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A B S T R A C T

Our everyday lives present us with a continuous stream of multi-modal sensory inputs. While most of this
information is soon forgotten, sensory information associated with salient experiences can leave long-lasting
memories in our minds. Extensive human and animal research has established that the hippocampus is critically
involved in this process of memory formation and consolidation. However, the underlying mechanistic details
are still only partially understood. Specifically, the hippocampus has often been suggested to encode information
during experience, temporarily store it, and gradually transfer this information to the cortex during sleep. In
rodents, ample evidence has supported this notion in the context of spatial memory, yet whether this process
adequately describes the consolidation of multi-sensory experiences into memories is unclear. Here, focusing on
rodent studies, I examine how multi-sensory experiences are consolidated into long term memories by hippo-
campal and cortical circuits during sleep. I propose that in contrast to the classical model of memory con-
solidation, the cortex is a “fast learner” that has a rapid and instructive role in shaping hippocampal-dependent
memory consolidation. The proposed model may offer mechanistic insight into memory biasing using sensory
cues during sleep.

1. Introduction

Sleep benefits memory (Diekelmann & Born, 2010; Walker &
Stickgold, 2004). For example, sleep improves the formation of motor
skill memories (Fischer, Hallschmid, Elsner, & Born, 2002; Walker,
Brakefield, Morgan, Hobson, & Stickgold, 2002) and performance on
visual discrimination tasks (Mednick et al., 2002; Stickgold, James, &
Hobson, 2000). Hippocampal-dependent declarative memories have
also been shown to benefit from sleep (Marshall & Born, 2007), as
evidenced by improved performance on paired-associate lists (Plihal &
Born, 1997), as well as performance on memory of vocabulary (Gais &
Born, 2004; Gais, Lucas, & Born, 2006; Gais, Rasch, Wagner, & Born,
2008) after sleep. While it is clear that sleep is important for memory,
the quest to understand the precise neural mechanisms of memory
consolidation during sleep is still ongoing.

2. The Two-Stage Model for consolidation of spatial information

Classical clinical cases still provide some of the clearest evidence for
the involvement of the hippocampus and cortex in memory consolida-
tion. The finding that following hippocampal lesions, patient Henry
Molaison (H.M.) lost the ability to form new declarative memories
while retaining memories from his childhood (Scoville & Milner, 1957)
has promoted the idea that memories are temporarily stored in the
hippocampus and then subsequently transferred to the cortex for long

term storage (McClelland, McNaughton, & O'Reilly, 1995). Indeed, the
hippocampus is often considered to be a “fast learner”, encoding in-
formation during experience and then “teaching” the cortex, the “slow
learner”, during sleep (Battaglia, Benchenane, Sirota, Pennartz, &
Wiener, 2011; Frankland & Bontempi, 2005; Lisman & Morris, 2001;
McClelland et al., 1995; O'Reilly & Rudy, 2000). This account has re-
ceived substantial support from research in rodents, where neurophy-
siological phenomena that appear consistent with this process have
been identified (Buzsaki, 1989, 1996, 1998, 2015).

One of the most influential and constructive models of system-level
memory consolidation that was based on identified neurophysiological
processes in the hippocampus is the Two-Stage Model (Buzsaki, 1989,
1996, 1998, 2015). According to this model, the first stage occurs
during behavior, when the hippocampus rapidly encodes and tem-
porarily stores various aspects of the experience. In the second stage,
which occurs during sleep or awake quiescence, the newly acquired
hippocampal information is repeatedly replayed and communicated to
the cortex, driving cortical plasticity and allowing for the longer-term
storage of the memory.

The encoding and reactivation stages described by this model are
most intuitive, and are supported by extensive evidence, in the context
of spatial coding in rodents. As rodents traverse their environment, the
physical location of the animal is encoded via the activity of hippo-
campal place cells (O'Keefe, 1976; O'Keefe & Dostrovsky, 1971). Cells in
area CA1 of the hippocampus typically fire action potentials whenever
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the animal is in a specific location within its environment (i.e., the cell’s
place field). At the neural population level, the animal’s movement
along a trajectory in its environment is coded by a temporal sequence of
spiking activity of place cells with place fields located along the tra-
jectory path (Frank, Brown, & Wilson, 2000; Wikenheiser & Redish,
2012, 2015a, 2015b). When the animal is immobile, a distinct hippo-
campal circuit encodes its position (Kay et al., 2016). The hippocampus
thus maintains a continuous representation of the current location of
the animal. An important principle of the Two-Stage Model is that be-
yond this momentary, “online”, representation of the animal’s current
location, neural activity evoked during navigation leaves a synaptic
memory trace in the hippocampus that allows temporary storage of the
experience (Buzsaki, 1989, 1996, 2015).

