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During periods of disengagement from the environment, transient population bursts,
known as sharp wave ripples (SPW-Rs), occur sporadically. While numerous experi-
ments have characterized the bidirectional relationship between SPW-Rs and activity in
chosen brain areas, the topographic relationship between different segments of the hip-
pocampus and brain-wide target areas has not been studied at high temporal and spatial
resolution. Yet, such knowledge is necessary to infer the direction of communication.
We analyzed two publicly available datasets with simultaneous high-density silicon
probe recordings from across the mouse forebrain. We found that SPW-Rs coincide
with a transient brain-wide increase in functional connectivity. In addition, we show
that the diversity in SPW-R features, such as their incidence, magnitude, and intrahip-
pocampal topography in the septotemporal axis, are correlated with slower excitability
fluctuations in cortical and subcortical areas. Further, variations in SPW-R features
correlated with the timing, sign, and magnitude of downstream responses with large-
amplitude SPW-Rs followed by transient silence in extrahippocampal structures. Our
findings expand on previous results and demonstrate that the activity patterns in extra-
hippocampal structures depend both on the intrahippocampal topographic origin and
magnitude of hippocampal SPW-Rs.

memory j sleep j replay

Exchange of neuronal information occurs in both space and time. As in human speech,
messages are conveyed in chunks or frames. The meaning of messages is interpretable
only when the entire frame (e.g., sentence) is transmitted, because even the last word
can change the intended meaning. Communication between the hippocampus and its
target structures occurs in such frames, including theta cycles of online and sharp wave
ripples (SPW-Rs) of offline brain states (1). In each temporal frame, distributed neu-
rons across a large spatial segment might be active. For example, during a single theta
cycle, neurons from the septal to temporal end of the hippocampus are recruited in a
temporal sequence (2, 3). The spatial recruitment of neurons in the hippocampus dur-
ing SPW-Rs is more complex, varying both in spatial extent and travel direction (3). A
neocortical “observer” structure may therefore receive different messages from different
hippocampal segments and at different times (4). The varying degrees of spatial recruit-
ment of hippocampal neurons may be broadcast to few or several neocortical targets.
In the reverse neocortical-hippocampal routes, similar segmentation rules may apply
(1, 5). How the functional topographic relationship between different segments of the
hippocampus and brain-wide target areas affect this bidirectional communication has
not been studied with sufficiently high temporal and spatial resolution.
Monitoring the interaction between the hippocampus and partner structures would,

ideally, require simultaneous recordings along the long axis of the hippocampus and
across large neocortical areas and subcortical areas. Toward this goal, a seminal study
by Logothetis et al. (6) combined single-site electrophysiological recording in the
hippocampus with brain-wide MRI in primates and examined blood-oxygen level–
dependent (BOLD) activity surrounding hippocampal SPW-Rs. The results of this
study indicated a robust increase in BOLD signal in nearly all cortical areas, paralleled
by significant decrease in subcortical areas including the thalamus, midbrain, and basal
ganglia. Further analysis indicated a stereotypic time course, with initial suppression of
thalamic activity before the onset of SPW-Rs, followed by an activation of prefrontal
and midline cortices, then the hippocampus, and finally, activation of sensory cortices
(6). In another approach, single-site dorsal hippocampal recordings in the mouse were
combined with voltage imaging of the neocortex and found support for both directions
of communication (7). However, interpretation of these results is hampered by the
slow time course of the BOLD signal and the lack of ground truth for its relationship
to spiking activity (8). Moreover, accumulating evidence from neurophysiological
recordings in a variety of brain areas [reviewed in (9)] is in conflict with some of
the reported BOLD responses. Furthermore, unique patterns of hippocampal spiking
activity, even from a single site, are associated with distinct cortical activity patterns
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(8, 10–13). This assumed local heterogeneity can be ascribed to
the distinct spatial origins of SPW-Rs along the septotemporal
axis (13, 14) and to other sources of variability, such as SPW-R
amplitude, duration, intrahippocampal propagation, and brain
state. However, the possibility that different hippocampal seg-
ments communicate relatively selectively with other brain tar-
gets and, in the reverse direction, that distinct brain structures
can differentially affect neuronal activity in different hippocam-
pal segments has not yet been addressed.
To provide a better understanding of the hypothesized spatio-

temporally precise interaction between the hippocampus and the
numerous extrahippocampal structures, we analyzed the spiking
activity of simultaneously recorded neurons by multiple Neuro-
pixels probes from a large number of brain areas in head-fixed
mice (15, 16). We identified multiple sources of variability
influencing the putative interaction between hippocampal and
extrahippocampal regions during SPW-Rs, including the magni-
tude of SPW-Rs, intrahippocampal propagation of activity, func-
tional topographical relationships, the instantaneous network state
in the partner region, and global brain-state changes. These find-
ings demonstrate that SPW-Rs provide highly flexible communi-
cation between the hippocampus and other brain regions and
highlight the need for brain-wide monitoring of spiking activity
to properly identify the sources of variability.

Results

To examine the interaction between the hippocampus and
extrahippocampal brain areas with high spatiotemporal preci-
sion, we leveraged publicly available datasets (15, 16) that mon-
itored spiking activity across the mouse brain via simultaneous
Neuropixels silicon probe recordings in awake head-fixed mice
(Fig. 1A). For each session, we identified the recording channel
with the largest power in the 110- to 250-Hz band of the CA1
pyramidal layer (17) and computed unit firing in hippocampal
and other brain regions. To be comparable with functional
imaging studies, responses were averaged across all units from
the same brain area, unless otherwise noted. We first examined
intrahippocampal features of SPW-Rs and then explored their
interactions with brain-wide cortical circuits.

