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Sleep replay of awake experience in the cortex and hippocampus has been proposed to be involved in memory consolidation.

However, whether temporally structured replay occurs in the cortex and whether the replay events in the two areas are related are

unknown. Here we studied multicell spiking patterns in both the visual cortex and hippocampus during slow-wave sleep in rats.

We found that spiking patterns not only in the cortex but also in the hippocampus were organized into frames, defined as periods

of stepwise increase in neuronal population activity. The multicell firing sequences evoked by awake experience were replayed

during these frames in both regions. Furthermore, replay events in the sensory cortex and hippocampus were coordinated to reflect

the same experience. These results imply simultaneous reactivation of coherent memory traces in the cortex and hippocampus

during sleep that may contribute to or reflect the result of the memory consolidation process.

The hippocampus is essential for episodic memory1,2. The dominant
theory of system memory consolidation proposes that active commu-
nication between the cortex and hippocampus transforms new mem-
ory in the hippocampus into long-term memory stored in the cortex3,4.
Recent studies have provided electrophysiological evidence for the
involvement of the hippocampus and neocortex in memory processing
during sleep, reflecting either active participation in the process of
memory consolidation as proposed in theoretical models5,6 or reacti-
vation of consolidated memory traces. First, electroencephalogram
(EEG) events between the cortex and hippocampus are correlated7–11,
suggesting the two areas are engaged in active interaction during sleep.
Second, cell pairs that are correlated during awake experience are also
correlated during subsequent sleep within the hippocampus12–14,
within the cortex15, and between the hippocampus and cortex16.
These pairwise correlation results and other correlation-based analy-
sis17 imply that the experience-related neuronal activity is, to some
degree, reactivated during sleep. However, the reactivation in these
studies lacks the specificity presumably required for episodic memory,
which includes a cascade of temporally ordered events encoded by a
unique sequence of activation of different neuronal populations within
the cortex, within the hippocampus, or both18,19. If sleep reactivation is
somehow involved in the processing of episodic memory traces, this
sequential structure should be specifically replayed. Indeed, replay of
specific ensemble-level patterns has been utilized in a detailed model of
memory consolidation6. Therefore, it is important to experimentally
study the more specific high-order replay, in which a temporally
sequential firing order across multiple cells is recaptured during
sleep. Such high-order replay has been observed in the hippocampus
during slow-wave sleep (SWS)20,21 and rapid-eye-movement sleep22.
However, whether high-order replay exists in the cortex remains

unknown. More importantly, the relationship between replay events in
the cortex and hippocampus has not been studied. The present study
was designed to address these issues by recording spiking activity in
both the visual cortex and the hippocampal CA1 area of rats during
active maze-running and during natural sleep (Fig. 1). As we examined
a primary sensory area that is not explicitly driven by the hippocampus,
any observed replay was more likely to reflect broad cortical reactiva-
tion not limited to directly hippocampus-driven activity. Four rats were
trained to sleep for 1–2 hours (PRE), followed by an awake session
(RUN) during which they alternated between two trajectories (leftright
and rightleft) on a figure-8 maze, followed by another 1–2 hours sleep
session (POST). We found that high-order replay of RUN firing
patterns occurred not only in the hippocampus but also in the visual
cortex during SWS, and the replays in the two areas were coordinated
to represent the same coherent awake experience.

RESULTS

Firing patterns during SWS in the cortex and hippocampus

We first searched for spiking patterns at the population level in the
visual cortex and hippocampus during SWS. In the neocortex, cells
display active depolarized (up) and silent hyperpolarized (down) states
in vitro23–25, in anesthetized animals and during SWS26–29. Cortical
cells both within and across different cortical regions switch between up
and down states synchronously9,26,27. In agreement with these previous
results, we observed that cells across different layers in the visual cortex
displayed synchronized stepwise increases and decreases in multiunit
activity during SWS (Fig. 2a). More specifically, we observed periods of
80–300 ms during which the entire population of the recorded visual
cortical cells were silent. These periods of silence were followed by
increases in activity across the population lasting up to a few seconds.
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We refer to these active periods as frames. We are using the term ‘frame’
rather than ‘up state’ because we identified the phenomenon by
changes in multiunit activity rather than EEG rhythms or intracellular
potentials, and because similar structure also exists in the hippocampus
(see below) where no intrinsic up and down states have been reported.
On average, cortical frames occurred at a rate 47.3 ± 2.1 min–1 (mean ±
s.e.m.) during SWS (n ¼ 20,545 during 20 sleep sessions from four
rats). There was no difference in occurrence rate between PRE and
POST (PRE, 44.3 ± 3.5 min–1; POST, 49.9 ± 3.3 min–1; P ¼ 0.193,
t-test). The frame durations were distributed widely between 0.1 and 3 s
with a mean 0.96 s and median 0.67 s, whereas the mean and median
durations of the interframe silent periods were 0.17 s and 0.13 s,
respectively (Fig. 2b). Cortical frames during POST had slightly shorter
durations (PRE, mean 1.1 s, median 0.73 s; POST, mean 0.90 s, median
0.65 s; P¼ 2.2 � 10–15, rank-sum test) and slightly higher within-frame
multiunit firing rates per tetrode (PRE, mean 54.5 Hz, median 48.3 Hz;
POST, mean 58.7 Hz, median 54.1 Hz; P¼ 1.2 � 10–19, rank-sum test)
than those during PRE. As shown in Figure 2a, the interframe silent
periods were correlated with positive peaks of EEG K-complexes28 in
layer 5. This observation was confirmed by frame start- and end-time–
triggered EEG averages (Fig. 2c). On average, the cortical frames ended
about 20 ms earlier than the K-complex positive peaks, and they started
about 50 ms earlier than the K-complex negative peaks. Because depth-