There is also convincing evidence for the second, reactivation stage,
of the Two-Stage Model in the context of spatial coding. During the
“offline” states of non-rapid eye movement (nREM) sleep and awake
quiescence, the hippocampus exhibits strong bursts of neural popula-
tion activity. In the CA1 region of the hippocampus, these events can be
detected as strong deflections in the local field potential (LFP) (the
“sharp wave”) and a simultaneous fast (150–250 Hz) oscillation (the
“ripple”), together named sharp wave ripples (SWRs). SWRs originate
in the hippocampal area CA3 (Buzsaki, Leung, & Vanderwolf, 1983;
Sullivan et al., 2011) and their generation is believed to be the result of
excitatory recurrent interconnectivity in this area. The duration of a
single SWR is on the order of 100ms, and during nREM sleep SWRs
typically occur every 0.5–3 s (Csicsvari, Hirase, Czurko, Mamiya, &
Buzsaki, 1999a, 1999b; Eschenko, Ramadan, Molle, Born, & Sara, 2008;
Girardeau, Benchenane, Wiener, Buzsaki, & Zugaro, 2009; Sullivan
et al., 2011; Wiegand et al., 2016). A number of features make SWRs an
attractive candidate mechanism of memory consolidation. First, the
identity and timing of CA1 cell firing within a single SWR is not
random. Rather, the firing sequences of place cells that occurred during
recent movement trajectories are reactivated during single SWRs in a
time-compressed manner, a striking phenomenon named “replay” (Diba
& Buzsaki, 2007; Foster, 2017; Skaggs & McNaughton, 1996; Wilson &
McNaughton, 1994). Thus, the replay firing patterns in CA1 during
SWRs fulfill a basic requirement of a consolidation mechanism, namely
reactivation of the representation of a previous experience in the ab-
sence of sensory cues. Furthermore, reactivated hippocampal re-
presentations engage cortical networks, as SWRs can drive excitatory
responses in cortical output regions (Chrobak & Buzsaki, 1996; Isomura
et al., 2006). Finally, studies have established a causal role for SWRs in
learning: SWR rates increase in post-learning sleep (Eschenko et al.,
2008), and disruption of hippocampal SWRs impedes learning (Ego-
Stengel & Wilson, 2010; Girardeau et al., 2009; Jadhav, Kemere,
German, & Frank, 2012). Taken together, these findings support the
idea that SWRs facilitate repeated transmission of representations of
recent experiences from the hippocampus to the cortex, potentially
inducing synaptic changes that would support long-term memory sto-
rage (Buzsaki, 1996, 1998, 2015; Diekelmann & Born, 2010; Inostroza
& Born, 2013; Molle & Born, 2009).

3. The rodent hippocampus and non-spatial information

A key component of this model is the hippocampus functioning as a
temporary information storage unit from the time of experience and
until consolidation is complete. In the context of spatial coding, this
buffering capacity may be achieved by rapid hippocampal synaptic
plasticity occurring during experience as a result of place cell activity.
This synaptic plasticity may contribute to the formation of hippocampal
ensembles that subsequently tend to co-fire during hippocampal SWRs
in sleep, potentially driving slower synaptic changes in the cortex
(Buzsaki, 1989, 1996, 1998).

However, while the Two-Stage Model provides an elegant descrip-
tion for encoding and reactivation of spatial information, real-life ex-
periences and the resulting episodic memories are often multi-sensory.

The spatial component of an experience often coexists with, and is
sometimes dominated by, visual, auditory, somatosensory, olfactory
and gustatory cues. In humans, there is overwhelming evidence that the
hippocampus is involved in consolidation of both spatial and non-spa-
tial aspects of declarative memories (Squire, Stark, & Clark, 2004). In
rodents, hippocampal involvement in consolidation of spatial aspects of
memory are well-established (O'Keefe & Nadel, 1978) and while a
matter of some dispute (Eichenbaum, Dudchenko, Wood, Shapiro, &
Tanila, 1999; O'Keefe, 1999), a growing body of evidence implicates the
hippocampus in consolidation of non-spatial memories, including con-
textual fear memory (Anagnostaras, Maren, & Fanselow, 1999; Kim &
Fanselow, 1992), trace conditioning (Kim, Clark, & Thompson, 1995;
McEchron, Bouwmeester, Tseng, Weiss, & Disterhoft, 1998; Weiss,
Bouwmeester, Power, & Disterhoft, 1999), recognition memory
(Broadbent, Squire, & Clark, 2004; Clark, Zola, & Squire, 2000; Cohen
et al., 2013; Fortin, Wright, & Eichenbaum, 2004; Langston & Wood,
2010) (although recognition of object-in-place may be especially de-
pendent on the hippocampus (Oliveira, Hawk, Abel, & Havekes, 2010;
Winters, Forwood, Cowell, Saksida, & Bussey, 2004)), temporal order of
events (Fortin, Agster, & Eichenbaum, 2002; Kesner, Gilbert, & Barua,
2002), social transmission of food preference (Clark, Broadbent, Zola, &
Squire, 2002; Winocur, 1990) and memory of delay timing (Clark,
West, Zola, & Squire, 2001).