Cooperativity of Intrahippocampal Subcircuits During SPW-
Rs. In the Allen Institute (AI) dataset, six Neuropixels probes
were inserted into targeted visual areas (15) and penetrated dis-
tinct hippocampal locations in each experiment. Prior to cranial
window implantation, animals underwent intrinsic signal imag-
ing to map the different visual areas and ensure systematic
targeting across individual subjects. Probes were coated with
fluorescent dye, and probe tracks were reconstructed in three
dimensions using an optical projection tomography scanner.
These data allowed us to compare neuronal activity underlying
SPW-Rs at different septotemporal locations (Fig. 1A). SPW-
Rs were separately detected on each probe (Materials and
Methods), and their rate was strongly anticorrelated with run-
ning speed and pupil size, confirming previous studies (SI
Appendix, Fig. S1) (18). Electrode A was located in the most
anterior (septal) part of the dorsal CA1, whereas electrode D
was in the most posterior (or temporal part, corresponding to
the main curve of the C-shaped hippocampus). Electrodes B,
C, and E occupied intermediate segments. Electrode S was
most medial and was recorded primarily from the subiculum
(Fig. 1A; see Materials and Methods for the original AI labels).
Several measured parameters showed a systematic change

along the septotemporal axis (Fig. 1B). Both the magnitude of

ripple power and the magnitude of sharp waves detected in the
stratum radiatum were largest in the most posterior sites (D, E)
and were decreased toward septal locations (Fig. 1B). Ripple
frequency similarly increased in the septotemporal direction,
whereas the duration of SPW-Rs was longer at more septal
sites. We also calculated the fraction of SPW-Rs in which a
given CA1/subiculum neuron fired and found that neurons at
more posterior sites tended to participate in more SPW-R
events than at other sites (Fig. 1B). Using peri-SPW-R spike
times at the most septal site (A) as a reference revealed that, on
average, unit discharges at the more posterior sites occurred ear-
lier than at the septal sites (Fig. 1C; probe B: 0 ± 0.4 ms; probe
C: 1 ± 0.9 ms; probe D: 1 ± 1.5 ms; probe E: 2 ± 1.7 ms;
probe S: 1 ± 1.4 ms; median ± median absolute deviance
[MAD]). This finding was corroborated by analyzing the time
offsets of ripple power across electrodes (SI Appendix, Fig. S1
and Movie S1). Ripple wave–related firing (∼6-ms synchrony)
was coherent at neighboring sites but decreased rapidly with
distance (Fig. 1D) (14).

SPW-R parameters varied systematically as a function of ripple
power. To quantify this effect, we divided SPW-Rs into eight
groups based on their ripple power octile (SI Appendix, Fig. S1).
Ripple power positively correlated with the magnitude of sharp
wave sink, ripple frequency, and SPW-R duration, as well as with
the synchrony of both CA1 and CA3 neurons, measured as the
fraction of neurons active during SPW-Rs (SI Appendix, Fig. S1).
Further, SPW-R magnitude was significantly correlated with sev-
eral brain-state measures such as pupil diameter, power-spectrum
slope (19), and a state index (i.e., “silence density”; see Materials
and Methods) (20) (SI Appendix, Fig. S1).

It has been illustrated but not quantified that SPW-R power
is correlated with the degree of SPW-R spread across the septo-
temporal axis (14). To address this hypothesis, we detected
SPW-Rs separately on each of the six probes using the same
threshold and classified events based on the number of probes
each event was concurrently detected on. The relative fraction
of isolated to global SPW-Rs was similar across probes (SI
Appendix, Fig. S2). As expected, ripple power–power correla-
tion was high at neighboring probes, and this correlation
decreased with increasing intershank distance (Fig. 2 A–C and
SI Appendix, Fig. S2). The spatial synchrony of SPW-Rs (i.e.,
the number of hippocampal recording sites on which a SPW-R
was detected) positively correlated with ripple power (Fig. 2D).
In turn, as expected from the spatial synchrony versus power
relationship, spatial synchrony positively correlated with the
magnitude of sharp wave sink, ripple frequency, and SPW-R
duration, as well as with the synchrony of both CA1 and CA3
neurons, measured as the fraction of neurons emitting at least
one spike during SPW-R (Fig. 2 E–I). The regression between
spatial synchrony and temporal synchrony of SPW-Rs was
steeper in CA1 compared to the CA3 region (regression line
slope ratio CA1/CA3 = 1.64), implying that the CA1 circuit
does not simply respond to but amplifies the CA3 input during
SPW-R events (21). The intrahippocampal events were also
related to other brain-state variables. The spatial synchrony of
SPW-Rs was inversely correlated with the slope of the power
spectrum, brain-state index and pupil diameter (Fig. 2 J–L), as
might be expected from the ripple power relationship with
these same variables (18).

