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The mammalian hippocampus is important for normal memory function, particularly memory for places and
events. Place cells, neurons within the hippocampus that have spatial receptive fields, represent information
about an animal’s position. During periods of rest, but also during active task engagement, place cells spontaneously recapitulate past trajectories. Such ‘replay’ has been proposed as a mechanism necessary for a
range of neurobiological functions, including systems memory consolidation, recall and spatial working
memory, navigational planning, and reinforcement learning. Focusing mainly, but not exclusively, on work
conducted in rodents, we describe the methodologies used to analyse replay and review evidence for its
putative roles. We identify outstanding questions as well as apparent inconsistencies in existing data, making
suggestions as to how these might be resolved. In particular, we find support for the involvement of replay in
disparate processes, including the maintenance of hippocampal memories and decision making. We
propose that the function of replay changes dynamically according to task demands placed on an organism
and its current level of arousal.
Introduction
The hippocampus is placed firmly at the centre of a network supporting memory function [1–5]. In humans, hippocampal damage
is associated with wide-ranging impairments in autobiographical
memory [1,6] as well as profound deficits in spatial memory,
manifesting as a loss in the ability to navigate flexibly through
the world [7], although some spatial knowledge can be retained
[3]. In rodents, lesions made to the hippocampus and associated
structures have generated complementary results, including
deficits in spatial working memory [8,9], impairments in navigation to hidden spatial goals [10,11], and a more general failure
to recognise familiar environments [12,13].
However, the hippocampus is far from being a simple static
repository of past experiences. In patients, memory for distant
events can be preserved even when that for more recent events
is disrupted by hippocampal damage [1,14,15]. This temporally
graded retrograde amnesia has been taken as evidence that,
with time, some memories become less dependent on the
hippocampus and increasingly dependent on the cortex: a
process known as systems consolidation [16–19]. Whether
all initially hippocampal-dependent memories are subject to
consolidation is a point of some controversy [20,21]. Nevertheless, careful lesion studies in animals provide support for
this hypothesis, suggesting that under some circumstances an
offline process governs the modification of hippocampal memories, rendering them less susceptible to hippocampal damage
[15,22–24]. Equally, a separate body of work points to a role
for the hippocampus in planning and future thinking, that is,
constructing potential scenarios. For example, patients with
hippocampal damage have difficulty imagining the future [25]
and are unable to describe rich fictitious scenes [26]. Moreover,
functional magnetic resonance imaging (fMRI) indicates a
distinct overlap between a network of brain areas, including

the hippocampus, that are engaged during remembering as
well as imagining events [27,28].
Electrophysiological investigations of the hippocampus and
associated regions in rodents and other animals, including
humans, have identified some of the key neural elements
supporting memory and spatial cognition. Place cells, typically
pyramidal neurons from areas CA1 and CA3 of the hippocampus, exhibit stable, spatially constrained firing fields, known as
place fields [2,29–31] (Figure 1). When an animal is in motion,
the activity of a population of such place cells provides an
accurate representation of its self-location [32,33]. Moreover,
the fidelity of the place cell representation covaries with
navigational accuracy, strongly implying that these cells are
instrumental in guiding spatial decisions [34,35]. Subsequently,
several complementary classes of neurons have been identified,
representing other aspects of an animal’s position within the
world: head direction cells, found throughout the limbic system,
signal direction of facing [36–38]; grid cells in the medial entorhinal cortex and para-subiculum represent self-location with an
efficient periodic code [39,40]; and border cells as well as boundary vector cells signal proximity to elongated features of the
environment [41–43]. Clearly the representation of self-location
provided by these neurons is likely to play a role in spatial
memory [44]. It is also evident, however, that information about
the animal’s current position alone is insufficient to account for
either consolidation or the apparent role of the hippocampus in
future thinking and navigational planning.
Interestingly, in the last twenty years, it has become clear that
the activity of place cells do not simply represent an animal’s
self-location but, under certain circumstances, also ‘replay’
past experiences [45–47] and potentially construct new spatial
trajectories [48–50]. Here we present a review of the replay literature and critically assess evidence supporting its hypothetical
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Figure 1. Place cells are characterised by
their stable spatial firing fields.

(A) Standard configuration for place cell recording.
A rodent with chronically implanted extracellular
electrodes forages in an open enclosure. Upper
Position
right: the animal’s path over the course of a
10-minute trial is indicated by the black line, action
8.3Hz
potentials from a single place cell are superimposed in red. Lower right: firing rate-map of the
10.4Hz
5.4Hz
4.1Hz
17.3Hz
raw data indicating the mean firing rate of the cell
per spatial bin. ‘Hotter’ colours indicate higher
rates, peaking at 8.3 Hz (shown above the map);
dark blue indicates low rates (0–20% of the peak
rate); white bins are unvisited locations. (B) On
Current Biology
exposure to an unfamiliar enclosure place cells
‘remap’, rapidly generating a novel representation;
individual cells change their firing rate and field locations relative to each other and the environment [32,64,158]. Recordings of four CA1 place cells (columns)
made in similarly sized (70 cm square) enclosures located in different rooms (rows). Remapping is evident as a change in firing correlates and rates.
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role in memory consolidation and planning. Further, we describe
key questions for future studies to address, emphasising the
need for novel behavioural tasks and the development of new
technologies that can more precisely identify and perturb hippocampal activity patterns in order to provide firm evidence for a
functional role of replay in mnemonic function and goal-directed
behaviour.
Reactivation of Past Place Cell Sequences
It has been known for some time that hippocampal neurons
transiently increase their firing rate during sleep [51,52]. Indeed,
in 1978, O’Keefe and Nadel [2] noted that, during quiescence
and quiet wakefulness, the local field potential (LFP) of CA1
was interrupted by short bouts (40–120 ms) of high frequency
(140–250 Hz) oscillations superimposed on lower frequency
deflections; the high frequency components were termed
‘ripples’ and the composite signal is known as a sharp wave
ripple [45,53]. It was during these sharp wave ripples that CA1
pyramidal cell activity was observed to dramatically increase
[2]. A decade passed, however, before the link between this
phenomenon and prior experience was identified, with the first
demonstration that place cells which have been active during
recent exploration are most likely to be reactivated during a
subsequent sleep session [54].
Subsequent studies of hippocampal reactivations were aided
greatly by the development of tools enabling concurrent recordings of large (>50) numbers of place cells. In this context, Wilson
and McNaughton [45] recorded from 50–100 place cells per session while rats foraged on an elevated circular platform, as well
as during prior and subsequent sleep sessions. They observed
that place cell pairs which were temporally correlated during
exploration also tended to exhibit correlated activity during the
following period of sleep; in other words, cells with overlapping
place fields fired together during rest. This relationship was not
present in sleep recordings made before foraging. As such,
they proposed that the preserved correlation between place
cells represented a ‘reactivation’ of previous wakeful experience
[45]. Importantly, correlated activity was most pronounced during sharp wave ripples. Subsequently, the same group [46]
extended their work, showing that reactivations during sharp
wave ripples explicitly recapitulated the relative timing of activity
between cell pairs, strongly suggesting that sequences of
spiking seen during awake behaviour were being reinstated;
this effect was labelled ‘replay’.
R38 Current Biology 28, R37–R50, January, 2018

Contemporary investigations of replay use similar methods,
comparing the dynamic activity of cell pairs recorded during
exploration with those observed during rest. Moreover, many
recent studies explicitly compare sequences of place cells corresponding to entire trajectories, rather than the coactivation of
cell pairs, effectively decoding the content of the replay event
(Box 1 and Figure 2). To facilitate sequence matching, the
experimental environment typically consists of a track on which
animals can follow only relatively simple routes, reducing the
awake experience to a limited number of place cell sequences
that can be identified during replay [47,55,56]. Lee and Wilson
[47] were the first to apply this approach, recording place cells
while rats ran back and forth on an elevated track. They showed
that, during slow wave sleep, particularly in close temporal proximity to sharp wave ripples, replayed sequences of place cells
corresponded to temporally compressed versions of trajectories
that the animals had made in the preceding session. Indeed, the
typical duration of a replay event varies between 100 and 300 ms
[47,56,57], a 20 times increase in speed over the actual experience [58] — though replayed trajectories occurring during REM
sleep progress at a more natural speed [59]. As with earlier
work, replay of trajectories along the track were not detected
in recordings made before the animal was placed into that
environment.
Subsequent work found that replay was not limited to ‘offline’
periods — during sleep or quiet rest — but could also be
observed while animals were awake and engaging in simple
tasks, such as eating, grooming, or while paused at decision
points [55,56,60] (Figure 3A). For example, Foster and Wilson
[55] found that replay trajectories were emitted when animals
paused to consume a food reward at the ends of a track [55].
Although ‘online’, such replay shares many of the characteristics
observed during offline periods: both occur while the animal is
stationary and theta-band oscillations (6–12 Hz) are absent
from the LFP (though see [61,62] for examples of replay, or forward ‘sweeps’, during theta states while animals were located
at decision points during a spatial task). Indeed, while sensory
features of the current environment can shape the content of
online replay — in larger environments, for example, the replayed
trajectories tend to be longer [57] — that does not mean that it is
a simple recapitulation of recent sensory experience. Like offline
replay, it can encode paths remote to the animal’s current position [48,57] (Figure 3C) or through enclosures entirely separate
from the current one [63,64]. Finally, during both online and
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Box 1. Analysing replay.

