UCSF

UC San Francisco Previously Published Works

Title
Hippocampal-Prefrontal Reactivation during Learning Is Stronger in Awake Compared
with Sleep States

Permalink
https://escholarship.org/uc/item/9qj2r982

Journal
Journal of Neuroscience, 37(49)

ISSN
0270-6474

Authors
Tang, Wenbo
Shin, Justin D
Frank, Loren M

Publication Date
2017-12-06

DOI
10.1523/jneurosci.2291-17.2017

Copyright Information

This work is made available under the terms of a Creative Commons Attribution-
NonCommercial-ShareAlike License, available at
https://creativecommons.org/licenses/by-nc-sa/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/9qj2r982
https://escholarship.org/uc/item/9qj2r982#author
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://escholarship.org
http://www.cdlib.org/

The Journal of Neuroscience, December 6, 2017 - 37(49):11789-11805 « 11789

Systems/Circuits

Hippocampal-Prefrontal Reactivation during Learning Is
Stronger in Awake Compared with Sleep States

Wenbo Tang,' Justin D. Shin,' “Loren M. Frank,> and “Shantanu P. Jadhav'3
!Graduate Program in Neuroscience, Brandeis University, Waltham, Massachusetts, 02453, 2Howard Hughes Medical Institute, Department of Physiology
and Kavli Institute for Fundamental Neuroscience, University of California, San Francisco, California, 94143, and *Neuroscience Program, Department of
Psychology and Volen National Center for Complex Systems, Brandeis University, Waltham, Massachusetts, 02453

Hippocampal sharp-wave ripple (SWR) events occur during both behavior (awake SWRs) and slow-wave sleep (sleep SWRs). Awake and
sleep SWRs both contribute to spatial learning and memory, thought to be mediated by the coordinated reactivation of behavioral
experiences in hippocampal-cortical circuits seen during SWRs. Current hypotheses suggest that reactivation contributes to memory
consolidation processes, but whether awake and sleep reactivation are suited to play similar or different roles remains unclear. Here we
addressed that issue by examining the structure of hippocampal (area CA1) and prefrontal (PFC) activity recorded across behavior and
sleep stages in male rats learning a spatial alternation task. We found a striking state difference: prefrontal modulation during awake and
sleep SWRs was surprisingly distinct, with differing patterns of excitation and inhibition. CA1-PFC synchronization was stronger during
awake SWRs, and spatial reactivation, measured using both pairwise and ensemble measures, was more structured for awake SWRs
compared with post-task sleep SWRs. Stronger awake reactivation was observed despite the absence of coordination between network
oscillations, namely hippocampal SWRs and cortical delta and spindle oscillations, which is prevalent during sleep. Finally, awake
CAI1-PEC reactivation was enhanced most prominently during initial learning in a novel environment, suggesting a key role in early
learning. Our results demonstrate significant differences in awake and sleep reactivation in the hippocampal-prefrontal network. These
findings suggest that awake SWRs support accurate memory storage and memory-guided behavior, whereas sleep SWR reactivation is
better suited to support integration of memories across experiences during consolidation.

Key words: hippocampus; prefrontal cortex; reactivation; sharp-wave ripple; sleep; spatial learning

(s )

Hippocampal sharp-wave ripples (SWRs) occur both in the awake state during behavior and in the sleep state after behavior.
Awake and sleep SWRs are associated with memory reactivation and are important for learning, but their specific memory
functions remain unclear. Here, we found profound differences in hippocampal-cortical reactivation during awake and sleep
SWRs, with key implications for their roles in memory. Awake reactivation is a higher-fidelity representation of behavioral
experiences, and is enhanced during early learning, without requiring coordination of network oscillations that is seen during
sleep. Our findings suggest that awake reactivation is ideally suited to support initial memory formation, retrieval and planning,
whereas sleep reactivation may play a broader role in integrating memories across experiences during consolidation. j

ignificance Statement

in using past experiences to guide behavior (Eichenbaum and
Cohen, 2001; Tse et al., 2011; Shin and Jadhav, 2016). The

Introduction
The hippocampus and prefrontal cortex (PFC) are required for

encoding, storage, and retrieval of memories, and play a key role
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physiological mechanisms that mediate hippocampal-prefrontal
interactions, and the specific role they play in memory, are therefore
of great interest. One prominent network pattern that mediates
hippocampal-prefrontal interactions is hippocampal sharp-wave
ripples (SWRs; or ripples), high-frequency (150-250 Hz) tran-
sient oscillations (~100 ms) seen during slow-wave sleep (SWS),
and in the awake state during consummation and immobility
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(Battaglia et al., 2011; Carr et al., 2011; Buzsdki, 2015; Colgin,
20165 Shin and Jadhav, 2016). These highly synchronized events
are associated with reactivation of behavioral experiences; fast
time scale replay of hippocampal place cell activity (Wilson and
McNaughton, 1994; Foster and Wilson, 2006; O’Neill et al., 2008;
Karlsson and Frank, 2009), which is coordinated with cortical
activity (Ji and Wilson, 2007; Peyrache et al., 2009; Wierzynski et
al., 2009; Jadhav et al., 2016; Wang and Ikemoto, 2016). SWR
reactivation during both sleep and waking states is thought to
play critical roles in memory.

Sleep reactivation is hypothesized to support memory consol-
idation by strengthening hippocampal-cortical memory traces
(Buzséki, 1996; Sutherland and McNaughton, 2000; Inostroza
and Born, 2013). During SWS, hippocampal SWRs are coordi-
nated with cortical spindles (12-18 Hz) and delta (1-4 Hz) oscil-
lations, causing widespread modulation throughout the brain
(Siapas and Wilson, 1998; Sirota et al., 2003; Logothetis et al.,
2012; Inostroza and Born, 2013; Staresina et al., 2015). This co-
ordination is thought to be important for consolidation; disrupt-
ing sleep SWRs impairs incremental spatial learning (Girardeau
et al., 2009; Ego-Stengel and Wilson, 2010), whereas memory is
enhanced by boosting coordinated oscillations and reactivation
(Marshall et al., 2006; Rasch et al., 2007; Bendor and Wilson,
2012; Maingret et al., 2016). Hippocampal-prefrontal coordi-
nation, in particular, is thought to be crucial for long-term
memory storage and also schema formation by integrating
across experiences (Wiltgen et al., 2004; Tse et al., 2011; Gen-
zel etal., 2014). Indeed, reactivation of behavioral experiences
during sleep is observed in prefrontal ensembles, and coin-
cides with hippocampal SWRs (Euston et al., 2007; Peyrache et
al., 2009).

Awake reactivation, on the other hand, has been hypothesized
to support not just consolidation, but also retrieval and memory-
guided decision-making (O’Neill et al., 2010; Carr et al., 2011).
Awake SWRs occur prominently during pauses in exploratory
behavior, are upregulated by novelty and reward, and associated
hippocampal replay events continually reactivate ongoing behav-
ioral experiences from immediate past as well as upcoming tra-
jectories and novel shortcut sequences (Foster and Wilson, 2006;
Cheng and Frank, 2008; Karlsson and Frank, 2009; Singer and
Frank, 2009; Gupta et al., 2010; Pfeiffer and Foster, 2013). This
proposed role of awake SWRs in reinforcement learning, re-
trieval, and prospective decision-making suggests prefrontal
involvement (Yu and Frank, 2015; Shin and Jadhav, 2016). In
support of this possibility, we have previously shown that awake
SWRs mediate coordinated hippocampal-prefrontal reactivation
(Jadhav et al., 2016), and disrupting awake SWRs impairs spatial
learning that requires integration across space and time (Jadhav
etal., 2012).

The importance of awake and sleep SWRs in learning and
memory-guided behavior is thus well established, but the specific
role that each type of reactivation plays remains unclear. More
structured hippocampal reactivation in awake compared with
rest periods has been observed (Karlsson and Frank, 2009; Gros-
mark and Buzsaki, 2016), but activity outside the hippocampus
and changes over learning have not been studied. Broadly, de-
spite the differences in neuromodulatory tone between waking
and sleep (Diekelmann and Born, 2010) and the different behav-
ioral and internal contexts (Carr et al., 2011; Roumis and Frank,
2015), hippocampal-cortical reactivation in the two states during
learning has not been directly compared. Here, we show that
hippocampal-prefrontal reactivation during awake and sleep
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SWRs is distinct, and awake reactivation is stronger and en-
hanced especially during initial learning.

Materials and Methods

Animals and experimental design. Five male Long—Evans rats (RRID:
RGD_2308852) weighing 450-550 g were used in this study. All proce-
dures were conducted in accordance with the guidelines of the National
Institutes of Health and approved by the Institutional Animal Care and
Use Committees at University of California San Francisco and Brandeis
University. Animals were kept on a 12 h regular light/dark cycle. After
several weeks of habituation to daily handling, animals were pretrained
to seek liquid food rewards (sweetened evaporated milk) on an elevated
linear track as described previously (Jadhav et al., 2012). After animals
alternated on the linear track reliably, they were chronically implanted
with a multi-tetrode drive (see Surgical implantation and electrophysiol-
0gy). Following recovery from the implantation surgery (~5-7 d), ani-
mals were food-deprived to maintain 85-90% of their ad libitum weight
and again pretrained to run on a linear track. At ~14 d after implanta-
tion, animals were introduced to the W-track for the first time when the
recording started, and gradually learned the task rules to get rewards over
multiple training sessions (see Behavioral task). Following the conclusion
of the experiments, we made microlesions through each electrode tip to
mark recording locations.

Behavioral task. Rats learned a W-track spatial task over multiple train-
ing sessions either across 5 d (n = 3 rats, multiday animals), or within a
single day (n = 2 rats, single-day animals). Figure 1 shows the behavior
paradigm and experimental design. All animals ran 15-20 min sessions
on a W-track interleaved with 30 —40 min rest sessions in a sleep box. For
the multiday training (Jadhav et al., 2016), animals performed two run
sessions per day for 5 d. Data from the behavioral periods for these three
multiday animals has been presented previously to demonstrate coordi-
nated reactivation of hippocampal (area CA1)-PFC behavioral activity
during awake SWRs (Jadhav et al., 2016). The first and last rest sessions of
each day were used as pre-task sleep and post-task sleep, respectively. All
results presented in the paper remained unchanged using data from just
these multiday animals (data not shown). For the single-day training,
animals performed 8—12 run sessions interleaved with rest sessions. The
first three rest sessions were used as pre-task sleep, and the last two rest
sessions were used as post-task sleep. The rest sessions for single-day
animals were chosen to provide sufficiently long periods of SWS (for the
durations of each sleep state, see Table 2), and we found similar results
with different choices of sessions for pre-task and post-task sleep (see Fig.
4H, where awake reactivation is compared with sleep reactivation in rest
sessions that occur both before and after the run session).