Global Brain–Hippocampal Interactions During SPW-Rs. We
next investigated extrahippocampal activity surrounding SPW-Rs.
For this, we included the University College London (UCL)
dataset (16), which contained recordings across a greater
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number of cortical and subcortical sites but, unlike the AI data-
set, captured hippocampal activity at fewer locations along the
septotemporal axis per recording session (Fig. 3 A and B and SI
Appendix, Table S1). Across the two datasets, SPW-R response
profiles were qualitatively similar (SI Appendix, Fig. S3). In our
analyses, we only included brain regions with at least 20
recorded neurons and sessions with at least 100 SPW-Rs (sepa-
rated by at least 500 ms). We found heterogeneous responses
across brain areas, but with systematic groupings. Robust short-
time (±50 ms from ripple peak power) modulations in popula-
tion firing rates were confined mainly to brain structures

monosynaptically connected to the hippocampal-subiculum-
entorhinal circuit (Fig. 3 C and D), including prefrontal cortical
areas (22), the retrosplenial cortex (12, 23), and the hippocam-
pal continuation taenia tecta, a part of the olfactory cortex (24,
25). In most target regions (but not in the medial septum and
thalamus), positively modulated neurons were the majority (Fig.
3D). In contrast to these transient short-time scale responses,
the majority of regions shared a common longer time scale
modulation. Average population activity began decreasing hun-
dreds of milliseconds before the SPW-R and changed its sign
around SPW-R time, suggesting phase locking of SPW-R to
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Fig. 1. Ripple features vary along the hippocampal longitudinal axis. (A) Locations of Neuropixels probes from all sessions, color-coded according to probe
identity. In each experiment, probes were positioned in a stereotypic manner (15). Probes A–C spanned the dorsal CA1, and D and E were placed in interme-
diate (posterior) CA1. Probe S was either in the subiculum (19 sessions) or distal CA1 bordering the subiculum (13 sessions). Middle and Right: The recording
sites in the CA1 pyramidal layer, shown in the septotemporal and the mediolateral projections, color-coded as in the Left panel. Purple Xs depict the position
of individual units. A, anterior; D, dorsal; P, posterior; V, ventral; M, medial; L, lateral; CSD, Current Source Density; SW, Sharp Wave. (B) From Left to
Right: Distributions of ripple amplitude, sharp wave amplitude, ripple frequency, ripple duration, and fraction of SPW-Rs in which a given neuron fired at
least once (n = 347,525 SPW-R events from 50 sessions). Bottom: Effect size estimates depicted as the distribution of differences between the medians of
a given probe computed from 5,000 bootstrapped resamples and the median of the values after shuffling the probe labels. Black bars depict 95% CIs.
(C) Distribution of spiking peak lags referenced to probe A obtained from cross-correlations between CA1/subiculum spikes on other probes. (D) Averaged
(mean ± SEM) cross-correlograms between CA1/subiculum units on different probes used to calculate the distributions in C, ordered from left to right
according to the distance from probe A. Red dot depicts average peak lag.
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slower fluctuations in brain-wide activity. The slow-time scale
shift in firing rate was most prominent in the recorded thalamic
nuclei but was present in other regions as well (Fig. 3 C and D).
To better estimate the short-time scale relationship between
brain regions, for each unit we calculated the center of mass
(COM) of the SPW-R–triggered peri-event time histogram
(PETH). COM distributions for hippocampal subregions
matched known synaptic connectivity, with CA3 leading
(�20 ± 19 ms, median ± MAD), followed by CA1 (�9 ±
16 ms) and dentate gyrus (�6 ± 19 ms), while subicular units
displayed more delayed responses (3 ± 16 ms; Fig. 3E). Average
delays in extrahippocampal regions lagged behind the hippo-
campus (Fig. 3F).
To explore the possible routes of hippocampal SPW-R mod-

ulation in extrahippocampal regions, we examined fiber pro-
jections from all hippocampal subregions using the dataset
from the Allen Brain Institute Connectivity Atlas (https://
connectivity.brain-map.org/; n = 19 experiments) and calcu-
lated the average fiber density of hippocampal projections to
target areas. We found reliable correlation between anatomical
connectivity and SPW-R modulation of neurons in most target
regions (SI Appendix, Fig. S4). For the remainder of the analy-
ses, we excluded data from UCL recordings (16) because these
experiments were designed for active tasks for short recording
sessions, and the recording sites varied from experiment to
experiment. We first confirmed previous findings (26) regard-
ing ripple and theta phase modulation of neurons in hippocam-
pal and extrahippocampal regions and demonstrated differential
ripple-phase locking of deep and superficial CA1 pyramidal
neurons (SI Appendix, Fig. S5).

Because the dataset we analyzed also contained visual stimu-
lation epochs, we also examined how functional connectivity
between neurons in the hippocampus and other brain areas
changed during externally driven (visual stimulation) versus
internally organized (SPW-R) states. We computed the mutual
information (MI) between the combined multiunit activity
(MUA) from pairs of brain regions during either drifting grat-
ing visual stimulation or hippocampal SPW-Rs. The MI mea-
sure expresses the amount of information that is provided by
one variable about another. In contrast to linear correlation,
MI shows an increase in information also when the activity of
neurons is anticorrelated or nonlinearly related (27). We com-
puted the change in MI in a peri-event window compared to a
baseline period (200 to 500 ms prior to visual stimulation or
SPW-R) and constructed ΔMI adjacency matrices, which were
averaged across sessions and converted into weighted graphs
(Fig. 4 A and B). The graph obtained during visual stimulation
reflected the expected transfer of information between visual
thalamic and cortical areas (15), which formed one strong func-
tional network during stimulus presentation, with only mar-
ginal links to the subiculum and dentate gyrus. In contrast,
during SPW-Rs, MI increased between hippocampal and visual
areas and between hippocampal and thalamic areas but not
between cortical and thalamic areas, suggesting a functional
segregation of these networks during sensory disengagement
and self-organized SPW-R activity (6) (Fig. 4C). To examine
the interregional organizing role of SPW-Rs in more depth,
we computed the peri–SPW-R ΔMI for consecutive 100-ms
windows surrounding SPW-R peaks (referenced to a -500 to
-400 ms baseline) between pairs of neurons, yielding nine

