cue first reactivate neural
representations of the learning context, which later evoked individual, context-linked memories
at random?

In reviewing this nascent literature, there does not appear to be a one-size-fits-all
answer to these questions, but rather these dynamics change depending on how the
information was learned. In the following sections, we discuss the ramifications of harmonious
and antagonistic dynamics between elements under complex memory arrangements and how
the nature of their learning determined their fate.

Reactivating multiple memories together

Complex designs have targeted up to dozens of memories with a single odor cue (e.g.,
30 memories in Neumann et al., 2020). However, these studies did not compare the
consequences of reactivating multiple vs. single memories. Such comparisons are crucial to
understanding how consolidation benefits are split among multiple reactivated memories.

Can multiple memories be strengthened at once or is a single memory sampled and
strengthened at any given time? Are reactivation benefits necessarily divided between the
various tested elements of a given cue? In other words, is there a “reactivation bottleneck” that
provides diluted benefits on a per-cue basis? A recent meta-analysis of TMR studies found that
the effect sizes for olfactory cueing was not significantly different than that for auditory cueing




(Hu et al., 2020, Table 2C). Since most olfactory TMR studies involve multiple memories and
most auditory studies involve single memories (but see Ngo & Staresina, 2022), this could be
seen as evidence that the benefits of cueing are similar regardless of the number of reactivated
memories. Alternatively, they may reflect some inherent difference between modalities.

Schechtman et al. (2021) investigated this question by having participants learn the on-
screen spatial location of one, two, or six distinct exemplars from the same category, all linked
with the same sound (e.g., six images of cats linked with a single ‘meow’ sound). These
exemplars were learned in separate training blocks, resulting in multiple memories that were
grouped together in categorical sets of different sizes, ranging from one to six exemplars. Then,
during sleep, half of the sets from each of the three set-size conditions were cued. Contrary to
the idea of a reactivation bottleneck, they found that TMR benefits for memories (i.e., change in
memory relative to controls) did not differ by cueing-group size. Individual memories within sets
of six and two items benefitted to the same degree as single reactivated memories.

Linking memories via context

These results suggested that multiple memories can be reactivated in parallel without
compromising the benefits they incur. Moreover, they put the spotlight on the possible role of
the cognitive networks linking memories together (e.g., the connections between the different
cat-related memories). Although the results of multi-item studies (e.g., Rasch et al., 2007;
Schechtman, Antony, et al., 2021; Shanahan et al., 2018) can be explained by assuming that
the one stimulus reactivates each individual memory independently, a more parsimonious
explanation is that the stimulus reactivates the “glue” linking these memories together (e.g., the
learning setting or task in Rasch et al., 2007; the common object in Schechtman, Antony, et al.,
2021; object categories in Shanahan et al., 2018; for evidence that contextual cues benefit
procedural memories, see Laventure et al., 2018, 2016; Picard-Deland & Nielsen, 2022; Picard-
Deland et al., 2021). In other words, these TMR studies suggest that the cues first activate a
neural representation of context associated with the cueing group, and this reactivation
propagates down to individual memories (Fig 5b of Schechtman, Antony, et al., 2021).

Context is a notoriously vague concept. In using the term, ‘context’, we endorse the
three criteria suggested by Stark et al. (2018): Context must be stable over time, behaviorally
relevant, and — most importantly for our purposes — it must have a 1-to-n connection with
embedded memories, where n > 1. In other words, context is any form of common core that
serves to bind multiple memories together, whereby these memories are linked with this core
more than they are with one another directly. Contexts vary in multiple dimensions, including
time, space, and semantic relatedness.

To investigate the role of context in consolidation during sleep, Schechtman et al. (2022)
tested whether targeting specific memories reinstates their context, thereby benefiting other
contextually bound memories. Contexts were operationalized by having participants generate
stories incorporating a set of objects, creating contextually bound sets. Then, for some of these
sets, half of the objects were reactivated during sleep. A subsequent test demonstrated that this
procedure impacted memory for the objects that were directly cued. Crucially, however, TMR
also impacted memory for uncued objects that were contextually bound to the cued one,
suggesting that the context incorporating the memories was involved in processing during sleep.




This study was among the first to provide direct evidence for context reinstatement during sleep-
related memory reactivation (see also Schechtman et al., 2023).

