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Abstract
We rely on our long-term memories to guide future behaviors, making it adaptive to prioritize the retention of goal-relevant,
salient information in memory. In this review, we discuss findings from rodent and human research to demonstrate that active
processes during post-encoding consolidation support the selective stabilization of recent experience into adaptive, long-term
memories. Building upon literatures focused on dynamics at the cellular level, we highlight that consolidation also transforms
memories at the systems level to support future goal-relevant behavior, resulting in more generalized memory traces in the brain
and behavior. We synthesize previous literatures spanning animal research, human cognitive neuroscience, and cognitive
psychology to propose an integrative framework for adaptive consolidation by which goal-relevant memoranda are “tagged”
for subsequent consolidation, resulting in selective transformations to the structure of memories that support flexible, goal-
relevant behaviors.
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Introduction

We rely on our ability to draw on memories from past expe-
riences to adaptively guide interactions with the world. Yet, in
everyday life, we encounter incoming sensory information in
far greater detail than it is biologically plausible, or useful, to
retain in long-term memory, raising the questions: Which
memories are retained, and how are they translated into
long-term memories? In this review, we draw on recent rodent
and human research to suggest that the active processes in-
volved in memory consolidation – particular systems-level
consolidation –provide adaptive functions critical to forming
flexible long-term memories.

Given the capacity limitations onmemory, it is adaptive for
memory systems to actively prioritize features from

experiences that are goal-relevant and forget more mundane
information (Hardt et al., 2013; Richards & Frankland, 2017).
Selectively storing such significant information (such as out-
comes and immediately preceding events) in memory in-
creases the likelihood of appropriately avoiding threats or
attaining positive outcomes when faced with similar scenarios
in the future (Shohamy& Adcock, 2010). For example, imag-
ine one day on your commute, rushing down the stairs to catch
a departing train, you trip and fall (Fig. 1a). The next time you
are running late, the ability to specifically recall the relevant
incident on the stairs – rather than the types of cars you had
passed blocks earlier – can help prevent another fall. We
operationalize this bias towards the retention of goal-relevant
features in long-term memory as adaptive memory. In an
adaptive memory system, the goal relevance of given informa-
tion can be signaled by multiple factors, including (1) the
significance of the stimulus itself, such as highly arousing
emotional events, (2) associations with a valenced outcome,
such as neutral items paired with reward or threat, and (3) less
intense, more idiosyncratic features that are related to a prima-
ry goal. Such a system therefore encompasses domains across
neuroscience and psychology research, such as emotional
memory, motivated memory, and fear conditioning, which
each have long examined prioritization.

However, our memories are not simply a static collection of
individual snapshots of meaningful experiences, but rather
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represent integrated memories across experiences (McClelland
et al., 1995; Moscovitch et al., 2016). Neural processes under-
lying consolidation thus need to transform as well as prioritize
memory traces. For example, as shown in Fig. 1b,
consolidation-dependent transformations will extract and inte-
grate across shared features from distinct but related experi-
ences of falling on stairs, resulting in an abstracted memory
trace representing the overlapping central features (e.g., the fall,
stairs, and a pair of shoes common to all the scenarios). In this
way, integrating across overlapping features can also help un-
cover underlying patterns (Landmann et al., 2014), such as that
running in a specific pair of sandals leads to falls on stairs, and
facilitates more flexibly generalization to novel events.
Therefore, in addition to prioritization, an adaptive memory
system also necessitates mechanisms for transformation.

Memory consolidation, the process of stabilizing new
memories for the long-term, involves mechanisms that can
both prioritize and transform new experiences. In general,
memory consolidation can refer to mechanisms at two differ-
ent levels: cellular consolidation – changes in the structure of
the synapse, and systems-level consolidation – changes in the
distribution of memory representations across brain regions
(Dudai et al., 2015; Frankland & Bontempi, 2005; Kandel

et al., 2014). However, research on the adaptive nature of
consolidation has generally overlooked the contributions of
systems consolidation in favor of cellular consolidation-
based explanations, focusing on local influences of
experience-dependent changes in synaptic weights (Cahill &
McGaugh, 1998; Lisman & Grace, 2005). Such explanations
tend to be limited, accounting only for the prioritization of
significant information such as intrinsically threatening items,
without considering further transformations to the way mem-
ories are represented. At the same time, recent animal and
human research has provided considerable emerging evidence
demonstrating the neural and behavioral effects that systems
consolidation has on the organization of long-term memories,
although these studies primarily characterize neutral memo-
ries. The siloed nature of these literatures has therefore
prevented the field from gaining a holistic understanding of
how memory consolidation mechanisms adaptively prioritize
and transform memories for the long term.

