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Introduction
Our daily lives consist of many
repeated events. This poses a challenge
for the memory system: because our
experiences may contain related ele-
ments, we often have to distinguish
between similar memories (O’Reilly
and McClelland, 1994). The brain can
help mitigate interference between
memories by driving neural representa-
tions of related experiences further
apart, a process called differentiation
(Schlichting et al., 2015; Favila et al.,
2016; Chanales et al., 2017), or by pull-
ing them closer together, a process
called integration (Schlichting and
Preston, 2015). Empirical and compu-
tational work has demonstrated that
different hippocampal subfields tend to
play different roles in these processes:
the dentate gyrus, CA2, and CA3 sub-
fields (DG/CA2,3) often differentiate
related memories, whereas CA1 often
integrates them (Schapiro et al., 2017;
Dimsdale-Zucker et al., 2018; Duncan
and Schlichting, 2018). One factor that
may influence whether the neural rep-
resentations of overlapping events are
integrated or differentiated is the

degree to which previous, related expe-
riences are reactivated during new
learning (Schlichting et al., 2015; Kim
et al., 2017; Ritvo et al., 2019; Wammes
et al., 2021). How varying levels of reacti-
vation impact memory representations in
different hippocampal subfields, in light
of their known representational biases,
remains an open question.

To address this, Molitor et al. (2021)
used fMRI to characterize the relationship
between reactivation and representations
of overlapping experiences across hippo-
campal subfields DG/CA2,3, CA1, and sub-
iculum. Participants first learned AB
associations [a particular face or house (A)
paired with a particular shape (B)]. They
then encoded partially overlapping BC
associations [a previously learned shape
(B) paired with a new object (C)]. To
explore how variation in reactivation
strength alters memory representations,
the authors assessed the relationship
between (1) the strength of reactivation of
A-item representations during overlap-
ping BC learning, and (2) how much the
similarity between A and C item represen-
tations that were linked by a shared B
shape changed from before to after encod-
ing. Here, similarity refers to the correla-
tion between multivariate brain activity
patterns elicited while participants viewed
A and C items both before and after learn-
ing (Kriegeskorte, 2008). Increased simi-
larity between these activity patterns after
learning suggests that A and C representa-
tions overlapped more after being linked
to a shared B associate, and was thus taken

as evidence of integration. Decreased simi-
larity was taken as evidence of differentia-
tion (Schlichting et al., 2015).

Of note, the authors also varied the
perceptual similarity of the shared B items
between overlapping item pairs, such that
some AB/BC triads contained identical B
shapes, while others contained B shapes
with varying levels of perceptual similarity
(high, low, or no similarity). Changes in
memory representations within hippo-
campal subfields were measured only for
AB/BC triads in which the similarity
between B shapes was high. Finally, partic-
ipants were tested on their ability to infer
the indirect association between A and
C items, allowing the authors to explore
the behavioral consequences of reactiva-
tion and subsequent changes in item
representations.

Ultimately, Molitor et al. (2021) found
that when memories for A items were
strongly reactivated in the cingulate, occipi-
tal, and parietal cortex during BC learning,
DG/CA2,3 and subiculum differentiated
memory representations (i.e., lower similar-
ity between A- and C-item brain activity
patterns after, relative to before, learning),
whereas CA1 integrated them (i.e., greater
similarity between A- and C-item represen-
tations after learning). However, when
memories were weakly reactivated in the
cortex, DG/CA2,3 integrated memory repre-
sentations. The strength of memory reacti-
vation in the cortex and of integration in
the subiculum was also positively associated
with behavioral performance on the indirect
association test. Together, these findings
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reveal that cortical reactivation can lead
to divergent representation changes in
hippocampal subfields and have behavioral
consequences for flexible memory use.
An open question, however, is how the
observed relationship between reactivation
and the modification of memory represen-
tations arises.

Intrinsic Properties of
Hippocampal Subfields Shape
Reactivation and Bias
Representations
One way to understand how different
hippocampal subfields show distinct
changes in memory representations is by
considering their unique firing properties.
Specifically, the innate excitability of each
subfield might constrain the magnitude of
memory reactivation elicited during BC
learning. The strength of this reactivation,
in turn, may dictate how overlapping
memory representations are modified.
Following the predictions of the nonmo-
notonic plasticity hypothesis (NMPH),
weak levels of reactivation will leave mem-
ories unchanged, moderate levels of reacti-
vation will lead to differentiation, and
strong levels will lead to integration (Ritvo
et al., 2019). Let us consider how this
might play out across different subfields:
CA1 has relatively dense activity and low
inhibition, resulting in a greater likelihood
of correlated firing across populations of
neurons (Kesner and Rolls, 2015). As
such, activation of the newly formed BC
representation in CA1 during learning
may be more likely to trigger reactivation
of the related, pre-existing AB representa-
tion. This strong coactivation of the new
BC and existing AB pairs would then pro-
mote integration of the two memories,
given that correlated firing should
strengthen the connections between the
neural ensembles representing each indi-
vidual memory (Ritvo et al., 2019).