The idea that TMR benefits extend to contextually linked memory raises some
methodological questions regarding the paradigm more broadly. Most TMR studies are done in
a within-subject manner, comparing cued and uncued memories within the same task and
experimental setting. However, these two factors are contextual in nature, suggesting that
uncued memories may themselves benefit to a certain degree from cueing. Some evidence
indeed suggests that TMR may impact uncued memories. For example, a mixed design study
examining the effects of TMR on motor performance found a between-subject benefit for the
TMR group, but no within-subject benefit for the cued locations relative to the non-cued ones
(Johnson et al., 2020). Similarly, TMR benefited uncued spatial memory for items linked with
low expected monetary compensation (Oudiette et al., 2013). Notwithstanding, most TMR
studies to date have lacked the proper control to consider the effects of uncued memories
directly (i.e., including both cued and uncued memories in one group of participants and a
separate non-TMR control group with which the uncued memories can be compared). It seems
likely that TMR impacts memory to a degree that is correlated with the contextual associations
between the cues and memories. In other words, the tighter the contextual link between a cue
and a memory, the more it will benefit. Therefore, uncued memories are likely impacted by
cueing, but to a far lesser degree than the cued ones, as reflected in the reliable within-subject
TMR effects that have been shown across tasks and protocols (Hu et al., 2020).

Comparing correlated benefits within cueing groups

Studies finding benefits for multiple memories linked within the same group or context
raise the question of the interdynamics within these cued groups. Do TMR effects correlate
among members of a cued group? To test this, Vargas et al. (2019) had participants first
memorize pairs of objects, one of which (e.g., cat) was congruently related to a concurrent
sound (e.g., “meow”) while the other was random (e.qg., ice cream cone). The cueing group
therefore consisted of a sound along with two objects. Next, participants simultaneously learned
the locations of both grouped objects against a background spatial grid. During a nap, half of the
sounds served as TMR cues. The authors found that memory for both grouped objects — the
ones related and the ones unrelated to the sounds — benefitted from cueing. Additionally, the
authors found that the positive pairwise correlations between memory scores for grouped
objects were maintained better across the nap in the cued relative to the uncued groups,
demonstrating that TMR benefits were positively linked within each cued group. Therefore,
Vargas et al. (2019) showed that memory for two grouped objects — under the conditions in
which they were learned simultaneously — could benefit from cueing in a correlated manner.

The benefits in Vargas et al. (2019) and Schechtman et al. (2021) align well with the
well-established benefits of integration in other (wake) paradigms, such as boundary conditions
surrounding retrieval-induced forgetting, fan effects, and other forms of memory interference.
Retrieval-induced forgetting occurs when retrieval of one association (e.g., fruit-pear) produces
forgetting of a related, non-presented association (e.g., fruit-apple) (Anderson et al., 1994). This
effect is eliminated by encouraging subjects to integrate the words beforehands (Anderson &
McCulloch, 1999; see Bauml & Hartinger, 2002; Carroll et al., 2007 for a similar effect).
Similarly, the negative consequences of fan effects — whereby associating multiple targets with




the same cue word impairs memory for the targets — can be reduced or eliminated by
encouraging integration among the target words (Moeser, 1979; Reder & Anderson, 1980).
Moreover, in classic A-B, A-C paradigms, whereby a cue is first linked with one target (A-B; e.g.,
chair-horse) before being linked to another target (A-C; e.g., chair-plant), interference is often
found to negatively impact recollection for both A-B and A-C associations. That is, there is both
retroactive interference for the A-B association relative to non-interfering associations (i.e., A-B
followed by D-E; Barnes & Underwood, 1959; Briggs, 1954), and proactive interference for the
A-C association relative to non-interfering associations (Young, 1955). However, reminding
subjects of previously learned (A-B) associations during new A-C learning — thereby
encouraging integration of the two — often eliminates these interference effects or even
produces facilitation relative to non-interfering conditions (Antony et al., 2022; Garlitch &
Wahlheim, 2020; Hintzman, 2011; Jacoby et al., 2015). Additionally, explicitly creating
integrated, closed-loop configurations, such as by having subjects learn each link in a triad
consisting of A-B, B-C, and A-C, seems to benefit memory more than related, open-loop
configurations, such as having subjects learn A-B, B-C, and C-D (Horner et al., 2015; Horner &
Burgess, 2014; Ngo et al., 2019). Altogether, these findings from wake support the idea that the
nature of the paradigm and learning instructions strongly impact the level of integration among
memories.

