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SUMMARY

Interactions between the hippocampus and prefron-
tal cortex (PFC) are critical for learning and memory.
Hippocampal activity during awake sharp-wave rip-
ple (SWR) events is important for spatial learning,
and hippocampal SWR activity often represents
past or potential future experiences. Whether or
how this reactivation engages the PFC, and how re-
activation might interact with ongoing patterns of
PFC activity, remains unclear. We recorded hippo-
campal CA1 and PFC activity in animals learning
spatial tasks and found that many PFC cells showed
spiking modulation during SWRs. Unlike in CA1,
SWR-related activity in PFC comprised both excita-
tion and inhibition of distinct populations. Within in-
dividual SWRs, excitation activated PFC cells with
representations related to the concurrently reacti-
vated hippocampal representation, while inhibition
suppressed PFC cells with unrelated represen-
tations. Thus, awake SWRs mark times of strong
coordination between hippocampus and PFC that
reflects structured reactivation of representations
related to ongoing experience.

INTRODUCTION

The hippocampus and medial prefrontal cortex (PFC) play crit-

ical roles in storing accounts of experience and retrieving mem-

ories to guide future decisions. The hippocampus is necessary

for rapid acquisition of memories for new experiences and

retrieval of stored memories during behavior (Squire, 1992; Ei-

chenbaum and Cohen, 2001; Dudai, 2004). The PFC is important

for long-term memory storage, memory retrieval, working mem-

ory, and decision making (Hasegawa, 2000; Miller and Cohen,

2001; Sakai, 2003; Wiltgen et al., 2004; Jung et al., 2008; Tse

et al., 2011). Moreover, functional disconnection of the hippo-

campus and PFC causes impairment in some spatial memory
tasks (Floresco et al., 1997; Wang and Cai, 2006, 2008).

Together, these findings implicate a set of memory functions

that rely on both the hippocampus and PFC, but the specific na-

ture of the activity in and communication between these regions

that supports memory processes remains unclear.

In the context of memory retrieval, hippocampal-PFC interac-

tion must occur in the awake state and would be expected to re-

activate patterns of activity related to behavioral experiences

across both structures (Carr et al., 2011; Yu and Frank, 2015).

Hippocampal sharp-wave ripple (SWR) events have emerged

as a potential mediator of this interaction. During exploration,

movement along a spatial trajectory drives the firing of a specific

sequence of hippocampal place cells (Skaggs et al., 1996;

Dragoi and Buzsáki, 2006). Subsequently, during periods of

slow movement and awake immobility, bursts of activity in hip-

pocampal output area CA1 occur in the context of SWRs (Buz-

sáki, 2015). These bursts often ‘‘replay’’ sequences from

behavior (Kudrimoti et al., 1999; Foster and Wilson, 2006; Diba

and Buzsáki, 2007; Davidson et al., 2009; Karlsson and Frank,

2009; Gupta et al., 2010; Pfeiffer and Foster, 2013), suggesting

that these sequences could support awake memory processes

(Carr et al., 2011). Consistent with that possibility, selective

disruption of awake SWRs is sufficient to cause a specific

learning and memory-guided decision-making deficit (Jadhav

et al., 2012).

Do hippocampal SWRs mark the time of coordinated memory

reactivation across hippocampus and PFC? This question re-

mains to be answered, but there are a number of results that

point to the possibility of such coordination. There are multiple

anatomical pathways, including both direct and indirect projec-

tions (Amaral and Witter, 1995), that could mediate information

flow between the structures. These pathways support memory

encoding (Spellman et al., 2015) andmodulation of hippocampal

spatial firing patterns outside of SWRs (Ito et al., 2015) and likely

support the observed phase locking of PFC neurons to the hip-

pocampal theta rhythm seen during movement (Hyman et al.,

2005; Jones and Wilson, 2005; Siapas et al., 2005; Benchenane

et al., 2010; Gordon, 2011).

Further, while the potential influence of SWRs on PFC during

waking behavior has not been examined, previous studies that

focused on sleep demonstrated that increases in firing rates of
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Figure 1. Behavior Paradigms and Recording Locations

(A) W-track. Animals had to learn to alternate among the three arms of the

W-track for reward.

(B) Y-track. In each trial initiated by poking in the home well, animals had to

learn to visit the ‘‘silent well’’ when no sound was presented (75% of trials) and

the ‘‘sound well’’ when the target sound was presented (25% of trials).

(C) Histology illustrating recording locations. Nissl stained coronal sections

showing electrode tracks and lesion location. (C1) W-track, dorsal CA1; (C2)

W-track, intermediate CA1; (C3) Y track, dorsal CA1; (C4) W-track, medial

PFC; and (C5) Y-track medial PFC. Scale bars are 1 mm.

See also Figure S1 and Table S1.
some PFC neurons are seen at the time of SWRs (Wierzynski

et al., 2009). Additionally, PFC neurons can reactivate behavior-

ally related patterns during sleep (Euston et al., 2007; Peyrache

et al., 2009), and this reactivation can coincide with hippocampal

SWRs (Peyrache et al., 2009).

At the same time, the possibility of coordinated awake

reactivation across hippocampus and PFC raises another

question: how does such activity coexist with ongoing repre-
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sentations of current experience? During the waking state,

PFC neurons are known to encode information about task

events (Euston et al., 2012), and a subset of PFC neurons

are most active during delays and following receipt of reward

(Jung et al., 1998). These are times when SWRs are prominent

(Singer and Frank, 2009; Buzsáki, 2015), and it is not clear

whether or how SWR-related memory replay and these PFC

representations interact.

To determine whether awake SWRs mark times of coherent

memory reactivation across structures and to understand

how memory reactivation interacts with ongoing PFC activity,

we recorded hippocampal and PFC activity while animals

learned spatial tasks. We found coordinated reactivation of

activity patterns related to ongoing experience in hippocam-

pal-PFC ensembles during awake SWRs. These findings indi-

cate that awake SWRs are a potential substrate for memory

processes.