The W-tracks had dimensions of ~80 X 80 cm with ~7-cm-wide
track sections. Three reward food wells were located at the end of three
arms of the W-track. Evaporated milk rewards were automatically deliv-
ered in the food wells triggered by crossing of an infrared beam by the
rat’s nose. Rats had to learn an alternation strategy for rewards (Fig. 1A):
returning to the center well after visits to either side well (inbound com-
ponent), and for choosing the opposite side well from the previous side
trajectory when starting from the center well (outbound component).
During rest sessions, the rat remained undisturbed in a high-walled black
box (~30 X 30 cm), in which animals often slept.

To evaluate learning effects (see Fig. 8), behavioral data were divided
into four performance categories based on subjects’ raw outbound per-
formance (proportion correct; Singer et al., 2013). These categories sep-
arated sessions into periods of (1) the first exposure to the task, (2) initial
learning as the first session that animals performed above chance level of
0.5, (3) early learning performance as the first session that animals per-
formed >75% correct, and (4) well learned performance as the last ses-
sion animals performed >75% correct. For visualization purposes, we
used a state-space model of learning to estimate animals’ performance as
previously described (Jadhav et al., 2012; see Fig. 7A). All five rats per-
formed >75% correct in the W-track task toward the end of learning (see
Figs. 7A, 8A).

Surgical implantation and electrophysiology. Surgical implantation pro-
cedures were as previously described (Jadhav et al., 2012, 2016). Animals
were implanted with a microdrive array with either 21 (multiday ani-
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Figure 1.  Experimental design and neural activity patterns during sleep. A, W-track spatial alternation task. Animals runin a
W-shaped maze with a center arm and two outer arms, and learn to alternate between these three arms to get reward (see
Materials and Methods). B, Schematic of one recording block, including 15—-20 min W-track sessions, interleaved with 30 — 40 min
rest sessionsin the sleep box. €, Recording timelines for multiday training (top) and single-day training (bottom). All animals (n =
5rats) were naive to the novel W-track before training. For multiday training, animals (n = 3) performed two run sessions per day,
and the first and last rest sessions of each day were used as pre-task sleep and post-task sleep. For single-day training, animals
(n = 2) learned the task over eight run sessions within a single day, for which the first three rest sessions were used as pre-task
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mals) or 32 (single-day animals) indepen-
dently moveable tetrodes at the following
coordinates: right dorsal hippocampal region
CA1(—3.6 mm AP and 2.2 mm ML), right PFC
(4+3.0 mm AP and 0.7 mm ML), and interme-
diate CA1 (—6.3 mm AP and 5.5 mm ML, in 2
multiday animals).

On the days following surgery, hippocampal
tetrodes were gradually advanced to the desired
depths. Hippocampal cell layer was identified
by characteristic EEG patterns (sharp wave
polarity, theta modulation) and neural firing
patterns as previously described (Jadhav et al.,
2012, 2016). For multiday animals, tetrode
positions were adjusted after each day’s record-
ings. For each animal, one tetrode in corpus
callosum served as hippocampal reference
(REF) tetrode, and another tetrode in overly-
ing cortical regions served as prefrontal REF
tetrode. The reference tetrodes were also refer-
enced to a ground (GND) screw installed in
skull overlying cerebellum.

Electrophysiological recordings were per-
formed using either an NSpike system (L.M.F.
and J. MacArthur, Harvard Instrumentation
Design Laboratory, Cambridge, MA; for mul-
tiday animals) or a SpikeGadgets system (for
single-day animals). Spike data were sampled
at 30 kHz and bandpass filtered between 300 or
600 Hz and 6 kHz. Local field potentials (LFPs)
were sampled at 1.5 kHz and bandpass filtered
between 0.5 and 400 Hz. During recordings,
the animal’s position and speed were recorded
with an overhead monochrome CCD camera
(30 fps) and tracked by the LEDs affixed to the
headstage. Spikes were sorted as previously de-
scribed (Jadhavetal., 2012, 2016). In brief, sin-
gle units were identified by clustering spikes
using peak amplitude, principal components,
and spike width (MatClust, M. P. Karlsson).
Only well isolated neurons with stable spiking
waveforms were included.

Unit inclusion. Units included in analyses
fired at least 100 spikes in each session. Putative
interneurons were identified on the basis of av-
erage firing rate and/or spike width as previ-
ously described (Jadhav et al., 2016) and were
excluded from all analyses. A peak rate was de-

<«

sleep, and the last two rest sessions were used as post-task
sleep. The rest sessions for single-day animals were chosen to
provide sufficiently long periods of SWS (Table 2), and we
found similar results using only the multiday animals (data not
shown). D, CA1 and PFC neuronal firing patterns in REM and
SWS stages. SWS and REM stages were segregated using the
ratio of theta and delta power (bottom). Simultaneously re-
corded spiking activity of PFC (blue ticks) and CA1 (black ticks)
neurons is shown along with ripple-filtered CA1 LFP (green;
150250 Hz). REM stage is characterized by the enhanced
theta power and associated theta-modulated firing of CAT py-
ramidal cells (note enhanced theta— delta ratio in the bottom
plot, and horizontal stripes during REM in the CA1 raster plot).
In SWS stage, characteristic large amplitude ripples (in ripple-
filtered LFPs) are observed, coincident with bursts of activity of
the CA1 pyramidal cells (note the vertical stripes in the raster
plot). Top, An expanded example of CA1 bursting events dur-
ing SWRs.
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Figure 2.  PFC modulation differs for awake and sleep hippocampal SWRs. A, CA1 SWR-aligned raster plots (top) and corresponding PSTHs (bottom) of four example PFC neurons

showing differing modulation. Awake-SWR-inhibited neurons (Cells 1and 2) show significant excitation during sleep SWRs. The responses of the two awake-SWR-excited neurons (Cells
3 and 4) become either less modulated (Cell 3) or inhibited (Cell 4) during sleep SWRs. Horizontal dashed lines: mean firing rates in the entire session. POST-Sleep, Post-task sleep.
B, Z-scored SWR-triggered PSTHs of all PFC cells during awake SWRs and post-task sleep SWRs. Each row represents one PFC cell. Note that the data from the same PFCneurons are plotted
in Bi-Biii. Neurons in Bi and Bii are sorted by their mean firing rates in a 0200 ms window after awake SWR onset, whereas neurons in Biii are sorted by their mean firing rates in a
0-200 ms window after post-task sleep SWR onset. ¢, Modulation of PFC responses during awake SWRs and sleep SWRs is not correlated (n = 193 cells; r = 0.029, p = 0.68, Spearman
correlation). Colors indicate the types/categories of modulation during awake SWRs. D, SWR modulation indexes of PFC cells belonging to different categories of awake-SWR-modulated
populations are shown during pre-task sleep (open bars), wakefulness (solid bars), and post-task sleep (hatched bars). Note that awake SWR-inhibited cells (blue bars) become
significantly excited during post-task sleep SWRs, but not pre-task sleep SWRs (*p << 0.05, ****p << 0.0001; rank sum test for differences from 0). E, Population-averaged SWR-triggered
PSTHs for awake-SWR-inhibited cells (n = 38) during pre-task sleep SWRs (bottom left), awake SWRs (top right), and post-task sleep SWRs (bottom right). Shadings, SEM; vertical
dashed lines, SWR onset; horizontal dashed lines, zero (Z-score). F, Mean firing rates of PFC cells during awake and sleep SWRs. Firing rates were overall higher during awake SWRs than
sleep SWRs (***p = 0.0003, Wilcoxon signed rank paired test), but importantly, firing rates were similar for SWR-inhibited versus SWR-excited PFC cells during both awake and sleep
SWRs (**p = 0.0038; Kruskal-Wallis test, Dunn’s post hoc). G, Spatial sparsity does not differ among different SWR-modulated PFC populations (n = 39, 47, 38, and 20 cells,
respectively, for awake-SWR-excited, POST-SWR-excited, awake-SWR-inhibited, and POST-SWR-inhibited cells), illustrating no difference between basic spatial coding properties of
SWR-inhibited and SWR-excited neurons in awake and sleep states (p = 0.21, Kruskal-Wallis test). Spatial sparsity is calculated as a fraction of linearized place field with a firing rate
>25% of its peak rate (Jadhav et al., 2016). H, Immobility coding of awake-SWR-modulated PFC cells, showing the firing rate bias quantifying difference during pre-SWR periods and
high-speed (>10 cm/s) periods. Note that compared with awake-SWR-excited cells, awake-SWR-inhibited cells were more active during periods of immobility when SWRs are
prominent, as reported previously (Jadhav et al., 2016). **p = 0.004, rank sum test. /, J, Immobility coding of sleep-SWR-modulated PFC cells. I, Examples of spatial firing maps in the
sleep box of two sleep-SWR-inhibited (left) and two sleep-SWR-excited (right) PFC cells. Data from waking periods in the box is plotted. Top, The gray lines represent all the visited
locations, and the black dots indicate the positions where the cell fired. Numbers on top right of each plot denote total number of spikes. Bottom, Corresponding spatial firing maps.
Numbers on top right of each plot denote peak spatial firing rate. Each red circle indicates the nesting position (5 cm radius) of the animal for a sleep period (>5 min) detected in the same
recording session. The difference in the firing rates within (Nest IN) and outside (Nest OUT) the encircled regions was computed as the specificity index, varying between —1and 1, as
previously described (Kay et al., 2016). Note the enhanced Nest-IN firing of sleep-SWR-inhibited PFC cells. J, Nesting position specificity indexes in sleep-SWR-excited (n = 51) and
-inhibited (n = 24) PFCpopulations. Only cells recorded from a rest session with at least one sleep period >5 min (determined by the animal’s head speed; see Materials and Methods)
are included. Note that sleep-SWR-inhibited cells showed significantly stronger Nest-IN firing than sleep-SWR-excited cells. **p = 0.005, rank sum test.

fined as the maximum rate across all spatial bins in the linearized spatial
map (see Spatial maps). A peak rate of 3 Hz or greater was required for a
cell to be considered a place cell. For across-session comparisons (Fig. 2),
only cells that were recorded continuously across all these sessions with
stable spiking waveforms were included, unless otherwise specified.
Table 1 shows the distribution of cells across animals. All our results were
similar with exclusion of intermediate CA1 cells (n = 31 of total 346 CA1
cells; data not shown).