In contrast, DG is characterized by
high inhibition and sparse neural coding
(Kesner and Rolls, 2015). Activation of the
BC representation would thus be less likely
to initiate strong reactivation of the pre-
existing AB memory trace. Consequently,
these representations are unlikely to
become integrated, and may even become
differentiated—a claim supported by work
suggesting that relatively moderate coacti-
vation of related memory representations
weakens the neural connections between
them (Ritvo et al., 2019; Wammes et al.,
2021). Therefore, the intrinsic properties
of DG and CA1 may drive the dissociable

changes in hippocampal representations
that Molitor et al. (2021) observed.

The properties of DG alone, however,
cannot explain why DG/CA2,3 differenti-
ated when cortical reactivation was strong
but integrated when reactivation was weak
(Molitor et al., 2021). One way to reconcile
this finding with the general bias of DG
toward differentiation is to consider the
complications introduced by combining
DG with CA2,3, as is typical in human
fMRI work. In contrast to the sparse cod-
ing scheme and high inhibition of DG,
CA3 is characterized by dense excitatory
recurrent connections, which promote
memory reactivation (Kesner and Rolls,
2015). Although some studies show differ-
entiation in DG/CA2,3 (Dimsdale-Zucker
et al., 2018), others find that CA3 can inte-
grate memories (Grande et al., 2019), indi-
cating that representations in this region
may be flexible (Yassa and Stark, 2011;
Aly and Turk-Browne, 2018). Ultimately,
this flexibility in how memory representa-
tions are modified within CA3, in addition
to its distinct firing properties relative to
DG, may jointly explain why the com-
bined DG/CA2,3 region in Molitor et al.
(2021) exhibits integration in some cases,
and differentiation in others.

In contrast to these well characterized
dynamics of CA1, CA3, and DG, less is
known about the role of subiculum in dif-
ferentiation and integration. Anatomically,
the subiculum receives substantial input
from CA1, but not CA3 (O’Mara et al.,
2001). As such, one might predict that rep-
resentations in subiculum would mirror
those in CA1 (Bakker et al., 2008).
However, Molitor et al. (2021) find evi-
dence of differentiation in subiculum at
strong levels of reactivation, similar to DG/
CA2,3. Given the relative dearth of knowl-
edge about the role of subiculum in modi-
fying overlapping memory traces, this
finding could motivate new exploration
into the representation biases of this
region.

The Role of Bidirectional
Hippocampal–Cortical
Communication in Memory
Reactivation
Thus far, we have discussed how intrinsic
properties of hippocampal subfields may
lead to changes in representation by
describing how memories are reactivated
in the hippocampus itself. However,
Molitor et al. (2021) instead describe how
changes in hippocampal representations
were related to the strength of reactivation

in occipital, lateral parietal, and posterior
cingulate cortex. How might reactivation
in each of these cortical regions arise, and
howmight it then be related to subsequent
changes in hippocampal representations?

Communication between the hippo-
campus and these cortical regions is bidir-
ectional. Input from occipital cortex reaches
the hippocampus in part via perirhinal and
parahippocampal cortex, which both pro-
ject to the hippocampus through connec-
tions with entorhinal cortex. Similarly,
entorhinal cortex mediates the transfer of
information from the hippocampus back to
occipital cortex (Duvernoy et al., 2005). The
hippocampus also sends input to the poste-
rior cingulate and regions of parietal cortex
by way of the thalamus; cingulate and parie-
tal cortex, in turn, send reciprocal projec-
tions back to the hippocampus via the
parahippocampal cortex (Duvernoy et al.,
2005).