RESULTS

Excitation and Inhibition of PFC Neurons during Awake
Hippocampal SWRs
We used multisite multitetrode drives to simultaneously record

the activity of neurons in hippocampus and PFC of rats learning

either a W-track spatial alternation task (Jadhav et al., 2012), or

an auditory cue guided spatial task (n = 3 animals each, Figure 1,

see Experimental Procedures). In the W-track alternation task

(Figure 1A), animals learned to visit the two outer arms of the

W-maze in an alternating sequence, interleaved with visits to

the center arm. All animals performed above chance by the third

day of training, and performed >80% by the eighth and final day

of training. In the auditory cue-guided spatial task (Figure 1B),

animals learned to go to one outer arm of a Y-shaped track

when a sound was played and to go to the other outer arm in

the absence of sound. As for the W-track, correct performance

meant that visits to the outer arms were interleaved with visits

to the center arm. Animals performed above chance by the

fourth day of training and performed >75% by the seventh day

of training.

Tetrodes were targeted to the prelimbic and infralimbic

regions of medial PFC and to the dorsal CA1 region of the hippo-

campus (Figure 1C). A small fraction also targeted intermediate

CA1 region in animals performing the W-track task (see Experi-

mental Procedures; see Figure S1 available online). We recorded

a total of 630 CA1 neurons and 353 PFC neurons in six animals

over multiple days of behavior in the two tasks. We excluded a

small number of fast-spiking, narrow-waveform cells, as well

as cells with fewer than 50 spikes within SWR aligned windows

(see Experimental Procedures), resulting in a total of 536 CA1

and 312 PFC putative excitatory neurons (see Table S1 for distri-

bution of cells recorded across animals).

There are distinct patterns of hippocampal activity seen during

exploration, when the theta rhythm is prominent, and during

awake stillness, when memory replay during SWRs occurs (Buz-

sáki et al., 1983; Buzsáki, 1989). We therefore divided our data

into two mutually exclusive sets of times based on movement

speeds and power in the ripple band (150–250 Hz). Figure 2 illus-

trates these patterns of activity in an animal traversing a
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Figure 2. TwoDistinct Network Activity Pat-

terns in the Hippocampus during Behavior

(A) Spike and local field potential (LFP) activity in

CA1 region of the hippocampus (green) and PFC

(black) as an animal approaches a reward well in

the W-track spatial alternation task. From top to

bottom, the plot shows broadband LFP (1–400 Hz)

in CA1, ripple band filtered LFP (150–250 Hz) in

CA1, raster plot with spikes from 18 CA1 place

cells, broadband LFP in PFC, raster plot with

spikes from 7 PFC neurons, and animal speed.

Linear distance of the animal from the reward well

is overlaid on the CA1 raster (gray line). The

threshold speed, 4 cm/s, used to detect SWRs is

indicated on the speed plot. Vertical gray rectangle

backgrounds denote SWRs detected in CA1 LFP.

Scale bars are 2 s (horizontal) and 10 cm/s

(vertical).

(B) Shaded area over CA1 LFP from (A) on an

expanded timescale. Theta-filtered LFP (6–12 Hz)

is shown overlaid with the broadband LFP. Scale

bar, 250 ms.

(C) Position of the animal on the W-track as it ap-

proaches the center reward well and stops to

consume reward. Scale bar, 20 cm.

(D) Time period marked by lines from (A) shown on

an expanded timescale, illustrating activity in CA1

and PFC when the animal is stationary at the

reward well. Note that one of the PFC neurons

shows increased spiking during a subset of the

hippocampal SWRs (marked by arrows). Scale

bar, 500 ms.

See also Figure S2.
trajectory on aW-track. During the traversal, sequences of place

cells representing locations are active and theta oscillations are

visible (Figures 2A–2C). When the animal stops to consume

reward at the end of the trajectory, a dramatic shift in network

state occurs, and SWR oscillations (150–250 Hz) become prev-

alent (Figures 2A and 2D). As expected (Singer and Frank,

2009), SWRs occurred primarily at reward locations in both

behavioral tasks (Figure S2).

Overall, 35% (109/312) of PFC neurons were significantly

SWR modulated (see Table S2 for distribution of SWR-modu-

lated cells across animals). Previous studies of PFC SWR activ-

ity during sleep reported that a large majority of modulated

neurons were excited during sleep SWRs (Siapas and Wilson,

1998; Wierzynski et al., 2009). We were therefore surprised to

see approximately equal numbers of excited and inhibited

response patterns during awake SWRs (Figures 3A–3C; SWR-

excited, 57/312, 18%; SWR-inhibited, 52/312 cells, 17%).

Both populations showed transient responses to SWRs, with

average firing rates returning to baseline values within
Neuron 90, 113–
�300 ms of SWR onset. As similar pro-

portions of SWR-excited and SWR-in-

hibited neurons were seen in the context

of each of the two tasks (Figure 3C; Ta-

ble S2), we combined data from the

two tasks for the rest of the analyses,

although analyses applied to the two
tasks separately, and with the exclusion of intermediate CA1

cells, yielded consistent results (data not shown).

We then examined the timing of CA1 and PFC responses dur-

ing SWRs. Overall, CA1 activity tended to precede PFC activity

during SWRs, as in previous reports (Siapas and Wilson, 1998;

Peyrache et al., 2009; Wierzynski et al., 2009). We computed

the mean normalized SWR-aligned PSTHs for CA1 (n = 429),

SWR-excited (n = 57), and SWR-inhibited (n = 52) PFC neuron

populations (Figure 3D). The time of the peak CA1 population ac-

tivity preceded both the peak of the SWR-excited and the trough

of the SWR-inhibited PFC population activity (Figures 3D and 3E,

mean ± SEM time of peak for CA1, SWR-excited PFC and SWR-

inhibited PFC cells = 54 ± 2 ms, 100 ± 9 ms, and 84 ± 10 ms,

respectively; CA1 versus PFC excited, p < 10�11; CA1 versus

PFC inhibited, p < 10�6; PFC excited versus PFC inhibited, p >

0.1, rank-sum tests). Similarly, the time of SWR-modulation

onset, measured as the time of firing rate increase/decrease

to 1 SD above/below the mean, was also significantly later for

PFC than CA1 cells (Figure 3E, right, CA1 versus PFC excited,
127, April 6, 2016 ª2016 Elsevier Inc. 115
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Figure 3. Modulation of PFC Neuronal Spiking during Awake Hippocampal SWRs

(A) SWR-aligned rasters of example neurons (top) and corresponding average firing rates (bottom). Neurons in columns 1 and 2 showed strong excitation during

SWRs (SWR-excited). Neurons in columns 3 and 4 were SWR-inhibited, and the neuron in column 5 was SWR unmodulated (p < 10�3 for modulated neurons; p =

0.4 for unmodulated neuron.