Sleep state identification. Animals’ head speed, hippocampal, and pre-
frontal LFPs were used to classify sleep states into NREM/SWS and REM
sleep periods using established methods (Mizuseki et al., 2011; Kay et al.,
2016; Fig. 1D). In the sleep box, awake periods were identified as times
with head speed >4 cm/s (threshold speed), in addition to times <4 cm/s
within 7 s after active moving (speed greater than threshold). Candidate
sleep periods were identified as times with head speed <4 cm/s preceded
by a 1 min immobility period (speed less than threshold). SWS/NREM
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Table 1. Cell distribution across animals

PFC cells
SWR-excited SWR-inhibited
Animal ~ CAlcells Al PRE AWAKE  POST ~ PRE  AWAKE  POST
HPa 99 37 12 1 13 2 1 1
HPb 131 69 18 12 17 7 8 4
HPc 61 49 1 5 3 4 5 5
ER1 22 21 5 7 8 2 8 5
KL8 33 24 3 4 6 3 6 5
Total 346 193 39 39 47 18 38 20

Summary of the number of CA1 and PFC excitatory cells recorded from each animal. Only the cells present across all
analyzed sessions per day and meeting the inclusion criteria (see Materials and Methods) are reported here. PRE,
Pre-task sleep session; AWAKE, W-track session; POST, post-task sleep session.

and REM were further separated within candidate sleep periods. Briefly,
theta (6—12 Hz) and delta (1-4 Hz) power was bandpass filtered and
averaged from all available CA1 tetrodes (referenced to GND). A thresh-
old (mean + 1 SD) of the theta/delta ratio was automatically set to
separate SWS/NREM and REM sleep states. LFP and position data for
each sleep state were also visually inspected for accuracy.

SWR detection and modulation. SWRs were detected as previously de-
scribed (Cheng and Frank, 2008; Jadhav et al., 2016). Briefly, LFPs from
multiple CA1 tetrodes were filtered into the ripple band (150-250 Hz)
and the envelope of bandpassed LFPs was determined by Hilbert
transform. SWRs were initially detected when the envelope exceeded
a threshold (mean + 3 SD) on at least one tetrode. Detection of SWRs
was performed only when the animals’ head speed was <4 cm/s. SWR
events were then defined as times around the initially detected events
during which the envelope exceeded the mean. The duration of a SWR
event was defined as the difference between its onset and offset and the
amplitude was defined in terms of exceeded SDs above the mean (SWR
properties summarized in Fig. 4F). For sleep analysis, only SWRs that
occurred in SWS periods were included. For SWR-triggered rasters, peri-
stimulus time histograms (PSTHs), and spectral analysis, only SWRs
separated from others by at least 500 ms were included.

For SWR modulation analysis (Fig. 2), spikes were aligned to SWR
onset resulting in SWR-aligned rasters. Cells with <50 spikes in the
SWR-aligned rasters were excluded from these analyses. To determine
the significance of SWR modulation, we created 5000 shuffled rasters by
circularly shifting spikes with a random jitter around each SWR, and
defined a baseline response as the mean of all shuffled responses (Jadhav
etal., 2016). We then compared the response in a 0—200 ms window after
SWR onset (SWR response) to the baseline. We considered a cell as
SWR-modulated when the mean squared difference of its actual SWR
response from the baseline was >95% of the mean squared difference of
its shuffled response from the baseline (i.e., p < 0.05). SWR-modulated
PFC neurons were further categorized as SWR-excited or SWR-inhibited
by comparing the rate in a 0-200 ms window after SWR onset, with the
rate in a pre-SWR background window (—500 to —100 ms before SWR
onset; pre-SWR periods). SWR modulation latency (rise or fall time; Fig.
3B) was defined as the time when the SWR-aligned PSTH first increased/
decreased 1 SD away from its mean.

Spatial maps. Two-dimensional occupancy-normalized spatial maps
were constructed with 2 cm (W-track) or 1 cm (sleep box) square bins
and smoothed with a 2D Gaussian (o = 8 cm for W-track; o = 2 cm for
sleep box), except that no smoothing was performed for nesting position
analysis (Fig. 2I'). Data from SWR periods (see SWR detection and mod-
ulation) were excluded from spatial map analysis. To measure the spatial
correlation of a cell pair, the 2D position data were converted to linear
positions measured as the distance along the track from the reward well
on the center arm, which was further classified as belonging to one of four
possible trajectories (i.e., center to left arm, left arm to center, center to
right arm, right arm to center; Fig. 1A). Spatial correlation of a cell pair
was defined as the Pearson’s correlation coefficient between their linear-
ized spatial maps.

Spatial and behavior coding properties. The sparsity of spatial firing
distribution was measured using the linearized spatial maps (see Spatial
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maps) as the relative proportion of the map >25% of its peak rate. To
analyze the immobility coding during W-track behavior sessions, we
compared the firing rates during pre-SWR periods and high-speed mov-
ing periods as previously described (Fig. 2H; Jadhav et al., 2016). The
pre-SWR firing rate was defined as the firing rate in a —500 to —100 ms
time window before SWR onset, and the high-speed firing rate was de-
fined as the firing rate when the animals’ head speed was >10 cm/s. The
firing rate bias was then defined as (pre-SWR rate — high-speed rate)/
(pre-SWRrate + high-speed rate). For nesting position coding (Fig. 2L, J;
Kay et al., 2016), we calculated the spatial firing map using the activity
during waking periods in the sleep box (see Spatial maps). During these
waking periods, the total number of spikes and total time spent at posi-
tions <5 cm from the animals” head position at the beginning of the sleep
periods (nesting positions) were defined as Nest IN, whereas Nest OUT
was defined as >5 cm. Only periods with >5 min continuous sleep (see
Sleep state identification) were used to define the nesting positions. Nest
IN and OUT firing rates ( fy and fo) were calculated as the total
number of spikes in either the Nest IN or OUT period divided by the total
time of that period. The nesting position specificity index was then de-
rived as 2f/( fin + four) — 1.

Theta/SWR cross-covariance and SWR co-firing. Theta periods were
assigned based on a speed criterion of >5 cm/s and no SWRs detected
on any of the CA1 tetrodes with a 3 SD criterion (Jadhav et al., 2016).
Standardized cross-covariance during theta periods was computed for
pairs of neurons as in previous reports (Siapas et al., 2005; Jadhav et al.,
2016): cross-correlation was first computed using 10 ms bins, cross-
covariance was then estimated by removing the expected rate of coinci-
dence in each bin, normalized by the mean firing rates of the neurons, the
bin size, and the total length of theta periods, and followed by smoothing
(50 ms Gaussian window, o = 16.7 ms). The peak of the standardized
theta cross-covariance was determined in a = 200 ms window ~0 ms lag.
SWR cross-covariance (Fig. 3) was calculated in a similar way as theta
cross-covariance, except that it was computed from the SWR-aligned
rasters using a 1 ms bin.

SWR correlations between cell pairs (Fig. 4A—D) were measured as the
cross-correlation between the spike trains of the two neurons during
SWR periods using 2 ms bins, normalized by their mean firing rates and
the bin size, and smoothed (11 ms Gaussian window, o = 2 ms; Euston et
al.,2007; Cheng and Frank, 2008). Coactivation of cell pairs during SWRs
was calculated as SWR co-firing as previously reported (O’Neill et al.,
2008). Specifically, we took spikes occurring during SWR events (see
SWR detection and modulation), divided them into 50 ms bins, and
calculated the Pearson’s correlation coefficient of the spike trains. Cells
that did not respond (no spikes) during SWRs were excluded from these
analyses.

Replay decoding. Replay decoding was implemented as previously de-
scribed (Fig. 5A-C; Karlsson and Frank, 2009). Candidate events were
defined as SWR events during which at least 5 place cells fired. To analyze
replay, each candidate event was divided into 10 ms bins and a simple
Bayesian decoder was used to calculated the probability of animals’
position given the observed spikes (the posterior probability matrix):
P(X | spikes) = P(spikes | X)P(X)/P(spikes), where X is the set of all
locations in the environment (spatial bin = 2 ¢cm) and we assumed a
uniform prior probability of X. To determine P(spikes | X), we assumed
the firing rates of all N cells are independent and Poisson distributed:

spikes;  —1f,(X)
(Tfi(X)™™" e

. _ N : = IV
P(spikes|X) = I\, P(spikes;| X) =TI, spikes,!

>

where 7 is the duration of the time window (i.e., 10 ms), f;(X) is the
expected firing rate of the ith cell as a function of sampled locations X and
spikes; is the number of spikes of the ith cell in the time window. There-
fore, the posterior probability matrix can be derived as follows:

P(X | spikes) = C(ILL, £(X)™"“)e” ™11,

where Cis a normalization constant. We generated four posterior prob-
ability matrices for the four possible trajectories (Fig. 1A). The assess-
ment of replay events for significance was implemented as previously
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Figure 3.  Stronger CA1-PFC coordination during awake SWRs than sleep SWRs. A, Population-averaged SWR-triggered PSTHs for CA1, PFC SWR-excited, and PFC SWR-inhibited cells during
wakefulness (top) and post-task sleep (bottom). Shadings, SEM. Dashed PSTH curves, responses do not significantly differ from the baseline (i.e., mean firing rate during — 500 to — 100 ms before
SWRonset; p > 0.05, Friedman test with Dunn’s post hoc). B, Distributions of rise/fall time of SWR modulation for CA1, PFC SWR-excited, and PFC SWR-inhibited cells during awake SWRs (top) and
post-task sleep SWRs (bottom). The latency of awake-SWR-excited PFC population occurred later than that of CA1 population ( p = 0.0018), whereas the distributions for sleep-SWR-excited PFCand
CA1 populations were similar (p = 0.45; rank sum tests). C, Sorted cross-covariances between CA1 and PFC cell pairs during awake SWRs (left two panels) and post-task sleep SWRs (right two
panels). Top, CA1 versus SWR-excited PFC pairs (902 and 1207 pairs for awake and post-task sleep SWRs, respectively), and (bottom) CA1 versus SWR-inhibited PFC pairs (908 and 609 pairs for awake
and post-task sleep SWRs, respectively). Each row shows the cross-covariance between a single pair of cells, scaled so that the peak and valley range from —1to 1. Pairs are sorted by the temporal
lag of their peak/valley cross-covariances (i.e., peak/valley time) for CA1 versus SWR-excited PFC and CA1 versus SWR-inhibited PFC pairs, respectively. Note that there are more cell pairs with a
peak/valley around time = 0 during awake SWRs than sleep SWRs (within a =50 ms window at 0 ms lag, 283/902 and 253/1207 CA1 vs SWR-excited PFC pairs for awake and post-task sleep SWRs:
7 =>5.43and p = 6e—8, ztest for proportions; 300/908 and 74/609 CA1 vs SWR-inhibited PFC pairs for awake and post-task sleep SWRs: Z = 9.25, p = 1e— 64, z test for proportions). D, Peak
and valley time distributions for all CA1 versus SWR-excited PFC pairs (left) and CA1 versus SWR-inhibited PFC pairs (right). The distributions are estimated using kernel density (Gaussian kernel, o =
40 ms). Note that, during awake SWRs, the distributions of both pair types are tightly concentrated ~0 ms lag, indicating stronger synchronization between CA1 and PFC responses (Kurtosis,yaye, excied =
—0.33, kurtosispgs eyciteg = — 0-86; KUTLOSIS .ot inibited = —0-28, KUt0SiSpor inninives = — 1-11; kurtosis is defined to be 0 for Gaussian distributions; comparing awake vs post-task sleep SWRs,
pvalues < Te—10, permutation tests, n = 1000 times). E, Mean cross-covariances during SWRs for all cell pairs of each type. Mean cross-covariance is calculated within a =50 ms window at 0 ms
lag. ****p < 1e—10, rank sum test.