Replay analyses typically consist of three distinct phases: first, detection of putative replay events; second, decoding the spike
activity recorded during the putative events; and third, identification of bona fide replay events representing trajectories through
the animal’s environment.
The most common strategies for detecting putative events are either to identify the ripple component (140–250 Hz) of sharp wave
ripples in the LFP [48,64,82,156] or to directly detect brief periods (40–500 ms) when multi-unit firing rates are markedly elevated
(more than three standard deviations above the mean, for example) [55,56,71,95].
The content of putative replay events is then analysed by comparing the sequence of spikes emitted during the event with the
sequence expected to arise as an animal traverses the environment (Figure 2, left). Because the vast majority of studies are
conducted on tracks and runways, which constrain the animal’s movements, this is a tractable problem (though see [71]).
Comparisons of the observed and expected spike sequences can be made using rank-order correlations (for example
[50,55,56]) but probability-based methods are more powerful. Commonly, the observed spike sequence is divided into short
time windows (10 ms); Bayes formula with a uniform prior is then used to calculate the probability of the animal being at each
position on the track given the observed spikes [33,57,64,66,95,142,157]. Ratemaps, which define the expected firing rate of cells
across the track, are generated during track running and firing rate probability distributions are assumed to be Poisson. Thus, each
putative replay event results in a posterior probability matrix which expresses the probability of the animal’s location at different
points in the environment as a function of time (Figure 2, centre).
Finally, replay events corresponding to trajectories through the recording environment are detected by assessing the extent to
which the posterior probability matrix depicts incremental movement across some portion of the environment. Practically, this
is often achieved by assuming that the replayed trajectory has a constant velocity, in which case a linear fit can be applied to
the posterior probability matrix [57,95]; the goodness-of-fit then provides a measure of the extent to which a contiguous path is
represented.
To determine significance and to control for differences in the number and distribution of spikes, this linear fit is compared against
fits generated from shuffled data. A common strategy is to either randomise the identity of the cells from which the observed spikes
originated or to randomise the location of the place fields on the track [57]. Data from each putative event are shuffled >100 times,
each time calculating a posterior probability matrix, and establishing the best linear fit. The rank of the fit obtained for the
experimental data relative to the shuffled population establishes the significance level (Figure 2, right). Different shuffling procedures effectively make different assumptions about what constitutes a valid null hypothesis and some shuffles are likely to be more
conservative than others [95,113]. For example, permuting spike assignments such that spikes from the same cell are allocated to
different cells assumes a degree of independence that is not present in biological data, and is likely to result in an overly liberal
criterion for the identification of replay. One possible solution is to conduct several different types of shuffle, accepting only replay
events that are identified reliably by all methods [57].

offline replay, the relative proximity of cells in the sequence is
preserved [55,56,65,66], but the absolute order can be reversed
[55] (Figure 3B), inverting the sequence experienced during
awake behaviour. Indeed, because place cells are typically
directional on a linear track and therefore disambiguate travel
in either direction [67,68], the place cell sequences generated
during ‘reverse’ replay are never observed during normal
exploration.
Thus, a considerable canon of research describing the characteristic features of replay now exists. Although first identified
during sleep, it is now evident that replay is not limited to offline
states. The content of replay and conditions that modulate its
occurrence seem to be equally diverse, and accordingly a number of distinct hypotheses describing a putative role for replay in
mnemonic function and spatial cognition have been proposed.
The two most prominent theories are that replay represents the
mechanism underlying memory consolidation [45,69] and that
it may support planning during spatial decision making and
goal-directed navigation [56,70–72].
Replay as Systems Consolidation
The role of the hippocampus in episodic memory indicates that it
is particularly important for the rapid — ‘one-shot’ — learning of
events and places [19]. However, theoretical studies indicate

that this renders the hippocampal memory system prone to
catastrophic interference, whereby new learning can rapidly
disrupt or erase previously encoded memory traces [73]. Hence,
a process of consolidation after the initial encoding of a new
memory trace is essential to transform that trace from a
temporary, labile state to a more stable and permanent form
(see Squire et al. [74] for a recent review).
Interestingly, early neuropsychological data also indicated
that the hippocampus plays a time-limited role in memory storage, best characterised by a temporal gradient of retrograde
amnesia [1,3]. These findings led several authors [16–19] to
propose a theory of systems consolidation, whereby the ‘offline’
reactivation of hippocampal memory traces allows the gradual
strengthening of complementary memory traces in the slower
learning neocortex. Subsequent research, however, has both
complicated the standard model of systems consolidation and
indicated that memory consolidation processes extend far
beyond simple hippocampus–cortex interactions.
First, evidence suggests that intracellular and intra-regional
processes aimed at stabilising changes in synaptic strength
also contribute to the consolidation of recently acquired or reactivated memory traces. In addition, there is some debate over
whether memory traces ever become fully independent of the
hippocampus, given that the hippocampus can be involved in
Current Biology 28, R37–R50, January, 2018 R39
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the retrieval of both recent and remote memory traces [20,75]
and that memory consolidation appears to operate on a timescale of decades in humans [1,3,76]. In either case, the selective
strengthening of specific intra-hippocampal cell assemblies
seems likely to play an equally important role in memory consolidation. Second, the rate of consolidation has been shown to
depend on the amount of related prior knowledge that is available — the existence of appropriate schema [23,77] — and it
has been suggested that the process of consolidation acts to
compress mnemonic information by extracting the principal
statistical features from multiple unique experiences [24,73].
Hence, consolidation may be an active process by which new
memory traces are selected and incorporated into the existing
corpus of knowledge at variable rates and with differential
success according to their content.
Whatever the specific nature and function of the memory
consolidation processes may be, it seems clear that the reactivation of neural activity patterns at the population level following
encoding is likely to contribute to the permanence of cell
assemblies and therefore behaviourally relevant memory traces.
Moreover, this reactivation is likely to occur during sleep or other
quiescent states which provide relief from potentially interfering
sensory activity, and involve neural activity on a timescale that is
well-suited to the induction of synaptic plasticity and therefore
the stabilisation of cell assemblies [78–81]. Given these requirements, Wilson and McNaughton [45] hypothesised that hippocampal replay might represent the neural mechanism supporting
systems consolidation; and subsequent research has generated
considerable, though not unanimous, support for this proposition.
If, as proposed, replay is important for stabilising behaviourally
relevant memories, it might be expected that novel, recent, and
salient experiences are preferentially reactivated: this appears to
be the case. Replay, particularly reverse replay, more frequently
represents novel as oppose to familiar environments [55].
R40 Current Biology 28, R37–R50, January, 2018

Figure 2. Typical methodology for
detecting and analysing replay.
(A) Linearised ratemaps are generated based on
recordings made while rodents traverse a track.
(B) In a subsequent rest period or during pauses in
a task, hippocampal replay is marked by a high
frequency ‘ripple’ oscillation in the LFP (top trace),
which is associated with elevated multi-unit place
cell activity, lasting 100 ms (middle, top). (C) A
Bayesian approach is used to calculate, for each
temporal bin (x-axis, typically 10 ms bins), the
probability of the animal’s location on the track
given the observed action potentials. Hot colours
designate higher probability. A fitting procedure,
typically enforcing a fixed velocity, is used to find
the most likely trajectory encoded by the posterior
probability matrix (shown in white, goodness-of-fit
value indicated above the line). (D) To determine
statistical significance a shuffling procedure is
conducted. The cell ID of each place cell is
randomly permuted such that the spike trains
observed during the putative replay events are
associated with different place fields. This process
is repeated at least 100 times; on each iteration,
the posterior probability matrix is recalculated
and a goodness-of-fit for the best trajectory
determined. (E) The goodness-of-fit obtained for
the original event is ranked against the shuffled
distribution, determining the probability of
obtaining the goodness-of-fit value by chance.

This effect, measured by cell-pair co-activations, was found to
be most pronounced on the first day of exposure to a novel
environment and diminished on subsequent days [82]. Equally,
during acquisition of a spatial alternation task, sharp wave
ripples and related activity occurred more commonly after rats
made a correct turn and were rewarded, as opposed to after
unrewarded incorrect turns [83].
In a similar vein, Csicsvari and colleagues [84,85] demonstrated an explicit link between sharp wave ripple associated
hippocampal reactivations and animals’ subsequent performance on a spatial memory task. Specifically, rats were required
to remember the location of multiple unmarked food wells and
navigate quickly between them. The number of goal location
reactivations during both rest and task engagement predicted
performance; though a causal relationship was not established.
Ensuing studies went further, however, and showed that the
electrical interruption of sharp wave ripples, and presumably
replay, reduced the rate at which animals acquired a spatial
memory task [69,86] (Figure 4A). Hence there is a compelling,
albeit incomplete link between the occurrence of replay and
successful retention of information. Nonetheless, the location
and extent of plasticity being instantiated by replay remain
unclear.
The standard theoretical view of systems consolidation has
focused on the diminishing requirement for hippocampal
involvement in memory retrieval that occurs with time [16]
whereas alternative explanations assume a sustained role for
the hippocampus in conjunction with intra-hippocampal
reorganisation of memories [21]. While it is too early to settle
this long-standing debate, it is clear that replay is well placed
to generate offline changes in both hippocampal and cortical
memory networks. In the Csicsvari group studies [84,85]
described above goal location reactivations were observed to
co-occur with a clustering of CA1 place fields around the goal,
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Figure 3. Replay types.
(A) Replay occurs during rest/slow wave sleep (‘offline’ replay, left) [45,47,85]
as well as during brief pauses in awake behaviours (‘online’ replay, right), such
as when stopping at a decision point during navigation [48,55,56,117]. (B) Top:
As an animal runs down a track, place cells are sequentially activated. Bottom:
during replay, place cells can be reactivated in the same sequence as was
experienced during running (‘forward’ replay, left) [46,47] or in the opposite
sequence (‘reverse’, replay, right) [55,56,66]. (C) Online replay can depict
locations proximal to the animal’s current location (‘local’ replay, left)
[71,85,122] or be distant to the animal (‘remote’ replay, right) [63,64,122].

