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Abstract
Neurons in the hippocampus exhibit spontaneous spiking activity during rest that appears to recapitulate previously experienced events. 
While this replay activity is frequently linked to memory consolidation and learning, the underlying mechanisms are not well 
understood. Recent large-scale neural recordings in mice have demonstrated that resting-state spontaneous activity is expressed as 
quasi-periodic cascades of spiking activity that pervade the forebrain, with each cascade engaging a high proportion of recorded 
neurons. Hippocampal ripples are known to be coordinated with cortical dynamics; however, less is known about the occurrence of 
replay activity relative to other brain-wide spontaneous events. Here we analyzed responses across the mouse brain to multiple 
viewings of natural movies, as well as subsequent patterns of neural activity during rest. We found that hippocampal neurons 
showed time-selectivity, with individual neurons responding consistently during particular moments of the movie. During rest, the 
population of time-selective hippocampal neurons showed both forward and time-reversed replay activity that matched the sequence 
observed in the movie. Importantly, these replay events were strongly time-locked to brain-wide spiking cascades, with forward and 
time-reversed replay activity associated with distinct cascade types. Thus, intrinsic hippocampal replay activity is temporally 
structured according to large-scale spontaneous physiology affecting areas throughout the forebrain. These findings shed light on the 
coordination between hippocampal and cortical circuits thought to be critical for memory consolidation.

Significance Statement

During periods of quiescence, hippocampal neurons replay spiking activity sequences from previous behavioral events, believed to be 
vital for learning and memory. The mechanisms behind these replays, however, remain largely elusive. Our research demonstrates 
that the replay of a movie-induced sequence in the hippocampus is intricately linked with a broader spontaneous dynamic across the 
brain, characterized by sequential activations across neurons from various brain areas. These results imply that hippocampal replays 
emerge and are structured based on the intrinsic resting-state circuit dynamics and also offer insights into the interplay between hip-
pocampal and cortical circuits pivotal for memory consolidation.
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Introduction
Learning and memory are the cornerstones of intelligence. The 
hippocampus is a key brain structure involved in these functions. 
A remarkable finding about the rodent hippocampus is the fact 
that its place-selective neurons (“place cells”) can replay sequen-
ces of activity previously induced by active exploration of a spatial 
environment. Often these replay episodes take place during rest 
and sleep and are typically manifest in a temporally compressed 
form (1–4). Such replay sequences are associated with prototypical 
electrical events originating in the hippocampus called sharp 

wave-ripple complexes (SPW-R) (5–7). These events, which are evi-

dent as high-amplitude bursts in hippocampal local field record-

ings, have been proposed to play an important role in the 

consolidation of episodic memory (8–11).
The nature of hippocampal firing sequences during quiescent 

periods is a matter of active research. Increasing evidence sug-

gests that these sequences, rather than being induced by the ex-

ternal experience itself, are fundamentally a product of internal 

circuit dynamics (12–16). A puzzling finding is that in addition to 
replaying previous sequences generated during active behaviors, 
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hippocampal place cells also appear to “preplay” a firing sequence 
that is only encountered later during exposure to a novel environ-
ment (17–19), suggesting that the hippocampal sequences exist 
before experience. Similarly, in a related subclass of hippocampal 
neurons, firing sequences appear to be generated not by the regis-
tration of external events, but instead by the passage of time (20). 
The sequential firing of these “time neurons” can occur in the ab-
sence of changing environmental or body-derived inputs (21–24). 
These findings of preplays and time neurons have propelled a 
new theory that episode-specific activity sequences of hippocampal 
neuronal assembly roll forward as a result of the self-organization 
of the brain and this temporal flow of activity is determined by in-
trinsic neuronal architecture (12–14, 17, 25).

A distinct type of sequential activations has recently been 
shown to shape neural firing across the forebrain, extending be-
yond the hippocampus to include multiple cortical and thalamic 
structures (26). Like the replay, preplay, and time sequences ob-
served in the hippocampus, these widespread patterns operate 
autonomously in the absence of external perturbations. They 
are expressed as stereotypic spiking cascades that affect a large 
proportion (∼70%) of the neural population in all tested forebrain 
areas. They are synchronized and quasi-periodic, with individual 
sequences lasting between 5 and 15 seconds. Moreover, each indi-
vidual neuron bears a consistent temporal signature in its peak 
firing, leading or lagging the population peak by a fixed temporal 
interval. Importantly, these single-cell spiking sequences, which 
are expressed at many locations across the forebrain, were found 
to be synchronized with the slow modulation of hippocampal 
SPW-R occurrence (26). This synchronization with hippocampal 
ripples raises the question of whether these widespread sequen-
tial spiking cascades might stem from the same self-generated 
brain dynamics as the hippocampal replays, which also concur 
with the hippocampal ripples as sequential activations.