A

C

D E F G H I J K L

B

Fig. 2. Ripple features vary as a function of intrahippocampal synchronization. (A) Cartoon showing probe locations in one example session. Hippocampus,
green; visual cortex, cyan; thalamus, red. (B) Example raw traces (Top) and average spectrograms (Bottom) for SPW-Rs detected on 1!6 probes from one
session. (C) Ripple power peak correlation from all pairs of electrodes averaged across all sessions where all six probes were available (n = 224,083 events
from 26 sessions). (D–I) Distribution of various SPW-R parameters for SPW-Rs detected on 1!6 probes. Data are displayed as box plots representing
median, lower, and upper quartiles and whiskers representing most extreme data points. (J–L) Same as D–I but for various behavioral parameters and
brain-state estimators. a.u., arbitrary units; CSD, Current Source Density; SW, Sharp Wave.
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adjacency matrices for each session (Fig. 4D). From these
matrices, we computed the geodesic path length (average short-
est number of nodes between every two nodes) and clustering
coefficient (indicating “small worldness”) (28) for each unit
and each time window and averaged all units from the same

area. We observed a substantial decrease in path length sur-
rounding SPW-R peaks for all areas (Fig. 4E). Similarly, all
areas displayed a marked increase in clustering coefficient
around SPW-Rs (Fig. 4F). Because MI measure is based on the
temporal relationship of spikes, joined firing rate changes may

A

D

E F

B C

Fig. 3. Brain-wide firing rate modulation with SPW-Rs. (A) Locations of the 36,516 units (blue dots) recorded in Siegle et al. (15) (n = 50 mice, one session
per animal). Shaded areas in cyan, green, and red depict visual cortex, hippocampus, and thalamus, respectively. (B) Same as in A for 17,354 units recorded
in Steinmetz et al. (16) (n = 19 sessions from eight mice). (C) Average (mean ± SEM) SPW-R–related activity for the four major extrahippocampal areas. CNU,
cerebral nuclei; MB, midbrain; TH, thalamus. Shaded area corresponds to time windows within which spike responses were used to calculate SPW-R–related
strengths and modulation direction (D). (D) SPW-R responses across data from both datasets combined (see also SI Appendix, Table S1). Left: Z-scored aver-
age peri–SPW-R histograms centered on SPW-R peaks. Dashed boxes show four peri–SPW-R histograms (±1 s) from selected structures (mean ± SEM). Mid-
dle: Bar graph showing the average response magnitude ±30 ms around SPW-R peak, ranked separately by modulation magnitude in each brain region.
Pink shaded area, SEM (not visible in most bars due to small values). Right: Fraction of significantly positively (blue) and negatively (red) modulated neurons
in each structure (for neuron numbers and sessions, SI Appendix, Table S1). Note that these effects may not correspond to excitation and inhibition because
the occurrence of SPW-R is often embedded in brain-state changes. HPF, hippocampal formation; SUB, subiculum; DG, dentate gyrus; misc., miscellaneous.
(E) Probability distributions of the COM of principal neuron firing in the four hippocampal subregions. (F) Distributions of the COM for the four major extra-
hippocampal areas. misc., miscellaneous. Data are displayed as box plots representing median, lower, and upper quartiles and whiskers representing most
extreme data points.
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affect MI values. Despite this caveat, these findings illustrate
that the spiking structure among brain areas can rapidly reorga-
nize when the brain is disengaged from environmental inputs.
Next, we examined the relationship between the magnitude of

SPW-Rs and associated spiking activity in extrahippocampal
regions both before and after the emergence of SPW-Rs. In
the first analysis, we calculated the spike density surrounding
SPW-Rs (± 0.5 s) in each brain region separately for SPW-Rs of
increasing magnitude recorded on the probe in the subicular
region (probe S). We observed that the amplitude of SPW-R
covaried with spiking activity in other brain areas both before
and after the occurrence of SPW-R. Unexpectedly, the temporal
evolution of activity in the thalamus, midbrain, and visual cortex
showed opposite trends for small- and large-amplitude SPW-Rs
(Fig. 5A). Paradoxically, the largest amplitude SPW-Rs were
followed by decreased spiking in all other brain areas (Fig. 5A).
Similar temporal profiles were observed when we examined the
relationship between the magnitude of intrahippocampal spatial
synchrony of SPW-Rs and spiking activity in cortical and subcor-
tical regions (Fig. 5B). These qualitative observations were quanti-
fied by correlating SPW-R magnitude with both pre- (�350 ms
to �150 ms) and post- (�50 to 150 ms) SPW-R peak time win-
dows of spiking activity in partner structures. Prior to SPW-Rs,
spiking activity in extrahippocampal areas was positively corre-
lated with the SPW-R amplitude, whereas surrounding the SPW-
R, a negative correlation was observed (Fig. 5 C and D). While

the responses of individual units were heterogeneous, the majority
of significantly modulated units in all target areas followed the
population trend and decreased their firing with increasing ripple
power (SI Appendix, Fig. S6). When the most posterior site was
used as a reference, the differences in the pre–SPW-R epoch were
less prominent, whereas the post–SPW-R suppression of spiking
in extrahippocampal areas remained robust (SI Appendix, Fig.
S6). This latter observation indicated that in addition to the mag-
nitude of SPW-Rs, the intrahippocampal topographical origin of
SPW-Rs was also an important factor in influencing extrahippo-
campal activity.