The goal of this review is to demonstrate how a synthesized
account of memory consolidation mechanisms can advance
our understanding about how memory consolidation acts as
an adaptive process. We review behavioral evidence that con-
solidation prioritizes and transforms goal-relevant memories

Fig. 1 Schematic illustration of the selective prioritization and
transformation of experience across consolidation. (a) All aspects of an
experience that unfolds across time will not necessarily be remembered
equally in memory. If a commute ends in falling down the subway steps,
it would be adaptive to prioritize the retention of the goal-relevant details
– in this case, the intrinsically salient fall on the steps – compared to the
peripheral and less informative scenery from the preceding walk. (b)

Memory consolidation also transforms memories, extracting and integrat-
ing across overlapping features from distinct but related experiences.
Integration across distinct but related experiences of falling on the stairs
will result in a memory trace that abstractly represents links between the
overlapping features from the experiences (e.g., stairs, fall, and a common
pair of sandals). Such an integrated trace can more flexibly generalize to
novel, related experiences
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for long-term retention, and unpack evidence for the mecha-
nisms that underlie these behavioral results. We particularly
focus on how emerging research demonstrates the importance
of systems-level consolidationmechanisms for adaptivemem-
ory. Finally, we draw on this prior work to propose an inte-
grative framework by which goal-relevant memoranda are
selectively “tagged” by cellular mechanisms and prioritized
for subsequent systems consolidation, resulting in transforma-
tions to the structure of memories. As detailed later, we high-
light how information can be “tagged” either through intrinsic
value or through association with subsequent outcomes, and
how such tagsmay bias subsequent cross-regional interactions
to support the long-term retention of more abstracted repre-
sentations. This framework therefore brings together these
disparate literatures to expand the scope of our understanding
about how novel information is adaptively retained through
consolidation.

Behavioral evidence for adaptive
consolidation: Prioritization

Selectivity is critical to adaptive memories, and historically
much research has been focused on characterizing which
memories are retained in long-term memory. In this section,
we detail the behavioral evidence that consolidation leads to
the prioritization of goal-relevant information, resulting in
selective delay-dependent memory enhancements, and dem-
onstrate that significance can be defined broadly depending on
a given situation.

Emotional information is perhaps the clearest example of
the type of goal-relevant experiences targeted by consolida-
tion. Intrinsically emotional information, such as highly arous-
ing images or words, is remembered better compared to neu-
tral information (Dolcos et al., 2005; Ochsner, 2000; Ritchey
et al., 2008; Sharot & Phelps, 2004; Sharot & Yonelinas,
2008). This emotional memory benefit seems to depend on
processes that occur during consolidation, as memory perfor-
mance diverges for emotional and neutral information most
strongly after a delay (Kleinsmith & Kaplan, 1963; LaBar &
Cabeza, 2006; Sharot & Phelps, 2004; Sharot & Yonelinas,
2008; Yonelinas & Ritchey, 2015), suggesting that consolida-
tion selectively renders emotional stimuli more resistant to
forgetting compared to neutral stimuli.

Interestingly, biases in memory do not extend to all aspects
of an emotional experience; central details seem to be prefer-
entially retained compared to the broader context, such as a
neutral background scene (Payne & Kensinger, 2011; Payne
et al., 2008; Sharot & Phelps, 2004; Yonelinas & Ritchey,
2015). This selectivity could also be adaptive, enhancing the
components particular to the salient cue rather than peripheral,
more uninformative information. Indeed, it has been theorized
that arousal not only leads to enhanced memory for prioritized

information, but also impairs memory for irrelevant informa-
tion (Mather & Sutherland, 2011), thus reducing the risk of
proactive and retroactive interference.

Similar selective memory benefits have also been reported
for neutral information encoded in a heightened motivational
state. An extrinsic goal state can shift the prioritization of
otherwise mundane information, as it is also critical to encode
the features that lead to reward attainment or avoidance of
threats. In the reward domain, studies have shown that extrin-
sic reward motivation leads to superior delayed memory per-
formance for neutral stimuli directly associated with high-
value stimuli or encountered in a high-reward state (Adcock
et al., 2006; Igloi et al., 2015; Murayama & Kitagami, 2014;
Murayama & Kuhbandner, 2011; Murty et al., 2017; Nielson
& Bryant, 2005; Wittmann et al., 2005). Mirroring these re-
ports, motivation to avoid the threat of punishment, for exam-
ple an aversive shock, also leads to selective delay-dependent
memory enhancements (Bauch et al., 2014; Clewett et al.,
2018; Dunsmoor et al., 2012; Murty et al., 2012; Schwarze
et al., 2012). The prioritization of neutral information in long-
term memory via the association with positive or negative
events links the literatures on emotional enhancement of epi-
sodic memory with associative learning paradigms such as
Pavlovian conditioning (Dunsmoor & Kroes, 2019). These
findings also help mitigate the potential confounds that arise
when considering intrinsically arousing stimuli, as memory
benefits in these cases could be driven by stimulus specific
factors, such as limited thematic content for emotional stimu-
lus sets, irrespective of selective consolidation (Talmi, 2013).

Mechanisms for consolidation: Prioritization

Cellular consolidation was the first candidate mechanism put
forward to explain how adaptive memories are selectively
retained in long-term memory. This account was based on
reports that neuromodulators such as dopamine – released in
response to emotion, novelty, and reward –modulate synaptic
plasticity in the hippocampus, which in turn can bias the per-
sistence of these valuable events in long-term memory (for
more detailed review, see Lisman & Grace, 2005; Shohamy
& Adcock, 2010). The hippocampus is innervated by dopa-
minergic projections, particularly to the CA1 subfield, and
studies have shown that manipulating dopamine receptor ac-
tivity, through drug application or genetic knock out, can ei-
ther enhance or block the induction of long-term potentiation
(LTP; Bethus et al., 2010; Huang & Kandel, 1995; Lisman &
Grace, 2005; Rossato et al., 2009). For example, one study
found that exposure to novelty leads to the induction of LTP in
a dopamine-dependent manner, such that a salient change in
the environment could trigger the dopaminergic system to
selectively strengthen synapses coding for those recent events
in the hippocampus (Li et al., 2003). As such, the
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neuromodulatory enhancement of plasticity at specific synap-
ses could facilitate the selective retention of meaningful infor-
mation, whether it be intrinsically emotional or neutral infor-
mation imbued with extrinsic motivational significance.