In this study, we investigated this possibility by analyzing 
population neuronal recordings from the visual cortex and hippo-
campus of the mouse under conditions conducive to replay activ-
ity. Using data available through the Allen Visual Coding project 
(27, 28), we first evaluated the activity of individual neurons in 
the visual cortex and hippocampus recorded during the viewing 
of a movie. Neurons in both areas yielded responses associated 
with particular moments or events in the movie, forming tem-
poral sequences of neuronal spiking. The activity of these appar-
ently time-selective neurons during subsequent periods of rest 
recapitulated the movie-induced sequence in a temporally com-
pressed manner in the hippocampus, but not the visual cortex. 
We then investigated the relationship between these movie- 
related replay events and previously reported spontaneous firing 
cascades that engulf the brain during rest (26). Importantly, the 
hippocampal replay events were temporally aligned to the spiking 
cascades, indicating that the replay activity in the hippocampus is 
one facet of a larger-scale pattern of sequential neural dynamics 
expressed spontaneously across the brain. A fine-scale analysis 
further revealed that forward and reverse hippocampal replays 
appeared, respectively, during two fundamental types of spiking 
cascade events of shorter duration. Together, these findings indi-
cate that the hippocampal replay events are generated and struc-
tured according to resting-state circuit dynamics manifest as the 
spiking cascade across a large portion of the brain.

Results
We analyzed large-scale neuronal recordings in mice from the 
Visual Coding project of the Allen Institute (27, 28). The dataset 

includes the spiking activity of a large group of neurons simultan-
eously recorded from various brain cortical and subcortical re-
gions. We focused on the spiking data of ∼10,000 neurons 
recorded from 14 mice in 44 brain regions (730 ± 178 neurons 
per mouse, mean ± SD) during two movie sessions and one spon-
taneous session (Fig. 1A and B). In each of the two movie sessions 
(i.e. prerest and postrest ones), the same 30-s movie clip was re-
peatedly presented to mice 30 times. The spontaneous session 
was free of visual stimulation, and the 14 mice remained station-
ary for extended periods (>20 min) (see Materials and methods for 
stationary quantification).

Hippocampal and visual neurons showed 
time-selective response during movie watching
We first examined time-selective responses of neurons during 
movie watching (i.e. the prerest movie session, which was used 
to obtain all main results, whereas the postrest session was 
used to check consistency with the relevant data presented in 
the supplementary material; the same hereafter). To do this, a 
time course of time-specificity score was computed for each neu-
ron to quantify its firing rate increase at a specific moment (i.e. a 
0.5-s time bin) compared with other periods of the movie. The 
peak score quantifies the amplitude of the time-selective re-
sponse, whereas the time to achieve this peak is regarded as the 
time field of the neuron (Fig. 1C; see Materials and methods for de-
tails). The neurons with a significant (P < 0.05) peak time- 
specificity score were regarded as time-selective neurons. After 
sorting the neurons by the time field, sequential activations of 
the neurons are clearly visible as a diagonal band in the averaged 
spiking activity during movie watching. The number of identified 
CA1 time-selective neurons showed a significant disparity be-
tween the real dataset and the null distribution generated by 
shuffling neuronal spikes within each movie trial (Fig. S1A). 
Similar results were obtained for the postrest movie session 
(Fig. S2A) and an extended group of mice (Fig. S3). Such time- 
specific responses were even stronger for the visual neurons 
(Figs. S1B and S2B). Both the CA1 and visual time-selective neu-
rons demonstrated reproducibility across presentations of the 
same movie, with the CA1 time-selective neurons showing rela-
tively more variability (Fig. S4). It is worth noting that the defin-
ition of time-selective neurons in our study differs from the 
conventionally defined time neurons (20, 22). In this case, their 
activity (particularly visual neurons) may have been responses 
to time-dependent visual features rather than only reflecting 
the passage of time.