though curiously not those in CA3, suggesting that offline replay
shapes hippocampal memories. This link was made explicit by
recent work [87] in which the activity of a sub-population of
CA1 place cells was disrupted during sharp wave ripples and
the stability of the manipulated place fields alone was reduced,
although in this case the manipulation was made while animals
remained in the test environment.
It is also clear that sharp wave ripple associated activity propagates from the hippocampus to neighbouring structures such
as the pre-subiculum and para-subiculum, as well as medial
entorhinal cortex [88,89]. In fact, a number of authors [90–92]
have investigated similarities between activity patterns during
wakefulness and quiescence in various extra-hippocampal
regions. These studies have frequently used an ‘explained

variance’ [92] approach to identify reactivations, that is, a
measure of the degree to which activity patterns observed during
post task rest can be accounted for by wakeful activity patterns.
Recording from the ventral striatum while rats performed T-maze
spatial alternation, Pennartz et al. [92] found significant reactivation of wakeful activity patterns during post task sleep. Many
ventral striatal cells were also modulated by hippocampal sharp
wave ripples, and those that were showed stronger reactivations. Similarly, recordings made in macaques during and after
a sequential reaching task found significant reactivations in posterior parietal, motor, somatosensory and dorsal prefrontal cortex [90]. The authors also found evidence for reactivations of
wakeful inter-regional activity patterns.
A smaller number of studies [93–96] have explicitly shown that
coordinated cortical-hippocampal activity associated with
awake behaviours is present during replay events. Ji and Wilson
[93] were the first to demonstrate this using simultaneous recordings from visual cortex (V1) and hippocampus made while
rats ran on a track. They observed many V1 cells that had spatial
firing fields on the track, resulting in distinct sequences of activity
which were replayed during a subsequent sleep session. Moreover, replay of similar trajectories in hippocampus and V1 tended
to co-occur [93]. To be consistent with the simple consolidation
hypothesis, however, one would expect hippocampal replay to
invariably precede cortical replay; in fact, in this study it was
not possible to establish if replay was initiated in the hippocampus and, although replay in the two regions did coincide, in some
cases it appeared that V1 trajectories were generated with no
hippocampal contribution. This result may simply reflect the difficulty of making population level inferences from a relatively
small number of recorded single units. Alternatively, it might
point to some form of bidirectional control over replay or suggest
that, even during rest, the role of replay extends beyond simple
consolidation.
Subsequently, other authors have applied similar methods to
identify coordination between the hippocampus and prefrontal
cortex [94], auditory cortex [96], and grid cells in the deep layers
(V and VI) of the medial entorhinal cortex [95] (Figure 4B) — the
principal cortical projection target of the hippocampus [97,98].
In the case of the study by Olafsdottir et al. [95], during rest, replay
in the medial entorhinal cortex was seen to lag CA1 by around
10 ms; consistent with a hippocampal initiation of replay. Interestingly, a similar study examining activity during sharp wave ripples in superficial layers of the medial entorhinal cortex found
quite different results: entorhinal replay frequently occurred
without coordinated activity in the hippocampus [99]. Further,
recent work from Yamamoto and Tonegawa [100] found that
input from layer III of the medial entorhinal cortex was required
for extended awake CA1 replay. In part, these findings may be
accounted for by anatomical differences as superficial entorhinal
layers are primarily an input to the hippocampus [97,98]. Equally,
the latter two analyses were predominantly based on recordings
made while animals were engaged in spatial tasks, and the
observed replay may therefore be more strongly related to spatial
planning and less to consolidation processes, in turn suggesting
a differential involvement of superficial and deep medial entorhinal cortex layers in planning and consolidation, respectively.
Clearly then, there is ample evidence for coordinated corticalhippocampal activity during sharp wave ripples, albeit with more
Current Biology 28, R37–R50, January, 2018 R41
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Figure 4. Replay as consolidation.
(A) Sharp wave ripples in CA1 were detected and disrupted (via electrical
stimulation) while animals slept (left) following training on a spatial reference
memory task (learning the location of food on an eight-arm radial maze,
middle). Animals acquired the task more slowly and consistently performed
worse than control animals receiving stimulations outside sharp wave ripples
(right) [69]. (B) Grid cells from the deeper layers of the medial entorhinal cortex
and CA1 place cells were co-recorded while animals ran on linear runways
(top) and during a subsequent rest session. Grid cell activity was significantly
coordinated with place cell activity during hippocampal replay events
recorded during rest, such that grid cells expressed similar spatial positions to
place cells during replay (bottom) [95]. (C) Rats encoded the location of two
objects in a rectangular arena (left), sharp wave ripples (from CA1) and deltaspindle sequences (from medial prefrontal cortex) were recorded during
subsequent sleep (middle). The co-occurrence of hippocampal and cortical
rhythms was associated with memory of the object locations, indexed by
preferential exploration of a displaced object in the post sleep session (right). If
the duration of encoding was shortened to impair learning, consolidation could
be rescued by stimulating the cortex, when sharp wave ripples were detected,
thereby inducing delta-spindle sequences [103].

complex dynamics than might be expected from the simplest
model of systems consolidation. Still, if hippocampal replay
activity is involved in systems consolidation processes, then
R42 Current Biology 28, R37–R50, January, 2018

one might expect replay to be associated not only with increased
activity in cortex, but also with increased plasticity. Several
authors (for example [81]) have noted that the rapid sequences
of place cell activity observed during replay are optimal for
inducing plasticity in post-synaptic targets. Although direct evidence for this is currently lacking, cortical oscillations that
strongly modulate the depolarisation of principal neurons have
also been associated with hippocampal sharp wave ripples
during sleep.
Two of the main oscillatory events are delta waves [101], slow
0.1–4 Hz oscillations observed in a variety of cortical regions;
and thalamo-cortical spindles [102,103], 10–20 Hz oscillations
originating in the thalamus. These two oscillatory patterns are
often observed in close temporal proximity to each other and,
importantly, to sharp wave ripples in the hippocampus [104–
107]. Indeed, Maingret and colleagues [103] found that the successful recall of object locations following sleep was associated
with enhanced coupling between hippocampal sharp wave ripples, cortical delta-waves, and spindle events (Figure 4C).
Furthermore, when the duration of encoding was shortened to
impair learning, the authors saw that performance could be
rescued by stimulating the prefrontal cortex when hippocampal
sharp wave ripples were detected, thereby generating delta
waves and spindles. Similarly, it is clear that plasticity related
to the spatial content of replayed trajectories can be induced
during rest. This was beautifully demonstrated by de Lavilleon
et al. [108]: During sleep, though not just during periods of sharp
wave ripples, reward in the form of medial forebrain bundle stimulation was triggered whenever a specific CA1 place cell was
active; subsequently, during exploration, animals spent more
time in the place field of the corresponding cell.
While the foregoing discussion makes a convincing case for a
role of hippocampal replay in memory consolidation, several
important caveats must be considered. First, the majority of
studies examining the modulation of replay by novelty, recency,
and saliency have done so while animals are awake and engaging
in tasks (for example [55,82,83]). In contrast, the reduced sensory
interference present during offline states are believed to render
them favourable for consolidation. Nevertheless, this does not
preclude the possibility that replay occurring during brief pauses
in active behaviour also contributes to consolidation.
Second, the disruption of sharp wave ripples has been shown
to impair spatial learning [69,86], but it remains to be seen
whether this effect is due to the disruption of replay specifically
or simply due to disruption of the sharp wave ripple state. For
example, stimulation during sharp wave ripples — when neurons
in CA1 are highly active [2,81] — may simply disrupt existing
spatial memory traces in the hippocampus (for example [87])
rather than interfere with consolidation.
Third, although replay may be important for learning, whether
it genuinely represents the mechanism supporting systems
consolidation, or simply reflects an intra-hippocampal process
stabilising newly formed memory traces, remains to be established. A convincing demonstration of the former would be to
identify the cortical correlates of a hippocampal memory and
show how these develop or mature with the occurrence of
replay. This might be achieved, for example, using a similar
method to Kitamura et al. [109] in which c-Fos expression was
used to identify a cortical engram, hence determining its
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involvement in memory retrieval at different time points following
learning. Alternatively, confirmation that memories do not
become hippocampus-independent if replay is prevented from
propagating to cortex would be compelling evidence. To
address this latter point, it seems plausible that the interruption
of sharp wave ripples could be used in conjunction with an
approach similar to that used by Tanaka et al. [110]. Namely,
an experimenter would probe the point at which reinstatement
of a cortical representation occurred independently of the hippocampus, that is, after CA1 silencing.
Fourth, recent studies by several groups [50,111,112] have
shown that replay can be observed even before animals have
any experience of an environment. In other words, place cell
sequences recorded during rest are subsequently found to
correspond to paths through a novel environment. This ‘preplay’
is a controversial topic, and there is some disagreement
regarding its existence [113]. Potentially, the effect might arise
due to a failure in the statistical assumptions used to determine
the significance of the observed sequences [113] (Figure 2). For
example, if the place cell representation of the novel environment
is not orthogonal to familiar environments, then replay of those
familiar places might be construed as preplay. Equally, though,
preplay may result from activity in preconfigured cell assemblies,
possibly supported by attractor networks, that are primed for inclusion into future spatial representations [111,112,114,115].
Either way, preplay seems to be a weaker phenomenon than
replay [112]; indeed, the level of correlation in place cell activity
that existed prior to exploration of a novel environment was
used as a control condition in early replay studies [45,47]. Hence,
replay can still be understood as a process that predominantly
reflects prior experience, though the extent to which it is
influenced by the pre-existing configuration of hippocampal
networks remains to be seen.
Replay as Planning
The fact that replay occurs during awake behaviour suggests
that, beyond its potential role in learning, it might also provide
a mechanism for guiding navigational decisions, planning goaldirected trajectories or simulating the outcome of a given choice
(for example [56,70–72,116,117]). This view was established by
Diba and Buzsaki’s [56] observation that, during track running,
replay occurring as rats stopped for reward at the track’s ends
tended to be in the reverse direction, while movement initiation
was mainly preceded by forward replay. The authors posited
that reverse replay was important for learning from recent
experiences, while forward replay was required for planning
forthcoming actions. Although the functional distinction between
forward and reverse replay is no longer clear cut (for example
[65]), broadly similar results have been noted elsewhere. For
example, as animals pause at a junction on a working memory
task, replay events tend to depict routes ahead of the animal
[117]. Similar forward ‘sweeps’ have been observed by others
(for example [61,62,118]), yet in these instances the sweeps
seem to occur during theta states rather than sharp wave ripples.
Although theta sweeps have been proposed to support decision
making about immediate actions [61], it remains to be seen
whether and how they differ functionally from forward replay
observed during awake behaviour. Finally, various theoretical
propositions suggest replay as a candidate mechanism for