However, the relatively straightforward explanation for the
prioritization of goal-relevant information provided by cellu-
lar consolidation is complicated by the fact that in everyday
life we often learn contingences between a relevance cue and
target stimulus indirectly, such that the significance of en-
countered stimuli may only become clear after an experience
as further information is obtained. For example, if you are on a
hike and see a section of flattened grass near the trail that you
later learn was from a bear’s movements, you can retroactive-
ly re-assess the importance of the grass as a signal for potential
danger. Prioritization in an adaptive memory systemmust also
include information based on such indirect “tags” of goal-
relevance.

While theories of cellular consolidation cannot fully ex-
plain such indirect prioritization effects, recent work has pro-
vided evidence that the retroactive prioritization of informa-
tion does depend on consolidation. In a behavioral study,
Dunsmoor and colleagues (2015) found that exposure to
Pavlovian category conditioning selectively enhanced memo-
ry for previously encoded neutral stimuli from the same cate-
gory (but not directly associated with the shock). Critically,
this memory enhancement was only observed when memory
was tested after a delay and was not present immediately,
suggesting a role of consolidation (Fig. 2). A recent study
found that this retroactive memory effect is related to errors
in source memory attribution, such that items learned during
the pre-conditioning phase are misattributed to the salient con-
ditioning context (Hennings et al., 2021). Further, using a
similar paradigm but with reward, Patil, Murty, et al. (2017)
showed that high-value reward information can retroactively
enhance conceptually related, but not directly associated, in-
formation with a delay (Patil et al., 2017). The extent of this

backwards “tag” may be modulated by the proximity to the
salient signal, as work shows memory is more accurate for
neutral events experienced closer to a reward outcome
(Braun et al., 2018). In line with an adaptive memory system,
in these studies only the information conceptually related to
the goal-relevance signal (in this case, indirectly associated) is
prioritized in later memory. In this way, consolidation does
not only select memories to strengthen, but promotes the flex-
ible generalization to preserve information related to a future
meaningful event.

What mechanisms can explain how consolidation facili-
tates the retroactive application of such “salience tags”? One
model, known as synaptic tag-and-capture, proposed a means
by which weak memories can be strengthened through subse-
quent activation (Frey & Morris, 1997, 1998). According to
this model, weakly potentiated synapses representing infor-
mation that would otherwise be forgotten can be upregulated
if encoding is followed by a strong salience cue, which can
evoke the downstream cellular cascades that lead to long-term
potentiation of the synapses (Frey & Morris, 1998; Redondo
& Morris, 2011). The behavioral instantiation of this model,
known as “behavioral tagging,” likewise suggests that weakly
formed hippocampal-dependent memories can be strength-
ened for long-term retention via exposure to a strong learning
event around the time of the initial learning (Ballarini et al.,
2009; Moncada & Viola, 2007). However, both models pro-
pose that memory benefits from a sufficiently strong subse-
quent cue would generalize to all weakly encoded informa-
tion, which is at odds with both the selectivity expected in an
adaptive memory system and the findings from Dunsmoor
et al. (2015) and Patil, Murty, et al. (2017). We argue it is
necessary to consider mechanisms beyond the cellular level,
turning instead to the emerging literature on systems-level
consolidation, to account for how consolidation selectively
and flexibly facilitates the retention of goal-relevant informa-
tion in memory.

Fig. 2 (a) Immediately after encoding, stimuli directly paired with the
shock during conditioning (CS+, dark bars) were remembered better
compared to CS- stimuli, but there was no difference in memory for the
pre-conditioning phase CS- and CS+ categories (of note, these stimuli
were never directly associated with the shock, but came from the same

semantic/conceptual category). (b) After a 24-h delay, the pre-
conditioning stimuli from the CS+ category were better remembered com-
pared to those from the CS- category, suggesting that conceptually related
exemplars were preserved in memory over a period of consolidation.
Figure adapted from Dunsmoor et al. (2015)
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Mechanisms of systems consolidation

Systems-level consolidation theories focus on the stabilization of
memories through interactions between the hippocampus and
areas of the neocortex (Alvarez & Squire, 1994; McClelland
et al., 1995; Nadel & Moscovitch, 1997; Robin & Moscovitch,
2017; Winocur & Moscovitch, 2011). It is hypothesized that
during offline periods following an experience – such as sleep
– hippocampal and neocortical traces are reactivated, facilitating
a dialogue between these regions that allows the cortex to extract
the central tendencies, resulting in an abstracted memory trace
that can be integrated into existing memory stores without inter-
ference (McClelland et al., 1995; Moscovitch et al., 2016). Such
transformation is also adaptive, as integrating across episodes
and building more generalized, abstracted memory traces could
underlie schemas and heuristics and facilitate the extraction of
information about causal relationships from recent experiences
and help guide responses to related experiences in the future
(Landmann et al., 2014; McClelland et al., 1995; Moscovitch
et al., 2016; Robin & Moscovitch, 2017). To return to our sub-
way example in Fig. 1b, with repeated instances of falling on the
stairs, our memories can dynamically integrate features shared
across these disparate experiences. Generating a more abstracted
memory trace representing these central, shared features (e.g.,
stairs, the fall, and a common pair of sandals), rather than distinct
traces, allows us to extrapolate patterns, and, critically, can facil-
itate generalization to new experiences in amore flexiblemanner.
In other words, if confronted with a similar, but not identical, set
of circumstances, such as a staircase in a new context, the ab-
stracted memory can still be reactivated and applied to these
novel circumstances to help prevent another fall.