Weakening memories during sleep

Notably, correlated benefits do not arise in every paradigm and under every set of
learning instructions. Moreover, not every study finds TMR-related benefits — some have found
TMR-related impairments. Antony, Cheng, et al. (2018) conducted an experiment in which each
cue (e.g., “meow”) was linked with two items (e.g., Brad Pitt and the Eiffel Tower) (Fig 1,
“Complex + antagonistic”). During a spatial learning phase, subjects were offered a high reward
for remembering one of the grouped items at the final test and a low reward for the other.
Critically, subjects learned these items in one of two conditions. In the separate learning
condition, two items from separate groups were learned back-to-back, followed by a 5-s
rehearsal period during which subjects were asked to prioritize their rehearsals for one item
over another. Thus, the two grouped items with the same cue were not learned together in this
condition. Conversely, in the consecutive learning condition, the two items learned back-to-back
before the 5-s rehearsal periods belonged to the same cueing group. When the grouped items
were separated during spatial learning, the authors found cueing benefits, but in a different way
than Vargas et al. (2019): when one grouped item benefited from cueing, the other item was
less likely to benefit. These results suggested that when the items were learned separately,
cues seemed to pick a winner among the grouped items. Conversely, when the grouped items
were learned consecutively, cueing benefits were eliminated entirely. Moreover, when both
items were well learned, cueing (relative to no cueing) impaired the memories. In this case,
cueing may have evoked competition that was created during spatial learning when the two
grouped items were in direct conflict.

Differences in learning paradigms are not the only factor determining the fate of
reactivated memories; another factor is experimental timing. Oyarzun et al. (2017) investigated
the effects of TMR in a spatial variant of an A-B, A-C learning task. First, two on-screen spatial
locations for the same object were learned along with a congruent sound (A-B; e.g., Dog-
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Location A and Dog-Location B, along with a “woof”). Then, after either a five-minute or three-
hour delay, subjects learned a new association, whereby one of the two locations remained the
same but the other was novel (A-C). After this phase, half of the sound cues were presented
during sleep before subjects were awakened and tested on all A-B associations. The authors
found that in the five-minute delay condition, cueing benefited A-B memory, in line with typical
TMR memory benefits. However, in the three-hour delay condition, cueing impaired A-B
memory. Which factors could have led to these diametrically opposing results? The relative
strength of A-B and A-C likely differed at the two delays: after the five-minute delay, A-B and A-
C would be relatively equivalent in strength, whereas after the three-hour delay, A-B would be
weaker than A-C. Indeed, the authors conducted control experiments showing that A-B
memories were weaker after the delay. This interpretation aligns with prior findings suggesting
that competing memory traces vary in their level of dominance, which determines which among
multiple memory traces that are linked with a given cue can be altered (Bridge & Voss, 2015;
Eisenberg et al., 2003). One intriguing question is whether A-B memory traces remained intact,
but their retrieval was impaired via output interference (Runquist, 1975), which could arise if the
A-C associations were strengthened. Alternatively, it may be that A-B associations were
weakened, in line with findings that weak-to-moderate reactivation can in some cases produce
memory weakening relative to no reactivation at all (Lewis-Peacock & Norman, 2014).

Two lingering questions from Oyarzun et al. (2017) were what fate befell the later-
learned A-C memories and how the A-B and A-C memories interacted. Joensen et al. (2022)
addressed these questions by having subjects separately learn associations between objects
and both the names of famous people and descriptions of physical locations (e.g., Bicycle-David
Beckham and Bicycle-Castle) in consecutive phases. Then, they cued some of the object words
during sleep and tested memory for the same associations. Similar to the five-minute condition
in Oyarzun et al. (2017), they found that TMR benefited A-B associations (i.e., the association
learned first out of the two). Intriguingly, however, the same TMR cues impaired A-C
associations. Moreover, their correlational analyses suggested that TMR (relative to no TMR)
led to anti-correlations between A-B and A-C memories. In other words, their results showed
that the more memory for one item in an association improved, the more its counterpart was
weakened. The authors also found that A-C associations were initially weaker than A-B, and
therefore their results may have arisen due to a stronger likelihood of reactivating A-B over A-C,
followed by either output interference between the memories at retrieval or a weakened A-C
memory trace (Joensen et al., 2022).