exploring potential routes or extracting goal-directed heading
vectors [72,116,119].
If replay does represent a mechanism for planning spatial trajectories, then its occurrence should, in general, predict accurate
behaviour. Indeed, one might specifically expect replayed trajectories to prefigure the path an animal is about to take. To a certain
extent this appears to be true. For example, an increase in the
probability of cell-pair co-activation during sharp wave ripples
has been seen to precede correct turns on a W-maze and, in
the same experiment, a non-significant trend was noted for preferential replay of the ‘correct’ arm [117]. Similarly, when animals
were engaged in open field navigation to a hidden goal, Pfeiffer
and Foster [71] found a tendency for replay trajectories to propagate in the direction animals were about to travel — an effect
that was not present when the rats were foraging randomly.
The analysis did not, however, establish whether the replayed
trajectory predicted the exact path the animal was about to
take. Indeed, in the absence of a clear mechanism linking replay
and navigational guidance it is not obvious if such a relationship
really should be expected.
Several groups [72,116,119] have proposed, based on theoretical analyses, that replay in entorhinal grid cells provides the
means to calculate goal-directed vectors. Current models,
though, are agnostic as to how place cells should respond during
bouts of grid cell replay; indeed, recent experimental work suggests that grid cells and other spatial cell types in the superficial
layers of the medial entorhinal cortex exhibit replay independently of CA1 [99]. More broadly, if online replay does provide
a mechanism for planning trajectories, then one might occasionally expect to observe novel sequences of activity; for example,
corresponding to a new combination of turns through an environment. This does appear to occur: in fact, replayed sequences
have been reported to combine elements of an environment
that were experienced separately and even to represent paths
through a section of the environment the animal had seen but
not experienced [48,49]. Indeed, in the latter case, despite the
fact that replay was recorded during rest, activity was seen to
preferentially represent a section of the environment leading to
reward, implying a link with planning [49].
More generally, normal hippocampal sharp wave ripplerelated activity is necessary to support spatial decision making
under some circumstances. Clear evidence for this was provided
by Jadhav and colleagues [69] using closed-loop electrical stimulation of the ventral hippocampal commissure to truncate sharp
wave ripples while animals performed a W-maze alternation
task. Interruption of the sharp wave ripples decreased performance and the rate at which the task was acquired [120]
(Figure 5A). Despite causally connecting sharp wave ripplerelated activity and spatial decision-making, the specific
mechanism linking replay with behavioural output is still unclear,
and so it is hard to discern the functional contribution of replay in
this scenario.
As intimated above, one of the central difficulties in ascribing a
specific function to ‘online’ replay has been the fact that the trajectories depicted do not obviously relate to ongoing behaviour,
often representing non-local positions [48,57,63,64] de-coupled
from the animal’s future path [121]. For example, when
animals were required to run laps on one section of a track,
Gupta et al. [48] observed that replay trajectories preferentially
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Figure 5. Replay as planning.
(A) Disrupting sharp wave ripples at decision points in a spatial alternation task
(‘W maze’) was associated with impaired performance compared to control
animals (left). When sharp wave ripples were disrupted at non-decision points
performance was preserved (right) [120]. (B) Replay was recorded at the corners of a Z-shaped track preceding correct and incorrect turns. When replay
depicted positions consistent with the animals’ current positions (for example,
proximal locations, left) the rats were more likely to make the correct turn (right).
Whereas if replay depicted positions not immediately relevant to current
behaviour (middle), animals were less likely to make the correct turn (right)
[122]. (C) Following training on an inhibitory avoidance task (learning to associate the end of a linear runway with a foot shock), replay during pauses preceding entry to a shock zone preferentially depicted paths towards the feared
zone (top) and was associated with the animals turning away from the shock
zone and running in the opposite direction (bottom) [121].

represented portions of the maze that were not currently in use
and which had not been recently visited. Similarly, recent work
[121] has demonstrated preferential replay of paths that animals
were incentivised to avoid, and these trajectories were most
often replayed prior to animals turning away from the aversive
region and hence were anti-correlated with subsequent behaviour (Figure 5C).
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In part, some of these apparent discrepancies can be
accounted for by immediate behavioural relevance to the animal,
with replay providing a mechanism by which prior associations
or memories are recalled and used to direct behaviour. But
online replay is also known to depict trajectories through environments distinct from that in which the animal is currently
located, which were experienced earlier in the same recording
session [64] or even on previous days [63]. It is more difficult to
envisage the immediate behavioural relevance of a distant environment or indeed even for replay in the absence of an ongoing
task. What could account for these divergent findings?
A viable hypothesis seems to be that, in part, this variability
arises because ongoing task demands influence the nature and
content of replay. Namely, during periods characterised by a
low cognitive load when animals are not engaged in a demanding
behavioural task — such as sitting still or shuttling back and forth
on a linear track — replay occurs in order to support the consolidation of existing memories, as it does during slow wave sleep.
Conversely, when animals actively engage in a task, such as at a
decision point, replay becomes task focused. Consistent with
this view, O’Neill et al. [84] observed that shortly after animals
arrived at a reward site replay was task-focused, preferentially
expressing the goal location; whereas, when animals lingered
at the site — disengaging from the task — replay was more likely
to express places remote from the current position.
Similarly, recent work from our own laboratory [122] examined
the dynamics governing this switch. We saw task-related replay
immediately as animals arrived or departed from a decision
point, depicting forward trajectories focused on the current
location. Conversely, when animals remained at the decision
point, replay changed to preferentially encode trajectories in
both forward and reverse directions that were distributed across
the apparatus, rather than concentrated on the current location;
suggestive of consolidation processes. In addition, we found
that accurate spatial choices tended to be preceded by forward
replay focused on the animal’s current position, as one would
expect if these dynamics contributed to spatial decision making
(Figure 5B).
Furthermore, even when animals are actively engaged in a
task, the observed replay is expected to be variable. Although
replay under these circumstances might be task related, this
does not mean that replay should exclusively depict, and consequently predict, future paths. If adaptive behaviour requires the
retrieval of past actions or experiences then replay might equally,
or indeed preferentially, express prior behaviour. This proposition could account for the varied findings relating to online replay
(for example [48,71,84,117,121]). In this context, replay may be
considered to mediate the retrieval of information needed for
accurate behaviour, rather than planning of a specific trajectory;
and any distinction between online and offline replay is not
particularly useful. ‘Offline replay’, typically recorded while an
animal is either sleeping or resting in a holding environment, is
likely to consist almost entirely of consolidative replay. ‘Online
replay’, on the other hand, will be mixed; varying between
task-relevant and consolidative replay according to the animal’s
current behavioural state and motivation.
To summarise, the content of online replay has been found to
be surprisingly variable. Although it may support spatial planning
under some conditions, equally often it seems to serve other
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functions. We suggest that an animal’s engagement with
ongoing task demands may account for some of these differences. When engaged in a task, replay contributes to spatial
decision making and navigation, and hence is largely focused
on the animal’s current milieu. In the absence of specific task
demands, replay subserves consolidation, meaning the content
of replay will likely be more varied, potentially representing the
full range of the animal’s recent experiences.
Replay in Human and Non-human Primates
Because of the relative paucity of single unit electrophysiology
studies outside of the rodent, there is limited evidence for the
existence of hippocampal replay in humans and non-human primates, though a number of studies have reported spatial and
non-spatial firing correlates of individual neurons in hippocampal
and parahippocampal regions that would permit such analyses
in future [30,123]. Nonetheless, several intracranial recording
studies have characterised sharp wave ripple activity in both
the human [124–126] and primate [127,128] hippocampal LFP.
These ripples appear at a frequency of approximately 100 Hz
(lower than that typically observed in the rodent), have a duration
of around 50 ms, are observed during both quiet rest and nonrapid eye movement (NREM) sleep and tend to co-occur with,
and be phase locked to, cortical slow waves [126,128–130].
Only a few studies have co-recorded single unit activity, however, showing that burst firing activity is increased in the human
hippocampus during slow wave sleep [131], and in primate CA1
during sharp wave ripples [127], but not examining the finer
temporal structure of that activity.
Alternative approaches have provided inferential evidence for
the replay of previous experience in the human brain during quiet
rest and sleep. The best example comes from applying multivariate pattern classification techniques to magnetoencephalography (MEG) recordings, allowing the offline reoccurrence of
neural activity patterns associated with different visual stimuli to
be identified [132]. Using this technique, it has been demonstrated that sequences of stimuli initially encoded during a nonspatial navigation task were reactivated in reverse order on a
timescale consistent with hippocampal replay during a subsequent 30 second planning period, although the signal appeared
to originate from occipital/posterior temporal sources.
Similar methods, applied to fMRI data, have shown that, during
rest, the frequency with which stimulus representations are
reactivated correlates with subsequent memory performance
[130,133]. Furthermore, other neuroimaging studies have shown
that manipulations which bias replay in rodent models — i.e. the
presentation of sound or odour cues during sleep — generate an
increase in the hippocampal BOLD signal [134–136]. Moreover,
these interventions can enhance subsequent memory performance (but see van Dongen et al. [137]), and the memory benefit
correlates with hippocampal volume [138].
Interestingly, one study [126] showed that the number of sharp
wave ripples in the human medial temporal lobe during a short
rest period after learning correlated with mnemonic performance.
Importantly, however, none of these studies provide direct evidence for hippocampal replay. Moreover, similar performance
benefits are seen on procedural tasks that are not hippocampal
dependent, suggesting that these interventions may access a
more general mechanism of memory enhancement [139].