(B) SWR-triggered mean firing of all PFC units. Each row shows the z-scored mean SWR-triggered firing of one neuron. Neurons are ordered by their firing

amplitude in a 0–200 ms window after SWR onset. Arrows mark the location of example neurons shown in (A).

(C) (Left) Population PSTHs for CA1, PFC SWR-excited and PFC SWR-inhibited cell populations sorted by the timing of the peak or trough in the SWR-modulated

PSTH. (Middle) Same plots for neurons recorded only on the W-track. (Right) Same plots for neurons recorded only on the Y-track.

(D) Population-averaged SWR-triggered PSTHs for CA1, PFC SWR-excited, and SWR-inhibited populations. Shaded areas are SEM.

(legend continued on next page)
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p < 10�9; CA1 versus PFC inhibited, p < 10�7; PFC excited

versus PFC inhibited, p > 0.1, rank-sum tests). Finally, we also

computed, for all SWR-modulated CA1 and PFC neurons, the

cross-covariance for all CA1-PFC pairs. We then separately

averaged cross-covariances for pairs with an SWR-excited

(n = 393 CA1-PFC pairs) or an SWR-inhibited PFC neuron (n =

320 CA1-PFC pairs). The peak (SWR-excited) or trough (SWR-

inhibited) of the mean cross-covariance occurred at a time

>0 ms (Figure 3F; peak for excited cells, 13 ± 7 ms; trough for in-

hibited cells, 20 ± 7 ms).

SWR Modulation Is Related to Theta Phase Locking of
PFC Neurons
If SWR-related activity reflects the reactivation of specific PFC

neurons that were coupled to the hippocampus during explora-

tion, SWR-modulated PFC neurons would also tend to bemodu-

lated by the hippocampal theta rhythm. We first assessed theta

phase locking by using a circular distribution to fit the theta-

phase-aligned PFC responses (Siapas et al., 2005) and used

that fit to measure the circular concentration parameter (k)

(Experimental Procedures). Similar to previous reports (Jones

and Wilson, 2005; Siapas et al., 2005), we found that 60% of

PFC neurons (189 of 312, see Experimental Procedures) were

significantly locked to theta. Also, as previously reported (Jones

and Wilson, 2005; Siapas et al., 2005), CA1 neurons preferred

the falling phase of theta, while PFC neurons were most often

phase locked to the trough of theta (Figure 4A).

We next examined the relationship between SWR modulation

and theta phase locking in the PFC population. We found that the

majority of significantly SWR-modulated neurons were also

significantly phase locked to hippocampal theta (Table S3).

This included 44/57 SWR-excited neurons (77%) and 37/52 in-

hibited neurons (71%). There was no difference in the fraction

of phase-locked cells in the excited and inhibited neuron popu-

lations (p > 0.4), but both had a higher fraction of phase-locked

cells than was seen for SWR-unmodulated neurons (108/203

neurons: 53%; z proportion tests between unmodulated and

SWR-excited, p < 10�3; SWR-inhibited, p = 0.01).

There was a parallel difference in the consistency of the theta

phases at which different populations of PFC neurons tended to

fire (Figure 4A). The circular concentration parameter (k) for

theta-modulated cells was larger in both the SWR-excited and

SWR-inhibited populations, as compared to SWR-unmodulated

neurons (Figure 4B, SWR-excited, SWR-inhibited, and SWR-un-

modulated k = 0.2 ± 0.02, 0.25 ± 0.04, and 0.12 ± 0.01, respec-

tively; p < 0.01 for SWR unmodulated versus SWR-excited and

SWR-inhibited; p > 0.1 for excited versus inhibited; rank-sum

tests). The converse analysis also showed that PFC neurons

that were significantly thetamodulated (n = 189) were also signif-

icantly more strongly SWR modulated than neurons that were

not thetamodulated (n = 123) (Figure 4C, SWRmodulation index,
(E) (Left) Distribution of the time of the peak of the SWR response for the populatio

the populations in (D). Both SWR-excited and SWR-inhibited PFC populations ha

population (p < 0.001, rank-sum tests).

(F) Mean standardized cross-covariance during SWRs for CA1 versus SWR-exci

area around peaks.

See also Table S2.
5.2 ± 0.8 and 2.5 ± 0.4 respectively; p < 0.01, rank-sum test).

Thus, SWRmodulation and theta phase locking are related, sug-

gesting a link between modulation during active movement and

modulation during SWRs at the single-neuron level.

Finally, we also noted a difference in the uniformity of the dis-

tributions of theta-phase coupling across neuron types. SWR-

excited neurons had a significantly narrower preferred phase

distribution than both SWR-inhibited and SWR-unmodulated

neurons (kuiper test for circular distribution, SWR-excited

versus SWR-inhibited, n = 57 versus 52 neurons, p > 0.1;

SWR-excited versus SWR-unmodulated, n = 57 versus 203

neurons, p = 0.005). In contrast, SWR-inhibited and SWR-un-

modulated neurons did not differ in their concentration of pre-

ferred phases (n = 52 versus 203 neurons, p > 0.1, kuiper test).

Consistent with previous reports (Siapas et al., 2005; Sigurds-

son et al., 2010), we also found that all PFC cells phase locked

optimally to hippocampal theta of the past (delay �15 ms), as

determined by systematically shifting the time of theta (data

not shown).

SWR-Excited and Inhibited PFC Neurons Comprise
Distinct Functional Populations
The differences in the theta modulation of SWR-excited, SWR-

inhibited, and SWR-unmodulated PFC cells suggest that SWR

engagement could be a marker for functionally distinct popula-

tions. To further explore that possibility, we asked if there were

any differences in behavioral coding properties across popula-

tions (see Figure 5A for examples of spatial firing patterns). These

analyses revealed clear distinctions between SWR-modulated

and SWR-unmodulated cells as well as distinctions between

SWR-excited and SWR-inhibited cells.