You reap what you sow: putting it all together

Results in complex memory designs seem to point in a dizzying array of directions: TMR
benefits or impairs memories and produces correlated, uncorrelated, or anticorrelated benefits
among them. Which factors determine the consequences of reactivation? In this section, we
argue that the configuration of memories during acquisition marks their consolidation path.
Trivially, the specifics of memory encoding determine their trajectories, regardless of sleep or
consolidation. Our hypothesis — which we term the consolidation trajectory hypothesis —
suggests that the benefits of sleep are encoding-dependent (see Gibson et al., 2022; Heib et al.,
2015 for endorsements of this idea in non-TMR paradigms). Using an ANOVA as an analogy,
current models of memory could be said to focus on the main effects of both encoding and
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sleep on subsequent retrieval. In our hypothesis, we suggest that encoding and sleep interact
with each other in complex ways, as described below.

The predominant factors promoting overall benefits among memories seem to be either
study designs with no inherent competition among items (Klinzing et al., 2018; Ngo & Staresina,
2022; Rasch et al., 2007; Rihm et al., 2014; Seibold et al., 2018) or designs that implicitly or
explicitly encourage subjects to integrate and group memories together. In Schechtman et al.
(2022), this was encouraged explicitly by linking items via the creation of a narrative context. In
Vargas et al. (2019), this likely occurred because both associated memories were learned
simultaneously during both the initial phase and the spatial memory phase. We refer collectively
to these experimental designs as harmonious because, due to the lack of direct competition or
encouraged integration, there is no necessary reason why a cue should elicit some subset of
memories more strongly than others. Conversely, TMR impairments can occur if associations
directly compete for access to a cue and one of them is less dominant than others at the time of
cueing (Joensen et al., 2022; Oyarzun et al., 2017) or if both memories are well-learned and
directly compete during learning (competitive pair learning in Antony, Cheng, et al., 2018). We
refer to these experimental designs as antagonistic because the presentation of a cue elicits
direct competition among linked memories.

We will now examine how some subtle differences in study designs alter consolidation
trajectories. In Schechtman et al. (2021), participants learned locations for two of the same type
of item linked by the same sound (e.g., one cat’s location followed by another cat’s location,
both accompanied by the same ‘meow’ sound). In contrast to Oyarzun et al. (2017) and
Joensen et al. (2022), both linked objects seemed to benefit from TMR. One explanation for this
difference is that the sound in Schechtman et al. (2021) was associated with a single category
(cats) but the memory traces remained distinct (i.e., there were different cats in different
locations rather than the same cat in two locations). Conversely, in both the five-minute delay
condition in Oyarzun et al. (2017) and in Joensen et al. (2022), one central aspect of the
memory was common to both memories (i.e., A was common to both A-B and A-C memories).
In other words, the first element reactivated by the cue in these two studies (the visual dog in
Oyarzun et al., 2017, and the visual word, bicycle, in Joensen et al., 2022) was common to both
interfering memories. As a thought experiment, if an experiment (similar to Schechtman et al.,
2021) had participants learn two different spatial locations for the same cat on different blocks
(rather than different cats) and asked them to recall the first or second location, we speculate
that the TMR cue would produce direct competition between the two location memories. This
would constitute an antagonistic design by our definition, and we would expect TMR to produce
impairments similar to Oyarzun et al., 2017 and Joensen et al., 2022. Therefore, these intricate
study design considerations seem critical in determining how TMR affects memories.

If indeed consolidation trajectories are sown during encoding, as we suggest, the
underlying theme seems to be that task instructions, along with participant motivations and their
thought processes while completing a task, strongly influence what happens when memories
are later reactivated (see Table 1 for a non-exhaustive list of design considerations that may
determine whether a complex design will be harmonious or antagonistic). This idea has never
been directly addressed in any TMR study, and direct empirical support for it is insufficient. To
directly test this idea, researchers could have participants learn the same information in the
same learning order but with different instructions. For example, researchers could have
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participants learn A-B, A-C pairs while encouraging them to encode the A-C association
separately from the A-B one or, alternatively, instruct them to think back and integrate both
associations (Richter et al., 2016). Under this account, the former condition should result in
diverging effects (Joensen et al., 2022; Oyarzun et al., 2017), whereas the latter condition
should result in unanimous TMR benefits, perhaps in a correlated fashion between A-B and A-C
memories.