Hopefully, future studies, making use of single-unit data derived
from patients with intra-cranial depth electrodes, will be able to
investigate the existence of replay in humans; providing an
important translational connection between rodent and human
hippocampal research.
Future Directions
Replay is known to occur during sleep, rest and active navigation,
and has been ascribed a number of functional roles including the
stabilisation of newly formed memories, planning and decisionmaking during spatial tasks. In general, there is strong support
for each of these propositions, although the relationship is more
complex than was originally envisaged and specific mechanisms
are still lacking. Indeed, a number of clear caveats exist.
First, to assess whether replay supports systems consolidation, it is not sufficient to simply manipulate hippocampal replay
(or indeed sharp wave ripples) and assess the effects on
behaviour. Rather, it is also necessary to demonstrate that this
manipulation either enhances or delays the maturation of
memory traces, be they in the hippocampus or cortex.
Second, the relationship between awake replay and ongoing
behaviour is complex. In part this likely reflects the fact that,
during awake periods, replay might support consolidation
as well as task-related processes. Further, even when replay
appears to be related to an ongoing task, the specific link
between replayed trajectories and subsequent behaviour is not
trivial. A fuller understanding of the network mechanisms that
control the apparent ‘switch’ between replay for consolidation
and replay for planning will resolve some of this variability.
Beyond this, untangling the relationship between replay and
behaviour will also require carefully constructed behavioural
tasks with clearly delineated demands in which performance
depends on defined and spatially localised sources of information (see for example [66]).
Third, the role played by extra-hippocampal regions in the
generation and control of replay has received relatively little
attention. Both the medial septum and mesopontine median
raphe region have been shown to modulate the occurrence of
sharp wave ripples [140,141], but the extent to which these
regions govern the occurrence of replay during the course of
normal behaviour is unknown. Similarly, it appears that cortical
regions have a greater autonomy to initiate and potentially guide
replay than was previously imagined (for example [99]), but
again, the behavioural relevance of cortical replay and how it
relates to hippocampal replay requires further study. More
specifically, the mechanism controlling which precise sequence
of place cells is replayed is also unknown.
One possibility described above is that cortical activity,
possibly itself resembling replay, might prompt the reactivation
of hippocampal sequences (for example [93,99]). Consistent
with this view, it is known that presentation of familiar auditory
stimuli during sleep biases hippocampal replay to represent
the locations in which those stimuli were encountered during
wakefulness [142]; presumably auditory cue presentation
causes the reinstatement of stimuli-specific activity patterns in
the auditory cortex, ultimately promoting activity in place cells
associated with that cue during training.
An alternative mechanism is provided by dopamine signalling
from the ventral tegmental area (VTA) [143] and locus coeruleus
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[144]. Dopamine signalling in the hippocampus is known to be
important for the stabilisation of place cell activity [145] and
the retention, but not initial encoding, of spatial memories
[146]. Indeed, optogenetically triggering dopamine release in
mice during exposure to a novel environment results in stronger
CA1 reactivations of that environment during rest and a concomitant increase in memory retention [147]. However, it is not known
whether dopamine directly modulates the occurrence of replay
or whether the apparent increase in reactivation results from
other mechanisms that stabilise CA1 activity. Interestingly, VTA
neurons were found to have elevated firing rates during sharp
wave ripples emitted while animals conducted a spatial task,
but not during sleep [148]. This is particularly relevant because
VTA neurons are known to represent reward prediction error
[149] and are central for reinforcement learning [150]. In turn,
reverse replay during behaviour has been implicated as a
possible solution to the temporal credit assignment problem in
reinforcement learning [55,70]. The juxtaposition of VTA activity
and replay supports this general view but, again, does not
necessarily implicate dopamine as a modulator of replay itself.
Lastly, evidence for the existence of replay outside of the
rodent is at best indirect. It will be exciting to see if emerging
technologies in human intracranial recordings are able to resolve
large populations of single neurons — and thus, replay — in the
human brain. Such studies would provide essential insight into
potential similarities between rodent and human hippocampal
function and clarify the hypothesised role of hippocampal replay
in mnemonic functions and goal-directed behaviour.
In general, looking to the future, it appears that several
technical developments are of particular relevance to this field.
Historically one of the problems in studying the long-term effects
of replay on hippocampal and cortical networks has been the
difficulty in stably recording large populations of neurons for significant periods of time. The increasing availability of two-photon
calcium imaging coupled with rodent virtual reality now means
that activity of hundreds of cells can be monitored across days,
while animals perform spatial tasks [151]. Indeed, the temporal
resolution of the most recent generations of calcium indicators
is sufficient to allow replayed sequences to be detected optically
[152], and so it is already possible to monitor the incremental
changes induced in a hippocampal network as a result of replay.
Going further, the combination of optogenetics and optical imaging, allowing for the rapid manipulation of visually identified cells,
provides a powerful means of perturbing, or even artificially
generating, specific replay sequences [153]. Such an approach
would provide the means to explicitly link replay of a sequence
with specific mnemonic or behavioural outcomes. To be viable
though, this would likely require a control system triggered by
the rapid decoding of replay trajectories, and some progress
towards this goal has already been made [154,155].
Conclusions
To conclude, research over the past twenty-five years has
contributed to understanding the role hippocampal replay plays
in cognition. Current evidence suggests that replay is used to
selectively strengthen newly acquired memories for retention
and guide adaptive decisions during active behaviour. Yet,
numerous questions regarding the underlying mechanisms
remain. Does replay mediate the maturation of cortical
R46 Current Biology 28, R37–R50, January, 2018

memories, stabilise newly formed hippocampal cell assemblies,
or instigate changes in both regions? Is the content of replay
prescribed or can it adapt to changing demands, dictated by
current tasks and behavioural state? Newly available techniques
are well placed to address these questions, and it seems likely
that the next decade will reveal a clearer understanding of the
functional roles replay performs, the mechanisms by which it
acts, and the systems by which it is controlled.
ACKNOWLEDGMENTS
This work was funded by a Sir Henry Dale Fellowship to C.B. jointly funded by
the Wellcome Trust and Royal Society.

REFERENCES
1. Scoville, W.B., and Milner, B. (1957). Loss of recent memory after
bilateral hippocampal lesions. J. Neurol. Neurosurg. Psychiatry 20,
11–21.
2. O’Keefe, J., and Nadel, L. (1978). The Hippocampus as a Cognitive Map
(Oxford: Clarendon).
3. Teng, E., and Squire, L.R. (1999). Memory for places learned long ago is
intact after hippocampal damage. Nature 400, 675–677.
4. Cipolotti, L., Shallice, T., Chan, D., Fox, N., Scahill, R., Harrison, G.,
Stevens, J., and Rudge, P. (2001). Long-term retrograde amnesia...the
crucial role of the hippocampus. Neuropsychologia 39, 151–172.
5. Rosenbaum, R.S., Priselac, S., Kohler, S., Black, S.E., Gao, F., Nadel, L.,
and Moscovitch, M. (2000). Remote spatial memory in an amnesic
person with extensive bilateral hippocampal lesions. Nat. Neurosci. 3,
1044–1048.
6. Bayley, P.J., Gold, J.J., Hopkins, R.O., and Squire, L.R. (2005). The
neuroanatomy of remote memory. Neuron 46, 799–810.
7. Maguire, E.A., Nannery, R., and Spiers, H.J. (2006). Navigation around
London by a taxi driver with bilateral hippocampal lesions. Brain 129,
2894–2907.
8. Olton, D.S., Becker, J.T., and Handelmann, G.E. (1979). Hippocampus,
space, and memory. Behav. Brain Sci. 2, 313–365.
9. Olton, D.S., Walker, J.A., and Gage, F.H. (1978). Hippocampal connections and spatial discrimination. Brain Res. 139, 295–308.
10. Morris, R.G., Garrud, P., Rawlins, J.N., and O’Keefe, J. (1982). Place navigation impaired in rats with hippocampal lesions. Nature 297, 681–683.
11. Broadbent, N.J., Squire, L.R., and Clark, R.E. (2006). Reversible hippocampal lesions disrupt water maze performance during both recent
and remote memory tests. Learn. Mem. 13, 187–191.
12. Phillips, R.G., and LeDoux, J.E. (1992). Differential contribution of amygdala and hippocampus to cued and contextual fear conditioning. Behav.
Neurosci. 106, 274–285.
13. Maren, S., Anagnostaras, S.G., and Fanselow, M.S. (1998). The startled
seahorse: is the hippocampus necessary for contextual fear conditioning? Trends. Cogn. Sci. 2, 39–42.
14. Morris, R.G. (2006). Elements of a neurobiological theory of hippocampal
function: the role of synaptic plasticity, synaptic tagging and schemas.
Eur. J. Neurosci. 18, 2829–2846.
15. Tse, D., Takeuchi, T., Kakeyama, M., Kajii, Y., Okuno, H., Tohyama, C.,
Bito, H., and Morris, R.G. (2011). Schema-dependent gene activation
and memory encoding in neocortex. Science 333, 891–895.
16. Squire, L.R., and Alvarez, P. (1995). Retrograde amnesia and memory
consolidation: a neurobiological perspective. Curr. Opin. Neurobiol. 5,
169–177.
17. Squire, L.R., Clark, R.E., and Knowlton, B.J. (2001). Retrograde amnesia.
Hippocampus 11, 50–55.