4. The Two-Stage Model for non-spatial memories

How is the hippocampus involved in memory consolidation of non-
spatial information? Revisiting the Two-Stage Model, one parsimonious
possibility is that the hippocampus encodes and reactivates non-spatial
information in the same way as with spatial information. Under this
view, the hippocampus encodes and temporarily stores multi-sensory
information during experience, and then reactivates and transmits this
information to the cortex in the second stage during sleep. In support of
this alternative, studies have shown non-spatial coding in the hippo-
campus during experience (Wood, Dudchenko, & Eichenbaum, 1999).
For example, hippocampus has been shown to encode timing aspects of
a task (Eichenbaum, 2014; Pastalkova, Itskov, Amarasingham, &
Buzsaki, 2008), the presence of objects or environmental features
(Deshmukh & Knierim, 2013; Komorowski, Manns, & Eichenbaum,
2009; Leutgeb et al., 2005; O'Keefe, 1976; Singer & Frank, 2009),
movement trajectory (Ainge, Tamosiunaite, Woergoetter, &
Dudchenko, 2007; Frank et al., 2000; Grieves, Wood, & Dudchenko,
2016; Hollup, Molden, Donnett, Moser, & Moser, 2001; Knierim,
Kudrimoti, & McNaughton, 1995), novelty (Cheng & Frank, 2008;
Larkin, Lykken, Tye, Wickelgren, & Frank, 2014), and mixtures of be-
havioral parameters (McKenzie et al., 2014). In some cases hippo-
campal activity can be modulated by sensory cues during experience
(Igarashi, Lu, Colgin, Moser, & Moser, 2014; Itskov, Vinnik, & Diamond,
2011; Itskov, Vinnik, Honey, Schnupp, & Diamond, 2012; Moita, Rosis,
Zhou, LeDoux, & Blair, 2003).

However, the rodent hippocampus seems to lack the ability to re-
liably store the rich and highly detailed sensory information that makes
up real-life experiences. For example, cells in hippocampal area CA1 of
the rat encode the presence of another rat, but do not discriminate its
identity from other rats (von Heimendahl, Rao, & Brecht, 2012). In a
task where sound identity indicated the location of the next reward,
some cells showed selective sound responses, but the prevalence of
these cells was near chance levels (17/199, 8.5%) (Bendor & Wilson,
2012). In the olfactory domain, some hippocampal cells were found to
be active during odor sampling, but their firing represented the valence
and behavioral relevance of the odors, and not odor identity
(Eichenbaum, Kuperstein, Fagan, & Nagode, 1987; Otto & Eichenbaum,
1992). In a study where rabbits were presented with stimuli of different
modalities, many hippocampal neurons in CA3 showed responses
during stimulation, but these responses were not selective to specific
stimuli within a modality, and even to stimuli across modalities
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(Vinogradova, 2001). Thus, while some non-spatial aspects are coded in
the rodent hippocampus during experience, this coding seems to be too
weak and non-specific to reflect the fine-grained sensory representa-
tions expected to be stored as memories. It should be noted, however,
that it remains possible that the hippocampus stores multi-sensory re-
presentations in a form that has been largely overlooked. In support of
this possibility, a recent study described encoding of acoustic, rather
than physical, space in the activity of hippocampal cells in the rat
(Aronov, Nevers, & Tank, 2017). Furthermore, neurons in the human
hippocampus show high-level coding of visual objects with high se-
lectivity (Quiroga, Reddy, Kreiman, Koch, & Fried, 2005). Thus, while
the possibility that the rodent hippocampus serves as an exclusive
memory storage buffer for complete sensory experiences cannot be
ruled out, there is currently insufficient evidence to support it.

5. Is the cortex a fast learner?

An alternative is that the hippocampus never exclusively stores
complete multi-sensory information. One model that suggested a
somewhat extreme version of this notion is the hippocampal Memory
Indexing Theory (Teyler & DiScenna, 1986; Teyler & Rudy, 2007).
According to this theory, information about an experience is first ra-
pidly encoded in cortical neural ensembles. This information is then
processed intra-cortically as well as transmitted to the hippocampus.
The information coming into the hippocampus induces long-term po-
tentiation (LTP) in specific neural ensembles, which results in the
creation of a hippocampal “index” to the cortical patterns that gener-
ated it. Importantly, this theory suggests that the hippocampus does not
store actual information about an experience, only an index to this
information in the cortex.