Altogether, the results obtained in studies using complex designs suggest that TMR
provides a privileged opportunity for peering into the state of the original memory trace. Unlike
examinations of memory during wakefulness, sleep involves a minimal state of awareness, and
therefore offers a unique opportunity to drive consolidation trajectories by exacerbating initial
differences (i.e., increase contrasts) based on learning. That is, if pre-sleep learning facilitates
antagonistic relations among memories that do not allow them to co-activate without
interference, TMR may expose these relationships by enhancing the contrasts (with unanimous
benefits occuring for memory sets with harmonious relations).
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Table 1: Non-exhaustive list of experimental design considerations that may determine whether a
complex design is harmonious or antagonistic. Future studies should empirically test whether any one
element or a combination of elements could sufficiently determine the nature of the association
between memories and drive consolidation trajectories. References — 2: Oyarzun et al. (2017); ©:
Antony, Cheng, et al. (2018); °: Schechtman et al. (2022).

Antagonistic Harmonious

Instructions During acquisition, present the During acquisition, present the
associated memories as competing associated memories as independent
over the same figurative cognitive and/or coexistent (e.g., in a paired-
space (e.g., in a paired-associated associated language learning task, frame
language learning task, frame the the new associate as a word in an
new associate as a completely entirely separate language; “SVANG
different meaning of the probe; means bottle in language A and compass
“SVANG means both bottle and in language B”).

compass in language A”).

Timing Timing may interact with competition®. | If instructions are to prioritize some

If instructions are to prioritize some nearby items over others, separate the
nearby items over others, present the | cue-linked memories in time.?
cue-linked memories nearby in time®.

Context Embed memories in conflicting or Embed memories in the same context (or
interfering contexts (e.g., highly highly distinct contexts) such that they
similar yet distinct learning contexts)?. | will coexist without interference®.

Competition Incentivize one memory over the Avoid pitting memories one against
other through compensation (e.g., another (leaving them independently
framing, monetary, intrinsic predisposed)® or make them mutually
motivation, curiosity)P. beneficial (e.g., only rewarded if both are

recalled correctly), encouraging
integration.

Alternatives to the consolidation trajectory hypothesis

The underlying theme across complex study designs is that the interconnections
between memories upon their formation determines the consolidation dynamics. However,
despite our focus on this interpretation throughout this review, alternative explanations are also
plausible. The following paragraphs propose other processes that may contribute to the
observed results, which are not necessarily mutually exclusive with the idea that interactions
among memory traces during encoding set the course for subsequent changes upon
reactivation.
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Does consolidation itself evoke competition?

One alternative interpretation is that these dynamics between memories may not be set
while awake and unleashed while asleep. Rather, they may be fleshed out during sleep based
on the memory traces formed during wakefulness, which may not interact with one another
initially. Consolidation during sleep involves the transformation of memory traces, with specific
implications for memories with overlapping traces and shared features (Lewis & Durrant, 2011;
McClelland et al., 1995; Schapiro et al., 2017). Although this process is hypothesized to identify
commonalities to promote generalization, the underlying cost may be the loss of memory for
specific details, which may explain the detrimental effects of reactivation for some memories
(Witkowski et al., 2020).

To demonstrate this idea, we return to the overlapping associations used by Joensen et
al. (2022), which resulted in anti-dependent changes in memory between pairs (e.g., Bicycle-
Castle improved and Bicycle-Beckham was weakened). As mentioned above, an attractive
explanation for these results is that overlapping and competing memory traces were formed
upon initial encoding. An alternative model posits that these traces were formed independently
and were only pitted against each other as part of the transformation they underwent as a result
of being cued during sleep. This explanation is supported by the lack of significant anti-
dependence between pairs before sleep (Joensen et al., 2022). The studies presented in this
review do not provide data that can tease these hypotheses apart, and the question of whether
interference is formed by reactivation or simply exacerbated by it remains open. Future studies
using non-report metrics, such as direct neural measures of memory representations and the
overlaps amongst them — before, during, and after sleep — may be instrumental in resolving this
issue (e.g., Cowan et al., 2020; Tompary & Davachi, 2017).

Does intent matter?