The movie-induced sequence of the CA1 
time-selective neurons replays at rest
We then studied whether the firing sequence observed during the 
movie watching would replay at rest, similar to the place-cell 
firing sequence during maze running (6, 7). We adapted a template- 
matching method to detect the replay events. Briefly, the resting- 
state spiking data were divided into time segments according to 
troughs of the global mean spiking rate (vertical dotted lines in 
Fig. 2B) similar to the previous study (26), but the global mean signal 
was first low-pass (<5 Hz) filtered to generate fine-scale segments 
whose duration (506 ± 186 ms) roughly matched up with the known 
timescale of hippocampal replays. A delay profile was computed to 
describe the order of sequential activations of time-selective neu-
rons within each segment and then correlated (Spearman’s rank 
correlation) with their firing sequence during the movie watching 
(Fig. 2A and B; see Materials and methods for details). The replay 
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events were then detected as time segments showing significant 
(P < 0.01) positive (forward) and negative (reverse) correlations 
(red and blue segments in Fig. 2B). The same procedure was re-
peated for randomized movie sequences (N = 200) to create a 
null distribution for the replay counts. In 11 out of 14 mice, the 
number of replay events of the CA1 time-selective neurons 
was significantly higher than what would be expected from the 
randomized controls. The above analysis was repeated for three 
control cases: the equal number of VIS time-selective neurons 
showing the strongest time-selective responses to the movie, 
the CA1 nontime-selective neurons that did not show significant 
time-selective responses, and the CA1 time-selective neurons 
derived from the shuffled data described above. Significant re-
play events were seen in none of these cases, including the visual 
time-selective neurons that had a stronger time-specific re-
sponse in the movie sessions than the CA1 time-selective neu-
rons (Figs. 2D and S6C). Consistent with the previous findings 
(6, 7, 29), independently detected SPW-R events using local field 
potential (LFP) from CA1 regions (see Material and methods and 
Fig. S5) peaked around the center of the replay events of the CA1 
time-selective neurons (Figs. 2E and S6D).

Hippocampal replays co-occur with brain-wide 
spiking cascades
We further investigated the potential link between the replay 
events and previously reported brain-wide cascades of neuronal 
firing (26). The slow spiking cascades can be clearly seen in the 
resting-state recordings after sorting all recorded neurons from 

various brain regions according to their principal delay profile 
(Fig. 3A), i.e. the first principal component of delay profiles of 
coarse-scale time segments (see Ref. (26) for more details). This 
coarse-scale principal delay profile represents the direction of se-
quential activations of the spiking cascade (Fig. S7A and B). The cas-
cade started with slow and sequential entrainments of the 
negative-delay neurons (top group of neurons in Fig. 3B) at the early 
phase and then reached a tipping point featuring the rapid transi-
tioning to the activation of the positive-delay neurons (bottom 
group of neurons in Fig. 3B), which were then slowly and sequential-
ly disengaged in ~1–3 s (Fig. 3A and B). The cascade involved ~70% of 
all recorded neurons from various brain regions (26), and the 
region-specific mean spiking activity showed significant modula-
tions at the cascade in every recorded brain region (Fig. 3C). 
Tracking the occurrence of the CA1 replays along with the spiking 
cascade revealed an interesting pattern: the reverse replays of a 
movie sequence in the CA1 time-selective neurons are much 
more likely to occur around the fast-transitioning (black arrows, de-
fined as the sharp activation of positive-delay neuron, see Materials 
and methods for details) of the spiking cascades (Fig. 3D). This ob-
servation is consistent with the distribution of the reverse replays 
over the cascade cycle (Fig. 3E and F). The forward replays displayed 
an opposite modulation and were less likely to appear around this 
transitioning point (time zero in Fig. 3E and F). In comparison, the 
reverse replays detected for the three control groups of neurons, in-
cluding the visual time-selective neurons, did not show significant 
modulations across the spiking cascade cycle, particularly at the 
transitioning point (Fig. S7C).
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Fig. 1. Time-specific responses of hippocampal neurons during movie watching. A) Illustration of the “functional connectivity” stimulus set of the “Visual 
coding—neuropixels” project, which includes a 30-minute spontaneous resting session and two natural movie sessions used in this study. B) 3D locations 
of 6,171 channels on 79 probes from 14 mice (left) and their projection onto the 2D middle slice of the brain template (right) in Allen Mouse Common 
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watching. The time courses of the mean spiking rate and the time-specificity score, both peak within the neuron’s time field. The spiking rate was 
normalized as a percentage change relative to its temporal mean. Right: The averaged (N = 30 trials) spiking activity of the CA1 time-selective neurons 
during the movie watching from all mice. The neurons were sorted according to their time field. The red and blue lines identify the two example neurons.
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Distinct microcascades mark forward and reverse 
replay events
Our investigation of the fine-scale structure of resting-state spik-
ing activities revealed the existence of shorter subsecond time-
scale global events that exhibited a temporal profile similar to 
the spiking cascade (Fig. 4A and B). We term these subsecond glo-
bal events “microcascades.” Briefly, these finer-scale events fea-
tured similar sequential transitions between the negative-delay 
neurons and the positive-delay neurons as the coarse-scale cas-
cade, but the positive-delay neurons were only briefly activated 
for <100 ms. Importantly, they were often associated with single 
SPW-R events (Fig. 4A, black arrows). To better understand 
the fine-scale dynamics, we correlated the delay profiles of the 
fine-scale time segments with the coarse-scale principal delay 
profile. The resulting sequential scores (i.e. normalized correla-
tions) were significantly (Kolmogorov-Smirnov test; P = 0) stronger 
than randomized controls (Fig. 4C). Unlike the sequential scores of 
the coarse-scale segments that mostly showed large positive val-
ues (Fig. S7A), the fine-scale segments have both large sequential 
scores of negative and positive values, corresponding to sequen-
tial transitions along two opposite directions. In addition, the 
fine-scale principal delay profile, i.e. the first principal component 
of all delay profiles of fine-scale segments, is highly similar to the 
coarse-scale principal delay profile (Fig. S9B), suggesting that both 