Current Biology

Review
18. Squire, L.R., and Bayley, P.J. (2006). The neuroanatomy of very remote
memory. Lancet Neurol. 5, 112–113.
19. Marr, D. (1971). Simple memory: a theory for archicortex. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 262, 23–81.
20. Nadel, L., and Moscovitch, M. (2001). The hippocampal complex and
long-term memory revisited. Trends. Cogn. Sci. 5, 228–230.
21. Nadel, L., and Moscovitch, M. (1997). Memory consolidation, retrograde
amnesia and the hippocampal complex. Curr. Opin. Neurobiol. 7,
217–227.
22. Kubie, J.L., Sutherland, R.J., and Muller, R.U. (1999). Hippocampal
lesions produce a temporally graded retrograde amnesia on a dry version
of the Morris swimming task. Psychobiology 27, 313–330.
23. Tse, D., Langston, R.F., Kakeyama, M., Bethus, I., Spooner, P.A., Wood,
E.R., Witter, M.P., and Morris, R.G. (2007). Schemas and memory
consolidation. Science 316, 76–82.
24. Richards, B.A., Xia, F., Santoro, A., Husse, J., Woodin, M.A., Josselyn,
S.A., and Frankland, P.W. (2014). Patterns across multiple memories
are identified over time. Nat. Neurosci. 17, 981–986.
25. Tulving, E. (1985). Memory and consciousness. Can. Psychol. 26, 1–12.
26. Hassabis, D., Kumaran, D., Vann, S.D., and Maguire, E.A. (2007).
Patients with hippocampal amnesia cannot imagine new experiences.
Proc. Natl. Acad. Sci. USA 104, 1726–1731.
27. Addis, D.R., Wong, A.T., and Schacter, D.L. (2007). Remembering the
past and imagining the future: common and distinct neural substrates
during event construction and elaboration. Neuropsychologia 45,
1363–1377.
28. Schacter, D.L., Addis, D.R., Hassabis, D., Martin, V.C., Spreng, R.N., and
Szpunar, K.K. (2012). The future of memory: remembering, imagining,
and the brain. Neuron 76, 677–694.
29. O’Keefe, J., and Dostrovsky, J. (1971). The hippocampus as a spatial
map. Preliminary evidence from unit activity in the freely-moving rat.
Brain Res. 34, 171–175.
30. Ekstrom, A.D., Kahana, M.J., Caplan, J.B., Fields, T.A., Isham, E.A.,
Newman, E.L., and Fried, I. (2003). Cellular networks underlying human
spatial navigation. Nature 425, 184–188.
31. Ulanovsky, N., and Moss, C.F. (2007). Hippocampal cellular and network
activity in freely moving echolocating bats. Nat. Neurosci. 10, 224–233.
32. Wilson, M.A., and McNaughton, B.L. (1993). Dynamics of the hippocampal ensemble code for space. Science 261, 1055–1058.
33. Brown, E.N., Frank, L.M., Tang, D., Quirk, M.C., and Wilson, M.A. (1998).
A statistical paradigm for neural spike train decoding applied to position
prediction from ensemble firing patterns of rat hippocampal place cells.
J. Neurosci. 18, 7411–7425.
34. O’Keefe, J., and Speakman, A. (1987). Single unit activity in the rat hippocampus during a spatial memory task. Exp. Brain. Res. 68, 1–27.

40. Hafting, T., Fyhn, M., Molden, S., Moser, M.B., and Moser, E.I. (2005).
Microstructure of a spatial map in the entorhinal cortex. Nature 436,
801–806.
41. Barry, C., Lever, C., Hayman, R., Hartley, T., Burton, S., O’Keefe, J., Jeffery, K., and Burgess, N. (2006). The boundary vector cell model of place
cell firing and spatial memory. Rev. Neurosci 17, 71–97.
42. Solstad, T., Boccara, C.N., Kropff, E., Moser, M.B., and Moser, E.I.
(2008). Representation of geometric borders in the entorhinal cortex.
Science 322, 1865–1868.
43. Lever, C., Burton, S., Jeewajee, A., O’Keefe, J., and Burgess, N. (2009).
Boundary vector cells in the subiculum of the hippocampal formation.
J. Neurosci. 29, 9771–9777.
44. Byrne, P., Becker, S., and Burgess, N. (2007). Remembering the past and
imagining the future: a neural model of spatial memory and imagery.
Psychol. Rev. 114, 340–375.
45. Wilson, M.A., and McNaughton, B.L. (1994). Reactivation of hippocampal ensemble memories during sleep. Science 265, 676–679.
46. Skaggs, W.E., and McNaughton, B.L. (1996). Replay of neuronal firing
sequences in rat hippocampus during sleep following spatial experience.
Science 271, 1870–1873.
47. Lee, A.K., and Wilson, M.A. (2002). Memory of sequential experience in
the hippocampus during slow wave sleep. Neuron 36, 1183–1194.
48. Gupta, A.S., van der Meer, M.A., Touretzky, D.S., and Redish, A.D.
(2010). Hippocampal replay is not a simple function of experience.
Neuron 65, 695–705.
49. Olafsdottir, H.F., Barry, C., Saleem, A.B., Hassabis, D., and Spiers, H.J.
(2015). Hippocampal place cells construct reward related sequences
through unexplored space. Elife 4, e06063.
50. Dragoi, G., and Tonegawa, S. (2011). Preplay of future place cell
sequences by hippocampal cellular assemblies. Nature 469, 397–401.
51. Ranck, J.B., Jr. (1973). Studies on single neurons in dorsal hippocampal
formation and septum in unrestrained rats. I. Behavioral correlates and
firing repertoires. Exp. Neurol. 41, 461–531.
52. Olmstead, C.E., Best, P.J., and Mays, L.E. (1973). Neural activity in the
dorsal hippocampus during paradoxical sleep, slow wave sleep and
waking. Brain. Res. 60, 381–391.
53. Buzsaki, G. (1989). Two-stage model of memory trace formation: a role
for ‘‘noisy’’ brain states. Neuroscience 31, 551–570.
54. Pavlides, C., and Winson, J. (1989). Influences of hippocampal place cell
firing in the awake state on the activity of these cells during subsequent
sleep episodes. J. Neurosci. 9, 2907–2918.
55. Foster, D.J., and Wilson, M.A. (2006). Reverse replay of behavioural sequences in hippocampal place cells during the awake state. Nature 440,
680–683.
56. Diba, K., and Buzsaki, G. (2007). Forward and reverse hippocampal
place-cell sequences during ripples. Nat. Neurosci. 10, 1241–1242.

35. Saleem, A.B., Ayaz, A., Jeffery, K.J., Harris, K.D., and Carandini, M.
(2013). Integration of visual motion and locomotion in mouse visual
cortex. Nat. Neurosci. 16, 1864–1869.

57. Davidson, T.J., Kloosterman, F., and Wilson, M.A. (2009). Hippocampal
replay of extended experience. Neuron 63, 497–507.

36. Stackman, R.W., and Taube, J.S. (1998). Firing properties of rat lateral
mammillary single units: head direction, head pitch, and angular head
velocity. J. Neurosci. 18, 9020–9037.

58. Pfeiffer, B.E., and Foster, D.J. (2015). PLACE CELLS. Autoassociative
dynamics in the generation of sequences of hippocampal place cells.
Science 349, 180–183.

37. Taube, J.S., Muller, R.U., and Ranck, J.B., Jr. (1990). Head-direction
cells recorded from the postsubiculum in freely moving rats. II. Effects
of environmental manipulations. J. Neurosci. 10, 436–447.

59. Louie, K., and Wilson, M.A. (2001). Temporally structured replay of awake
hippocampal ensemble activity during rapid eye movement sleep.
Neuron 29, 145–156.

38. Taube, J.S., Muller, R.U., and Ranck, J.B., Jr. (1990). Head-direction
cells recorded from the postsubiculum in freely moving rats. I. Description and quantitative analysis. J. Neurosci. 10, 420–435.

60. Kudrimoti, H.S., Barnes, C.A., and McNaughton, B.L. (1999).
Reactivation of hippocampal cell assemblies: effects of behavioral state,
experience, and EEG dynamics. J. Neurosci. 19, 4090–4101.

39. Boccara, C.N., Sargolini, F., Thoresen, V.H., Solstad, T., Witter, M.P.,
Moser, E.I., and Moser, M.B. (2010). Grid cells in pre- and parasubiculum.
Nat. Neurosci 13, 987–994.

61. Johnson, A., and Redish, A.D. (2007). Neural ensembles in CA3 transiently encode paths forward of the animal at a decision point.
J. Neurosci. 27, 12176–12189.

Current Biology 28, R37–R50, January, 2018 R47

Current Biology

Review
62. Gupta, A.S., van der Meer, M.A., Touretzky, D.S., and Redish, A.D.
(2012). Segmentation of spatial experience by hippocampal theta
sequences. Nat. Neurosci. 15, 1032–1039.

84. O’Neill, J., Pleydell-Bouverie, B., Dupret, D., and Csicsvari, J. (2010).
Play it again: reactivation of waking experience and memory. Trends
Neurosci. 33, 220–229.

63. Jackson, J.C., Johnson, A., and Redish, A.D. (2006). Hippocampal sharp
waves and reactivation during awake states depend on repeated
sequential experience. J. Neurosci. 26, 12415–12426.

85. Dupret, D., O’Neill, J., Pleydell-Bouverie, B., and Csicsvari, J. (2010). The
reorganization and reactivation of hippocampal maps predict spatial
memory performance. Nat. Neurosci. 13, 995–1002.

64. Karlsson, M.P., and Frank, L.M. (2009). Awake replay of remote experiences in the hippocampus. Nat. Neurosci. 12, 913–918.

86. Ego-Stengel, V., and Wilson, M.A. (2010). Disruption of ripple-associated
hippocampal activity during rest impairs spatial learning in the rat.
Hippocampus 20, 1–10.