Previous paragraphs have focused on the interactions between the memory traces
within complex designs, arguing that the seeds for the consolidation trajectory are sown during
encoding and then come into play during sleep. However, experiences are not recorded
verbatim; rather, the interpretation, motivation, and intention of the participants are modulating
factors in memory encoding. Often, participants are aware that the A-C pair they are required to
remember intersects with a previous A-B pair, and may have their own interpretation of the task
demands: they may try to integrate A-B with A-C; they may try to mentally replace their previous
memory with the new one; or they may view the two as separate altogether. These intentions
may themselves impact consolidation. Waking memories may be flagged with a meta-memory
component (for example, that they were in competition with another memory), and that layer on
top of the memory may itself be reactivated. Put differently, the intentionality involved in
encoding may be ingrained in the memory and reactivated itself. From a neurocognitive (rather
than purely psychological) perspective, the term intention can be translated into the activation of
a certain brain network engaged in a certain action. For the sake of this argument, we view
these perspectives as complementary.

There is some evidence demonstrating that memory-related intentionality is reactivated
during sleep in a manner that impacts the associated memories. One line of work that supports
this notion involves forgetting during sleep. Simon et al. (2018) had participants engage in a
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directed forgetting task, which is thought to engage inhibitory brain mechanisms (e.g., Wylie et
al., 2008). In this version of the task, participants were instructed to forget previously perceived
words when they were followed by a two-second tone. Then, during sleep, sounds from an
unrelated memory task were presented, followed by the tone three seconds later. A memory
test demonstrated that this procedure impaired retrieval performance for the cued memories.
Therefore, the intent to inhibit the memory (and the neurocognitive inhibitory process itself) were
linked with the tone during encoding and then reactivated in conjunction with the cued
memories, thereby shifting the outcome toward memory weakening as opposed to
strengthening.

Simon et al. (2018) used different cues to independently reactivate both the intention to
forget and an unrelated to-be-forgotten memory. However, intentionality can also be embedded
within the initial memory and actively shape its subsequent reactivation. This was demonstrated
in another TMR study using motivated forgetting to selectively weaken memories (Schechtman
et al., 2020). In this study, the same sound was used to cue both the instructions to forget and
the specific memories that were to-be-forgotten. In a two-step training protocol, sounds were
first linked with specific memories and then linked with the instructions—and, supposedly, intent—
to forget those memories. One of these sounds was then cued during sleep. As a result,
memories linked with that sound specifically were weakened. Based on the classic premise of
TMR, which does not incorporate intent, memories in this group should have been enhanced
similarly to those in other studies involving multiple memories linked with a single cue (e.g.,
Rasch et al., 2007). The finding that memory was weakened in this study suggests that the
instructions to forget (and the intentionality that these instructions supposedly produced) played
a decisive role in the consolidation process.

There is some evidence that intentionality carries over from wakefulness to sleep even
when TMR is not involved. Multiple studies have shown that sleep selectively enhances
memories that are prioritized either due to perceived future relevance (i.e., information on future
test; van Dongen et al., 2012; Wilhelm et al., 2011) or due to larger expected rewards (Fischer &
Born, 2009; Oudiette et al., 2013; Sterpenich et al., 2021). However, studies trying to replicate
these effects have not been uniformly successful, and the robustness and generalizability of
these effects remains questionable (see Davidson et al., 2021 for review). Regardless of sleep’s
specific role, however, there is a plethora of evidence suggesting that consolidation in a broader
sense does preferentially promote memories of future relevance in an adaptive manner (Cowan
et al., 2021). The question of whether intentionality carries over to sleep remains largely
unanswered, but its effects on sleep-specific consolidation may be dependent on boundary
conditions that have yet to be fully fleshed out. Closing this gap would require designs that
contrast the consequences of reactivation between several identically structured tasks that differ
only in the designated intent (i.e., as defined by the provided instructions). For example, in a
modification of Simon et al. (2018), subjects could learn both 'remember' and 'forget' cues
before they learn paired associates linked to TMR cues, and these intent cues could be similarly
presented after the TMR cues during sleep. Alternatively, subjects could learn paired associates
linked with TMR cues simultaneously with a 'remember’ / 'forget' designation, after which TMR
cues (alone) could reactivate the designated intention and predict different memory outcomes
relative to uncued items.