However, models of systems consolidation are often ag-
nostic to the prioritization of goal-relevant content. These the-
ories tend to focus primarily on the mechanisms of the
hippocampal-neocortical dialogue and resulting changes to
the representational structure of memories, and do not make
predictions for mechanisms in the selection of memories, nor
the utility of such generalization. Therefore, a framework of
consolidation that integrates across cellular and systems level
mechanisms is better suited to capture how consolidation
adaptively retains information. As we propose in more detail
later, in an adaptive memory framework, the cross-regional
interactions critical in systems consolidation provide a mech-
anism by which memories tagged as relevant could be both
selectively strengthened and transformed.

Beyond prioritization: Adaptive
transformation of memories

Emerging work has provided considerable evidence that memo-
ries are transformed with consolidation. Behavioral studies have
shown that consolidation benefits the extrapolation of

relationships between stimuli that were only indirectly associated
(e.g., transitive inference) (Ellenbogen et al., 2007; Lau et al.,
2011; Werchan & Gómez, 2013), as well as enhancements in
memory for features shared across stimuli (Schapiro et al., 2017,
2018). Further, underlying statistical regularities or hidden rules
can be uncovered or extracted with a delay (Batterink et al.,
2014; Durrant et al., 2013; Nieuwenhuis et al., 2013; Wagner
et al., 2004; for review, see Landmann et al., 2014; Rasch &
Born, 2013; Walker & Stickgold, 2004). These data are in line
with systems consolidation as an adaptive transformation pro-
cess, as promoting shared structure and forming links across
distinct experiences can emphasize patterns that will be beneficial
for optimizing future related behaviors.

Indeed, much research has sought to understand the impli-
cations of retaining such abstracted memories on new learn-
ing. Prior knowledge, including existing schemas, has been
shown to influence the subsequent encoding of novel stimuli
(Bein et al., 2020; Craik & Tulving, 1975; DeWitt et al., 2012;
Ghosh & Gilboa, 2014; Tompary & Thompson-Schill, 2021;
Tse et al., 2007; van Kesteren et al., 2010). Reports also sug-
gest memory for the abstracted structure of a prior learning
experience can bias the way novel information is represented
(Liu et al., 2019; Whittington et al., 2020), and that applying
previously learned knowledge about task structure to a
subsequent learning experience benefits the accuracy of
later behaviors (Mark et al., 2020). These findings are
perhaps in line with the idea that abstracted knowledge
may be flexibly represented as a cognitive map, facili-
tating inferential reasoning, the generation of predic-
tions, and future planning (Barron et al., 2020;
Behrens et al., 2018; Biderman et al., 2020; Mark
et al., 2020; Stachenfeld et al., 2017; Vikbladh et al.,
2019). While more work is needed to fully understand
the role of consolidation processes in such decision-
making dynamics, this work underscores the adaptive
utility of consolidation-dependent transformations to
modulate future learning experiences.

Neural evidence for systems-level adaptive
consolidation

All of the behavioral evidence noted thus far illustrates
that memories are selectively prioritized and transformed
through consolidation. In this section, we highlight neu-
ral evidence for the adaptive functions of systems con-
solidation that support a model by which goal-relevant
memories are prioritized for subsequent transformation.
When this work does not directly consider the selectivity
of the effects, we summarize evidence of neural process-
es that drive the transformation of memories overall and
discuss their application to adaptive memories.
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Replay and neural evidence for adaptive systems
consolidation

The hippocampal-cortical dialogue critical to systems-level
consolidation theories is thought to be instantiated through
the reactivation of memory traces during offline periods fol-
lowing encoding, such as sleep. The best mechanistic evi-
dence for this process comes from rodent studies of “replay,”
whereby patterns of hippocampal activity observed during
encoding are reactivated in temporally compressed sequences
during sharp wave-ripples, high-frequency oscillatory signals
(Buzsáki, 1989; Girardeau & Zugaro, 2011; Joo & Frank,
2018; Skaggs & McNaughton , 1996; Wilson &
McNaughton, 1994). Evidence for coordinated replay in the
hippocampus and areas of the cortex, including prefrontal cor-
tex and visual cortex (Ji &Wilson, 2007; Lansink et al., 2009;
Peyrache et al., 2009; Wierzynski et al., 2009), suggest these
reactivations could facilitate the cortical memory trace
(Maingret et al., 2016), though more work is needed to direct-
ly link replay with the reorganization of memory traces.

In an adaptive memory system, biasing the content of re-
play could result in the selective stabilization and transforma-
tion of goal-relevant, or valuable, memories. In line with this
prediction, rewarded information is more likely to be replayed
than non-rewarded information (Lansink et al., 2009; Singer
& Frank, 2009), as illustrated in Fig. 3. Likewise, it’s been
shown that exposure to a rewarded associative learning task
leads to increased activity of the replay-supporting sharp
wave-ripple oscillations during subsequent sleep (Eschenko
et al., 2008). Evidence suggests dopaminergic inputs enhances
replay in the hippocampus (McNamara et al., 2014), suggest-
ing neuromodulators may drive the prioritized reactivation of
goal-relevant information.