slow (seconds) and fast (hundreds of milliseconds) cascade dy-
namics feature sequential activations along a similar direction.

We then extracted the fine-scale segments with significant 
(P < 0.001) negative and positive sequential scores and called 
them the P-N (positive-delay neurons to negative-delay neurons) 
and N-P microcascades, respectively. Their averaged patterns 
clearly showed sequential activations along and opposite to the 
principal delay profile direction (Fig. 4E and F, left panels). The 
brief positive-delay neuron activation at these microcascades 
was tightly coupled by a sharp increase in the SPW-R probability 
(Fig. 4D). Most importantly, the reverse and forward replays of 
movie sequence in the CA1 time-selective neurons co-occurred 
with the N-P and P-N microcascades, respectively (Fig. 4E and F, 
right panels). At the same time, the sequential scores of the re-
verse and forward replay segments are biasedly distributed to-
ward the negative and positive values, respectively (Fig. 4G). 
These results remained similar with removing the microcascades, 
mostly the N-P type, at the fast-transitioning point of the slow 
spiking cascades (Fig. S10). Forward and reverse replays were 
also detected with Bayesian decoding methods for the CA1 time- 
selective neurons (5, 30), and all the major results remain similar 
(Figs. S11 and S12). In comparison, there is no significant modula-
tion found for the three control groups of neurons across the mi-
crocascade cycles (Fig. S8).
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based on the time fields of the CA1 time-selective neurons in a representative recording session. B) Examples of forward and reversed replay sequences 
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Discussion
Here we examined the activity of a large population of neurons 
from throughout the brain during hippocampal replay following 
passive movie viewing in rodents. We found that the hippocampal 
replay of the movie sequence coincided and correlated with brain- 
wide cascades of sequential neuronal activation that involve 
many forebrain structures. The forward and reverse replays 
were aligned with two types of microcascade of opposite temporal 
orders, with the latter type also featuring the fast-transitioning 
point of the coarse-scale cascade structure. Consequently, the 
movie-related hippocampal sequences appear to be predeter-
mined according to the sequence of these spontaneous cascade 
events.

The embedding of hippocampal replays in the highly struc-
tured, resting-state global dynamics supports recent theory about 
the self-organized nature of the hippocampal neural sequences 
(12, 15, 20, 25). The replays of movie-related hippocampal sequen-
ces observed here are similar to what has been repeatedly re-
ported for maze-running-related place-cell sequences (21). 
Interestingly, the place-cell sequences were also found to 

“preplay” before the maze running (17, 31). While such preplays 
had once been explained as the internal dynamics for action plan-
ning (21), this planning interpretation may not explain the pre-
plays occurring even before animals see the maze track (17, 19). 
The preplay finding is however consistent with another line of re-
search into hippocampal time cells (14, 20, 32) since both sug-
gested the self-generated nature of hippocampal sequences. It 
was found that hippocampal neuronal sequences can be robustly 
formed with animals running on a wheel without apparent chan-
ging of environmental or body-derived inputs, suggesting that 
they actually represent self-generated dynamics for time encod-
ing (20).