To analyze the contribution of the topographic relationship
between the relative dominance of SPW-Rs in different hippo-
campal segments and extrahippocampal spiking further, we
selected SPW-Rs detected in isolation on one of the six probes.
These isolated events were generally of small amplitude. While
SPW-Rs recorded at nearby sites were associated with similar
midbrain, thalamic, and visual cortical patterns, comparison of
SPW-Rs occurring at anterior and posterior sites showed differ-
ent response profiles in these three major partner brain regions
(Fig. 6A). Similarly, different response profiles were obtained
when the peri–SPW-R histograms in target areas were triggered
by SPW-Rs occurring at the hippocampal site with maximal
ripple power, irrespective of whether SPW-Rs were present at
other sites or not (Fig. 6B). We quantified these differences by
comparing the session-averaged SPW-R modulation scores

A

C D E F

B

Fig. 4. SPW-Rs reorganize thalamo-cortical functional network topology. (A) Left: Adjacency matrix showing the increase in MI following drifting grating
visual stimulation (stim.) computed between the MUA from pairs of brain areas (n = 23 sessions). Right: The corresponding undirected graph; edge thickness
denotes weights. Right Bottom: Shows an example MI time series between LGd and a visual cortical area. (B) Same as A, but for MUA around ripple peaks
(n = 50 sessions). (C) Distributions of ΔMI values for cortical and thalamic node pairs during either visual stimulation or SPW-Rs. Data are displayed as
box plots representing median, lower and upper quartiles and whiskers representing most extreme data points (n = 135 and 251 pairs, respectively;
*** P = 2.5 × 10�33, rank-sum test). (D) Example adjacency matrix (t = 0) of pairwise ΔMI during ripples between single units (n = 685) from one session.
(E) Change in path length around ripples. Note the decrease across all brain areas. (F) Same as E, but for clustering coefficient. MB, midbrain; HPF, hippo-
campal formation; DG, dentate gyrus; SUB, subiculum; PO, posterior nucleus of the thalamus; LGd, dorsal part of the lateral geniculate nucleus; LP, lateral
posterior nucleus of the thalamus; APN, anterior pretectal nucleus; Eth, Ethmoid nucleus of the thalamus; VIS, visual cortex unspecific; VISl, lateral visual
area; VISli, laterointermediate area; VISam, anteromedial visual area; VISrl, rostrolateral visual area; VISpm, posteromedial visual area; VISp, primary visual
area; VISal, anterolateral visual area; VISmma, mediomedial anterior visual area; VISmmp, mediomedial posterior visual area; POL, posterior limiting nucleus
of the thalamus; SGN, suprageniculate nucleus; TH, thalamus.
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(mean z-scored �50 ms to 150 ms around ripple peak) for
each hippocampal site and each area, yielding significant differ-
ences between septal and posterior sites (Fig. 6C).
To quantify the covariation of neuronal spiking activity

at different hippocampal locations and across different brain
regions, we performed principal component analysis on each
region’s responses. For each probe and area, the first three prin-
cipal components explained more than 50% of the variability
in responses. Their projections displayed qualitatively different
temporal profiles for dorsal and posterior SPW-Rs (SI
Appendix, Fig. S7). Responses to both dorsal and posterior
SPW-Rs could be decomposed into both positive and negative
components, suggesting heterogeneous modulation among
individual neurons. However, while responses to dorsal SPW-
Rs were best explained by positive lower dimensional represen-
tations, negative sign profiles were more dominant among
posterior SPW-Rs. As an alternative approach (13), we com-
pared the correlations between modulation scores to SPW-Rs
on the most septal (A) and most posterior (D) sites for all extra-
hippocampal units in all sessions where both probes were avail-
able (n = 34 sessions). The correlations significantly departed
from the diagonal, revealing a stronger modulation by dorsal
SPW-Rs (Fig. 6D; SI Appendix, Fig. S7 details individual

sessions). Consistent with the stronger up-modulation of firing
rates in response to septal SPW-Rs, a larger fraction of units
increased their activity when referenced to probe A, while the
majority of units modulated by posterior SPW-Rs decreased
their firing rates (SI Appendix, Fig. S7). We validated these
findings further by training a linear support vector machine
(SVM) classifier on the firing rate vectors from all units in a
given session, excluding hippocampal units, surrounding iso-
lated dorsal and posterior region SPW-Rs. The SVM correctly
classified SPW-R location above chance levels already before
SPW-R onset and reached maximal accuracy around SPW-R
peak (Fig. 6E). Together, these analyses indicate that ongoing
activity in extrahippocampal brain areas differentially biases the
timing and probability of occurrence of SPW-Rs in different
hippocampal segments. In the return direction, the magnitude
of SPW-Rs predicts whether neurons in the target areas increase
or decrease their firing rates.