described (Karlsson and Frank, 2009). We drew 10,000 random samples ~ were divided into 100 ms bins and Z-scored, resulted in ngnlplate and
from each posterior probability matrix for each decoded bin and as- Q{’effplme. A (N X M) correlation matrix ( C) of population activity was
signed the sampled locations to that bin. Then, we performed a linear  calculated with each element (C;;) representing the correlation of a CA1-
regression on the bin number versus the location points. The resulting R > PEC cell pair: C; = QiCAI QJPFL/B, where i = N, j = M and B is total
value was then compared with 10,000 regressions in which the order of  number of time bins. Further, a principal component analysis (PCA) was
the temporal bins was shuffled. A candidate event with p < 0.05 versus its applied to matrix C such that C = > ,A,P®, where PY) (N X M) is the
shuffled data was considered as a replay event. The decoded trajectory
was determined as the one (among the four possible trajectories) with the
lowest p value determined by the shuffling procedure.

Ensemble reactivation analysis. For visualization of ensemble reac-
tivation, we calculated reactivation strength as described previously
(Peyrache et al., 2009, 2010; Fig. 5D—F). Particularly, for cross-
regional CA1-PFC analysis, the spike trains of simultaneously recorded
N CA1 place cells and M PFC cells during active behavior (theta periods) R(1) = 2=y, j=m Q' PL QIS

outer product of the /th eigenvectors associated to an eigenvalue A;. To
calculate the reactivation strength during SWRs, matrices Q<*! and
QPF€ were constructed in the same way as Qiemplate> Dut using the spike
trains during SWR events. The reactivation strength based on the first
principal component was computed as follows:
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Figure 4.  More structured pairwise reactivation during awake SWRs than sleep SWRs. A-D, Examples of pairwise reactivation during awake and sleep SWRs. Top, Spatial firing maps for cells
during run sessions; numbers on top right of each plot denote peak spatial firing rate (MAX). Bottom, Cross-correlations for the cell pairs during SWRs; numbers on top left of each plot denote the
spatial correlation (SC) of spatial firing maps. 4, An example CA1-CA1 pair with high spatial correlation; B, an example CA1-CA1 pair with low spatial correlation; C, an example CA1-PFC pair with high
spatial correlation; D, an example CA1-PFCpair with low spatial correlation. £, SWR co-firing of both CA1-CA1 and CA1-PFCpairs was higher during awake SWRs than sleep SWRs. n.s., p > 0.05, *p <
0.05, ****p < 0.0001, rank sum test. F, SWR amplitude (left) and duration (right). Note that SWRs were of shorter duration and lower amplitude during wakefulness than sleep (n.s., p > 0.05,
¥¥¥%¥p < 0.0001, rank sum test). G, SWR co-firing as a function of spatial correlation (left two panels) and peak theta cross-covariance (right two panels). Spatial correlations and peak theta
covariances are divided into six subgroups with equal number of cell pairs (sextiles; total 1762 CA1-CA1 and 1897 CA1-PFC pairs). Both CA1-CA1 and CA1-PFC pairs demonstrate stronger spatial
reactivation during awake SWRs than sleep SWRs (Z = 5.34and p = 9e—8,Z = 2.31and p = 0.02 for CA1-CA1 and CA1-PFC pairs, respectively, comparing correlation coefficients between SWR
co-firing and spatial correlation in awake vs post-task sleep states). H, The stronger reactivation observed during awake SWRs compared with sleep SWRs is not simply due to the order of awake and
sleep sessions. Data are from two single-day animals. To account for the possibility that sleep reactivation can decay with time, we assessed the correlation between spatial correlation and SWR
co-firing in three consecutive sessions (W-track, post-task sleep, and W-track). Because each animal ran eight W-track sessions (Fig. 1(), seven total exploration-sleep-exploration sequences were
analyzed (shown as open circles and connecting lines). Note the stronger correlation for both CA1-CA1 pairs (top) and CA1-PFC pairs (bottom) during awake SWRs than sleep SWRs (n.s., p > 0.05,
*p = 0.0207; Friedman test with Dunn’s post hoc for both CA1-CAT and CAT-PFC comparisons). /, SWR reactivation for all cell pairs indicating timing relationships during CA1-CA1 reactivation. Each
plot shows rows representing the normalized cross-correlations of all cell pairs against their spatial correlations. The cross-correlations are averaged across pairs that have the same spatial
correlation. Left, CA1-CA1 pairs; Right, CA1-PFC pairs. J, Peak SWR-correlation time as a function of spatial correlation (top) and peak theta cross-covariance (bottom). Only CA1-CA1 reactivation
demonstrates strong correlation between peak correlation time vs. spatial corr. (for CA1-CA1 pairs:r = —0.31, —0.19, —0.05and p = Te—39, Te—15, 0.042 for awake, post-task, and pre-task
sleep SWRs, respectively; for CA1-PFC pairs:r = —0.026, —0.05, —0.01,and p = 0.27, 0.04, 0.66 for awake, post-task, and pre-task sleep SWRs, respectively). This timing relationship is stronger
in CA1 for awake SWRs than post-task sleep SWRs (Z = —3.65, p = 0.0003 for awake vs post-task sleep SWRs). Error bars indicate SEM.

CA1

where, Qj;*" is the Z-scored spike count of the ith CA1 neuron at time  to the reactivation strength, a correlation matrix (Cpyp;s N X M for CA1-

point t and Q]—PtF € is for the jth PFC neuron.

A similar measure of ensemble reactivation, equivalent to the average
reactivation strength over time and principal components, was also com-
puted as explained variance (EV; Fig. 5G; Kudrimoti et al., 1999). Similar

PFC ensembles and N X N for CA1-CAl ensembles) of population ac-
tivity during theta periods was calculated. In addition, three correlation
matrices using spike trains during SWR events were, respectively, created
for pre-task sleep, W-track, and post-task sleep sessions (Cprp> Cawaxe
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Figure5.

More structured ensemble reactivation during awake SWRs than sleep SWRs. A—C, Replay events in CA1 during awake and post-task sleep SWRs. 4, B, Representative replay sequences

of CA1 neurons during awake SWRs (4) and post-task sleep SWRs (B). Top, Linearized place fields of simultaneously recorded CA1 cells (color-coded) on the decoded trajectory. Middle, Sequential
spiking during SWRs for the neurons shown on the corresponding top panel. Bottom, Position reconstruction for the corresponding replay events with the color scale indicating posterior probabilities
of position. Note that an example reverse replay during awake SWRs s shown in 4 (right). €, The proportion of significant replay events in CAT is higher during awake SWRs than sleep SWRs (*p <
0.05,**p < 0.01, ****p < 0.0001; z test). D—F, Example reactivation strength of CA1-PFC ensembles during awake and sleep SWRs. D, The 8 PFCand 20 CA1 neurons simultaneously recorded are ordered
and color-coded to highlight neurons with high PCweights (blue, PFC cells with strong negative weights; red, PFC cells with strong positive weights; black, CA1 cells with strong negative weights; green, CA1 cells
with strong positive weights). E, Reactivation strength of the first signal component is greatly enhanced during awake SWRs (middle) compared with pre-task (top) and post-task (bottom) sleep SWRs.
F, Example synchronous events (blue shadings) of CA1-PFC ensembles (same color code as in D) associated with the peaks shown in E (ticks: =1 spike within 100 ms bins). G, Explained variances of CA1-PFC
(left) and CA1-CA1 (right) ensembles during awake and sleep SWRs (**p << 0.01, ***p < 0.001, ****p < 0.0001; Wilcoxon signed rank paired test). Error bars indicate SEM.

Cpost)- These correlation matrices were further rearranged into a vector
(note that because CA1-CA1l correlation matrices are symmetric, only
the lower off-diagonal elements were used). To evaluate the similarity of
the activity during SWRs and active movement, we calculated the Pear-
son’s correlation coefficient between the vectors of SWR correlation ma-
trices (Cprp> Cawake> Cpost) and Crxp, obtaining Rexp pres Rexpawakes
and Rexp post- Note that Rpxp yrarcpr can also be expressed as the aver-
age reactivation strength over time and principal components (Peyrache
etal., 2010):

1 B .
Rixpmarcn = ﬁzizlzl )\IR}\/[ATCH(t),

where MATCH periods could be PRE, AWAKE, or POST SWR peri-
ods, B’ is the total number of time bins during MATCH periods, and
RMATCH (1) is the reactivation strength based on the Ith principal com-
ponent at time point t during MATCH periods. The explained vari-
ance of post-task sleep SWRs is further calculated as a partial
correlation coefficient to subtract any pre-existing effects:

REXP,POST -

2
REXP,PRERPRE,POST
EVPOST REXP POST\PRE

2
V1 = Rixpprey1 — R%’RE,POST

Similarly, we calculated Riyxp awake |pre as the explained variance of
awake SWRs. We used the reversed-EV as the explained variance of pre-
task sleep SWRs:

— 2
EVPRE - REXP,PRE | POST*

Spectral analysis. All LFPs were referenced to GND for spectra analysis.
Wavelet spectral analyses were used to calculate power spectra for LFPs in
CA1 and PEC (84 levels, 1-300 Hz, Morlet wavelets; Time-Frequency
Toolbox, http://tftb.nongnu.org; Fig. 6 A, B), and power at each level of
the wavelet transform was individually Z-scored. To investigate the
temporal relationship between hippocampal ripples and prefrontal
spindle/delta, all LFPs were first bandpass filtered (delta, 1-4 Hz;
spindle, 12-18 Hz; ripple, 150—250 Hz) and the envelope was identi-
fied using the Hilbert transform. For SWR-triggered power (Fig. 6C—
E), the Z-scored envelopes were used and averaged across all SWRs.
For cross-correlation (Fig. 6 F,G), the envelopes were squared and
calculated in overlapping 1 s window, which were log-transformed
and cross-correlated as in previously reports (Siapas and Wilson,
1998; Sirota et al., 2003).