The opposing models that all information is initially stored in the
hippocampus or that no specific information is ever stored in the hip-
pocampus can be seen as the extremes of a spectrum. Many current
models of memory consolidation posit that information about an ex-
perience is initially stored in parallel in both the hippocampus and
cortex (Dudai, Karni, & Born, 2015; Frankland & Bontempi, 2005;
Nadel & Moscovitch, 1997; Squire, Genzel, Wixted, & Morris, 2015). In
support of early cortical memory encoding, inactivation of orbitofrontal
cortex immediately after a social transmission of food preference ex-
perience impaired the memory associated with that experience, sug-
gesting that early “cortical tagging” following experience supports
memory consolidation (Lesburgueres et al., 2011). To assess not only
the time course of cortical memory representations but also the direc-
tion of information flow, a different study employed selective lesions of
the direct projection from entorhinal cortex to the hippocampal area
CA1 during consolidation and found that this impaired memory
(Remondes & Schuman, 2004). An additional elegant study used a c-fos-
based genetic tagging approach that allows the expression of Chan-
nelrhodopsin in neuronal ensembles that are active within a defined
time frame (Cowansage et al., 2014). Using this method, cells in ret-
rosplenial cortex (RSC) that were active during context fear con-
ditioning were selectively tagged to express Channelrhodopsin. The
next day, optogenetic activation of these RSC neurons caused the ani-
mals to freeze, and they did so even when the dorsal hippocampus was
inactivated. These results suggest that a cortical representation of the
fear memory is formed during or soon after the experience.

Additional studies suggest that memory representations can be
particularly rapidly integrated in the cortex if the new memory is part
of a previously acquired logical structure, or “schema” (Tse et al.,
2007). After rats had learnt a hippocampal-dependent flavor-place as-
sociation task, learning of a new set of flavor-place associations was
intact after hippocampal lesions within 48 h. This suggests that when
the learned information adheres to previously established schemas, the
cortex is able to rapidly encode and store this information with little or
brief hippocampal involvement. In a follow up study (Tse et al., 2011),
after rats had learnt flavor-place associations, learning of new flavor-

place pairs was associated with up-regulation of immediate early genes
in the prelimbic region of the medial prefrontal cortex (PFC), and
pharmacological inactivation of this cortical area prevented both new
learning and the recall of previously consolidated information, sug-
gesting early cortical involvement in memory consolidation. In humans,
Fast Mapping, an exclusion-based learning approach of vocabulary
learning, has been shown to result in rapid cortical memory re-
presentations (Coutanche & Thompson-Schill, 2014; Merhav, Karni, &
Gilboa, 2015).

The above studies indicate that cortical regions can be involved in
memory storage during or immediately following an experience, and
that instead of a purely receptive role, cortical activity during the
consolidation phase may have an instructive role in memory formation.
As previously suggested (Tse et al., 2007, 2011), a growing amount of
evidence challenges the traditional notion that the cortex is a slow
learner that requires repetitive reactivated input from the hippocampus
to store information.

If the cortex is a “fast learner”, what is the neurophysiological
manifestation of this rapid information storage? While neural ‘in-
formation storage’ can manifest in different ways, it is believed to in-
volve a change in neural activity patterns following experience.
Numerous studies have shown experience-dependent plasticity of cor-
tical regions on a long time scale (days to years), but here we ask
whether cortical regions show changes during and immediately fol-
lowing experience. Indeed, a growing number of studies has demon-
strated that neural activity patterns in sensory cortical regions can ra-
pidly change following salient experiences. For example, neurons in the
auditory cortex can rapidly change their receptive fields during clas-
sical conditioning selectively relative to the conditioning tone (Bakin &
Weinberger, 1990; Ohl & Scheich, 1996, 1997; Weinberger, 2004).
Neurons in ferret auditory cortex can change their responsiveness to a
sound within minutes following its association with a positive or
aversive stimulus (Atiani, Elhilali, David, Fritz, & Shamma, 2009;
Elhilali, Fritz, Chi, & Shamma, 2007; Fritz, Shamma, & Elhilali, 2005;
Fritz, Shamma, Elhilali, & Klein, 2003; Yin, Fritz, & Shamma, 2014).
Similarly, learning of a texture discrimination task induces rapid
changes in response properties of neurons in mouse barrel cortex (Chen
et al., 2015; Yamashita & Petersen, 2016). Following an association of a
visual stimulus with subsequent reward over a few training sessions, the
responses of neurons in the primary visual cortex have been observed to
incorporate information about timing of reward (Shuler & Bear, 2006).
Neurons in the motor cortex of rodents can show changes in response
properties within a single training session (Cohen & Nicolelis, 2004;
Costa, Cohen, & Nicolelis, 2004; Komiyama et al., 2010).