We first compared mean firing rates during movement as a

measure of overall engagement in the task. Interestingly, both

SWR-excited and SWR-inhibited cells had significantly higher

mean rates than SWR-unmodulated cells (Figure 5B; n = 57,

52, and 203 cells, respectively, for excited, inhibited, and un-

modulated cells; mean ± SEM = 4.2 ± 0.5, 3.2 ± 0.4, and 2.1 ±

0.2 Hz respectively; p < 0.01 for excited versus unmodulated

and p < 10�4 inhibited versus unmodulated, excited versus in-

hibited p > 0.1, rank-sum tests). SWR-excited, SWR-inhibited,

and SWR-unmodulated cells also differed in patterns of spatially

related firing. As previously reported (Baeg et al., 2003), PFC

neurons as a whole were active across larger fractions of the

environment than their CA1 counterparts, but SWR-excited neu-

rons had significantly higher levels of coverage than both the

SWR-inhibited and the SWR-unmodulated neurons (Figure 5C;

coverages were as follows: excited, 0.70 ± 0.05; inhibited,

0.54 ± 0.05; unmodulated, 0.50 ± 0.02; p < 0.01 excited versus

inhibited, p < 10�4 excited versus unmodulated, p > 0.1 for in-

hibited versus unmodulated; rank-sum tests; see also Figure S3

for other measures of spatial activity).
ns in (D). (Right) Distribution of the onset rise/fall time of the SWR response for

d significantly later peaks/troughs and longer time to rise compared to the CA1

ted pairs (n = 393), and CA1 versus SWR-inhibited pairs (n = 320). Insets show
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Figure 4. Phase Locking of PFC Neurons to Hippocampal Theta

(A) (Left) Normalized firing rates as a function of CA1 theta phase. Each row in

the color plot shows the normalized theta-phase aligned histogram of a neuron

with significant phase-locking. The rows are sorted by peak theta phase of

each neuron. (Right) Polar plots quantifying the distribution of peak phases for

the populations shown on left. Numbers on top right indicate radius of the plot,

the scale for number of neurons.

(B) Average concentration parameter (k, mean ± SEM) quantifying strength of

phase locking (*p < 0.01, **p < 0.001, rank-sum tests).

(C) Average SWR modulation (mean ± SEM) in theta modulated and theta

unmodulated PFC populations (**p < 0.01, rank-sum test).

See also Table S3.
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SWR-excited and SWR-inhibited cells showed distinct pat-

terns ofmovement speed preferences aswell, with SWR-excited

cells showing a significantly higher firing rate-speed correlation

than SWR-inhibited cells (Figures 5D and 5E; p < 0.01 for excited

versus inhibited, rank-sum test). Further, the median of SWR-in-

hibited cells’ speed correlations was significantly less than zero,

indicating that these cells tended to fire most when animals were

moving slowly (shuffle test, n = 1,000, p < 0.01). In contrast,

SWR-unmodulated cells showed a wider distribution of speed-

spiking correlations that did not differ from the excited or in-

hibited populations (p > 0.05). This suggests that SWR-inhibited

cells were more active during periods of immobility when SWRs

are prominent, as compared to high-speed movement. Indeed,

we found that firing rates of SWR-inhibited cells just prior to

SWRs were higher than those during high-speed movement. In

contrast, SWR-excited cells showed the opposite pattern, with

a preference for movement times (Figure 5F, n = 57 versus n =

52, rank-sum test, p < 0.001). Finally, we asked whether the cells

differed in their tendency to reflect an important task event, the

receipt of reward. PFC SWR-inhibited cells also showed a

greater tendency to increase firing rates following reward than

SWR-excited cells (Figure S3).

These differences alsomanifested as distinct patterns of cofir-

ing within and between SWR-excited and SWR-inhibited PFC

populations. We computed the cross-covariance between pairs

of SWR-modulated neurons, restricted to movement times. We

found a large and highly significant difference between the

groups: SWR-excited cells tended to fire in close temporal prox-

imity to other SWR-excited cells and SWR-inhibited cells tended

to fire in proximity to other SWR-inhibited cells, but SWR-excited

and SWR-inhibited cells tended not to fire together. This was

evident when we examined both the population cross-covari-

ance for pairs from each category (Figure 5G, left) and the

maximum zero lag cross-covariance (Figure 5G, right, n = 42

excited-excited pairs, n = 36 inhibited-inhibited pairs, n = 73

excited-inhibited pairs, n = 369 unmodulated-unmodulated

pairs; cross-covariance for excited-inhibited pairs was si-

gnificantly lower than the other pair categories, p’s < 0.001,

rank-sum tests). Taken together, these results indicate that

SWR-excited and SWR-inhibited neurons form distinct func-

tional ensembles that are engaged preferentially during move-

ment and stillness, respectively.

Structured Reactivation of CA1-PFC Pairs during SWRs
These findings demonstrate that awake SWRs represent a

prominent mode of hippocampal-prefrontal interaction where

SWRs engage functionally distinct populations in PFC. Previous

studies have shown that individual SWRs frequently contain

replay events where specific sets of hippocampal neurons are

active (Kudrimoti et al., 1999; Foster and Wilson, 2006; Diba

and Buzsáki, 2007; Karlsson and Frank, 2009; Gupta et al.,

2010; Pfeiffer and Foster, 2013). This is also apparent in corre-

lated firing of CA1 neuron pairs, where pairs that are significantly

correlated during theta oscillations in behavior also show

enhanced correlations during SWR reactivation (O’Neill et al.,

2008). If awake SWRs define a period where there is structured

information flow between CA1 and PFC, we would expect

that SWR-modulated PFC neurons would also be engaged



differentially depending on which hippocampal neurons are

active during each SWR.