65. Wikenheiser, A.M., and Redish, A.D. (2013). The balance of forward and
backward hippocampal sequences shifts across behavioral states.
Hippocampus 23, 22–29.
66. Ambrose, R.E., Pfeiffer, B.E., and Foster, D.J. (2016). Reverse replay of
hippocampal place cells is uniquely modulated by changing reward.
Neuron 91, 1124–1136.
67. Navratilova, Z., Hoang, L.T., Schwindel, C.D., Tatsuno, M., and
McNaughton, B.L. (2012). Experience-dependent firing rate remapping
generates directional selectivity in hippocampal place cells. Front. Neural
Circuits 6, 6.
68. Acharya, L., Aghajan, Z.M., Vuong, C., Moore, J.J., and Mehta, M.R.
(2016). Causal influence of visual cues on hippocampal directional selectivity. Cell 164, 197–207.
69. Girardeau, G., Benchenane, K., Wiener, S.I., Buzsaki, G., and Zugaro,
M.B. (2009). Selective suppression of hippocampal ripples impairs
spatial memory. Nat. Neurosci. 12, 1222–1223.

87. Roux, L., Hu, B., Eichler, R., Stark, E., and Buzsaki, G. (2017). Sharp
wave ripples during learning stabilize the hippocampal spatial map.
Nat. Neurosci. 6, 845–853.
88. Chrobak, J.J., and Buzsaki, G. (1996). High-frequency oscillations in the
output networks of the hippocampal-entorhinal axis of the freely
behaving rat. J. Neurosci. 16, 3056–3066.
89. Chrobak, J.J., and Buzsaki, G. (1994). Selective activation of deep layer
(V-VI) retrohippocampal cortical neurons during hippocampal sharp
waves in the behaving rat. J. Neurosci. 14, 6160–6170.
90. Hoffman, K.L., and McNaughton, B.L. (2002). Coordinated reactivation of
distributed memory traces in primate neocortex. Science 297, 2070–
2073.
91. Lansink, C.S., Goltstein, P.M., Lankelma, J.V., McNaughton, B.L., and
Pennartz, C.M. (2009). Hippocampus leads ventral striatum in replay of
place-reward information. PLoS. Biol. 7, e1000173.

70. Foster, D.J., and Knierim, J.J. (2012). Sequence learning and the role of
the hippocampus in rodent navigation. Curr. Opin. Neurobiol. 22,
294–300.

92. Pennartz, C.M., Lee, E., Verheul, J., Lipa, P., Barnes, C.A., and
McNaughton, B.L. (2004). The ventral striatum in off-line processing:
ensemble reactivation during sleep and modulation by hippocampal
ripples. J. Neurosci. 24, 6446–6456.

71. Pfeiffer, B.E., and Foster, D.J. (2013). Hippocampal place-cell sequences
depict future paths to remembered goals. Nature 497, 74–79.

93. Ji, D., and Wilson, M.A. (2007). Coordinated memory replay in the visual
cortex and hippocampus during sleep. Nat. Neurosci. 10, 100–107.

72. Bush, D., Barry, C., Manson, D., and Burgess, N. (2015). Using grid cells
for navigation. Neuron 87, 507–520.

94. Jadhav, S.P., Rothschild, G., Roumis, D.K., and Frank, L.M. (2016).
Coordinated excitation and inhibition of prefrontal ensembles during
awake hippocampal sharp-wave ripple events. Neuron 90, 113–127.

73. McClelland, J.L., McNaughton, B.L., and O’Reilly, R.C. (1995). Why there
are complementary learning systems in the hippocampus and neocortex:
insights from the successes and failures of connectionist models of
learning and memory. Psychol. Rev. 102, 419–457.

95. Olafsdottir, H.F., Carpenter, F., and Barry, C. (2016). Coordinated grid
and place cell replay during rest. Nat. Neurosci. 19, 792–794.

74. Squire, L.R., Genzel, L., Wixted, J.T., and Morris, R.G. (2015). Memory
consolidation. Cold Spring Harb. Perspect. Biol. 7, a021766.

96. Rothschild, G., Eban, E., and Frank, L.M. (2017). A cortical-hippocampalcortical loop of information processing during memory consolidation.
Nat. Neurosci. 20, 251–259.

75. Winocur, G., Sekeres, M.J., Binns, M.A., and Moscovitch, M. (2013).
Hippocampal lesions produce both nongraded and temporally graded
retrograde amnesia in the same rat. Hippocampus 23, 330–341.

97. Amaral, D.G., and Lavenex, P. (2007). Hippocampal neuroanatomy. In
The Hippocampus Book, R.G. Morris, D.G. Amaral, T.V. Bliss, and J.
O’Keefe, eds. (New York: Oxford University Press), pp. 37–115.

76. Marslen-Wilson, W.D., and Teuber, H.L. (1975). Memory for remote
events in anterograde amnesia: recognition of public figures from newsphotographs. Neuropsychologia 13, 353–364.

98. Amaral, D.G., and Witter, M.P. (1995). Hippocampal formation. In Rat
Nervous System, 2nd Edition (Academic Press), pp. 443–486.

77. McClelland, J.L. (2013). Incorporating rapid neocortical learning of new
schema-consistent information into complementary learning systems
theory. J. Exp. Psychol. Gen. 142, 1190–1210.
78. Magee, J.C., and Johnston, D. (1997). A synaptically controlled, associative signal for Hebbian plasticity in hippocampal neurons. Science 275,
209–213.
79. Bi, G.Q., and Poo, M.M. (1998). Synaptic modifications in cultured
hippocampal neurons: dependence on spike timing, synaptic strength,
and postsynaptic cell type. J. Neurosci. 18, 10464–10472.
80. Hebb, D.O. (1949). The Organization of Behaviour (New York: Wiley).
81. Buzsaki, G. (1986). Hippocampal sharp waves: their origin and significance. Brain Res. 398, 242–252.
82. Cheng, S., and Frank, L.M. (2008). New experiences enhance coordinated neural activity in the hippocampus. Neuron 57, 303–313.
83. Singer, A.C., and Frank, L.M. (2009). Rewarded outcomes enhance reactivation of experience in the hippocampus. Neuron 64, 910–921.

R48 Current Biology 28, R37–R50, January, 2018

99. O’Neill, J., Boccara, C.N., Stella, F., Schoenenberger, P., and Csicsvari,
J. (2017). Superficial layers of the medial entorhinal cortex replay
independently of the hippocampus. Science 355, 184–188.
100. Yamamoto, J., and Tonegawa, S. (2017). Direct medial entorhinal cortex
input to hippocampal CA1 is crucial for extended quiet awake replay.
Neuron 96, 217–227.
101. Johnson, L.A., Euston, D.R., Tatsuno, M., and McNaughton, B.L. (2010).
Stored-trace reactivation in rat prefrontal cortex is correlated with downto-up state fluctuation density. J. Neurosci. 30, 2650–2661.
102. Mednick, S.C., McDevitt, E.A., Walsh, J.K., Wamsley, E., Paulus, M.,
Kanady, J.C., and Drummond, S.P. (2013). The critical role of sleep
spindles in hippocampal-dependent memory: a pharmacology study.
J. Neurosci. 33, 4494–4504.
103. Maingret, N., Girardeau, G., Todorova, R., Goutierre, M., and Zugaro, M.
(2016). Hippocampo-cortical coupling mediates memory consolidation
during sleep. Nat. Neurosci. 19, 959–964.
104. Sirota, A., Csicsvari, J., Buhl, D., and Buzsaki, G. (2003). Communication between neocortex and hippocampus during sleep in rodents.
Proc. Natl. Acad. Sci. USA 100, 2065–2069.

Current Biology

Review
105. Battaglia, F.P., Sutherland, G.R., and McNaughton, B.L. (2004).
Hippocampal sharp wave bursts coincide with neocortical ‘‘up-state’’
transitions. Learn. Mem. 11, 697–704.

126. Axmacher, N., Elger, C.E., and Fell, J. (2008). Ripples in the medial
temporal lobe are relevant for human memory consolidation. Brain 131,
1806–1817.

106. Peyrache, A., Battaglia, F.P., and Destexhe, A. (2011). Inhibition recruitment in prefrontal cortex during sleep spindles and gating of hippocampal inputs. Proc. Natl. Acad. Sci. USA 108, 17207–17212.

127. Skaggs, W.E., McNaughton, B.L., Permenter, M., Archibeque, M., Vogt,
J., Amaral, D.G., and Barnes, C.A. (2007). EEG sharp waves and sparse
ensemble unit activity in the macaque hippocampus. J. Neurophysiol. 98,
898–910.

107. Siapas, A.G., and Wilson, M.A. (1998). Coordinated interactions between
hippocampal ripples and cortical spindles during slow-wave sleep.
Neuron 21, 1123–1128.
108. de Lavilleon, G., Lacroix, M.M., Rondi-Reig, M., and Benchenane, K.
(2015). Explicit memory creation during sleep demonstrates a causal
role of place cells in navigation. Nat. Neurosci. 18, 493–495.
109. Kitamura, T., Ogawa, S.K., Roy, D.S., Okuyama, T., Morrissey, M.D.,
Smith, L.M., Redondo, R.L., and Tonegawa, S. (2017). Engrams and
circuits crucial for systems consolidation of a memory. Science 356,
73–78.
110. Tanaka, K.Z., Pevzner, A., Hamidi, A.B., Nakazawa, Y., Graham, J., and
Wiltgen, B.J. (2014). Cortical representations are reinstated by the hippocampus during memory retrieval. Neuron 84, 347–354.
111. Dragoi, G., and Tonegawa, S. (2013). Distinct preplay of multiple novel
spatial experiences in the rat. Proc. Natl. Acad. Sci. USA 110, 9100–9105.
112. Grosmark, A.D., and Buzsaki, G. (2016). Diversity in neural firing
dynamics supports both rigid and learned hippocampal sequences.
Science 351, 1440–1443.
113. Silva, D., Feng, T., and Foster, D.J. (2015). Trajectory events across
hippocampal place cells require previous experience. Nat. Neurosci.
18, 1772–1779.
114. Dragoi, G., and Tonegawa, S. (2014). Selection of preconfigured
cell assemblies for representation of novel spatial experiences. Philos.
Trans. R Soc. Lond B Biol. Sci. 369, 20120522.
115. Samsonovich, A., and McNaughton, B.L. (1997). Path integration and
cognitive mapping in a continuous attractor neural network model.
J. Neurosci. 17, 5900–5920.
116. Erdem, U.M., and Hasselmo, M. (2012). A goal-directed spatial
navigation model using forward trajectory planning based on grid cells.
Eur. J. Neurosci. 35, 916–931.
117. Singer, A.C., Carr, M.F., Karlsson, M.P., and Frank, L.M. (2013).
Hippocampal sharp wave ripple activity predicts correct decisions during
the initial learning of an alternation task. Neuron 77, 1163–1173.
118. Wikenheiser, A.M., and Redish, A.D. (2015). Hippocampal theta
sequences reflect current goals. Nat. Neurosci. 18, 289–294.
119. Kubie, J.L., and Fenton, A.A. (2012). Linear look-ahead in conjunctive
cells: an entorhinal mechanism for vector-based navigation. Front. Neural
Circuits 6, 20.
120. Jadhav, S.P., Kemere, C., German, P.W., and Frank, L.M. (2012). Awake
hippocampal sharp-wave ripples support spatial memory. Science 336,
1454–1458.