Replay activity is also modulated by reward during wake-
ful rest. Wake replay activity may reflect the relative magni-
tude of rewards available in the task (Ambrose et al., 2016).
Interestingly, replay during wake, particularly following a re-
ward outcome, tends to unfold in reverse order, presenting a
potential mechanism to associate an outcome with its preced-
ing events, thus solving the “credit assignment problem”
(Ambrose et al., 2016; Foster & Wilson, 2006; Joo & Frank,
2018; Singer & Frank, 2009). Reverse replay may also play a
role in inferential reasoning, providing a means to establish
relationships between indirectly learned items (Barron et al.,
2020). In contrast, forward replay during wakeful rest has
been connected to future planning and decision-making pro-
cesses (Diba &Buzsáki, 2007; Ólafsdóttir et al., 2018; Pfeiffer
& Foster, 2013; Singer et al., 2013), and can also signal loca-
tions that were never visited (Gupta et al., 2010; Liu et al.,
2019; Ólafsdóttir et al., 2015), suggesting a potential role in
generalization of goal-relevant information into knowledge
structures (for more in-depth reviews of wake replay, see
Carr et al., 2011; Joo & Frank, 2018; Pfeiffer, 2020). While
understanding the connection between replay during wake
and sleep in service of consolidation still requires further re-
search, this work highlights the dynamic means by which
neural activity is modulated by the goal-relevance of the
encoded material.

Sleep-dependent oscillations underlying systems-
level adaptive consolidation

The coordinated replay of memories in the hippocampus and
areas of the cortex is thought to be supported by the
hippocampal-cortical dialogue achieved through the hierarchi-
cal temporal coupling between sharp wave ripples (80–100

Fig. 3 Biased replay of rewarded experiences. (a) An example of two
types of experiences, akin to typical replay rodent studies, only one of
which ends in obtaining a reward (top). As animals traverse the
environments, hippocampal place cells fire corresponding to given
locations. (b) During subsequent periods of sleep, the pattern of place
cell activity in the hippocampus is reactivated, in sequential order but

temporally compressed, during sharp wave ripples (blue), with the
content of replay biased toward the rewarded experience. The
hierarchical coupling between sharp wave ripples, thalamocortical
spindles (red), and slow oscillations (purple) can then coordinate commu-
nication between the hippocampus and neocortex during sleep and facil-
itate the reactivation in the cortex and the cortical memory trace
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Hz), which support replay events (Siapas & Wilson, 1998;
Wilson & McNaughton, 1994), with more global slow oscil-
lations (< 1 Hz) and thalamocortical sleep spindles (11–16Hz)
(Clemens et al., 2007; Mölle & Born, 2011; Rasch & Born,
2013; Siapas & Wilson, 1998; Sirota et al., 2003; Staresina
et al., 2015; Steriade, 2006). Spindles in particular have been
related to measures of the cross-regional dialogue, including
hippocampal-cortical functional connectivity and the reactiva-
tion of memory traces (Andrade et al., 2011; Antony et al.,
2018, 2019; Bergmann et al., 2012; Cairney et al., 2018;
Cowan et al., 2020; Gais et al., 2007; Schabus et al., 2007;
Schönauer et al., 2017). Spindle activity can induce LTP in
neocortical synapses (Peyrache & Seibt, 2020; Rosanova,
2005; Steriade & Timofeev, 2003; Timofeev et al., 2002),
suggesting that these oscillations help strengthen the cortical
memory trace. Supporting the role of spindles in the stabiliza-
tion of new memories, many studies have found the density of
spindles during post-learning sleep is related to measures of
subsequent memory performance, including retention across
the sleep period, in humans (Clemens et al., 2005, 2006; Cox
et al., 2012; Fenn & Hambrick, 2012; Gais et al., 2002; van
der Helm et al., 2011; Hennies et al., 2016; Kurdziel et al.,
2013; Schabus et al., 2004; Tamminen et al., 2010, 2013).

Sleep-dependent mechanisms seem to support the prioriti-
zation and transformation of goal-relevant information central
to adaptive memory consolidation. Broadly, a period of sleep,
but not an equal wake period, benefits the selective retention
of emotional (Hu et al., 2006; Kim & Payne, 2020; Nishida
et al., 2009; Payne & Kensinger, 2011; Payne et al., 2008;
Sterpenich et al., 2009) and rewarded information (Fischer
& Born, 2009; Igloi et al., 2015; Oudiette et al., 2013) in
memory. Dopamine signaling may particularly support this
selectivity, as pharmacologically enhancing dopamine activity
can spread retention benefits to low-reward memories during
sleep (Feld et al., 2014). Likewise, in line with sleep benefit-
ing the prioritization of goal-relevant information, studies
have shown specific benefits of sleep for the retention of task
goals (Diekelmann et al., 2013; Scullin & McDaniel, 2010)
and content determined to be relevant for future use ( van
Dongen et al., 2012; van Rijn et al., 2017; Wilhelm et al.,
2011; cf.: Reverberi et al., 2020; Wamsley et al., 2016). In
particular, spindle activity seems to be sensitive to the goal
relevance of the prior experience; reports indicate increases in
the density of sleep spindles during post-encoding sleep after
tasks that involve episodic learning (Gais et al., 2002; Schabus
et al., 2004; Schmidt, 2006), and when newly learned infor-
mation is explicitly instructed to be of future use (Wilhelm
et al., 2011). It is possible that these oscillations may dynam-
ically reflect the need to consolidate relevant learned informa-
tion, and therefore act as a critical mechanism for adaptive
consolidation. Spindle density during post-encoding sleep is
also related to increased overlap in the representational pattern
amongst recently learned information, suggesting a role in the

organization of memory representations (Cowan et al., 2020).
These effects may reflect the active mechanisms during sleep
that promote adaptive functions of systems consolidation.