As a first test of this hypothesis, we examined the structure of

pairwise interactions between hippocampal and PFC neurons,

using raw spike count correlations during SWRs. We measured

the firing rates of hippocampal and SWR-modulated PFC neu-

rons in a 0–200 ms window beginning at SWR onset, and then

asked whether there were ‘‘SWR-correlated’’ CA1 and PFC

pairs, defined as pairs of neurons where the CA1 firing rate

across SWRs was significantly correlated with the associated

PFC SWR firing rates.

We found that 16% of CA1-PFC neuron pairs were signifi-

cantly SWR correlated (n = 116/713 CA1-PFC pairs, p < 0.05 cri-

terion for individual pairs; the 116 pairs comprised 94 unique

SWR-modulated PFC cells and 53 unique CA1 cells). This was

significantly more pairs than the �5% we observed after shuf-

fling the rates across SWRs (p < 10�8, Z test for proportions;

see Experimental Procedures). There were similar proportions

of significantly SWR-correlated pairs for both SWR-excited

and SWR-inhibited PFC neurons (18%, n = 72/393 pairs for

SWR-excited PFC neurons; 14%, 44/320 pairs for SWR-in-

hibited PFC neurons; histograms in Figure S4). Interestingly,

these included both positive and negative correlations with

both SWR-excited and SWR-inhibited PFC populations (Figures

6A and 6B, top). Thus, spiking activity of neuronal pairs across

CA1 and PFC during SWRs is often strongly correlated.

If these patterns of positive and negative correlations reflect

the reactivation of behaviorally related spiking patterns, we

would expect that CA1-PFC pairs that fired together during theta

periods (corresponding to active behavior) would show positive

SWR correlations, while pairs that did not would show negative

correlations. We therefore calculated theta-period correlations

between CA1-PFC neuron pairs as the peak of the standardized

Z-scored cross-covariance during movement (Figures 6A and

6B, bottom) (Siapas et al., 2005).

This analysis revealed a significant relationship between theta

cross-covariance and SWR correlations (r = 0.39, n = 713 pairs,

p < 10�4, regression test) for both the SWR-excited and the

SWR-inhibited populations (Figure 6C; SWR-excited neurons,

r = 0.39, n = 393 pairs, p < 10�4; SWR-inhibited neurons, r =

0.39, n = 320 pairs, p < 10�4, regression test). The SWR-excited

and SWR-inhibited populations showed a similar degree of cor-

relation (shuffle test, n = 1,000, p > 0.1). The identification of CA1-

PFC pairs with strong SWR and theta correlations also allowed

us to ask whether CA1 spiking tended to lead PFC spiking during

behavior as it did during SWRs.We examined the subset of CA1-

PFC pairs with significant and positive SWR correlations, which

also tended to have high theta cross-covariances, and found

that the peaks of these cross-covariances reflected an overall

tendency for CA1 to lead PFC (Figure S4).

We next examined whether these results could be extended

beyond pairwise interactions. We used a generalized linear

model (GLM) with a log link function to predict SWR-related

spiking of single PFC neurons from the activity of the simulta-

neously recorded CA1 ensembles. The GLM model confirmed

the presence of functional links between CA1 and PFC ensem-

bles (Figure 6D). Interestingly, the same CA1 neuron could be

positively predictive of the spiking of one PFC neuron and nega-
tively predictive of the activity of another. Conversely, a PFC

neuron could be positively predicted by one CA1 neuron and

negatively predicted by a different CA1 neuron. These findings

demonstrate highly specific patterns of interaction across

structures.

Using cross-validation to ensure that our models did not over

fit the data, we found that that prediction performancewas better

than chance for SWR-modulated PFC cells (n = 77) and

increased with the size of the CA1 ensemble (Figure 6E, striped

bars; n = 30, 20, 27 PFC cells, one-way ANOVA, main effect of

cell count group, p < 10�4). PFC SWR-modulated cells were bet-

ter predicted than SWR-unmodulated cells, but predictions of

SWR-excited and SWR-inhibited cells did not differ from one

another (two-way ANOVA, modulated n = 77 versus unmodu-

lated n = 102, p < 10�4; SWR-excited n = 40; SWR-inhibited,

n = 37: p = 0.29; main effect of cell count groups, p < 10�7).

Lastly, since we found that pairwise CA1-PFC correlations dur-

ing behavior were related to SWR firing rate correlations, we

asked whether the spiking of PFC neurons during SWRs could

be predicted using amodel constructed on activity during move-

ment rather than during SWRs (Figure 6E, white bars). We found

that theta-derived models could in many cases predict PFC

SWR firing and that the accuracy of this prediction also

increased with the size of the CA1 ensemble. This prediction

was significantly better for SWR-modulated cells than for un-

modulated cells (two-way ANOVA, SWR-modulated versus un-

modulated, p = 0.02, cell count group, p < 10�7). It is important

to note, however, that this analysis does not demonstrate a

causal directionality from movement-related experience to

SWRs. Indeed, using SWR-derived models to predict theta ac-

tivity also yielded above-chance predictions, although the qual-

ity of these predictions was significantly lower than when using

theta-trained models to predict SWR activity (two-way ANOVA:

model type X cell count interaction, p < 0.01). Finally, as ex-

pected, reversing the direction of prediction also revealed that

PFC activity could significantly predict SWR-associated CA1

spiking (Figure S4). Overall, these findings demonstrate that

there is close coordination between CA1 and PFC activity during

SWRs that is similar to activity patterns seen during movement.

Reactivation in the CA1-PFC Network Reflects Spatially
Related Ensembles
The reactivation of CA1-PFC pairs during SWRs, consisting of

both positive and negative correlations, is similar to that reported

previously between CA1 neuronal pairs during sleep (O’Neill

et al., 2008). In that case, the pattern of CA1 pair correlations

was related to the spatial overlap of the neurons’ place fields.

We therefore asked if the same was true for CA1-PFC correla-

tions and looked at the relationship between spatial firing pat-

terns of CA1 and PFC neuron pairs. While PFC neurons tend to

be active across wide swaths of the environment, they neverthe-

less show some degree of selectivity across different trajectories

(Baeg et al., 2003; Hyman et al., 2005; Jones and Wilson, 2005)

(Figure 5), likely as a result of task-related firing patterns that

develop with experience (Jung et al., 1998; Baeg et al., 2003).