The existence of apparent time cells has led to the idea that the 
sequential firing in the hippocampus during a temporally struc-
tured event may be internally generated rather than driven by a 
sequence of external stimuli (12, 20). The new theory would recon-
cile the “preplay” and “replay” findings if self-generated sequential 
dynamics generally follow a pre-existing temporal order. Here we 
showed that the movie evoked the time-selective responses, and 
thus the temporal activation sequences, of both the hippocampal 
and visual neurons. The sequence of the hippocampal time-selective 
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C) The averaged population spiking rate of 15 brain regions, each containing more than 100 neurons, during the slow spiking cascade. D) Bar plot showing 
rank correlations between the movie sequence and the delay profile of CA1 time-selective neurons during the 50-s time period in (A). Colored bars 
indicate sequences with sufficient correlation to identify them as replay sequences. E) Distribution of detected reverse (top left) and forward (top right) 
replays across the cycle of spiking cascades from the representative mouse. Each row corresponds to a spiking cascade, and short horizontal lines denote 
detected replays. The length of each line represents the duration of the corresponding replay event. Their distributions are summarized in the histograms 
(bottom). F) Normalized probability of forward and time-reversed replays across the cascade cycle, summarized for all 14 mice. The shaded region 
denotes the area within 1 SEM (N = 1,787).
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neurons, but not the visual neurons with stronger time-selective 
responses, was found to replay during the rest period after the 
movie watching. The difference might be due to the fact that the 
time sequences in the hippocampus result from the firing order 
imposed by its neural substrate, while the order observed in the 
visual cortex is imposed by time-specific movie features.

Hippocampal ripples/replays have been found to be coordi-
nated with cortical activities in the visual cortex (33), the motor 
cortex (34), and the prefrontal area (35) during sleep and awake 
rest, playing a critical role in memory consolidation. Consistent 
with such cortical-hippocampal coupling, recent studies using 
large-scale recordings and imaging found that the hippocampal 
ripples are associated with brain-wide neural dynamics of specific 
spatiotemporal patterns (26, 36–39). This study extended these 
previous findings by showing that the hippocampal replays are ac-
tually embedded in pre-existing, self-organized global brain dy-
namics, consisting of coarse- and fine-scale spiking cascades of 

neuronal populations (26). Most importantly, these resting-state 
activity cascades featured sequential activations of the whole- 
brain neuronal populations along a specific direction. This tem-
poral direction may represent a general direction that governs 
the sequential brain activations of different timescales and across 
different populations, including the hippocampal sequence 
during the movie watching (30 s), the coarse spiking cascades 
(5–15 s), the microcascades and the replays of the movie sequence 
(∼hundreds of milliseconds). Different cascades along this general 
time frame explain replay types of different directions and time-
scales. The microcascades of opposite directions correspond to 
the forward and reverse replays of fast timescale and might also 
be related to their preferential occurrence at the DOWN-to-UP 
state transitions (40, 41), whereas the coarse-scale cascades may 
explain the replays seen on seconds timescale (42). The embed-
ding of the hippocampal replays in the global cascade dynamics 
could have certain advantages at least theoretically.
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First, the global dynamics may open a critical time window for 
the hippocampal-cortical interactions that are essential for mem-
ory consolidation. The spiking cascades involved ~70% of brain 
neurons in various cortical and subcortical areas. Particularly 
around the rapid transitioning point, most of the recorded neu-
rons, including the hippocampal and cortical neurons, fired with-
in a very brief (hundreds of milliseconds) time window, and 
created an opportunity for information transfer between the 
hippocampus and the cortex. The hippocampal-cortical interplay 
has been observed previously as slow (~10 s) comodulations of the 
cortical delta-band power and the hippocampal ripples (43, 44). 
The ripples were also found to trigger widespread cortical fMRI re-
sponses of the seconds timescale (36). These hippocampo-cortical 
interactions may represent the same brain process as the spiking 
cascade, which was coupled to slow modulations of both the cor-
tical delta power and hippocampal ripples (26).

Second, the embedding of the hippocampal replays in the glo-
bal dynamics could be an efficient way of consolidating learning 
and memory. Different daily life experiences can be encoded in 
neuronal sequences of different subgroups of hippocampal neu-
rons (15, 21, 24). The spiking cascades that entrain most brain 
neurons would then be able to replay them all at once through a 
global sequential activation following the pre-existing principal 
direction.

Finally, the global spiking cascades may provide the driving 
forces for the hippocampal replays. The importance of the hippo-
campal replays makes their occurrence unlikely to rely complete-
ly on random fluctuations of spontaneous brain activity. In the 
absence of external perturbations during rest and sleep, the self- 
generated dynamics could be critical for driving these events in a 
controllable way. The highly organized spiking cascades would 
serve this purpose by driving the replay events and warranting 
their re-occurrences. Nevertheless, it remains unclear what in 
turn drives the spiking cascades. Modulatory influences from 
the various neurotransmitter systems, including the cholinergic 
system (45–47), are among the possibilities. The resting-state glo-
bal brain activity measured by fMRI and electrocorticography has 
been linked to subcortical arousal-regulating areas (48), particu-
larly the major locations of the cholinergic neuron (49, 50). In 
fact, the deactivation of the basal forebrain cholinergic regions ef-
fectively suppressed the resting-state global activity. The spiking 
cascades, which are shown as the global brain activity of single 
neuron level, were phase coupled to slow pupil dilations (26), 
which have previously been shown to be linked to the activation 
of cholinergic neurons (51). This explanation would be consistent 
with the known role of the cholinergic projections in the gener-
ation of the hippocampal ripples (52–54).