Another factor that should be taken into consideration when
evaluating the interaction between hippocampus and neocortex
in the waking, resting mouse is the short bouts (1 to 3 s) of 3-
to 5-Hz oscillations in the visual cortex (29, 30). The results on
the interaction between 4-Hz neocortical activity and SPW-Rs
are summarized in SI Appendix, Fig. S8.

A

C D

B

Fig. 5. SPW-R correlations with spiking activity in extrahippocampal areas vary as a function SPW-R magnitude. (A) Average peri–SPW-R spike responses from
the four major brain regions, centered on the peak of ripple power. Responses for ripples of increasing power detected on the subicular probe (probe S; see
green illustration on the right; values for first, third, fifth, and seventh octiles (octs.) are shown; n = 28,568 units from 38 sessions where probe S was available)
are shown by different colors. Shaded areas in lower Left: time windows within which spike counts in partner regions were counted before and after SPW-R.
(B) Similar plot to A, but here the magnitude of spatial synchrony of SPW-Rs across the hippocampal six recording sites are shown. (C) Distributions of pre-
SPW-R modulations (left shaded brown area in A) across the six recording sites, averaged across all units from the same area and session. Data are displayed
as box plots representing median, lower, and upper quartiles and whiskers representing most extreme data points. Linear regression lines are shown in black.
Pearson's rho and p-values are indicated on top of each panel. (D) Same as C for post–SPW-R activity (right shaded brown area in A). 1st, first; oct., octile.
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Discussion

Analyzing large-scale extracellular recordings in immobile, head-
fixed mice, we investigated the within-hippocampal cooperation
of neuronal activity during SPW-R events and its relationship
with spiking activity across the brain. We found that SPW-
R–related activity spread, on average, in a temporo-septal direc-
tion and that the magnitude of SPW-Rs correlated with the
spatial extent of the hippocampal population bursts. Activity sur-
rounding SPW-Rs in extrahippocampal regions was heteroge-
neous and displayed a complex relationship that depended both
on the magnitude of SPW-R and on the hippocampal segment
in which it emerged. The magnitude and spread of SPW-Rs var-
ied as a function of the preceding spiking activity in the neocor-
tex, thalamus, and midbrain. In the return direction, spiking
activity after SPW-Rs in extrahippocampal areas depended on

the magnitude of SPW-Rs. Both posterior and large-amplitude
SPW-Rs were often associated with suppression of gross MUA in
target areas. Our findings expand previous knowledge about both
intrahippocampal activity and the mutual interactions between
hippocampal and extrahippocampal brain circuits.

Intrahippocampal Synchrony During SPW-Rs. In the rat, SPW-
Rs occur at every segment of the septotemporal axis of the CA1
region, and the locally generated ripple events are qualitatively
similar (14, 31). Our findings in the mouse confirm these
observations. We found a reliable relationship between the
sharp wave amplitude, ripple magnitude and duration, and spa-
tial synchrony of SPW-R events. While small-amplitude events
remained relatively local, large-amplitude SPW-Rs occurred
synchronously over larger distances.

A

C D E

B

Fig. 6. SPW-R correlations with spiking activity in extrahippocampal areas vary as a function of the intrahippocampal origin of SPW-Rs. (A) Average
peri–SPW-R spike responses (mean ± SEM) from the four major brain regions, triggered on the peak of ripple power detected on different probes (illustrated
by green cartoon on the right). Analysis was restricted to isolated SPW-R events (i.e., those detected on a single probe only; Top Right cartoon). See Fig. 1A
for anatomical probe locations (n = 36,516 units from 50 sessions). (B) Similar display to A, but here the reference electrode was the site with the largest rip-
ple power, irrespective of whether SPW-Rs were detected at other hippocampal sites or not. (C) Distributions of session-averaged SPW-R modulation scores
across all probes for the three main areas included in the dataset (n = 26 sessions where all probes were available; *P < 0.05; **P < 0.01; ***P < 0.001;
Kruskal-Wallis test followed by Tukey-Kramer post hoc tests). Data are displayed as box plots representing median, lower and upper quartiles and whiskers
representing most extreme data points. (D) Firing rate modulations of all extrahippocampal units for SPW-R detected on probe A (most dorsal probe), plot-
ted against SPW-Rs detected on probe D (most posterior). Each dot is one unit from visual cortex (magenta), thalamus (green), or midbrain (blue). Only units
that are significantly modulated on either probe A or D are shown. Red line depicts linear least square regression slope with CIs obtained from 5,000 boot-
straps. Regression lines for individual areas are shown separately as dotted lines in the respective color. Gray dotted line is the unity line (n = 10,587 units
from 34 sessions where both probes A and D were available; P < 0.001). SI Appendix, Fig. S7 shows individual sessions. (E) Performance of cross-validated
SVM decoder (mean ± SEM, gray shaded area) trained to classify isolated dorsal and posterior SPW-Rs based on peri–SPW-R normalized firing rates from all
extrahippocampal units in a given session (n = 29 sessions where probes A, B, D, and E were all simultaneously available). Red dashed line, upper 95% confi-
dence bound obtained after 1,000 shuffles of SPW-R location labels. MB, midbrain; TH, thalamus.