Statistical analysis. Data analysis was performed using custom routines
in MATLAB (MathWorks; RRID:SCR_001622). We used nonparametric
tests and two-tailed for statistical comparisons throughout the paper
unless otherwise noted. To test for differences among multiple groups,
we used either Kruskal-Wallis or Friedman test. Post hoc analysis was
performed using Dunn’s test. p < 0.05 was considered the cutoff for
statistical significance. All values reported are mean = SEM unless oth-
erwise noted.
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Figure 6.  Network oscillations during awake and sleep SWRs. 4, B, SWR-triggered average wavelet power spectrum of CA1 LFP () and PFC LFP (B) during pre-task sleep (left), wakefulness
(middle), and post-task sleep (right). The spectrograms were Z-scored by the average power of each frequency in a given session. Note the increased delta (1—4 Hz) and spindle (12—18 Hz) power
in CAT and PFC during sleep SWRs. C—E, Mean SWR-triggered envelope amplitude of ripple band (150 —250 Hz) in CA1 (C), and spindle (D) and delta (E) bands in PFC. The envelopes were derived
from the Hilbert transform and Z-scored by the average amplitude in a given session. F, G, Averaged cross-correlograms of CA1 ripple power versus PFCspindle (F) and delta (G) power. Note that there
is stronger spindle-ripple and delta-ripple coordination during SWS (or NREM). All the results are averaged across all tetrodes (n = 138 CA1 tetrodes and 56 PFC tetrodes) and animals (n = 5 rats)

for all sessions. Data from pre-task and post-task sleep were combined for the sleep results shown in (-G. Shadings in (—G indicate SEM.

Results
We used multisite, multielectrode recordings to simultaneously

Table 2. Sleep parameters

Pre-task sleep Post-task sleep

record the activity of neurons in dorsal CA1 region of hippocam- Total Total
. ) sleep SWSor sleep SWSor

pus and medial prefrontal cortex of rats learning a W-track spa- ) . .

R X K X . Animal Day time NREM REM time NREM REM
tial alternation task (Fig. 1A), as previously described (Jadhav et
al., 2016). The task requires animals to visit the two outer arms of ~ HPa 1280 244 3.60 19.2 18.2 1.00
the W-track in an alternating sequence (outbound component), § ;82 g;‘g ;gé ggg g;‘? ggg
1nte.3rleaved with visits to t.he cent.er arm (1anund .comp.ope.nt). 4306 303 0.20 190 185 056
Animals learned the task in multiple run sessions in an initially 5214 207 0.62 231 27 0.33
novel environment, either over a period of 5 d (multiday/5-day  Hpp 1297 28.4 127 28.4 27.0 144
learning, n = 3 animals, 2 run sessions each day; Jadhav et al., 2 243 243 0 30.0 289 1.06
2016), or over the course of a single day (single-day learning, n = 3279 26.7 1.20 34.2 320 221
2 animals, 8—12 run sessions), with interleaved sleep sessions 4 268 248 197 324 285 380

. . . 5 248 24.2 0.56 279 24.8 3.07

prior, between and after run sessions (see Materials and Methods; HPe 173 255 178 28 04 347
schematic Qf timeline in.Fig. 1B,C; a'll resul'ts remained un- ) 287 %38 193 %6 31 150
changed using data from just the multiday animals). We mon- 3 258 25.4 0.40 173 172 0
itored activity of CAl and PFC ensembles continuously for 4 278 27.0 0.86 20.1 18.0 2.09
each day of recording over interleaved run and sleep sessions. 5 280 2.1 0.84 203 180 235
A total of 346 CAl neuron and 193 PFC neurons were re- E'E; } 222 zg(z) 200 ;ii ;ig 2?2
corded from five animals (Table 1), excluding a small number Mean == SEM 265413 247412 17405 261+ 14 240 =12 19 = 03

of fast-spiking, narrow-waveform cells, as well as cells with
<100 spikes in a given session (see Materials and Methods; Jad-
hav et al., 2016).

PFC modulation differs for awake and sleep SWRs

Awake and sleep SWRs are both thought to reactivate behavioral
experiences, but whether PFC neurons show similar or different
patterns of modulation, indicative of possible differences in
memory functions, is not known. We therefore first compared
patterns of modulation in PFC neurons during awake and sleep
SWRs. Awake SWRs were detected using movement speed and
power in the ripple band (150-250 Hz) for CAl tetrodes, as
previously reported (Jadhav et al., 2016; see also Materials and

Summary of sleep parameters from each animal recorded on each experiment day. All measures are in minutes.

Methods). To detect sleep SWRs, we first classified REM and SWS
(or NREM) stages in the sleep sessions using a criterion of theta—
delta ratio during immobility, similar to other studies (Mizuseki
etal.,2011; Kayetal., 2016; example of sleep stage classification in
Fig. 1D; details of sleep period lengths in Table 2). Further anal-
ysis was restricted only to SWRs occurring during NREM/SWS
periods (sleep sessions before behavior: Pre-task Sleep, and after
behavior: Post-task Sleep; Fig. 1C).

Surprisingly, we found that PFC neurons showed different
patterns of modulation during sleep SWRs compared with their
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modulation during awake SWRs (Fig. 2 A, B; only post-task sleep
is shown). We previously reported that PFC neurons show
equally prevalent patterns of excitation and inhibition during
awake SWRs (Jadhav et al., 2016), whereas CA1 neurons are
known to be primarily positively modulated during SWR reacti-
vation (Jadhav et al., 2016; Kay et al., 2016). Figure 2A—E illus-
trates the excitation and inhibition of PFC neurons seen during
awake SWRs [SWR-modulated: 40% (77/193), SWR-excited:
20% (39/193), SWR-inhibited: 20% (38/193); see Materials and
Methods for quantification of SWR-modulation; example rasters
and PSTHs in Fig. 2A; population PSTHs in Fig. 2B]. In contrast,
during sleep SWRs, PFC neurons were predominantly excited
[Fig. 2B, C; Table 1; Pre-task Sleep: SWR-modulated: 29% (57/
193), SWR-excited: 20% (39/193), SWR-inhibited: 9% (18/193);
Post-task Sleep: SWR-modulated: 34% (67/193), SWR-excited:
24% (47/193), SWR-inhibited: 10% (20/193); z tests comparing
the proportions of total SWR-modulated PFC cells: Z = 2.14 and
p =0.03,Z=1.05and p = 0.29 for awake SWRs vs Pre-task and
Post-task Sleep SWRs, respectively].

There were significantly fewer SWR-inhibited cells in sleep
compared with the awake state (z tests for the proportions of
SWR-inhibited PFC cells: Z = —2.89 and p = 0.004, Z = —2.56
and p = 0.01 for Pre-task and Post-task Sleep SWRs vs awake
SWRs; z tests for the proportions of SWR-excited PFC cells: Z =
Oandp =1,Z = —0.98 and p = 0.33 for Pre-task and Post-task
Sleep SWRs vs awake SWRs). Remarkably, there was no correla-
tion between awake-SWR modulation and Post-task Sleep-SWR
modulation (Fig. 2C; n = 193 cells, r = 0.029, p = 0.68, Spearman
correlation). Indeed, whereas awake-SWR-excited PFC neurons
overall maintained net positive modulation during both pre-task
and post-task sleep SWRs (p = 0.018 and 0.011 for Pre-task and
Post-task Sleep, respectively, rank sum tests for differences from
0), awake-SWR-inhibited neurons showed a significant bias to
net positive modulation during post-task sleep (p = 0.01), and
showed no overall bias during pre-task sleep (p = 0.69, rank sum
tests for differences from 0; Fig. 2 D, E). We thus found a lack of
correlation between PFC modulation for awake versus sleep
SWRs, with a strong bias toward excitation during sleep. Al-
though the different modulation patterns of PFC neurons might
be driven by global state-dependent network changes during
awake versus sleep states, such as synaptic connectivity, we con-
firmed that this bias was not due to methodological issues, such as
differences in detection of excitation versus inhibition (excitation
strength: 0.095 = 0.010 for awake SWRs; 0.097 % 0.009 for Post-
task Sleep SWRs; inhibition strength: —0.080 = 0.007 for awake
SWRs; —0.081 = 0.008 for Post-task Sleep SWRs; excitation
and inhibition strengths were measured as SWR modulation
index of PFC neurons; p = 0.85 and 0.90 for comparing exci-
tation and inhibition during awake vs Post-task Sleep SWRs,
respectively, rank sum tests), and differences in firing rates
(Fig. 2F). Further, we also did not find any differences in basic
spatial coding properties; spatial sparsity was similar for the
population of awake and sleep SWR-excited and SWR-
inhibited neurons (Fig. 2G).

What coding properties could account for the differences in
the proportions of positively and negatively modulated PFC cells
across states? We had previously reported that awake SWR-
inhibited PFC neurons preferentially encoded periods of
immobility and slow-speed movement, whereas awake SWR-
excited PFC neurons preferentially encoded periods of move-
ment (Jadhav et al., 2016). As expected, we found that awake
SWR-modulated PFC neurons showed preference for immo-
bility (SWR-inhibited PFC neurons) and movement (SWR-
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excited PFC neurons; p = 0.004, rank sum test; Fig. 2H ). We
therefore asked whether similar coding properties explained
the PFC modulation patterns during sleep. Indeed, immobil-
ity coding neurons that encode nesting position of the animal
during sleep have been reported in CA1 and CA2 regions of
hippocampus (Jarosiewicz et al., 2002; Kay et al., 2016). Using
an identical nesting position specificity index (see Materials
and Methods), we found that the small number of sleep SWR-
inhibited neurons in PFC preferentially encoded nesting posi-
tion of the animal compared with sleep SWR-excited PFC
neurons (p = 0.005, rank sum test; Fig. 21,]). Note that these
immobility coding properties explain the elevated pre-SWR fir-
ing relative to baseline rate of SWR-inhibited PFC neurons
shown in Figure 2A (e.g., Cells 1-2 during awake SWRs and Cell
4 during post-task sleep SWRs). Thus, the pattern of inhibition of
PFC neurons was explained best by the movement state coding
properties during both waking behavior and sleep, possibly con-
tributing to differential modulation in the two cases.