Sleep is also a period that may promote the adaptive for-
getting of superfluous or redundant details accumulated
throughout the day that do not necessitate preservation in
long-term episodic memory. That is, sleep may be a period
to cull memories that were not deemed significant throughout
the day, either through direct experience or through temporal
association with meaningful experiences (Hardt et al., 2013;
Stickgold &Walker, 2013). Simultaneously, sleep may be the
optimal time to extract generalized knowledge across waking
experiences tagged with salience, to integrate information into
existing frameworks (schemas), and to extract regularities to
guide future goal-directed behavior to related cues and
situations.

Coupling between the hippocampus
and cortex as a mechanism for adaptive
consolidation

In addition to research on replay and the coupling between
oscillations, human neuroimaging research has provided evi-
dence of a putative marker for the hippocampal-cortical dia-
logue critical to systems consolidation mechanisms. These
formative studies report enhanced functional coupling be-
tween the hippocampus and areas of the cortex following a
learning experience in a manner that predicts later memory
performance – particularly with regions previously engaged
during learning (Collins & Dickerson, 2018; de Voogd et al.,
2016; Murty et al., 2017; Schlichting & Preston, 2014;
Tambini et al., 2010; Tompary et al., 2015; Vilberg &
Davachi, 2013), providing support for the idea that memories
are stabilized through the cross-regional interactions of the
hippocampus and cortex. Reports also have found increased
hippocampal-cortical functional coupling after a period of
sleep or short delay (Gais et al., 2007; Sterpenich et al.,
2007; Vilberg & Davachi, 2013; but see Baran et al., 2016;
Takashima et al., 2009), and one report found such functional
coupling enhancements are related to the density of sleep
spindles during the prior night of sleep, specifically for mem-
ories initially learned prior to the sleep period (Cowan et al.,
2020). Together, this work provides further support for the
importance of the hippocampal-cortical dialogue in facilitat-
ing systems consolidation.

Most critically, research on functional coupling changes
suggest the hippocampal-cortical dialogue facilitates the re-
tention of goal-relevant material. In a study using a reward-
motivated encoding paradigm in which word-image pairs
were either associated with a high- or low-reward cue depend-
ing on the category of the image, Murty et al. (2017) found
that subsequent benefits for high-reward memory were related
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to increased post-encoding functional coupling between ante-
rior hippocampus and a region of sensory cortex sensitive to
the category associated with the reward (Fig. 4). Likewise,
Gruber et al. (2016) found that memory benefits for reward-
related information correlated with post-encoding dynamics,
including enhancements in hippocampal functional coupling
with reward-related regions, the VTA (ventral tegmental area)
and substantia nigra, and greater reactivation of reward-related
information. Similar effects have also been reported using a
category conditioning task, with greater post-encoding reacti-
vation of stimuli associated with a shock, and, again, en-
hanced hippocampal-cortical functional connectivity correlat-
ed with subsequent benefits for these stimuli (de Voogd et al.,
2016). Together, this work suggests long-term adaptive mem-
ories may be due to the hippocampal-cortical dialogue that
preferentially targets cortical regions specialized for the con-
tent of the goal-relevant information. Further, in line with
consolidation as an adaptive process, the mechanisms under-
lying the prioritization and transformation aspects of consoli-
dation are not fully separable and are part of a larger, cross-
regional system.

Integration of memory traces

Thus far, we have demonstrated evidence for the neural pro-
cesses underlying the hippocampal-cortical dialogue that
seem to support subsequent memory, in line with systems-
level cross-regional interactions providing a mechanism to
slowly build up the cortical trace (McClelland et al., 1995;

Moscovitch et al., 2016). However, beyond strengthening,
the cortex is thought to represent regularities across experi-
ences, integrating such abstracted traces into existing knowl-
edge stores without interference, and facilitating generaliza-
tion (McClelland et al., 1995). As detailed above, such a rep-
resentation adaptively supports the extrapolation of meaning
or relationships across distinct, but related, experiences.
Neural evidence has provided support for the transformation
of memories in cortex with consolidation, with a pattern
emerging particularly implicating the ventromedial prefrontal
cortex (vmPFC) in this process. The vmPFC has been associ-
ated with the development of integrated representations for
related experiences over time (Richards et al., 2014;
Tompary & Davachi, 2017), which may be related to sleep
spindle density during overnight sleep (Cowan et al., 2020), as
well as the formation and maintenance of schemas (Preston &
Eichenbaum, 2013; Richards et al., 2014; Schlichting &
Preston, 2015; Spalding et al., 2018; Tompary & Davachi,
2017; Tse et al., 2007; van Kesteren et al., 2013), and the
retrieval of consolidated memories more broadly (Gais et al.,
2007; Sterpenich et al., 2007, 2009; Takashima et al., 2006,
2007, 2009).