We found that the similarity between the spatial response

profiles of the CA1 and PFC neurons, quantified as a spatial

correlation, was related to their SWR correlation for both
Neuron 90, 113–127, April 6, 2016 ª2016 Elsevier Inc. 119



A

B C

D E

F G

Figure 5. Evidence for Distinct Functional PFC Populations Related to SWR Modulation

(A) Example occupancy normalized spatial firing ratemaps of PFC cells with varying degrees of spatial coverage of the environment. Numbers in the lower right of

each color plot indicate the firing rate corresponding to red.

(B) Mean firing rates (mean ± SEM) of SWR-excited, SWR-inhibited and SWR-unmodulated PFC populations (*p < 0.01, **p < 0.001, rank-sum tests).

(C) Spatial coverage of neurons (mean ± SEM). The CA1 population is also shown for comparison, and has significantly lower coverage than all the PFC pop-

ulations (*p < 0.01, ***p < 10�4, rank-sum tests).

(D) Firing rate versus speed correlation for a SWR-excited PFC cell (left, positively correlated) and SWR-inhibited PFC cell (right, negatively correlated); ***p <

0.0001, regression test.

(E) Distribution of firing rate-speed correlations for the PFC populations. Dotted lines represent medians of distributions (**p < 0.01, rank-sum test).

(legend continued on next page)
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SWR-inhibited and SWR-excited neurons (see example in Fig-

ures 7A and 7B; population results in Figure 7C; SWR-excited

neurons, r = 0.2, n = 393 pairs, p < 10�3; SWR-inhibited neurons,

r = 0.36, n = 320 pairs, p < 10�4, regression test). Across the pop-

ulation, SWR-correlated pairs had significantly higher spatial

correlations than SWR-uncorrelated pairs, and SWR-anticorre-

lated pairs had negative and significantly lower spatial correla-

tions than SWR-uncorrelated pairs (SWR-excited, n = 72 pairs;

SWR-inhibited, n = 44 pairs, p < 10�4, rank-sum tests). Interest-

ingly, the relationship between spatial correlation and SWR

correlation was significantly stronger for SWR-inhibited neurons

than for SWR-excited neurons (shuffle test, n = 1,000, p < 0.01).

This higher correlation was likely the result of the higher spatial

specificity of SWR-inhibited neurons as compared to SWR-

excited neurons: when we subsampled to choose SWR-excited

and -inhibited neurons with matched spatial selectivity, both

groups showed a similarly strong relationship between spatial

and SWR-correlations (Figure S5). Finally, we also examined

the content of hippocampal replay events as it related to PFC

spiking. Here we were limited by the small number of datasets

in which both sufficient CA1 ensembles and a sufficient number

of SWR-modulated PFC cells were identified. Nonetheless, anal-

ysis of this small set of replay events revealed patterns of joint

activity consistent with coordinated replay across structures

(Figure S6).

Task-Related CA1-PFC Correlations Are Not Present in
Preceding Rest Periods
These findings indicate that there is structured activity across

hippocampus and PFC during behavior and during awake

SWRs and raise the question of whether this is the result of

behavioral experience or simply a reflection of pre-existing

connections. We therefore compared CA1-PFC correlations

seen during the behavioral task to those in pre-task periods

in a rest box (pre-rest sessions). We focused on data from

the W-track task to exclude sessions where sound was played

during rest in the Y-track task, although the results were

the same when we combined data from both tracks

(Figure S7).

Comparing the SWR response correlations between CA1-PFC

pairs revealed that there was no detectable relationship between

awake SWR correlations and SWR correlations in pre-rest

periods (Figure 8A). Thus, the structure of SWR correlations is

specific to the behavioral experience. Similarly, we saw no rela-

tionship between pre-rest SWR correlations and either move-

ment-related correlations (Figure 8B) or spatial correlations

(Figure 8C). Moreover, GLMs trained on SWR activity in the

awake state (CA1 ensemble activity predicting PFC spiking)

were unable to predict PFC spiking in SWRs during pre-rest pe-

riods (shuffle test, n = 1,000, p > 0.5) and performed significantly

worse than prediction of PFC spiking in SWRs during behavior

(Figure 8D). These results indicate that the observed CA1-PFC
(F) Firing rate modulation index (mean ± SEM) quantifying difference in pre-SWR p

sec). Index variesbetween�1and+1,with+1 indicating firing only in thepre-SWRw

(G) Standardized cross-covariance during theta periods for PFC pairs belongin

covariances. Shaded areas are SEM. (Right) Average peak of the cross-covarian

See also Figure S3.
coordination during awake SWRs is specific to task performance

and is not detectable before each day’s experience.

DISCUSSION

Our results establish awake SWRs as a prominent network activ-

ity pattern mediating hippocampal-PFC interactions during

behavior. We found coherent reactivation of behaviorally

concordant information across hippocampal-PFC networks dur-

ing awake SWRs. We also show that this reactivation includes

not only the expected excitation of some PFC cells but also inhi-

bition of other PFC cells. Moreover, these SWR-excited and

SWR-inhibited populations had distinct spatial and temporal

firing properties, where SWR-excited cells weremore active dur-

ing movement, while SWR-inhibited cells were more active

around the times of SWRs during stillness and following reward.

Finally, we found that the coordinated firing was specific to the

task epoch and was not detectable in the preceding rest period.

Awake SWRs are of particular interest because they have been

causally linked to memory: interrupting awake SWRs is sufficient

to impair learning and performance in a situation where animals

needed to link multiple experiences across time and make deci-

sions based on those experiences (Jadhav et al., 2012). Examina-

tionof hippocampal activityduringawakeSWRshas revealed that

theseeventscancontainsequential spiking that recapitulatespat-

terns seen during both recent (Foster andWilson, 2006; Diba and

Buzsáki, 2007;Davidson et al., 2009) andmore remotepast expe-

riences (KarlssonandFrank, 2009;Guptaet al., 2010). Further, the

intensity of hippocampal reactivation during awake SWRs can be

predictive of whether an upcoming decision will be correct or

incorrect (Singer et al., 2013), and the content of awake replay

events can be predictive of upcoming choices in certain task con-

texts (Pfeiffer and Foster, 2013). While the specific role that SWR

activity plays inmemory retrieval and decision-making processes

remains unclear, one possibility is that it contributes to delibera-

tion by transmitting sequences corresponding to either specific

past experiences (Carr et al., 2011) or possible future options to

other brain areas (Yu and Frank, 2015).