Coordination in CA1-PFC network during SWRs

During awake SWR reactivation events, hippocampal-cortical
interaction is manifest in the temporal coordination of CA1 and
PEC spiking, which also points to exchange of information be-
tween the networks during reactivation (Jadhav et al., 2016). The
differences in PFC modulation properties during awake versus
sleep SWRs that we found raise the possibility that relative coor-
dination of CA1 and PFC neurons during SWR-reactivation may
also be different between the two states. We found that within
each category of SWR-modulated PFC neurons (i.e., SWR-
excited or SWR-inhibited), the population response profiles were
similar during awake and sleep SWRs (Fig. 3A, top vs bottom),
except that sleep-excitation of PFC neurons tended to occur ear-
lier relative to SWR-onset (Fig. 3A, bottom). The modulation
latency of neurons, measured as the time of firing rate increase/
decrease to 1 SD above/below the mean (rise or fall time), was also
significantly later for awake-SWR-excited PFC neurons than CA1
neurons (p = 0.0018, rank sum test), whereas the distributions of
CA1l and sleep-SWR-excited PFC neurons were similar (p =
0.45, rank sum test; Fig. 3B; see Materials and Methods). These
average timing profiles suggest a difference in SWR-associated
CA1-PEC coordination, which we tested directly using cross-
covariance analysis of CA1 neurons and SWR-modulated PFC
neurons. Figure 3C shows the normalized cross-covariance dur-
ing awake and post-task sleep SWRs between pairs of CA1 versus
SWR-excited PFC neurons, and CA1 versus SWR-inhibited PFC
neurons, respectively. For both SWR-excited and SWR-inhibited
PFC neurons, CA1-PFC activity showed a stronger clustering of
peaks (or troughs for SWR-inhibited neurons) in cross-covariance
at 0 ms lag for awake SWRs compared with post-task sleep SWRs
(Fig. 3C,D), indicating stronger synchronization and engagement of
activity during awake SWRs. This stronger coordination is also ap-
parent in significant differences in mean cross-covariance in a *
50 ms window at 0 ms lag for awake-modulated versus sleep-
modulated neurons (Fig. 3E; p = 5e—11 for the pairs of CA1l vs
SWR-excited PFC neurons, p = 5e—21 for the pairs of CAl vs
SWR-inhibited PFC neurons, rank sum tests). Thus, in addition
to the differences in single-neuron modulation properties in
PFC, we found stronger coordination in pairwise measures of
CA1-PFC activity during awake SWRs.

Stronger pairwise spatial reactivation during awake SWRs
Reactivation of neural patterns representing behavioral experi-
ence is thought to be important for memory (Battaglia et al.,
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2011; Carr et al., 2011; Buzsédki, 2015; Roumis and Frank, 2015).
The differences in modulation and coordination in the CA1-PFC
network during awake versus sleep SWRs led us to ask whether
reactivation was also different, by directly comparing reactiva-
tion during these two states. We first used a pairwise measure,
which assesses the relationship between spatial correlation and
SWR co-firing to quantify both CA1-CA1 and CA1-PFC spatial
reactivation (Fig. 4). This method is similar to those used previ-
ously to quantify pairwise CA1-CA1 reactivation (O’Neill et al.,
2008) and CA1-PFC reactivation (Jadhav et al., 2016), and tests
whether there is a relationship between the degree of spatial cor-
relation (or place field similarity) between pairs of neurons and
their co-firing during SWRs (see Materials and Methods). Spatial
reactivation in CA1-CAl pairs has been shown to increase in
post-task sleep SWRs relative to pre-task sleep SWRs (O’ Neill et
al., 2008), and spatial reactivation is also seen in CA1-PFC pairs
during awake SWRs (Jadhav et al., 2016). This pairwise measure
quantifies SWR replay of waking experience, thought to be criti-
cal for memory processes (see Discussion).

Examples of pairs of CA1-CAl and CA1-PFC neurons with
high and low spatial correlations are shown in Figure 4A-D,
along with the associated cross-correlations during SWRs (dur-
ing awake, post-task sleep, and pre-task sleep SWRs). As seen in
these examples, the coactivation among CA1-CA1l and CA1-PFC
cell pairs during awake SWRs was higher than that during sleep
SWRs (Fig. 4E), consistent with the results in Figure 3. The stron-
ger coordination during awake SWRs occurred despite shorter
durations and lower amplitudes of awake SWRs compared with
sleep SWRs (Fig. 4F). The effect persisted while controlling for
the durations of SWRs using subsampling (data not shown), con-
firming stronger temporal coordination of spiking during awake-
SWR reactivation.

Moreover, cell pairs with higher spatial correlation tended to
have higher SWR correlation (Fig. 4A vs B, Cvs D). Overall, in the
population, we found that the relationship between spatial cor-
relation and SWR co-firing was stronger for awake SWRs than
sleep SWRs for both CA1-CA1 pairs (Fig. 4G, far left; n = 1762
pairs; r = 0.43, 0.30, 0.08, and p = le—78, 1le—79, 0.013, for
awake, post-task, and pre-task sleep SWRs, respectively; Z =
4.34, p = 8e—5 for awake vs post-task sleep SWRs), and CA1-
PEC pairs (Fig. 4G, middle left; n = 1897 pairs; r = 0.19, 0.05,
0.01,and p = 2e—7,0.046, 0.69 for awake, post-task, and pre-task
sleep SWRs, respectively; Z = 2.23, p = 0.026 for awake vs post-
task sleep SWRs), suggesting stronger spatial reactivation during
awake compared with sleep SWRs. We also observed more struc-
tured awake reactivation compared with sleep reactivation in
both subsequent and preceding rest box sessions for the single-
day animals (Fig. 4H), indicating that the observed differences
are not simply because sleep reactivation degraded with time
(Kudrimoti et al., 1999; Eschenko et al., 2008). Further, we saw
similar results using another measure of behavioral relationships
instead of spatial correlations, namely theta cross-covariance,
which quantifies behavioral correlations between pairs of neu-
rons during hippocampal theta oscillations that predominate
during exploratory behavior (Fig. 4G, middle and far right; r =
0.50, 0.36, 0.07, and p = 1le—113, le—114, 0.002 for CA1-CAl
pairs, and r = 0.14, 0.07, 0.02, and p = 2e—10, 0.002, 0.30 for
CA1-PEC pairs during awake, post-task, and pre-task sleep SWRs,
respectively; Z = 5.34 and p = 9e—8, Z = 2.31, and p = 0.02 for
CAI1-CALl and CAI1-PFC pairs, respectively, comparing awake vs
post-task sleep SWRs).

We also examined whether timing relationships were pre-
served during SWR reactivation. For CA1-CALl pairs, it has been
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shown that there is a correlation between the distance between
place-field peaks (a measure of spatial correlation) and relative
spike timing during SWR reactivation, and this correlation is
stronger during awake periods than post-task quiescence (Karlsson
and Frank, 2009). Figure 41 shows the relationship between spatial
correlation and relative spike timing for all CA1-CA1l and CAl-
PEC pairs during awake, post-task, and pre-task sleep SWRs. The
reactivation of CA1-CAl pairs exhibited an expanding V shape
especially during awake SWRs, indicating a timing relationship.
In contrast, the pattern of CA1-PFC pairwise reactivation showed
a tight concentration at 0 ms lag. To verify the timing relation-
ship, we measured the correlation between the degree of spatial
correlation and the peak time of SWR correlation. For CA1-CAl
pairs, awake SWRs showed stronger correlation than post-task
sleep SWRs (Fig. 4], top left; n = 1762 pairs; r = —0.31, —0.19,
—0.05, and p = 1le—39, le—15, 0.042 for awake, post-task, and
pre-task sleep SWRs, respectively; Z = 3.65, p = 0.0003 for com-
paring correlation coefficients of awake vs post-task sleep SWRs).
We however did not find strong timing reactivation for CA1-PFC
pairs (Fig. 4], top right; n = 1897 pairs; r = —0.026, —0.05,
—0.01, and p = 0.27, 0.04, 0.66 for awake, post-task, and pre-task
sleep SWRs, respectively; Z = 7.32, p = le—12 for comparing
correlation coefficients of CA1-CA1 vs CA1-PFC pairs during
post-task sleep SWRs). This lack of timing reactivation in
CA1-PFC pairs suggests that although there is coordinated
reactivation in the CA1-PFC network, this is unlikely to man-
ifest as reactivation of sequences across regions, but rather as
synchronization of cell assemblies (Peyrache et al., 2009; van
de Ven et al., 2016).

Stronger ensemble reactivation during awake SWRs

Ensemble measures of reactivation have been linked to memory
(Peyrache et al., 2009; van de Ven et al., 2016), so we next asked
whether the stronger reactivation seen in pairwise measures was
also seen in measures of ensemble reactivation, both within CA1
and in the CA1-PFC network. Replay of CAl sequences was
quantified as described previously (Karlsson and Frank, 2009; see
Materials and Methods). Examples of CAl replay sequences,
both in the forward and backward directions, during awake and
sleep SWRs are shown in Figure 5, A and B. We found that there
was a significantly higher fraction of replay events during awake
SWRs than post-task sleep SWRs (Fig. 5C; n = 167/397, 147/455,
116/451 significant replay events of candidate events during
awake, post-task, and pre-task sleep SWRs; Z = 2.95 and p =
0.0032 for awake vs post-task sleep SWRs, and Z = 2.18 and p =
0.029 for post-task vs pre-task sleep SWRs), which has been sug-
gested in previous studies (Karlsson and Frank, 2009; Grosmark
and Buzsdki, 2016). Note that because pre-task sleep sessions did
not necessarily precede the first novel exposure of the environ-
ment (Fig. 1C), the replay events in the pre-task sleep sessions are
not the same as hypothesized preplay events (Dragoi and Tone-
gawa, 2011; Olafsdéttir et al., 2015).

To examine ensemble reactivation in the CA1-PFC network,
we used a measure of synchronization during reactivation of be-
havioral experiences, namely reactivation strength and explained
variance (Kudrimoti et al., 1999; Peyrache et al., 2009, 2010). An
example of computation of reactivation strength of CA1-PFC
ensemble is shown in Figure 5D-F. Briefly, during W-track wak-
ing behavior, PCA was applied to the cross-correlation matrix of
simultaneously recorded CA1 and PFC spike trains binned at 100
ms as previously described (Peyrache et al., 2009). The principal
components (PCs) described the contribution of each neuron to
the identified ensemble (PC weight; Fig. 5D). At a given bin of
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SWR time, reactivation strength assesses the similarity between
the identified coactivation patterns during waking behavior and
the SWR period neural activity (reactivation of signal component
in Fig. 5D is shown in E; see Materials and Methods). These peaks
of reactivation strength correspond to synchronous spiking
events of principal CA1 and PFC neurons during SWRs (Fig. 5F).
Notably, these synchronous events reappeared more frequently
and strongly during awake SWRs than sleep SWRs (Fig. 5E). To
quantify the difference in synchrony during awake and sleep
SWR reactivation, we further computed the average reactivation
strength (Peyrache et al., 2010) or EV (Kudrimoti et al., 1999).
We found that for both CA1 and CA1-PFC ensembles, awake
SWRs had significantly higher values of explained variance than
post-task sleep SWRs (Fig. 5G; n = 34 run sessions and 17 pre-
task/post-task sleep sessions; p = 8e—5 and 0.0001 for CA1 en-
sembles and CA1-PFC ensembles, respectively, comparing awake
vs post-task sleep; p = 7e—7 and 0.0026 for CA1 ensembles and
CA1-PFC ensembles, respectively, comparing pre-task vs post-
task sleep; Wilcoxon signed rank paired tests). Note that these
measures focus on synchronized activity in CA1-PFC ensembles,
using a time-scale equivalent to the bin size (similar results were
obtained using a bin size of 50 ms). We therefore found that even
at an ensemble level, reactivation was stronger during awake
SWRs than sleep SWRs.