Given its role in flexible integration of memories, the
vmPFC might also be expected to play a role in adaptive
memory consolidation. While there has been limited research
looking at the intersection of the prioritization and reorgani-
zation of goal-relevant neural traces with consolidation, re-
search from decision-making has also shown that heuristic
development and the formation of rule spaces rely on

Fig. 4 Murty et al. (2017) demonstrated experience-dependent changes
in hippocampal-cortical functional coupling following a motivated
encoding task in which word-image pairs were either associated with a
high or a low reward based on category (word-face, word-scene pairs).
Functional coupling between anterior hippocampus and category

selective cortex region associated with the high reward (top left) signifi-
cantly correlated with subsequent benefits for high-reward memory (top
right, green line) but not low-reward memory (gray line). Figure adapted
from Murty et al. (2017)
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engagement of the vmPFC. This type of vmPFC-based
knowledge representation may result from the transformation
of learned information over time (Boorman et al., 2013;
Wimmer et al., 2018). Critically, future work is needed to
characterize the role of the vmPFC in adaptive memory con-
solidation more explicitly and to delineate how this region
intersects with the mechanisms demonstrated across the hip-
pocampus and other regions of the cortex. For example, the
orbitofrontal cortex (OFC) has also been implicated in func-
tions including the formation of schemas and representation of
mental maps of task space (Boorman et al., 2016; Schuck
et al., 2016; Wikenheiser & Schoenbaum, 2016; Wilson
et al., 2014; Zhou et al., 2019, 2021), raising the possibility
that this region, potentially together with vmPFC, facilitates
adaptive behaviors with consolidation. As such, one hypoth-
esis that warrants further testing is that regions of cortex sup-
port different types of generalization processes, such that the
vmPFC may generalize across multiple features of an experi-
ence, while regions of sensory cortex generalize traces within
specific modalities. In addition, future work must also consid-
er consolidation-dependent transformations of memory traces
within the hippocampus itself, a topic that remains the center
of active debate (Moscovitch et al., 2016; Robin &
Moscovitch, 2017; Sekeres et al., 2018).

An integrative framework for adaptive
consolidation

Synthesizing this prior research, we propose a unified frame-
work by which consolidation prioritizes and transforms goal-
relevant memories, allowing us to remember information that
will help optimize future outcomes, such as obtaining rewards
or avoiding threats (Fig. 5). As in the tag-and-capture model,
relevant encoded information is signaled by a “tag,” which
can be assigned by two different routes depending on the
nature of the stimuli: an encoding-based tag, for information
directly paired with a salience cue such as intrinsically emo-
tional stimuli, or a retroactive tag, derived from an experience
signaling the relevance of otherwise neutral information ini-
tially encoded earlier (Frey & Morris, 1998; Redondo &
Morris, 2011). In both cases, the salience tag will facilitate
late-LTP cellular cascades within the hippocampus, leading
to a selective, persistent potentiation of synapses related to
the goal-relevant information (Dudai et al., 2015; Kandel
et al., 2014).

These tags can therefore serve as a first level of pruning,
denoting what synapses should be maintained for subsequent
systems-level consolidation processes. During offline periods
following the encoding experience, such as sleep, the se-
quences reactivated in the hippocampus in sharp wave ripples
during replay could then reflect the information held in these
strengthened, potentiated synapses (Atherton et al., 2015).

The hierarchical coupling of sharp wave ripples with
thalamocortical spindles and slow oscillations (Clemens
et al., 2007; Rasch & Born, 2013; Siapas and Wilson, 1998;
Sirota et al., 2003; Staresina et al., 2015) then facilitates the
coordinated reactivation of these traces in cortex, particularly
in those cortical regions involved in encoding the relevant
stimuli. Thus the hippocampal-cortical dialogue, and by
proxy, measures of functional coupling, will be biased to-
wards the regions representing the tagged stimuli (e.g., as in
Murty et al., 2017). Since these cortical regions are thought to
have slower learning rates and more overlapping representa-
tions (McClelland et al., 1995), as the information is repeat-
edly replayed in cortex, similar or related memory traces can
be integrated, leading to a more generalized or abstracted cor-
tical trace. These abstracted traces can support more flexible
behaviors that rely on integration across memories or the ex-
traction of rules, and can be used to guide future actions when
presented with similar, but not necessarily identical, experi-
ences in the future.

Critically, in this framework the relevance tags do not nec-
essarily have to be affective in nature. In instances in which
only neutral information is encoded, adaptive consolidation
processes may simply be oriented by different definitions of
“relevance.” For example, studies have implicated several fac-
tors as potential dimensions that can be selectively empha-
sized by consolidation processes including: weak memories
requiring strengthening (Schapiro et al., 2017, 2018), the
goals of the task (such as if knowledge is necessary for future
tests), the context of the learning schedule, or error-driven
feedback information. It is possible that these tags can func-
tion in much the same way, either defined in the moment
during encoding or defined as new information is provided
(e.g., via feedback at the end of a task). Again, through replay
and the hippocampal-cortical dialogue, the cortical traces can
become defined by their shared structure or overlap. However,
future work will be needed to identify the boundary conditions
on such processes, to better understand when labels of “sig-
nificance” rise to the level of signaling goal-relevance.