Functionally, these bidirectional ana-
tomic connections support the flow of in-
formation between the hippocampus and
these cortical regions, consistent with the
fact that representations of retrieved mem-
ory content are widely distributed (Favila
et al., 2020; Ritchey and Cooper, 2020).
Extant models of episodic memory have
posited that memory retrieval in the hip-
pocampus may trigger cortical reactivation
in at least two ways, as follows: (1) by driv-
ing the activation of memory representa-
tions in regions that were engaged during
initial perception, such as occipital cortex
(Teyler and DiScenna, 1986; Wheeler et
al., 2000; Tompary et al., 2016); and (2) by
increasing its coupling with the default
mode network (DMN), which is fre-
quently implicated in internally oriented
attention during retrieval (Buckner et al.,
2008; Ritchey and Cooper, 2020). Indeed,
past work has shown that the content of
retrieved memories is represented in occi-
pital cortex (when memories contain vis-
ual information; Favila et al., 2020), as well
as in key nodes of the DMN, such as lat-
eral parietal (Kuhl and Chun, 2014) and
posterior cingulate cortex (Ritchey and
Cooper, 2020). Recent work also suggests
that cortical reactivation is correlated with
concurrent reactivation in the hippocam-
pus, providing further evidence for a link
between memory representations across
the hippocampus and cortex (Pacheco
Estefan et al., 2019). As such, in the pres-
ent study, reactivation in occipital, parie-
tal, and cingulate cortex may serve as an
indirect readout of memory reactivation
in the hippocampus.

Cortical activity can also feed back to
the hippocampus, exerting an influence
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on mnemonic processing. Previous work
has shown that targeted, noninvasive, elec-
tromagnetic stimulation of lateral parietal
cortex led to increased connectivity with
the hippocampus and improved perform-
ance on a hippocampus-dependent mem-
ory test (Wang et al., 2014). While, to our
knowledge, the specific means by which
reactivation-related cortical activity influ-
ences memory representations in the hip-
pocampus remains largely unknown, here
we consider how such impact could be
exerted: we propose that cortical input (e.
g., from parietal cortex) serves to shift
attention toward retrieved hippocampal
memory representations (Cabeza et al.,
2008), ultimately biasing the hippocampus
toward a state of heightened memory re-
trieval (Tarder-Stoll et al., 2020). This shift
toward retrieval may render hippocampal
memory representations more labile (as
suggested by work on memory reconsoli-
dation; Nader et al., 2000), opening an
additional window for the modification of
existing representations during the encod-
ing of new, related information. Although
speculative, this idea may serve as a useful
starting point for future investigations.

Together, the bidirectional communi-
cation between the hippocampus and cor-
tex, both anatomically and functionally,
provides a working model of how cortical
reactivation might relate to changes in
hippocampal memory representations.
The hippocampus reactivates memories
with varying degrees of strength based on
the intrinsic properties of different sub-
fields. The hippocampus then triggers
widespread cortical reactivation, which
may feed back to the hippocampus and
promote further modification of overlap-
ping memories. This raises the possibility
that the observed integration and differen-
tiation in the hippocampus result from
both subfield-specific differences in hippo-
campal reactivation and feedback from
cortical reactivation.

Reconciling Findings with the
Nonmonotonic Plasticity
Hypothesis
As discussed above, Molitor et al. (2021)
suggest that the NMPH provides one
potential framework for understanding
their findings: at differing levels of reacti-
vation, there are concomitant changes in
representations (Ritvo et al., 2019).
However, one challenge in this interpreta-
tion is that evaluating the predictions of
NMPH would require sampling from the
full reactivation continuum (i.e., weak,
moderate, and strong levels of reactivation;

Wammes et al., 2021). Although Molitor et
al. (2021) continuously varied the percep-
tual similarity of the linking B items, they
only measured changes in the representa-
tions of A and C items associated with
highly similar B shapes, potentially limiting
the range of reactivation strengths that
could be examined. While the authors did
leverage natural variation in reactivation
within this single similarity condition, they
then used a median split to compare hip-
pocampal representations across only two
levels of cortical reactivation: strong versus
weak. Consequently, Molitor et al. (2021)
were unable to fully characterize the pre-
dicted relationship between reactivation
and changes in memory representations,
leaving open the possibility that their find-
ings only reflect a limited window into this
larger predicted pattern.

In conclusion, Molitor et al. (2021)
show that cortical memory reactivation
drives dissociable representations in dis-
tinct hippocampal subfields, adding to a
growing body of work characterizing the
relationship between memory reactivation
and representation changes. Future studies
should continue to investigate this rela-
tionship by relating a continuous measure
of reactivation to representation changes,
and by exploring the unique contributions
of both hippocampal and cortical reactiva-
tion to the modification of hippocampal
representations. Elucidating the condi-
tions under which differentiation and inte-
gration occur will reveal insights into how
memories of our daily interrelated experi-
ences are organized in the brain, as well as
how they guide behavior.
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