Network oscillations during awake and sleep SWRs
Coordination of cortical delta (1-4 Hz) and spindle (12-18 Hz)
oscillations with SWRs is a prominent feature of sleep reactiva-
tion (Siapas and Wilson, 1998; Sirota et al., 2003; Peyrache et al.,
2011; Maingret et al., 2016; Miyawaki and Diba, 2016; Rothschild
etal., 2017), and this coordination is thought to be important for
memory consolidation (Sejnowski and Destexhe, 2000; Inostroza
and Born, 2013; Maingret et al., 2016). Because we observed
stronger reactivation during awake SWRs, we next asked whether
there are any differences in coordination of network oscillations
during awake versus sleep SWRs. Indeed, we found increases in
spindle and delta power during sleep SWRs (see Materials and
Methods for details of spectral analysis). Figure 6, A and B, shows
the averaged SWR-aligned spectrograms in CAl and PFC, re-
spectively (n = 138 CAl tetrodes and 56 PFC tetrodes in 34
sessions for awake, 17 sessions for pre-task/post-task sleep). Un-
like sleep SWRs, awake SWRs did not show a corresponding
increase in cortical spindle and delta band power (Fig. 6B). We
further examined the average cortical power in different fre-
quency bands around SWRs (using envelope amplitude in a given
frequency band derived from the Hilbert transform; see Materials
and Methods), and found significant differences in cortical spin-
dle and delta power during awake versus sleep SWRs (Fig. 6 D, E;
p = le—14 and le—25 for spindle and delta power in a *1's
window around awake vs sleep SWRs, rank sum tests). To inves-
tigate the coordination between spindle/delta and ripples, we cal-
culated their cross-correlations (Siapas and Wilson, 1998; Sirota
et al., 2003; see Materials and Methods). We found the spindle-
ripple coordination and the delta-ripple coordination during
SWS (or NREM) was significantly enhanced compared with
wakefulness (Fig. 6 F, G; p = le—76 and 1e—94 for spindle-ripple
and delta-ripple correlation coefficientsina =1 s window at 0 ms
lag, rank sum tests).

Thus, coordination between hippocampal SWRs and cortical
delta and spindle oscillations that is seen during sleep was not
observed during awake SWRs, even though we found that
reactivation was stronger during awake SWRs (Figs. 3-5).
These results therefore indicate that coordination of hippocampal-
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cortical network oscillations, a prominent feature of sleep reacti-
vation, is not required for coordinated reactivation seen during
awake SWRs.

CA1-PFC spatial reactivation is strongest during

initial learning

Finally, given the proposed role of reactivation in learning
(Singer etal., 2013; Yu and Frank, 2015; Papale etal., 2016), we
asked how reactivation during awake and sleep SWRs changes
over the course of learning the task on the novel W-track.
Previous studies have reported increased CA1 co-firing during
awake SWRs in a novel environment (Cheng and Frank, 2008),
but how CA1-PFC reactivation changes over learning of a
spatial task during awake and sleep SWRs has not been
investigated.

Because our data consisted of learning on two different time
scales (Fig. 1C; 3 animals learned over the course of 5 d, and 2
animals learned in a single day), we first examined how reactiva-
tion changed in the multiday learning group. Learning curves for
all three animals for both the inbound and outbound compo-
nents are shown in Figure 7A. We asked how spatial reactivation,
quantified using pairwise and ensemble measures (Figs. 4, 5)
changed over learning. Figure 7B shows awake pairwise reactiva-
tion, quantified as the relationship between awake SWR co-firing
versus spatial reactivation for both CA1-CAl and CA1-PFC
pairs, over successive days of learning. Note the decrease in reac-
tivation for awake SWRs, especially in CA1-PFC, starting with
high reactivation (high correlation between SWR co-firing and
spatial correlation) on the first (novel exploration) day when the
animal begins to learn the task via trial-and-error, to lower reac-
tivation on the latter days when performance starts to stabilize
(days 4-5 are combined for a better comparison of data). Al-
though SWR rate tended to decrease with decrease in novelty, as
expected (Foster and Wilson, 2006; Cheng and Frank, 2008),
overall spatial correlation and SWR co-firing remained relatively
stable in the CA1-CAl and CA1-PEC populations (Fig. 7C-F).
Thus, the decrease in CA1-PFC reactivation was not due a de-
crease in overall co-firing, but rather reflects a decrease in rela-
tionship between spatial correlation during behavior and SWR
co-firing.

Significant within-CA1 reactivation was observed in latter days
for both awake and sleep SWRs, also apparent in other measures:
theta covariance versus SWR co-firing, and the ensemble mea-
sure of explained variance (Fig. 7G; for days 45, p values =
le—25 for correlation coefficients between SWR co-firing vs spa-
tial correlation and SWR co-firing vs theta peak covariance). As
previously reported (O’Neill et al., 2008), we did see a decrease in
CA1 co-firing change from pre-task to post-task sleep over re-
peated explorations (Fig. 7F). In contrast, CA1-PFC reactivation
declined sharply and was indistinguishable from chance level on
latter days (Fig. 7H; For days 45, p = 0.58 and 0.52 for correla-
tion coefficients between SWR co-firing vs spatial correlation and
theta peak covariance, respectively; see Materials and Methods).
The difference between awake and sleep SWRs was most promi-
nent during the initial day of novelty (spatial correlation vs awake
SWR co-firing, Z = 3.82 and p = 0.0001 for day 1 vs days 4-5, z
test; explained variance, p = le—44 for day 1 vs days 4 and 5, p
value is from bootstrapping, n = 500 times). This also corre-
sponds to a period of early learning in the task, with awake CA1-
PFC reactivation especially enhanced in this period.

These results thus suggest that awake reactivation is promi-
nent in the hippocampal-prefrontal network during initial learn-
ing in novel environments. To further investigate the specific
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Figure7.

Changes in SWR reactivation over multiday learning. A, Behavior performance of all three multiday animals. Top, Inbound learning curves. Bottom, Outbound learning curves. Learning

curves are estimated using a state-space model (Jadhav et al., 2012). Shadings, 90% confidence intervals; horizontal dashed lines, chance-level performance of 0.5. B, Awake-SWR co-firing plotted
as a function of spatial correlation across days for CA1-CA1 (top; n = 239, 221,198, 552) and CA1-PFC (bottom; n = 246, 269, 251, 297) pairs. Note that there is a reduction in spatial reactivation
over learning, especially for CA1-PFC pairs (Z = 3.82and p = 0.0001 for day 1vs days 4 —5). Error bars, SEM. €, SWR rate during wakefulness and SWS/ NREM across days. D, Spatial correlation of
spatial firing maps of cell pairs across days. Overall spatial correlation did not change over days (p = 0.169 and 0.171 for 1762 CA1-CA1 and 1897 CA1-PFC pairs, respectively; Kruskal-Wallis tests).
E, SWR co-firing of CA1-PFC cell pairs across days. SWR co-firing was stronger during awake SWRs throughout learning ( p values <<0.0001, rank sum tests). The number of pairsis noted in B. F, Left,
SWR co-firing of CA1-CA1 cell pairs across days. Right, Change in SWR co-firing of CA1-CA1 pairs from pre-task sleep to post-task sleep. The change in SWR co-firing from pre-task to post-task sleep
diminished with experience, similar to that reported previously (0'Neill et al., 2008). Closed and open circles, respectively, indicate changes significantly (p = 0.013, 0.045, 0.025 for days 1-3,
respectively) and nonsignificantly (p = 0.12 and 0.11 for days 4, 5, respectively; rank sum tests) different from zero. The number of pairs for each day is noted in B. G, H, Spearman correlation
coefficient between SWR co-firing versus spatial correlation (left), or SWR co-firing versus peak theta covariance (middle), and explained variance during SWRs (right), for CA1-CA1 (G) and CA1-PFC
(H) pairs across days. Note the reduction in CA1-PFCreactivation over days. Error bars represent bootstrapped 95% confidence intervals (n = 500 times). ***p values <<0.001, ztests for comparing
correlation coefficients; ****p <C0.0001, bootstrapping for explained variance, n = 500 times. Note that the small error bars may not be discernable in some cases. All 95% Cl error bars are,

however, plotted. Data are from three multiday animals.

relationship between reactivation and learning, we examined
changes in reactivation by combining both time scales in our
data, multiday and single-day learning. We quantified reactiva-
tion at different points in learning by combining data from the
same learning stages across the two time scales (Fig. 8), similar to
a previous study (Singer et al., 2013). Reactivation was compared
in the following epochs corresponding to different learning stag-
es: during initial exposure to the novel environment, first session
where animals performed above-chance (initial learning), first
session where animals performed >75% correct (later learning),
and the last session in which animals performed asymptotically
>75% correct (Fig. 8A). An earlier study showed that CA1 reac-
tivation had the most prominent influence on decision-making
behavior during initial and later learning stages (Singer et al.,
2013). We found that CA1 reactivation remained significant
across all learning stages (Fig. 8 B, C; see Materials and Meth-

ods), as expected from the observation of significant reactiva-
tion across all days in Figure 7G. For CA1-PFC reactivation
(Fig. 8 D,E), however, we found a significant increase in reac-
tivation from the session with first exposure (with highest
novelty) to the initial learning session (Fig. 8E; p = 0.0026 and
le—8 for first session and initial learning, respectively; p =
0.0001, comparing first exposure and initial learning, p values
are from bootstrapping, n = 500 times), followed by a subse-
quent decrease to nonsignificant reactivation during asymp-
tomatic performance (p = 0.053 and 0.134 for later learning
and asymptomatic performance, respectively; p values are
from bootstrapping, n = 500 times). This increase in reactiva-
tion from the first exposure to the initial learning session,
despite decrease in novelty, suggests a relationship between
CA1-PEC reactivation and behavioral learning beyond just a
novelty effect.