Materials and methods
This study utilized the Allen Visual Coding Neuropixels dataset 
(28), which includes neural spike data and behavior measure-
ments from 14 mice. The neural spikes were sorted using the 
Kilosort2 pipeline (55). The 30-s movie was evenly segmented 
into 60 time fields. For each time field, the time-specificity score 
was defined as the t-score that compares the neuron’s firing rate 
at that specific time field to the averaged firing rates at the remain-
ing time fields.

For replay event detection, we binned spikes with a time inter-
val of 50 ms, and candidate events were segmented based on the 
troughs of the global mean spiking signal. We then assessed the 
similarity between the firing sequence of each event and the neu-
ron firing sequence during the movie using Spearman’s rank 

correlation. Forward replay and reverse replays were defined as 
events showing significant positive and negative correlations 
(P < 0.01), respectively. To identify ripple events, we employed 
an offline ripple detection method, utilizing the LFP signal re-
corded from the hippocampal CA1 region (56).

We binned spikes with the time interval of 200 ms for 
coarse-scale cascade detection conformed with a previous study, 
where a delay profile decomposition method was used to derive 
the principal direction (i.e. the principal delay profile) of the se-
quential cascade (26). The negative- and positive-delay neurons 
were defined as those neurons with significant positive or negative 
principal delay values in the cascade, respectively (P < 0.001, one- 
sample t-test). For detecting microcascades, we used time bins of 
50 ms to derive the spike rate. The N-P and P-N cascades were de-
fined as sequential events that significantly (negatively for N-P 
and positively for P-N) correlated with the principal direction of 
the coarse-scale cascade.

More details are available in SI Materials and methods.

Acknowledgments
We thank Dr Feng Han for proofreading the paper and assisting 
with some figure illustrations.

Supplementary Material
Supplementary material is available at PNAS Nexus online.

Funding
This work was supported by the National Institutes of Health 
Brain Inititive Award (1RF1MH123247-01), the National Institute 
of Neurological Disorders and Stroke R01 award (1R01NS113889- 
01A1), and the Intramural Research Program of the National 
Institute of Mental Health (ZIA-MH002838).

Author Contributions
Y.Y. and X.L. contributed to the conception, design of the work, 
and data analysis; X.L. also devoted efforts to the supervision, pro-
ject administration, and funding acquisition; Y.Y., D.A.L., J.H.D., 
and X.L. contributed to data visualization, and writing the paper.

Preprints
This manuscript was posted on a preprint: https://www.biorxiv. 
org/content/10.1101/2022.09.05.506667v1.full.

Data Availability
We used the Neuropixels Visual Coding dataset from the Allen 
Institute (27, 28). All the multimodal data are available at https:// 
portal.brain-map.org/explore/circuits/visual-coding-neuropixels. 
The Python code that produced the major results of this paper 
will be available at https://github.com/psu-mcnl/Neural-Seq.

References
1 O’Keefe J, Nadel L. 1978. The hippocampus as a cognitive map. 

Oxford: Clarendon Press.
2 Wilson MA, McNaughton BL. 1993. Dynamics of the hippocampal 

ensemble code for space. Science. 261:1055–1058.

Yang et al. | 7

http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae078#supplementary-data
https://www.biorxiv.org/content/10.1101/2022.09.05.506667v1.full
https://www.biorxiv.org/content/10.1101/2022.09.05.506667v1.full
https://portal.brain-map.org/explore/circuits/visual-coding-neuropixels
https://portal.brain-map.org/explore/circuits/visual-coding-neuropixels
https://github.com/psu-mcnl/Neural-Seq


3 O’Keefe J, Dostrovsky J. 1971. The hippocampus as a spatial map. 

Preliminary evidence from unit activity in the freely-moving rat. 

Brain Res. 34:171–175.
4 Karlsson MP, Frank LM. 2009. Awake replay of remote experien-

ces in the hippocampus. Nat Neurosci. 12:913–918.
5 Davidson TJ, Kloosterman F, Wilson MA. 2009. Hippocampal re-

play of extended experience. Neuron. 63:497–507.
6 Diba K, Buzsáki G. 2007. Forward and reverse hippocampal place- 

cell sequences during ripples. Nat Neurosci. 10:1241–1242.
7 Foster DJ, Wilson MA. 2006. Reverse replay of behavioural se-

quences in hippocampal place cells during the awake state. 