16

More broadly, the notion of sleep-related reactivation of intent aligns with studies
showing that concepts other than memories can be reactivated during sleep. For example,
presenting relaxing words during sleep was shown to improve objective and subjective sleep
quality, supposedly through reactivation of the concept of relaxation (Beck et al., 2021). Another
study showed that TMR cues could be used to reinforce self-esteem training (L. Chen et al.,
2021). Similarly, a recent study demonstrated that reactivation linked with an imagery rehearsal
task reduced the occurrence of nightmares in patients suffering from nightmare disorder
(although it remains unclear whether this effect stems from reactivation of the imagery operation
or reactivation of imagery-related memories; Schwartz et al., 2022). Other studies have
instructed participants to process words presented during sleep in certain ways and
demonstrated that this guidance impacted processing during sleep. For example, Kouider et al.
(2014) had participants engage in a categorization task which involved pressing either the left or
right button after hearing a word during wakefulness. They then showed that EEG evidence for
the same action can be observed following word presentation during sleep, suggesting that the
action itself was reactivated in a category-selective way.

Taken together, these findings support the idea that high-order cognitive entities such as
intents, concepts, and actions can be reactivated during sleep. To date, reactivation studies
have focused on the reactivation of memory representations, whereas the results presented
here put forward the notion that memory operations may also be reactivated during sleep
(Cowell et al., 2019). However, as with many new fields, the lack of clear terminological and
methodological frameworks impedes progress, making the task of operationalizing these
cognitive entities extremely challenging. Establishing such a framework is beyond the scope of
this review, but we hope that our descriptive overview will advance future endeavors towards
addressing these questions.

The impact of memory strength

Learning multiple interlinked memories in complex designs naturally creates differences
in multiple dimensions among those memories. Of importance, some memories may enter sleep
stronger than others. Although memory strength is hard to define, in sleep and memory
experiment contexts it is typically measured as pre-sleep retrieval performance (e.g., Creery et
al., 2015; Schechtman, Lampe, et al., 2021) or operationalized through behavioral manipulation
(e.g., Denis et al., 2020; Joensen et al., 2022). Complex designs often drive some memories to
be stronger than others, whether intentionally or not. Are the observed differences in memory
trajectories a result of these differences in strengths rather than their interactions during
encoding? Indeed, previous TMR studies using simple designs have found that memory
strength impacts TMR benefits, with higher benefits to memories of intermediate or low
strengths (Cairney et al., 2016; Creery et al., 2015; Schechtman, Lampe, et al., 2021).

However, we believe that it is unlikely that memory strength alone drives the results in
complex designs. First, operationalizing memory strength through manipulation is not always
straightforward. For example, an argument can be made that an item learned first would be
stronger than an item learned second because of the lack of interference upon encoding (e.g.,
Joensen et al., 2022). However, an opposite argument can also be made — that an item learned
earlier in time is negatively impacted by memory decay whereas a more recently acquired
memory is stronger (e.g., Oyarzun et al., 2017). Second, at least one attempt to directly
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manipulate memory strength in a complex design has shown no clear effects. As mentioned
above, Antony, Cheng, et al. (2018) used reward to manipulate memory strength. When
memories were encoded separately and reactivated using a common cue, only one item
benefited whereas the other did not. Importantly, however, memory strength (or reward) did not
determine which memory benefited and which did not. Therefore, although memory strength
undoubtedly impacts consolidation, we argue that it does not, in itself, explain the complex
encoding-dependent dynamics revealed by TMR studies.

Box 2: Are spontaneous and targeted memory reactivation (TMR) similar or different?

Much of this review has focused on how learning paradigms interact with TMR to determine
memory fate. We argue that understanding this interaction under controlled reactivation settings informs
our general understanding of endogenous processing during sleep. However, one critical question in
determining how well the TMR results apply to typical sleeping conditions involves the extent to which
spontaneous reactivation during sleep and TMR differ. In support of their similarity, TMR success relies
on the same physiological signals that support spontaneous memory reactivation. Spontaneous
reactivation seems to occur optimally when it coincides with two prominent EEG events: slow
oscillations and spindles. Slow oscillations are ~0.8 Hz oscillations that coordinate interactions between
the hippocampus and neocortex and reactivation during slow-wave sleep (Diekelmann & Born, 2010;
Helfrich et al., 2019). Sleep spindles are brief bursts of neural activity (0.5 -2 s; 11-15 Hz) occurring
between the thalamus and cortex that similarly coordinate hippocampal-neocortical interactions and
overlap with hippocampal reactivation events (Antony et al., 2019; McCormick & Bal, 1997; Siapas &
Wilson, 1998). Intriguingly, TMR efficacy can differ based on when cues are delivered with respect to
the slow oscillation phase (Batterink et al., 2016; Ngo & Staresina, 2022; Xia et al., 2023; though see
Goldi et al., 2019; J. Y. Wang et al., 2022). Additionally, TMR cues delivered shortly after spindles,
which are unlikely to produce other beneficial post-cue spindles due to the presence of a 3-6 second
spindle refractory period, are less effective than those delivered outside of the refractory period
(Antony, Piloto, et al., 2018; Wang et al., 2019). These findings suggest that TMR hijacks spontaneous
reactivation processes and supports the idea that outcomes for complex memory arrangements under
TMR resemble spontaneous outcomes.