The PFC is known to play a central role in these retrieval and

decision-making processes (Hasegawa, 2000; Miller and Co-

hen, 2001; Sakai, 2003; Wiltgen et al., 2004; Jung et al.,

2008; Tse et al., 2011), and our findings provide support for

the possibility that awake SWR-related activity in the PFC sup-

ports computations related to the specific content of the corre-

sponding SWR-related hippocampal activity (Yu and Frank,

2015). We found that the spiking activity of a substantial frac-

tion of PFC neurons is modulated during awake hippocampal

SWRs. Further, correlations between CA1-PFC pairs during

awake SWRs reflected pairwise correlations during active

exploration, measured by the theta-period correlation structure

as well as correlation of spatial receptive fields. Neuron pairs in

the CA1-PFC network that were more correlated during
eriods (�500 to�100 ms before SWR onset) and high-speed periods (> 10 cm/

indowand�1 indicating firingonlyduringmovement (**p <0.01, rank-sumtest).

g to different SWR-modulation populations. (Left) Average population cross-

ce (mean ± SEM) for the populations (**p < 0.001, ***p < 10�4, rank-sum tests).
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Figure 6. CA1-PFC Reactivation during

Awake SWRs

(A) (Top) Number of spikes across all SWRs of one

PFC neuron against number of spikes of a simul-

taneously recorded CA1 neuron. Spike counts

were jittered for visualization only (Gaussian jitter

with SD = 0.05 for x axis, and SD = 0.1 for y axis).

(Bottom) Standardized cross-covariance of the

neuronal pair during theta (r = 0.29, ***p = 4.5e�5).

(B) Same as in (A), for a pair with negative

SWR correlation and low theta cross-covariance

(r = �0.22, ***p = 0.0006).

(C) (Left) SWR correlation versus theta cross-

covariance for CA1 versus SWR-excited PFC cells

(n = 393 pairs; r = 0.39, p < 10�4). (Right) SWR

correlation versus theta cross-covariance for CA1

versus SWR-inhibited PFC cells (n = 320 pairs,

r = 0.39, p < 10�4).

(D) (Left) A GLM obtained for an example CA1

ensemble and PFC cell, where spiking of the CA1

ensemble during SWRswas used to predict spiking

of the PFC cell during SWRs. Edges represent GLM

beta coefficients. (Right) The network from the left

embedded within a larger network that includes

the other PFC cells recorded simultaneously. Red

dots represent SWR-excited PFC cells, blue dots

represent SWR-inhibited PFC cells, and cyan dots

represent SWR-unmodulated PFC cells.

(E) Cross-validated prediction for SWR-associated

spiking of PFC SWR-modulated cells. Prediction

(mean ± SEM) is plotted as a function of the CA1

ensemble size. SWR-trained (striped bars) predic-

tion performance increased with the size of the CA1

ensemble (one-way ANOVA, cell count group, p <

10�4). Movement-trained (white bars) prediction

performance also increased with the size of the

CA1 ensemble (one-way ANOVA, cell count group,

p < 10�7).

See also Figure S4.
reactivation tended to represent overlapping spatial locations,

whereas those that were anticorrelated or uncorrelated during

reactivation represented nonoverlapping locations. At the pop-
122 Neuron 90, 113–127, April 6, 2016 ª2016 Elsevier Inc.
ulation level, we found specific patterns

of simultaneous positive and negative

correlations, implying that specific

groups of CA1 and PFC neurons are

coactive during SWRs. These patterns

reflect structure seen in the theta state,

since a GLM model built using theta-

associated spiking patterns was able to

significantly predict activity during

SWRs. Further, spiking from either CA1

or PFC could be used to predict activity

in the other, indicating the presence of

coherent functional ensembles across

the two regions. Therefore, our findings

imply very precise coordinated activity

in the CA1-PFC network during SWRs,

which is well suited to support memory

processes.
We also found a bias toward CA1 leading PFC directionality

during both SWRs and theta, as in previous studies (Siapas

and Wilson, 1998; Peyrache et al., 2009; Wierzynski et al.,
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Figure 7. CA1-PFC Reactivation Reflects

Spatial Correlations

(A) Example PFC neuron and three simultaneously

recorded CA1 neurons. The purple and green lines

represent significant positive and negative SWR

correlations, respectively. The corresponding

SWR correlation coefficients are shown above

their respective lines.

(B) Normalized linear firing rate of the corre-

sponding CA1 neurons from (A) for each of the

W-track spatial trajectories, overlaid on the PFC

firing rate in red. The spatial correlation co-

efficients for these CA1-PFC pairs are shown

above their respective linear firing rate maps.

(C) Spatial correlation versus SWR correlation for

(Left) CA1 versus SWR-excited PFC cells (n = 393

pairs, r = 0.2, p < 10�3), and (right) CA1 versus

SWR-inhibited PFC cells (n = 320 pairs; r = 0.36,

p < 10�4). The SWR-inhibited population had

stronger correlations than the SWR-excited pop-

ulation, p < 0.01, shuffle test, n = 1,000).

See also Figures S5 and S6.
2009; Jones and Wilson, 2005; Siapas et al., 2005; Sigurdsson

et al., 2010). This bias is consistent with recent reports that

ventral hippocampal CA1 inputs to PFC are important for spatial

representations and information encoding in a working memory

task (Spellman et al., 2015). At the same time, there is clear ev-

idence of PFC influence on CA1 during behavior in the context

of coding for past and future location (Ito et al., 2015), indicating

bidirectional information flow between these structures during

behavior. Importantly, this information flow does not imply

monosynaptic connectivity. In our case, a large majority of our

hippocampal recordings were in dorsal CA1 (�88%), which

has only an anatomically minor projection to PFC (Cenquizca

and Swanson, 2007). Instead, the observed coordinated

reactivation likely depend on indirect connectivity and/or the in-

terconnectivity between dorsal areas of the hippocampus and

intermediate and ventral hippocampus (Witter and Amaral,

2004), from which strong direct projections to PFC arise (Cen-

quizca and Swanson, 2007).