Nature. 440:680–683.
8 Ylinen A, et al. 1995. Sharp wave-associated high-frequency os-

cillation (200 Hz) in the intact hippocampus: network and intra-

cellular mechanisms. J Neurosci. 15:30–46.
9 Girardeau G, Benchenane K, Wiener SI, Buzsáki G, Zugaro MB. 

2009. Selective suppression of hippocampal ripples impairs spa-

tial memory. Nat Neurosci. 12:1222–1223.
10 Ego-Stengel V, Wilson MA. 2010. Disruption of ripple-associated 

hippocampal activity during rest impairs spatial learning in the 

rat. Hippocampus. 20:1–10.
11 Joo HR, Frank LM. 2018. The hippocampal sharp wave–ripple in 

memory retrieval for immediate use and consolidation. Nat Rev 

Neurosci. 19:744–757.
12 Buzsáki G. 2013. Time, space and memory. Nature. 497:568–569.
13 Pezzulo G, van der Meer MAA, Lansink CS, Pennartz CMA. 2014. 

Internally generated sequences in learning and executing goal- 

directed behavior. Trends Cogn Sci. 18:647–657.
14 Friston K, Buzsáki G. 2016. The functional anatomy of time: what 

and when in the brain. Trends Cogn Sci. 20:500–511.
15 Gupta AS, van der Meer MAA, Touretzky DS, Redish AD. 2010. 

Hippocampal replay is not a simple function of experience. 

Neuron. 65:695–705.
16 Cheng J, Ji D. 2013. Rigid firing sequences undermine spatial 

memory codes in a neurodegenerative mouse model. Elife. 2: 

e00647.
17 Dragoi G, Tonegawa S. 2011. Preplay of future place cell sequen-

ces by hippocampal cellular assemblies. Nature. 469:397–401.
18 Grosmark A, Buzsáki G. 2016. Diversity in neural firing dynamics 

supports both rigid and learned hippocampal sequences. Science. 

351:1440–1443.
19 Dragoi G, Tonegawa S. 2013. Distinct preplay of multiple novel 

spatial experiences in the rat. Proc Natl Acad Sci U S A. 110: 

9100–9105.
20 Eichenbaum H. 2014. Time cells in the hippocampus: a new di-

mension for mapping memories. Nat Rev Neurosci. 15:732–744.
21 Pastalkova E, Itskov V, Amarasingham A, Buzsáki G. 2008. 

Internally generated cell assembly sequences in the rat hippo-

campus. Science. 321:1322–1327.
22 MacDonald CJ, Lepage KQ, Eden UT, Eichenbaum H. 2011. 

Hippocampal “time cells” bridge the gap in memory for discontig-

uous events. Neuron. 71:737–749.
23 Gill PR, Mizumori SJY, Smith DM. 2011. Hippocampal episode 

fields develop with learning. Hippocampus. 21:1240–1249.
24 Gray U, et al. 2020. Time cells in the human hippocampus and en-

torhinal cortex support episodic memory. Proc Natl Acad Sci U S A. 

117:28463–28474.
25 Buzsáki G, Llinás R. 2017. Space and time in the brain. Science. 

358:482–485.
26 Liu X, Leopold DA, Yang Y. 2021. Single-neuron firing cascades 

underlie global spontaneous brain events. Proc Natl Acad Sci U S 

A. 118:e2105395118.

27 de Vries SEJ, et al. 2020. A large-scale standardized physiological 

survey reveals functional organization of the mouse visual cor-

tex. Nat Neurosci. 23:138–151.
28 Siegle JH, et al. 2021. Survey of spiking in the mouse visual system 

reveals functional hierarchy. Nature. 592:86–92.
29 Foster DJ. 2017. Replay comes of age. Annu Rev Neurosci. 40: 

581–602.
30 Grosmark AD, Sparks FT, Davis MJ, Losonczy A. 2021. 

Reactivation predicts the consolidation of unbiased long-term 

cognitive maps. Nat Neurosci. 24:1574–1585.
31 Liu K, Sibille J, Dragoi G. 2019. Preconfigured patterns are the pri-

mary driver of offline multi-neuronal sequence replay. 

Hippocampus. 29:275–283.
32 Rolls ET, Mills P. 2019. The generation of time in the hippocampal 

memory system. Cell Rep. 28:1649–1658.e6.
33 Ji D, Wilson MA. 2007. Coordinated memory replay in the visual 

cortex and hippocampus during sleep. Nat Neurosci. 10:100–107.
34 Kim J, Joshi A, Frank L, Ganguly K. 2023. Cortical–hippocampal 

coupling during manifold exploration in motor cortex. Nature. 