In addition to integrating evidence, this framework gener-
ates several testable predictions for future work. Throughout
this review we have demonstrated that adaptive consolidation
mechanisms both prioritize and transform goal-relevant mem-
ories, however, little research has directly combined these two
processes to test the selectivity of integration processes. Our
framework suggests that, because replay will be biased to-
wards goal-relevant information, the cortex will build up ab-
stracted representations specific to that information. It will be
necessary for future work to examine if information deemed
significant, whether intrinsically or through associations with
a goal-relevant outcome, is selectively represented in all neu-
ral markers of consolidation, including replay and cross-
regional measures including functional connectivity, and in
an abstract, integrated manner in cortex. In other words, our
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framework suggests that memories tagged as goal-relevant that
are selectively retained are also those that undergo transforma-
tion, but little work has directly examined how such relevant
versus non-relevant information is represented after consolida-
tion. Interestingly, Clewett andMurty (2019) recently speculated
that memory selectivity and integration are facilitated through
separable mechanisms, driven by the noradrenergic and dopami-
nergic neuromodulatory systems, respectively. The authors sug-
gest that the outcome inmemorymay be driven by the contextual
details of the encoding experience that determines which
neuromodulatory system is stimulated. The engagement of these
different neuromodulatory systems may lead to qualitatively dif-
ferent forms of memory prioritization and integration with previ-
ous episodes, such that noradrenergic systems facilitate de-
contextualization of salient information from other experiences,
while dopamine facilitates integration with surrounding pieces of
the concurrent environment and prior episodes. Future work will
therefore be important to test how processes of selectivity and
integration might differ depending on the stimulated
neuromodulatory systems.

Relatedly, an intriguing question arising from this framework
is how adaptive memories impact subsequent learning experi-
ences. Prior work has shown that learned task structure can mod-
ulate later learning (Liu et al., 2019; Mark et al., 2020), but it is
not clear if memory for otherwise mundane information is biased

by reactivating existing memories of goal-relevant contexts. If in
a prior experience given information is deemed “goal-relevant,”
and thus undergoes adaptive consolidation processes, does
reactivating this representation when encountering similar infor-
mation in a context that this information is no longer goal rele-
vant still facilitate selective retention of the novel information?
The utility of understanding howwe generalize priority to novel,
related experiences will help our understanding of the adaptive
nature of long-term memory.

The framework proposed here draws on previously pro-
posed theories concerning the adaptive functions of memory.
In particular, the memory modulation hypothesis (Cahill &
McGaugh, 1998; McGaugh, 2015; Roozendaal & McGaugh,
2011) and Arousal Biased Competition model (Mather &
Sutherland, 2011) provide a foundation for discussions of the
prioritization of salient information and the neuromodulatory
systems that facilitate the retention of such information with
consolidation. However, while these models tend to focus on
emotionally arousing memoranda, we summarize similar ef-
fects across domains, including reward and threat-based condi-
tioning, and extend these findings into the domain of memory
integration and generalization. Thus, our model incorporates
the findings from these prior models into a more generalizable
framework. Similarly, our proposed framework has anteced-
ents in the sleep triage model, which illustrates sleep’s role in

Fig. 5 Schematic illustrating the integrative framework of adaptive
consolidation. In this framework, goal-relevant information (circles) can
be signaled by a salience tag either during initial encoding (top left) or
through a retroactive tag learned after encoding (bottom left). In both
cases, the salience cue will facilitate selective strengthening of the synap-
ses representing the goal-relevant information (red circles), while the

neutral information (triangles) will be more likely to be forgotten.
During subsequent replay these potentiated synapses are also more likely
to be reactivated in the hippocampus, and – through the coupling between
sleep oscillations – in areas of the neocortex, facilitating the transforma-
tion towards a more generalized or abstracted cortical trace
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the selective retention and integration of new information
(Stickgold &Walker, 2013). However, our proposed integrative
framework for adaptive consolidation links these theories with
more recent advances in systems consolidation research, provid-
ing evidence for a more holistic view of the mechanisms by
which goal-relevant information is prioritized for subsequent re-
play and cross-regional systems consolidation processes.

Additionally, our integrative framework for adaptive con-
solidation complements recent models focused on mecha-
nisms of memory-guided decision making. These models de-
scribe the hippocampal functions that utilize existing memo-
ries to form predictions, and the importance of reactivating
relevant memories in future planning (Biderman et al., 2020;
Bulley & Schacter, 2020), and therefore are focused on the
consequences of the adaptive processes by which consolida-
tion facilitates the retention of goal-relevant information of
interest in the current review. Likewise, the focus of our model
of adaptive memory is distinct from, but complementary to,
the constructive episodic simulation hypothesis, which posits
that existing episodic memories are recombined to adaptively
facilitate future thoughts and simulations (Bulley & Schacter,
2020; Schacter & Addis, 2007; Schacter et al., 2007). We do
not see these as inconsistent ideas, but rather as models focus-
ing on distinct aspects of episodic memory: from the forma-
tion of long-term memory representations to the use of these
abstract representations. Situating our framework within the
landscape of existing theories of adaptive memory functions
therefore begins to provide a larger picture of how aspects of
experience are retained, transformed, and ultimately utilized.

The explanatory power of the integrative adaptive memory
framework proposed here is that it reconciles the converging
evidence from fields that have tended to be siloed. Data from
the affective domain demonstrating the flexibility of adaptive
memory behaviorally, with selective enhancements for goal-
relevant stimuli, have rarely been connected with the emerg-
ing literature on the consolidation-related changes in the struc-
ture of memories. When integrating recent research across
these fields, it becomes clear that consolidation acts as an
adaptive process, filtering the continuous, surplus of stimuli
encountered in the world to selectively prioritize, strengthen,
and transform relevant information into long-term memories.

Data availability There are no data or experiments associated with this arti-
cle; all results discussed are from publicly available published work.
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