The studies mentioned above indicate that the cortex can show
functional plasticity during or within minutes of experience. However,
long-term memory is believed to require cortical synaptic changes.
Therefore, an important question is whether the functional changes
described above are accompanied by anatomical changes. Indeed,
cortical circuits show learning-related structural changes that occur as
fast as within a few hours of experience. For example, a recent study
found that during sleep after learning, dendritic spine formation occurs
in a learning-dependent and dendritic branch-dependent manner (Yang
et al., 2014). While there is still an ongoing debate as to the nature of
synaptic changes that occurs during sleep (Born & Feld, 2012;
Chauvette, Seigneur, & Timofeev, 2012; Durkin & Aton, 2016;
Miyawaki & Diba, 2016; Tononi & Cirelli, 2003, 2006; Wang, Grone,
Colas, Appelbaum, & Mourrain, 2011; Watson, Levenstein, Greene,
Gelinas, & Buzsaki, 2016), evidence suggests that changes in cortical
circuits following experience can occur within hours.

One potential mechanism to bring about rapid cortical plasticity is
experience-dependent reactivation during sleep. The PFC has been a
particular focus of study in this regard, and it has been shown that
during sleep PFC reactivates recent experience (Euston, Tatsuno, &
McNaughton, 2007) and that reactivation is enhanced over learning
(Peyrache, Khamassi, Benchenane, Wiener, & Battaglia, 2009).
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Importantly, cortical reactivation during sleep has been described in
regions beyond the PFC, including in sensory cortical regions. Such
reactivation has been observed in motor cortex (Gulati, Guo,
Ramanathan, Bodepudi, & Ganguly, 2017; Gulati, Ramanathan, Wong,
& Ganguly, 2014; Ramanathan, Gulati, & Ganguly, 2015), visual cortex
(Aton et al., 2009; Ji & Wilson, 2007) and auditory cortex (Rothschild,
Eban, & Frank, 2017). Interestingly, even in the anesthetized rat, sen-
sory-evoked neural activity patterns in the somatosensory and auditory
cortices were observed in subsequent spontaneous activity (Bermudez
Contreras et al., 2013), highlighting the cortical capacity to “re-
verberate” or temporarily store sensory-evoked information.

Put together, these studies suggest that the cortex can encode, store,
and later reactivate information of recent experience. Notably, the
rapid timescale of cortical plasticity, as well as the effects of region-
specific manipulations on learning described above, suggest that rapid
cortical plasticity is not dependent upon hippocampal storage and re-
activation, but occurs in parallel to it. One possibility is that there is a
division of labor at the time of initial memory encoding, such that the
hippocampus rapidly encodes spatial, temporal and contextual in-
formation, while the cortex rapidly stores all other aspects of experi-
ence. As will be further discussed below, this does not imply that the
hippocampus is not involved in consolidating non-spatial information
into long-term memories. Rather, it suggests that consolidation depends
on a coordinated interaction between complementary sources of in-
formation.

6. Cortical-hippocampal communication during reactivation of
multi-sensory experiences

The above studies suggest that different aspects of information
about an experience can be rapidly stored in parallel in the hippo-
campus and cortex. The consolidation process during sleep is therefore
expected to somehow link and potentially strengthen these re-
presentations. As discussed above, hippocampal SWRs have been
strongly implicated as a neural mechanism underlying memory con-
solidation. An important finding has been that hippocampal and cor-
tical reactivation events tend to occur close in time and that the content
of reactivation across regions is also coordinated (Jadhav, Rothschild,
Roumis, & Frank, 2016; Ji & Wilson, 2007; Peyrache et al., 2009;
Rothschild et al., 2017; Siapas & Wilson, 1998; Wierzynski, Lubenov,
Gu, & Siapas, 2009).

What is the direction of information flow during hippocampal and
cortical reactivation? It has been suggested that SWRs underlie memory
consolidation by transferring previously stored information from the
hippocampus to cortex (Buzsaki, 1996, 1998, 2015; Diekelmann &
Born, 2010; Inostroza & Born, 2013; Molle & Born, 2009). However, if
the hippocampus and cortex independently store complementary as-
pects of recent experience as suggested above, the properties of in-
formation flow around the time of SWRs may require reexamination.
Establishing the direction of information flow between neuronal en-
sembles across brain regions in vivo is challenging, and often only in-
direct evidence is available. One simple indirect attribute is the tem-
poral relationship of activity across regions. If information flows
unidirectionally from the hippocampus to the cortex during SWRs, it
would be expected that spiking activity in the hippocampus precedes
spiking in the cortex around the time of SWRs. Some studies have in-
deed reported that neuronal firing in PFC temporally follows hippo-
campal firing during SWRs (Siapas & Wilson, 1998; Wierzynski et al.,
2009). However, a number of other studies found a different temporal
relationship. In a study that directly examined this question, firing of
somatosensory cortical neurons in the rat were found to precede, rather
than follow, firing of hippocampal neurons around the time of SWRs
(Sirota, Csicsvari, Buhl, & Buzsaki, 2003). Notably, the authors of this
study noted that “… we hypothesize that neocortical neuronal dis-
charges … ‘select’ via the entorhinal input which hippocampal neurons
will participate in the triggered ripple events”. In a study that examined