8 of 11 https://doi.org/10.1073/pnas.2200931119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200931119/-/DCSupplemental


Previous work in rats and monkeys indicated large variability
of SPW-R patterns (14, 31, 32). One potential source of local
variability is the direction of travel and the intrahippocampal
amplification of population events. In our dataset, a minority
of events were confined to a single site, whereas most SPW-Rs
were synchronous across all six electrodes spanning from the
septal to the posterior segments of the hippocampus. One likely
source of propagation of SPW-Rs is the extensive recurrent col-
laterals of the CA3 neurons (33, 34). Accordingly, each SPW-R
event is a sweep in space, whereas individual ripple waves reflect
local interactions between CA1 pyramidal cells and inter-
neurons. In support of this model, optogenetic stimulation,
mimicking sharp wave–induced depolarization of a local group
of CA1 neurons by their upstream CA3 partners, induce ripple-
like patterns, which rarely propagate in the CA1 plane (35). Yet,
the CA1 circuit can further boost population synchrony, as was
revealed here by the steeper slope between ripple power magni-
tude and the larger fraction of SPW-R–participating neurons in
CA1 compared to the CA3 region (21).
Supporting previous reports, both the incidence and magni-

tude (hence spatial synchrony) of SPW-Rs varied with global
brain-state measures, such as pupil size and the slope of the
power spectrum (18, 19), indicating that SPW-Rs both affect
and are affected by activity in other brain areas (6, 36). It is
important to emphasize that the spatial coverage of the hippo-
campus in our dataset was confined to septal to posterior (or
intermediate) hippocampus and may not generalize to the ven-
tral third (13), from which no recordings were available.

Reciprocal SPW-R–Mediated Communication With Cortical
and Subcortical Brain Regions. Most previous experiments
compared physiological features of SPW-Rs to activity in a sin-
gle other cortical or subcortical region, and studies relating
SPW-Rs to neocortical topography are rare (7, 11). A prominent
exception is the pioneering imaging work of Logothetis et al.
(6), which analyzed SPW-R–centered BOLD activity in the
entire brain of monkeys. In those experiments, most of the cere-
bral cortex was “activated” during the SPW-Rs, whereas most
diencephalic, midbrain, and brainstem regions were suppressed.
The authors hypothesized that the occurrence of SPW-Rs corre-
sponds to privileged time windows when internal communica-
tion between hippocampus and neocortex is enhanced, whereas
sensory influences, mediated by the thalamocortical paths, are
suppressed. Our findings are in support of the hypothesis that
internalized communication is enhanced during SPW-Rs at the
expense of attending to the environment. For example, during
visual stimulation, neurons in visual cortex and thalamus formed
tight clusters with each other (“sensory processing”). In contrast,
functional connectivity between the hippocampus and visual
areas increased during SPW-Rs (“internal processing”).
Yet, our conclusions about interregional interactions are dif-

ferent from those suggested in the imaging study (6). A large
part of the difference may be due to the differences between
spike-based and BOLD signal–based inferences about neuronal
activity (6). The higher temporal resolution afforded by the
electrophysiological signals allowed us to distinguish neuronal
interactions at the tens of milliseconds versus seconds time
scales in functional MRI. When longer time scale interactions
are considered, corresponding to the resolution of the BOLD
signal, our results are in apparent agreement with the inferences
of Logothetis et al. (6). Activities integrated both before and
after SPW-R occurrence, on average, showed increased activity
in cortical areas, whereas spiking in the thalamus was largely
diminished. However, examination of the multiple relationships

at the physiologically relevant short-time scale revealed a different
picture. Target areas monosynaptically connected to the hippo-
campus, such as the infralimbic prefrontal cortex (22), retrosple-
nial cortex (12, 23), cingulate cortex (37), and taenia tecta
showed short-latency activation centered around SPW-Rs. Simi-
larly, subcortical structures, including the lateral septum (38),
nucleus accumbens (39), and selected pretectal midbrain nuclei,
were also activated by SPW-Rs at a short latency, whereas average
responses in the medial septum, which is innervated by the
terminals of long-range hippocampo-septal inhibitory interneur-
ons (40), were suppressed (41). These short-latency effects were
significantly correlated with the density of hippocampal fiber pro-
jections to these structures.

Unlike the transient short-time scale responses, average popu-
lation responses from the majority of recorded regions shared a
common longer time scale modulation, upon which the SPW-
R–induced short-time scale responses appeared superimposed.
Integrated activity was low prior to the SPW-R and steadily
increased thereafter. This interregionally shared neuronal behav-
ior is reminiscent of the DOWN-to-UP state change in spiking
activity during non–rapid eye movement sleep (42), even
though the mice did not fall asleep during the short recording
sessions (15). Yet, several recent papers pointed out that popula-
tion silence of neurons (definition of the DOWN state) can
also occur during resting immobility states in both rodents and
humans (12, 20, 43). Previous studies have already demon-
strated that SPW-Rs can induce DOWN states in the prefrontal
region (22, 44) and that DOWN-UP shifts in other regions
coincide significantly with hippocampal SPW-Rs (45–50).
Overall, our findings imply that SPW-Rs are embedded in
global brain-state changes, increasing their probability of occur-
rence at such state transitions (51) and, in return, can trigger
either relatively localized or more global brain-state changes.