11802 - J. Neurosci., December 6, 2017 - 37(49):11789 —11805

Tang et al. @ CA1-PFC Reactivation in Awake and Sleep States

A Multi-day animal B Learning C CA1-CA1
< D1a3/0 T2 3 45 CA1-CA1 SWR cofiring vs. Spatial corr.
o
= Initial learning o >75% ~ 0.6
§ - 0.12 1st Exposure (> 50%) >75% asymptotic é ork
‘6 = 15} wkkk
- oa o/‘\.\..
c 60 o 0.08 8
£ ¥ . g
< = =
§_ 40 3 0.04 % 0.2
< o £
o 0.00 Q
123;5678910 z 8 o
xposure 0.04
_ _ 0:0 E CA1-PFC

Single-day animal D CA1-PFC =
X 100 0.04 2
5 }’\' < 0.03 2
g w0 z :
5§ 6oV S oot ®
= [ @@t == ———————————————— =
o o]
g 40 = 000 ! f o
o -0.01

123456738 123456 123456 123456 123456
Exposure Spatial correlation sextile
Figure 8.  CA1-PFC reactivation is enhanced during initial learning. A, Proportion correct on outbound trials per exposure session for one multiday and one single-day animals. Sessions

corresponding to performance categories 1— 4 (see Materials and Methods) are indicated by red arrowheads. Horizontal dashed lines: 50% and 75% correct. B, Awake-SWR co-firing plotted as a
function of spatial correlation across performance categories for CA1-CA1 pairs (n = 543, 585, 481, 649). Error bars, SEM. €, Spearman correlation coefficient between awake-SWR co-firing versus
spatial correlation for CA1-CA1 pairs shown in B across performance categories. D, Awake-SWR co-firing plotted as a function of spatial correlation across performance categories for CA1-PFC cell
pairs (n = 762, 823, 819, 713). Error bars, SEM. E, Spearman correlation coefficient between awake-SWR co-firing versus spatial correlation for CA1-PFC pairs shown in D across performance
categories. Open circles and dashed lines indicate non-significant correlation (p > 0.05). Data are from three animals that learned the task over 5 d, and two animals that learned over multiple
sessions in a single day. *p << 0.05, ***p << 0.001, ****p < 0.0001, n.s., p > 0.05; p values are from bootstrapping, n = 500 times.

Discussion

Our results establish marked differences in hippocampal-prefrontal
reactivation during awake and sleep SWRs, and demonstrate that
awake reactivation is a stronger and more structured representation
of behavioral experiences during spatial learning. We found
that individual prefrontal neurons responded differently dur-
ing awake versus sleep SWRs, leading to a lack of correlation in
modulation patterns. Temporal coordination of CA1-PFC spik-
ing activity was stronger during awake SWRs, and spatial reacti-
vation in the hippocampal-prefrontal network was significantly
enhanced during awake versus sleep SWRs. This structured
awake reactivation during behavior was observed despite a lack
of coordination between hippocampal ripples and cortical
delta and spindle oscillations that is seen in sleep. Finally,
awake hippocampal-prefrontal reactivation was significantly en-
hanced during initial learning in novel environments.

Reactivation during awake and sleep SWRs has been of par-
ticular interest because of their hypothesized roles in memory
processes, and because both have been causally linked to learning;
disrupting hippocampal activity during both awake and sleep
SWRs impairs learning in spatial memory tasks (Girardeau et al.,
2009; Ego-Stengel and Wilson, 2010; Jadhav et al., 2012). Whereas
sleep SWRs have a proposed role in memory consolidation,
awake SWRs are thought to play a role not just in memory
formation, but also retrieval, planning, and prospective be-
havior (Carr et al., 2011; Roumis and Frank, 2015). Although
SWRs occur in these two distinct states: awake SWRs, which
primarily occur during brief pauses in exploratory behavior,
and sleep SWRs in continuous stretches of slow-wave (non-
REM) sleep disjoint from behavior, the relationship between
the two forms of reactivation during behavioral learning re-
mained unclear.

Our experiments were designed to quantify the relationship
between reactivation in these two states using simultaneous re-
cordings during sleep and behavior over the course of spatial
learning. We found a surprising lack of correlation in prefrontal
modulation patterns during awake and sleep SWRs. This differ-
ence is remarkable given that both are thought to reactivate re-
cent experiences. Whereas prefrontal neurons showed excitation
and inhibition in equivalent proportions during awake SWRs,
sleep SWRs were dominated by excitatory modulation. Inhibi-
tion of individual prefrontal neurons was best explained by im-
mobility coding of locations in the current environment where
SWRs occur prominently, either reward locations on the W-track
where animals pause between trials, or nesting positions in the
rest box. This suggests that inhibitory patterns are primarily de-
termined by immobility coding in the current environment, with
reduction in inhibitory modulation during sleep SWRs possibly
due to the limited number of nesting positions in the rest box.
The lack of correlation in modulation across the entire popula-
tion is indicative that CA1-PFC reactivation will be different for
awake versus sleep SWRs.

Indeed, we found that temporal coordination in CA1-PFC
network was enhanced during awake SWRs. The average timing
of modulation was also different, with a propensity for PFC exci-
tation during sleep to occur earlier relative to SWR onset, indi-
cating this could provide contextual input that biases CA1 replay
events (Wang and Ikemoto, 2016; Rothschild et al., 2017). CA1-
PFC neuron pairs showed more synchronized co-firing, indicat-
ing better timing coordination during awake reactivation. Spatial
reactivation was also enhanced during awake SWRs relative to
post-task sleep SWRs; pairwise measures comparing spatial cor-
relation to SWR co-firing showed stronger reactivation for awake
SWRs. Further, for repeated run-sleep sessions during learning,
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this enhanced reactivation persisted for awake SWRs regardless
of the relative order of sleep sessions. Interestingly, we did not see
a preservation of timing relationships during reactivation in
CA1-PEC pairs, unlike in CA1 (Karlsson and Frank, 2009). A
previous study also reported reactivation of behavioral experiences
as synchronously firing PFC cell assemblies occurring during hip-
pocampal sleep SWRs (Peyrache et al., 2009). Synchronization of cell
assemblies, observed in both CA1 and PFC (Kudrimoti et al., 1999;
Peyrache et al., 2009; van de Ven et al., 2016), may thus offer a better
measure of coordinated hippocampal-prefrontal reactivation dur-
inginitial learning and performance. This ensemble synchronization
measure also showed that awake CA1-PFC reactivation was a sig-
nificantly more accurate representation of behavioral experi-
ences in the current task than sleep reactivation.

The reactivation differences led us to examine cortical net-
work oscillations associated with awake versus sleep SWRs. Co-
ordination of cortical delta and spindle oscillations with SWRs is
thought to be a key feature of sleep reactivation, and has also been
shown to contribute to memory consolidation (Sirota et al., 2003;
Peyrache et al., 2011; Maingret et al., 2016). We found that this
coordination was significantly reduced during awake SWRs,
indicating that there is a fundamental difference in brain-wide
network patterns for the two cases. The nested oscillations in
sleep, which include thalamocortical and hippocampal networks,
provide coordination and spread of synchronous activity across
large-scale networks necessary for consolidation, and may espe-
cially be required for integrating activity related to multiple
experiences for building schemas and for general inference, sug-
gested functions of sleep in memory (McClelland et al., 1995;
Marshall and Born, 2007; Tse et al., 2011; Battaglia et al., 2012;
Tamminen et al., 2013; Roumis and Frank, 2015; Penagos et al.,
2017). Whereas during awake states, more precise reactivation of
the current task-related experience may be necessary for accurate
representations of ongoing behavioral variables to inform memory-
guided decisions (Karlsson and Frank, 2009; O’Neill et al., 2010;
Carretal., 2011; Yuand Frank, 2015; Ambrose et al., 2016; Papale
et al., 2016; Wu et al., 2017). The difference in network oscilla-
tions is a key indicator of the different roles that awake and sleep
SWRs may play in memory.

Finally, how do these reactivation processes relate to learning?
Both awake and sleep reactivation within hippocampus have
been reported to show dynamics related to experience and learn-
ing. Sleep SWRs play a role in consolidation of CA1 cell assem-
blies in novel, but not familiar environments (van de Ven et al.,
2016). Awake CA1 reactivation is stronger in novel environments
(Cheng and Frank, 2008), supports memory-guided choices in
spatial tasks (Singer et al., 2013; Papale et al., 2016), and is also
linked to place field stability during learning (Roux et al., 2017).
Here, we directly examined how measures of CA1 and CA1-PFC
reactivation changed over learning in the novel W-track task.
CALl reactivation decreased with experience, but stayed signifi-
cant for both awake and sleep SWRs even as animals achieved
stable performance. CA1-PFC reactivation was significantly ele-
vated during initial learning and was strongest for awake SWRs,
but rapidly declined with experience. This decline in reactivation
with experience paralleled both, a decrease in novelty and an
increase in behavioral learning. A role in initial learning is also
supported by the observation of a small but significant increase in
CA1-PEC reactivation from the first exposure on the track (un-
charted novelty) to the session that first reached above-chance
performance (initial learning). Therefore, CA1-PFC reactivation
can be regulated by novelty exposure and may have a role in
behavioral learning, as suggested for CA1 reactivation (Singer et
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al., 2013). The reactivation trends over learning suggest that
awake SWRs may play a key role in stabilization of task-related
variables and establishing functional links across long-range net-
works during initial learning. Awake SWRs are already linked to
place field stability during learning (Dupret et al., 2013; Roux et
al., 2017), and our results raise the intriguing possibility that this
stabilization role may not just be limited to hippocampus, but
extend to prefrontal areas for building a coherent cognitive map
to support learning.

One limitation of the current study is that the measures of
reactivation were biased toward spatial activity, and it is possible
that non-spatial measures such as rule-related representations
may also be independently reactivated during SWRs, and show
different trends from spatial reactivation. This possibility can be
addressed in future experiments that examine reactivation dur-
ing multiple learning tasks, or in non-spatial tasks. Another pos-
sibility to note is that different stages within NREM sleep have
been proposed to support various stages of consolidation, includ-
ing potentiation and homeostasis (Genzel et al., 2014). A recent
study also reported independent reactivation in entorhinal
cortex during sleep outside SWRs (O’Neill et al., 2017). Thus,
independent physiological processes during NREM sleep, not
measured in our study, could also additionally contribute to
consolidation.

The most parsimonious explanation of our results is that
awake hippocampal-prefrontal reactivation is a more structured
representation of ongoing experiences that can support multiple
functions required for memory-guided behavior: retrieval, plan-
ning, evaluation, and prospection. In addition, accurate awake
reactivation may be required to drive stabilization of represen-
tations during initial learning in novel environments. In contrast,
sleep reactivation may play a broader role than just consolidation
of recent experiences, possibly integrating activity from multiple
experiences in widespread networks during consolidation to
build schemas, for general inference and semantic knowledge.
The coordination of network oscillations during sleep may be a key
feature for such integration, and widespread activation may re-
sult in nonspecific excitation, leading to less accurate reactivation
for a recent behavioral experience. These findings thus provide a
necessary foundation for future studies to investigate the com-
plementary and overlapping functions of awake and sleep
hippocampal-cortical reactivation in learning and memory-guided
behavior.
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