However, even in these studies, TMR cues could result in a reactivation event that differs —
however subtly, on a cellular or ensemble level — from spontaneous reactivation. Proving definitively
that there are no differences between targeted and spontaneous reactivation neurally will be difficult.
Measuring spontaneous reactivation in humans, despite promising and impressive in-roads (Deuker et
al., 2013; Schonauer et al., 2017; Schreiner et al., 2021), is coarse (often limited to the level of
categories like places or objects, though see Deuker et al., 2013) and commonly yields low decoding
accuracies. Moreover, unlike targeted reactivations, which have post-cue periods in which reactivation
events are expected (Abdellahi et al., 2021; Belal et al., 2018; Cairney et al., 2018; Ngo & Staresina,
2022; Schechtman et al., 2022b; Wang et al., 2019), spontaneous reactivation occurs unpredictably,
which makes identifying clear moments as reactivation events challenging. One potential avenue to
resolve this issue would be to use data at the level of the neural ensemble in non-human rodents
(Bendor & Wilson, 2012; Rothschild et al., 2017) or intracranial experiments in humans (Creery et al.,
2022). These invasive techniques enable the detection of reactivation patterns on the neuronal level for
both spontaneous and targeted events with high fidelity. If reactivation evidence during the period
shortly after a TMR cue resembles evidence during spontaneous epochs, this would lend strong
support to their being similar.
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These problems will likely require many well-considered and well-controlled experiments to
solidify progress in this area. Ultimately, given how spontaneous reactivation and TMR depend on the
same hallmarks of sleep physiology, it may be best to regard the two reactivation types as similar if
measured differences are very subtle or undetectable.

Future directions and concluding remarks

Our understanding about the mechanisms through which TMR impacts cognition has
expanded substantially since its resurgence after the publication of Rasch et al. (2007) 15 years
ago, and it has recently been shown to support learning in applied settings (Gao et al., 2020;
Knotzele et al., 2023; Neumann et al., 2020; Vidal et al., 2022). However, real-world memories
are often complex, and it is therefore important to understand the role of sleep reactivation in
supporting their retrieval. We believe that the studies covered in this review have produced
major insights informing our understanding of these complexities, and we hope our review has
helped to identify common threads as well as knowledge gaps within the current literature.

More broadly, we envision two other directions for research on reactivation within
complex learning arrangements. First, researchers could investigate the impact of sleep
reactivation for even more complex networks of knowledge, such as arrangements with unique
sets of commonalities among memories (e.g., Schapiro et al., 2017) or varying levels of
interconnections as determined by nodes and links within a graph structure (e.g., Feld et al.,
2022; Garvert et al., 2017). Second, applied research could similarly investigate how sleep
reactivation supports more complex types of learning, such as reinforcing knowledge about the
structure of the atom, framing an argument on a social issue like affirmative action, or
generating insights about a novel engineering problem or analyses of a pre-read Emily
Dickinson poem. These domains are naturally more difficult to control experimentally, but they
have the added benefit of generalizing to everyday life (Yarkoni, 2022). In parallel, lab-based
studies examining the effects of sleep on memory should employ more naturalistic designs
involving complex stimuli such as videos (e.g., Antony et al., 2021; J. Chen et al., 2016) or
virtual-reality-like experiences (e.g., K. C. Simon et al., 2022). Altogether, research on how
sleep reactivation supports complex memories is at an exciting juncture, and we hope this
review has helped to frame its commonalities and guide its future developments.
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