613:103–110.
35 Shin JD, Tang W, Jadhav SP. 2019. Dynamics of awake 

hippocampal-prefrontal replay for spatial learning and memory- 

guided decision making. Neuron. 104:1110–1125.e7.
36 Logothetis NK, et al. 2012. Hippocampal–cortical interaction dur-

ing periods of subcortical silence. Nature. 491:547–553.
37 Nitzan N, Swanson R, Schmitz D, Buzsáki G. 2022. Brain-wide in-

teractions during hippocampal sharp wave ripples. Proc Natl Acad 

Sci U S A. 119:e2200931119.
38 Karimi Abadchi J, et al. 2020. Spatiotemporal patterns of neocor-

tical activity around hippocampal sharp-wave ripples. Elife. 9: 

e51972.
39 Pedrosa R, et al. 2022. Hippocampal gamma and sharp wave/rip-

ples mediate bidirectional interactions with cortical networks 

during sleep. Proc Natl Acad Sci U S A. 119:e2204959119.
40 Luczak A, Barthó P, Marguet SL, Buzsáki G, Harris KD. 2007. 

Sequential structure of neocortical spontaneous activity in 

vivo. Proc Natl Acad Sci U S A. 104:347–352.
41 Schwindel CD, McNaughton BL. 2011. Hippocampal–cortical in-

teractions and the dynamics of memory trace reactivation. Prog 

Brain Res. 193:163–177.
42 Louie K, Wilson MA. 2001. Temporally structured replay of 

awake hippocampal ensemble activity during rapid eye move-

ment sleep. Neuron. 29:145–156.
43 Sanda P, et al. 2021. Bidirectional interaction of hippocampal rip-

ples and cortical slow waves leads to coordinated spiking activity 

during NREM sleep. Cerebral Cortex. 31:324–340.
44 Sirota A, Csicsvari J, Buhl D, Buzsáki G. 2003. Communication be-

tween neocortex and hippocampus during sleep in rodents. Proc 

Natl Acad Sci U S A. 100:2065–2069.
45 Bartus RT, Dean RL, Beer B, Lippa AS. 1982. The cholinergic hy-

pothesis of geriatric memory dysfunction. Science. 217:408–414.
46 Drachman DA, Leavitt J. 1974. Human memory and the choliner-

gic system: a relationship to aging? Arch Neurol. 30:113–121.
47 Hampel H, et al. 2018. The cholinergic system in the pathophysi-

ology and treatment of Alzheimer’s disease. Brain. 141: 

1917–1933.
48 Gu Y, et al. 2021. Brain activity fluctuations propagate as waves 

traversing the cortical hierarchy. Cerebral Cortex. 31:3986–4005.
49 Liu X, et al. 2018. Subcortical evidence for a contribution of 

arousal to fMRI studies of brain activity. Nat Commun. 9:395.

50 Turchi J, et al. 2018. The basal forebrain regulates global resting- 

state fMRI fluctuations. Neuron. 97:940–952.e4.

8 | PNAS Nexus, 2024, Vol. 3, No. 4



51 Reimer J, et al. 2016. Pupil fluctuations track rapid changes in 
adrenergic and cholinergic activity in cortex. Nat Commun. 7: 
13289.

52 Buzsáki G. 2015. Hippocampal sharp wave-ripple: a cognitive bio-
marker for episodic memory and planning. Hippocampus. 25: 
1073–1188.

53 Takács VT, et al. 2018. Co-transmission of acetylcholine and 
GABA regulates hippocampal states. Nat Commun. 9:2848.

54 Vandecasteele M, et al. 2014. Optogenetic activation of septal 
cholinergic neurons suppresses sharp wave ripples and enhan-
ces theta oscillations in the hippocampus. Proc Natl Acad Sci U S 
A. 111:13535–13540.

55 Stringer C, et al. 2019. Spontaneous behaviors drive multidimen-
sional, brainwide activity. Science. 364:eaav7893.

56 Stark E, et al. 2014. Pyramidal cell-interneuron interactions 
underlie hippocampal ripple oscillations. Neuron. 83:467–480.

Yang et al. | 9


	Hippocampal replay sequence governed by spontaneous brain-wide dynamics
	Introduction
	Results
	Hippocampal and visual neurons showed time-selective response during movie watching
	The movie-induced sequence of the CA1 time-selective neurons replays at rest
	Hippocampal replays co-occur with brain-wide spiking cascades
	Distinct microcascades mark forward and reverse replay events

	Discussion
	Materials and methods
	Acknowledgments
	Supplementary Material
	Funding
	Author Contributions
	Preprints
	Data Availability
	References