Topographic and Magnitude Effects of SPW-Rs. A loose topo-
graphic organization exists between different segments of the
hippocampus and the neocortex. Outputs from the dorsal and
posterior/ventral parts of the hippocampus are routed by way
of the retrosplenial cortex and entorhinal cortex, respectively
(52, 53). The septal hippocampus is more strongly connected
to the (dorso-)medial entorhinal cortex and the postrhinal cor-
tex (rodent homolog of the parahippocampal cortex in pri-
mates), whereas the ventral hippocampus, lateral entorhinal
cortex, and perirhinal cortex form a relatively independent
stream (54). In turn, the parahippocampal cortex communi-
cates mainly with the “default network” (55), while the perirhi-
nal cortex has stronger connections to the lateral orbitofrontal
cortex and the anterior ventrolateral temporal cortex (54). Fur-
ther, there is a reciprocal topographic relationship between
neocortex–entorhinal cortex–hippocampus anatomical organi-
zation (56). The dataset we analyzed did not allow us to
address the functional consequences of these topographical rela-
tionships in detail, even though experiments in both rodents
and humans show that SPW-Rs can route the hippocampal
output to unique brain targets depending on the nature of
information to be remembered (11, 23, 56, 57). Similar to the
propagating SPW-Rs in the hippocampus, both UP-DOWN
slow oscillations and sleep spindles show a traveling wave pat-
tern in the neocortex (58–61). As a consequence, SPW-R inci-
dence and magnitude should vary as a function of the
UP-DOWN event phase, depending on the location of the ref-
erence neocortical site. In line with this hypothesis, SPW-Rs in
the dorsal hippocampus are best correlated with the UP!
DOWN state transition in the prefrontal cortex (22, 44),
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whereas the entorhinal cortex is most strongly correlated with
UP states or the DOWN!UP state transition (62). In further
support of this hypothesized relationship, in which neocortical
and hippocampal patterns track each other in time and space,
we found that SPW-Rs at different CA1 locations coincided
with different phases of slowly changing firing rates in the mid-
brain, thalamus and visual cortex.
Examination of the dependency of firing rate changes in

extrahippocampal brain areas on SPW-R spatial synchrony and
magnitude revealed an unexpected relationship. Small-amplitude
SPW-R events were preceded by initial low firing rates in extra-
hippocampal areas and correlated with increased spiking activity
prior to and around SPW-R time. In contrast, large-amplitude
SPW-R events were followed by a strong decrease of spiking
in all recorded partner structures. These observations can be
explained by the ability of strongly synchronous SPW-Rs to trig-
ger UP!DOWN transitions in the neocortex, possibly mediated
by the entorhinal (62) and/or retrosplenial (12) cortices. Based
on these findings, we hypothesize that elevated inputs to the
hippocampus, for example, during DOWN-UP transitions, will
increase the likelihood of SPW-R occurrence (35). In turn, when
multiple local SPW-Rs are combined spatially, the large-amplitude
SPW-Rs can effectively terminate the ongoing cortical activity,
resulting in a DOWN state (51, 63). In contrast, weak hippocam-
pal outputs may operate below a critical threshold for inducing
a state transition. Alternatively, variations in the magnitude of
SPW-Rs and associated extrahippocampal pattern changes may
be brought about by changes in subcortical inputs to the hippo-
campus (64, 65). Future perturbation experiments manipulating
both cortical and subcortical inputs to the hippocampus will be
required to address the directional effects. It also remains to be
tested whether the relationship between SPW-R magnitude and
origin and firing rate changes in extrahippocampal regions holds
true for nonvisual areas, which were the main focus of our
investigation. In summary, an important implication of these

findings is that increased and decreased firing rates in target
areas after SPW-Rs cannot be equated with excitation and inhi-
bition, respectively, because of the simultaneously occurring
state changes.

Materials and Methods

For all analyses presented in the paper, we use data from the Allen Brain Institute
Visual Coding dataset publicly available at https://allensdk.readthedocs.io/en/
latest/visual_coding_neuropixels.html or the Steinmetz et al. (16) data, available
at https://figshare.com/articles/dataset/Eightprobe_Neuropixels_recordings_during_
spontaneous_behaviors/7739750. SPW-R detection was restricted to epochs where
the speed of the animal was below 2 cm/s for at least 2 s. Putative SPW-R
events were defined as those where the beginning/end cutoffs exceeded
2 SDs and the peak power 3 SDs. Ripple-triggered PETHs were computed by
counting spiking activity around peak ripple time into 1-ms (Fig. 3) or 10-ms
bins (Figs. 5 and 6). For predicting the hippocampal origin of SPW-Rs, we
used a linear SVM trained using 10-fold cross validation. Decoding accuracy is
reported as the mean of the cross-validated accuracy. To obtain CIs, we ran-
domly shuffled the data labels 1,000 times. Details of analyses are presented
in SI Appendix.

Data Availability. Code, AI data (15), and UCL data (16) have been deposited
in GitHub, FMAT Toolbox, Allen SDK, and Figshare. The code used for this study
was adapted from the buzcode repository (https://github.com/buzsakilab/
buzcode) and the FMAT toolbox (http://fmatoolbox.sourceforge.net/). The AI
data are available at https://allensdk.readthedocs.io/en/latest/visual_coding_
neuropixels.html. The UCL data are available at https://figshare.com/articles/
dataset/Dataset_from_Steinmetz_et_al_2019/9598406. All study data are
included in the article and/or SI Appendix. Previously published data were used
for this work (15, 16).
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