the temporal relationship between reactivation in the PFC and hippo-
campus, the peak of PFC reactivation occurred∼ 40ms after the hip-
pocampal SWR, but the increase in PFC reactivation tended to start
before the SWR (Peyrache et al., 2009). Importantly, the authors sug-
gested that their results are consistent with information flow between
hippocampus and cortex in both directions. In another study, activity
frames in visual cortex tended to precede those in the hippocampus,
although coordinated reactivation events across the hippocampus and
visual cortex did not reveal a definite temporal relationship (Ji &
Wilson, 2007). A different study found that almost all examined neu-
rons in the anterior cingulate cortex of the mouse showed increased
activity before hippocampal SWRs (Wang & Ikemoto, 2016). Recently,
my colleagues and I found that neurons in the auditory cortex that were
modulated around SWR times tended to increase firing before SWR
onset (Rothschild et al., 2017). Thus, while the temporal relationship
between cortical firing and SWRs varies in different studies and under
different experimental conditions, a growing body of evidence suggests
that cortical activity around the time of SWRs, particularly in sleep,
may actually lead hippocampal reactivation.

Cortical firing preceding SWRs during nREM sleep is nested within
coordinated cortical-hippocampal oscillatory activity. Specifically, the
cortical slow oscillation (the transition between ‘down’ and ‘up’ states
at a rate of 0.5–2Hz) has been shown to influence the membrane po-
tential and spiking of hippocampal cells (Hahn, Sakmann, & Mehta,
2006, 2007), as well as the occurrence of hippocampal SWRs (Battaglia,
Sutherland, & McNaughton, 2004; Buzsaki, 2015; Diekelmann & Born,
2010; Isomura et al., 2006; Miyawaki & Diba, 2016; Molle, Yeshenko,
Marshall, Sara, & Born, 2006; Siapas & Wilson, 1998; Sirota et al., 2003;
Sullivan et al., 2011). Following a transition of cortical activity from
‘down’ to ‘up’ state, there is an increase in probability of SWR occur-
rence in the hippocampus. On a finer timescale, SWRs tend to occur
simultaneously with thalamo-cortical spindles that are in turn also
nested within the cortical ‘up’ state. Notably, hippocampal SWRs tend
to occur ∼60ms after the onset of a cortical ‘up’ state. It has been
suggested that the excitatory drive originating from the cortical up state
has the capacity to induce hippocampal SWRs. Furthermore, as noted
above, it has been speculated that reactivating cortical ensembles that
are active during an ‘up’ state may bias the upcoming hippocampal
reactivation in representing specific experience, thereby facilitating
behaviorally relevant information flow from the cortex to the hippo-
campus (Molle et al., 2006; Sirota et al., 2003).

An alternative possibility could be that the cortical ‘up’ state does
not reflect information flow to the hippocampus, but merely a “pre-
paratory” excitation to receive information from the hippocampus. In
this scenario, the cortex may reactivate before the SWR, but this ac-
tivity does not influence the upcoming reactivation in the hippocampus.
To test this possibility, my colleagues and I used statistical prediction
analysis and found that ensemble spiking activity patterns in the au-
ditory cortex immediately preceding SWRs were predictive of the up-
coming hippocampal spiking during the SWR (Rothschild et al., 2017).
These results suggest that the cortical activity during ‘up’ states pre-
ceding SWRs may indeed influence hippocampal reactivation. Future
studies employing causal interventions in a content-specific manner
will likely shed additional light on this possibility.