positive EEG events are reliably associated with down states28,29, the
result imply that the interframe silent periods were produced by
cortical cells’ simultaneous switch to the down state, and that frames
were formed when cells rebounded to the active up state.

Whereas up and down states have been observed in neocortical cells,
hippocampal cells have not been reported to display such intrinsic
states. Despite this, we observed that the hippocampal neuronal
population also displayed during SWS synchronized periods of
increased and decreased multiunit activity: that is, frame and silent
periods (Fig. 2a). On average, hippocampal frames occurred at a rate of
41.7 ± 2.9 min–1 during SWS (n¼ 19,189 during 20 sleep sessions from
four rats). There was no significant difference in occurrence rate
between PRE and POST (PRE, 40.0 ± 4.1 min–1; POST, 43.5 ± 4.1
min–1; P ¼ 0.35, t-test). Hippocampal frames had shorter duration
(mean 0.78 s, median 0.50 s, P ¼ 0, rank-sum test) than the cortical
frames, and they were separated by longer interframe silent periods
(mean 0.50 s, median 0.22 s, P ¼ 0, rank-sum test) (Fig. 2b). Like
cortical frames, hippocampal frames during POST had slightly (and
insignificantly) shorter durations (PRE, mean 0.81 s, median 0.49 s;
POST, mean 0.76 s, median 0.50 s; P¼ 0.41, rank-sum test) and slightly
higher multiunit firing rates per tetrode (PRE, mean 63.0 Hz, median
58.1 Hz; POST, mean 67.6 Hz, median 61.5 Hz; P ¼ 0.040, rank-sum
test) than those during PRE. Hippocampal frames were correlated with
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Figure 1 Experimental design. (a) On each recording day, there were three

recording sessions: a 1–2 hour sleep session (PRE), a 20–40 minute maze-

running session (RUN), and another 1–2 hour sleep session (POST) after the

run. (b) During the RUN sessions, rats were trained to run an alternation task

on a figure-8-shaped maze. All the visited position points during a typical

RUN session are plotted to show the shape of the maze. Rats had to alternate

between the red (leftright) and blue (rightleft) running trajectories to receive

a reward at R or L. The arrows mark the running directions. (c) We implanted
tetrodes to record CA1 cells in the hippocampus and cells in the visual

cortex. Histology micrographs show two lesion spots (arrows), which mark the

tetrode tip locations, in the CA1 pyramidal cell layer (‘CA1’), and two in the

deep layers of the primary visual cortex V1 (‘visual’).
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Figure 2 Visual cortical and hippocampal spiking activities were organized as

frames during SWS. (a) Cortical (CTX) and hippocampal (HP) frames during a 5-s

SWS episode. Each tick represents a spike and each row includes all multiunit
spikes recorded from one tetrode. Triangles, frame start times; circles, frame end

times. Cortical EEG in layer 5 (L5, top) and hippocampal EEG within the ripple

band (bottom) are displayed for the same time period. Dotted boxes mark a

K-complex (top) and a ripple event (bottom). Scale bars, 1.5 mV for L5, 0.5 mV

for ripple. (b) Distributions of durations of frames and interframe silent periods in

the cortex and hippocampus. (c) Cortical EEG averages (mean ± s.e.m., s.e.m.

represented by thickness of the curves) triggered by cortical frame start and end times. (d) Occurrence rate (mean ± s.e.m., n ¼ 20 sleep sessions) of

hippocampal ripple events within hippocampal frames (F) and within interframe silent periods (S). (e) Average cross-correlogram (mean ± s.e.m., n ¼ 20 sleep

sessions) between cortical and hippocampal frame start times and between their end times. Here the cortex was the reference, meaning a peak at positive time

would indicate that the cortex led the hippocampus. Bin size, 10 ms.
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