128. Logothetis, N.K., Eschenko, O., Murayama, Y., Augath, M., Steudel, T.,
Evrard, H.C., Besserve, M., and Oeltermann, A. (2012). Hippocampalcortical interaction during periods of subcortical silence. Nature 491,
547–553.
129. Clemens, Z., Molle, M., Eross, L., Barsi, P., Halasz, P., and Born, J.
(2007). Temporal coupling of parahippocampal ripples, sleep spindles
and slow oscillations in humans. Brain 130, 2868–2878.
130. Staresina, B.P., Bergmann, T.O., Bonnefond, M., van der Meij, R.,
Jensen, O., Deuker, L., Elger, C.E., Axmacher, N., and Fell, J. (2015).
Hierarchical nesting of slow oscillations, spindles and ripples in the
human hippocampus during sleep. Nat. Neurosci. 18, 1679–1686.
131. Staba, R.J., Wilson, C.L., Fried, I., and Engel, J., Jr. (2002). Single neuron
burst firing in the human hippocampus during sleep. Hippocampus 12,
724–734.
132. Kurth-Nelson, Z., Economides, M., Dolan, R.J., and Dayan, P. (2016).
Fast sequences of non-spatial state representations in humans. Neuron
91, 194–204.
133. Deuker, L., Olligs, J., Fell, J., Kranz, T.A., Mormann, F., Montag, C.,
Reuter, M., Elger, C.E., and Axmacher, N. (2013). Memory consolidation
by replay of stimulus-specific neural activity. J. Neurosci. 33, 19373–
19383.
134. Rasch, B., Buchel, C., Gais, S., and Born, J. (2007). Odor cues during
slow-wave sleep prompt declarative memory consolidation. Science
315, 1426–1429.
135. Rudoy, J.D., Voss, J.L., Westerberg, C.E., and Paller, K.A. (2009).
Strengthening individual memories by reactivating them during sleep.
Science 326, 1079.
136. Diekelmann, S., Buchel, C., Born, J., and Rasch, B. (2011). Labile or
stable: opposing consequences for memory when reactivated during
waking and sleep. Nat. Neurosci. 14, 381–386.
137. van Dongen, E.V., Takashima, A., Barth, M., Zapp, J., Schad, L.R., Paller,
K.A., and Fernandez, G. (2012). Memory stabilization with targeted
reactivation during human slow-wave sleep. Proc. Natl. Acad. Sci. USA
109, 10575–10580.
138. Fuentemilla, L., Miro, J., Ripolles, P., Vila-Ballo, A., Juncadella, M., Castaner, S., Salord, N., Monasterio, C., Falip, M., and Rodriguez-Fornells, A.
(2013). Hippocampus-dependent strengthening of targeted memories
via reactivation during sleep in humans. Curr. Biol. 23, 1769–1775.
139. Antony, J.W., Gobel, E.W., O’Hare, J.K., Reber, P.J., and Paller, K.A.
(2012). Cued memory reactivation during sleep influences skill learning.
Nat. Neurosci. 15, 1114–1116.

121. Wu, C.T., Haggerty, D., Kemere, C., and Ji, D. (2017). Hippocampal
awake replay in fear memory retrieval. Nat. Neurosci. 20, 571–580.

140. Vandecasteele, M., Varga, V., Berenyi, A., Papp, E., Bartho, P., Venance,
L., Freund, T.F., and Buzsaki, G. (2014). Optogenetic activation of septal
cholinergic neurons suppresses sharp wave ripples and enhances theta
oscillations in the hippocampus. Proc. Natl. Acad. Sci. USA 111, 13535–
13540.

122. Olafsdottir, H.F., Carpenter, F., and Barry, C. (2017). Task demands
predict a dynamic switch in the content of awake hippocampal replay.
Neuron 96, 1–11.

141. Wang, D.V., Yau, H.J., Broker, C.J., Tsou, J.H., Bonci, A., and Ikemoto, S.
(2015). Mesopontine median raphe regulates hippocampal ripple oscillation and memory consolidation. Nat. Neurosci. 18, 728–735.

123. Quiroga, R.Q., Reddy, L., Kreiman, G., Koch, C., and Fried, I. (2005).
Invariant visual representation by single neurons in the human brain.
Nature 435, 1102–1107.

142. Bendor, D., and Wilson, M.A. (2012). Biasing the content of hippocampal
replay during sleep. Nat. Neurosci. 15, 1439–1444.

124. Bragin, A., Engel, J., Jr., Wilson, C.L., Fried, I., and Buzsaki, G. (1999).
High-frequency oscillations in human brain. Hippocampus 9, 137–142.

143. Lisman, J.E., and Grace, A.A. (2005). The hippocampal-VTA loop:
controlling the entry of information into long-term memory. Neuron 46,
703–713.

125. Staba, R.J., Wilson, C.L., Bragin, A., Fried, I., and Engel, J., Jr. (2002).
Quantitative analysis of high-frequency oscillations (80-500 Hz) recorded
in human epileptic hippocampus and entorhinal cortex. J. Neurophysiol.
88, 1743–1752.

144. Takeuchi, T., Duszkiewicz, A.J., Sonneborn, A., Spooner, P.A.,
Yamasaki, M., Watanabe, M., Smith, C.C., Fernandez, G., Deisseroth,
K., Greene, R.W., et al. (2016). Locus coeruleus and dopaminergic
consolidation of everyday memory. Nature 537, 357–362.

Current Biology 28, R37–R50, January, 2018 R49

Current Biology

Review
145. Kentros, C.G., Agnihotri, N.T., Streater, S., Hawkins, R.D., and Kandel,
E.R. (2004). Increased attention to spatial context increases both place
field stability and spatial memory. Neuron 42, 283–295.

152. Malvache, A., Reichinnek, S., Villette, V., Haimerl, C., and Cossart, R.
(2016). Awake hippocampal reactivations project onto orthogonal
neuronal assemblies. Science 353, 1280–1283.

146. Bethus, I., Tse, D., and Morris, R.G. (2010). Dopamine and memory:
modulation of the persistence of memory for novel hippocampal NMDA
receptor-dependent paired associates. J. Neurosci. 30, 1610–1618.

153. Packer, A.M., Russell, L.E., Dalgleish, H.W., and Hausser, M. (2015).
Simultaneous all-optical manipulation and recording of neural
circuit activity with cellular resolution in vivo. Nat. Methods 12, 140–146.

147. McNamara, C.G., Tejero-Cantero, A., Trouche, S., Campo-Urriza, N.,
and Dupret, D. (2014). Dopaminergic neurons promote hippocampal
reactivation and spatial memory persistence. Nat. Neurosci. 17, 1658–
1660.

154. Ciliberti, D., and Kloosterman, F. (2017). Falcon: a highly flexible
open-source software for closed-loop neuroscience. J. Neural. Eng.
14, 045004.

148. Gomperts, S.N., Kloosterman, F., and Wilson, M.A. (2015). VTA neurons
coordinate with the hippocampal reactivation of spatial experience. Elife
4, e05360.
149. Schultz, W. (1998). Predictive reward signal of dopamine neurons.
J. Neurophysiol. 80, 1–27.
150. Montague, P.R., Dayan, P., and Sejnowski, T.J. (1996). A framework for
mesencephalic dopamine systems based on predictive Hebbian
learning. J. Neurosci. 16, 1936–1947.
151. Dombeck, D.A., Harvey, C.D., Tian, L., Looger, L.L., and Tank, D.W.
(2010). Functional imaging of hippocampal place cells at cellular resolution during virtual navigation. Nat. Neurosci. 13, 1433–1440.

R50 Current Biology 28, R37–R50, January, 2018

155. Ciliberti, D., Michon, F., and Kloosterman, F. (2016). Real-time identification and closed-loop control of hippocampal replay content in freely
behaving rats. In Society for Neuroscience Poster Abstract (San Diego).
156. Csicsvari, J., O’Neill, J., Allen, K., and Senior, T. (2007). Place-selective
firing contributes to the reverse-order reactivation of CA1 pyramidal cells
during sharp waves in open-field exploration. Eur. J. Neurosci. 26,
704–716.
157. Zhang, K., Ginzburg, I., McNaughton, B.L., and Sejnowski, T.J. (1998).
Interpreting neuronal population activity by reconstruction: unified framework with application to hippocampal place cells. J. Neurophysiol. 79,
1017–1044.
158. Bostock, E., Muller, R.U., and Kubie, J.L. (1991). Experience-dependent
modifications of hippocampal place cell firing. Hippocampus 1, 193–205.