7. A cortical-hippocampal-cortical loop around SWRs

The emerging picture suggests a revision of how hippocampal SWRs
may contribute to memory consolidation during sleep. Specifically, a
synthesis of the studies mentioned above argues that while SWRs may
be critical for memory consolidation, their role is not to transfer pre-
viously stored information from the hippocampus to the cortex. Instead,
in support of previous studies and models, I suggest the following
process (Fig. 1). During experience, the hippocampus stores spatial,
temporal and contextual information, while sensory cortical regions
store corresponding sensory information (Fig. 1a). Higher-order cortical
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regions such as the PFC may extract and store decision- and valence-
related information (Jadhav et al., 2016; Yu & Frank, 2015; Yu et al.,
2017). The main principle of this encoding stage is that the brain re-
gions that encoded specific aspects during the experience are also in-
volved in storing that same information. For example, it suggests that
sounds encoded in the auditory cortex during experience are re-
activated in the auditory cortex independent of the hippocampus, and
that this reactivation eventually contributes to the assimilation of the
sound information to the consolidated memory. Indeed, this is a gen-
eralization of the principle suggested as underlying encoding in the
hippocampus (Buzsaki, 2015) to cortical brain regions. During nREM
sleep following experience, a cycle of the cortical-hippocampal-cortical
loop is initiated by a cortical switch from ‘down’ to ‘up’ state (Fig. 1b
and c). The ‘down’-to-‘up’ transition, in turn, is likely a result of a
combination of intracortical cellular and network dynamics and of
subcortical influence (Cossart, Aronov, & Yuste, 2003; David et al.,
2013; Rigas & Castro-Alamancos, 2007; Steriade, Nunez, & Amzica,
1993). According to the proposed model, cortical neurons and assem-
blies that were activated during experience will be preferentially acti-
vated during an ‘up’ state, representing a form of cortical replay. Im-
portantly, this phase occurs in parallel across distributed cortical
regions, relying on the synchronous nature of the ‘up’ state throughout
the cortex. These distributed reactivation activity patterns across cor-
tical regions are sent through various pathways to the entorhinal cortex
and into the hippocampus on a temporal scale of a few tens of milli-
seconds (Fig. 1d). The incoming excitatory volley into CA3 not only
contributes to the induction of an SWR, but also biases the content of
the hippocampal reactivation. It is possible that initial synaptic traces
formed during experience between specific cortical and hippocampal
ensembles act to shape the same coordination during reactivation. Thus
far, the proposed model describes cortex-to-hippocampus information
flow leading up to the initiation of the SWR. Critically, in the next
phase, during the SWR, the information channeled into the hippo-
campus is integrated across modalities along with the hippocampal
representation of space and time (Fig. 1d). Finally, the outcome of this
processing phase is sent back to the cortex, assuming the long-proposed
role of inducing cortical synaptic changes for the consolidation and

stabilization of the memory representation (Fig. 1e).
It is important to note that this consolidation model of cortical-

hippocampal-cortical communication around SWRs is in agreement
with most previous observations and models. The hippocampus, and in
particular SWRs, are proposed to be critical for memory consolidation;
in particular, this model suggests that the hippocampus is essential for
memory consolidation of multi-sensory aspects of memories, albeit not
storing them; the output of hippocampal SWRs to the cortex is specu-
lated to be necessary for reshaping cortical networks to store long-term
memories; this model supports the role of the hippocampus as tem-
porarily storing spatial, temporal and contextual information.

However, there are a number of facets that differentiate this model
from others. Most importantly, it implicates the cortex, and in parti-
cular sensory cortical regions, as having an active role in guiding
memory consolidation, as opposed to being passive recipients and a
slowly-filling storage unit of memory-related information. While a
number of studies and models have suggested that memory consolida-
tion involves a bi-directional interaction between the hippocampus and
cortex, here it is suggested that this interaction manifests as brief cor-
tical-hippocampal-cortical communication pulses, aligned to hippo-
campal SWRs.

Of the different cortical regions, communication between the hip-
pocampus and the PFC has a unique role in the context of memory
processes (Preston & Eichenbaum, 2013; Simons & Spiers, 2003). The
hippocampus sends direct projections to the PFC, and PFC activity is
correlated with hippocampal activity during both behavior and sleep
(Benchenane et al., 2010; Jadhav et al., 2016; Jones & Wilson, 2005;
Peyrache et al., 2009; Siapas & Wilson, 1998; Wierzynski et al., 2009).
The PFC has been argued to become increasingly critical for memory
retrieval as memory consolidation progresses (Frankland & Bontempi,
2005; Frankland, Bontempi, Talton, Kaczmarek, & Silva, 2004; Maviel,
Durkin, Menzaghi, & Bontempi, 2004). In particular, it has been sug-
gested that in early stages of memory consolidation the hippocampus
integrates information from distributed cortical regions that represent
the various features of an experience. As memory consolidation pro-
gresses, the PFC has been proposed to assume this integrative role via
its distributed cortical connections, making memory retrieval less

Fig. 1. Proposed model of cortical-hippocampal-cortical interactions during SWRs underlying memory consolidation. (A) During experience, sensory cortical regions
encode sensory information, while the hippocampus encodes place, time and context. Schematically illustrated are visual information encoded in the visual cortex
(red), somatosensory information encoded in the somatosensory cortex (green), auditory information encoded in the auditory cortex (purple) and place information
encoded in the hippocampus (yellow). (B) A cortical ‘down’ state in nREM sleep. (C) A transition to ‘up’ state in cortex, in which the neural ensembles that were active
during experience are preferentially reactivated. (D) The cortical ‘up’ state facilitates information flow from the cortex to the hippocampus, promoting an SWR about
60ms after ‘up’ state onset, and influencing hippocampal reactivation during the SWR. (E) Information is integrated and processed in the hippocampus, and sent back
to the cortex within a few hundred ms from ‘up’ state onset. Repetitive cortical-hippocampal-cortical communication loops drive synaptic plasticity in cortical
circuits. ©2017 Kaitlin Lindsay, printed with permission. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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reliant on the hippocampus and more on PFC. Within the framework of
the model proposed here, the cortical-hippocampal-cortical loop is thus
expected to be strongest during early stages of the consolidation of a
memory. As the memory trace becomes increasingly represented in
cortical networks, its manifestation in the cortical-hippocampal-cortical
loop is predicted to decrease, with a potential increase in communica-
tion between the PFC and other cortical regions.

It is important to emphasize that the cortical-hippocampal-cortical
model proposed here relates to hippocampal-dependent memories,
whereas the consolidation of procedural memory is largely dependent
on different (Squire & Zola, 1996), although overlapping (Albouy, King,
Maquet, & Doyon, 2013; Kim & Baxter, 2001; Pennartz et al., 2009),
neural mechanisms. Consolidation of motor memories, for example, is
suggested to depend on the cerebellum, striatum and/or motor cortex
(Doya, 2000; Doyon, Penhune, & Ungerleider, 2003; Luft, Buitrago,
Ringer, Dichgans, & Schulz, 2004; Wachter et al., 2010). However,
comparative studies of the neural mechanisms underlying declarative
and procedural memories offer insight into potentially common design
principles across memory systems (Albouy et al., 2013). For example, as
in the case of declarative memories, reactivation during sleep (Lansink
et al., 2008; Pennartz et al., 2004), with a special role of sleep spindles
(Barakat et al., 2013; Nishida & Walker, 2007), and communication
between cortical and subcortical brain regions (Pennartz et al., 2009)
seem to be important in the consolidation of procedural memories as
well. It remains to be seen whether the principles proposed here for
cortical-hippocampal communication have parallels in other memory
systems.

8. Epilogue: Memory biasing using sensory stimulation during
sleep

A fascinating series of studies in humans in recent years has de-
monstrated that by presenting odors or sounds during sleep, it is pos-
sible to selectively strengthen memories (Antony, Gobel, O'Hare, Reber,
& Paller, 2012; Creery, Oudiette, Antony, & Paller, 2015; Diekelmann,
Buchel, Born, & Rasch, 2011; Oudiette & Paller, 2013; Rasch, Buechel,
Gais, & Born, 2007; Rihm, Diekelmann, Born, & Rasch, 2014; Rudoy,
Voss, Westerberg, & Paller, 2009; Schonauer, Geisler, & Gais, 2014;
Schreiner & Rasch, 2015; van Dongen et al., 2012). While these findings
are challenging to reconcile with a hippocampus-to-cortex model of
memory consolidation, they would be intuitively predicted from a
cortical-hippocampal-cortical model. Sounds during sleep evoke robust
responses in the auditory cortex (Edeline, Dutrieux, Manunta, &
Hennevin, 2001; Issa & Wang, 2008; Nir, Vyazovskiy, Cirelli, Banks, &
Tononi, 2015; Pena, Perez-Perera, Bouvier, & Velluti, 1999). Thus,
sound presentation during sleep induces neural patterns related to the
presented stimulus instead of, or in addition to, the spontaneously re-
activated activity patterns during ‘up’ states. According to the model
described above, information from the auditory cortex to the hippo-
campus via the entorhinal cortex will now reflect this sound-biased
information and may thus influence hippocampal reactivation. In sup-
port of this possibility, presenting sounds during sleep in rats has been
shown to influence the content of the upcoming hippocampal re-
activation (Bendor & Wilson, 2012). Furthermore, my colleagues and I
recently found that when sounds occurred before SWRs, sound-biased
activity patterns in the auditory cortex were statistically predictive of
subsequent hippocampal firing during the SWR (Rothschild et al.,
2017). The consequence of this process may be preferential processing
of the representations associated with the presented sound in both the
hippocampus and cortex, thus leading to selective memory strength-
ening. Testing this speculation would not only contribute to our un-
derstanding of memory consolidation, but may allow further optimizing
intervention paradigms to enhance or suppress specific memories in
humans.
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