Surprisingly, we also found that PFC reactivation involves cell-

specific excitation and inhibition. This observation is consistent

with a recent report showing excitatory and inhibitory responses

of neurons in the VTA during hippocampal SWRs (Gomperts

et al., 2015), and taken together, these findings suggest the pos-

sibility of widespread activation and inhibition of neurons outside

the hippocampus during SWRs. While we and others have hy-
Neuron 90, 113–
pothesized that awake SWR-related ac-

tivity could drive the activity of specific

populations of neurons in the context of

memory retrieval, memory consolidation,

and decision making (O’Neill et al.,

2010; Carr et al., 2011; Yu and Frank,

2015), the possibility of structured inhibi-

tion of PFC activity has not, to our knowl-

edge, been proposed. Moreover, we

found that SWR-excited and SWR-in-

hibited PFC populations comprised of
functionally distinct groups: SWR-excited cells had more

spatially diffuse firing and tended to be active at higher move-

ment speeds, while SWR-inhibited cells had more spatially

concentrated firing and tended to be active at lower movement

speeds when SWRs are more common (O’Neill et al., 2006;

Cheng and Frank, 2008; Karlsson and Frank, 2009; Carr et al.,

2011). SWR-inhibited cells were also more selective for reward.

Further, cell pairs with one SWR-excited and one SWR-inhibited

PFC neuron were rarely coactive in a 1 s window, while pairs

comprising like-modulated cells were often strongly coactive

during movement.

The content-specific inhibition ofmany PFC cells during SWRs

suggests that upon the initiation of an SWR, the representation in

PFC related to the current state can be suppressed and replaced

with a representation of recent active behavior consistent with

the representation reactivated in CA1. In agreement, SWR-in-

hibited PFC cells are most strongly suppressed when the spatial

content of a hippocampal reactivation event is inconsistent with

the movement-related activity of the PFC cell. In contrast, when

the spatial content of the reactivation is behaviorally consistent,

the inhibition is reduced, indicating that the cell could continue to

signal strongly to downstream neurons. Thus, SWR-related inhi-

bition of PFC is well suited to suppress ongoing PFC activity that

is inconsistent with the content of the replayed information com-

ing from the hippocampus.
127, April 6, 2016 ª2016 Elsevier Inc. 123



A

B

C

D

Figure 8. Task-Related CA1-PFC Correla-

tions Are Not Present in Preceding Rest

Periods

(A) SWR response correlation in pre-rest versus

task behavior for all CA1-PFC pairs recorded in

both epochs for W-track behavior. (Left) CA1-PFC

SWR-excited pairs (n = 219, r = 0.08, p = 0.2).

(Right) CA1-PFC SWR-inhibited pairs (n = 196,

r = 0.1, p > 0.1).

(B) SWR response correlation in pre-rest versus

peak theta cross-covariance during task behavior.

(Left) CA1-PFC SWR-excited pairs (n = 219, r =

0.02, p > 0.8). (Right) CA1-PFC SWR-inhibited

pairs (n = 196, r = 0.12, p > 0.1).

(C) SWR response correlation in pre-rest versus

spatial correlation during behavior. (Left) CA1-PFC

SWR-excited pairs (n = 219, r = �0.02, p > 0.7).

(Right) CA1-PFC SWR-inhibited pairs (n = 196,

r = 0.05, p > 0.5).

(D) Comparison of cross-validated GLM models

for prediction (mean ± SEM) of SWR-associated

spiking of PFC cells using CA1 ensemble activity.

Each bar represents the prediction from either

task or pre-rest trained models to task or pre-rest

data. Task to task (n = 38 PFC SWR-modulated

cells). Task to pre-rest (n = 24 cells). Prediction

was significantly worse than run-to-run perfor-

mance (SWR-trained: n = 38 versus n = 24 cells,

p < 10�6 ; theta-trained, p < 10�5, rank-sum

tests). Pre-rest to task (n = 22 cells). Prediction

was significantly worse than run-to-run perfor-

mance (SWR-trained, n = 38 versus n = 22 cells,

p < 10�6 ; theta-trained, p < 10�4, rank-sum

tests). Pre-rest to pre-rest (n = 39 cells). Predic-

tion was significantly better for both of the cross-

epoch predictions (SWR-trained, rank-sum tests,

n = 39 versus n = 24 cells, p < 0.01; n = 39 versus

n = 22 cells, p < 0.01).

See also Figure S7.
Finally, our results also complement previous studies of hip-

pocampal and cortical reactivation during sleep. Sleep SWRs

have been linked to memory consolidation (Born and Wilhelm,

2012), and reactivation during SWRs has been shown to occur

within PFC during sleep (Peyrache et al., 2009), but whether
124 Neuron 90, 113–127, April 6, 2016 ª2016 Elsevier Inc.
this reactivation reflects the specific con-

tent of simultaneous hippocampal reacti-

vation events has not been examined.

Similarly, reports of ‘‘reverberation’’ of

prior activity across multiple structures

during offline periods after behavior

(Hoffman and McNaughton, 2002; Ri-

beiro et al., 2004) did not examine activ-

ity in the hippocampus. That said, in one

study that looked for episodes of con-

current reactivation between hippocam-

pus and visual cortex during slow-wave

sleep, a small number of coherent reac-

tivation events were seen (Ji and Wilson,

2007). Our results show that during
awake SWRs coherent reactivation is common, and that it en-

gages both excitation and inhibition in the PFC. This estab-

lishes SWRs as a network state that is well suited to support

awake memory processes, complementing the role of sleep

SWRs in memory consolidation.



EXPERIMENTAL PROCEDURES

An overview of experimental procedures is presented below. See Supple-

mental Experimental Procedures for more details.

Animals and Experimental Overview

Six male Long Evans rats weighing 450–550 g were used in this study. All pro-

cedures were approved by the Institutional Animal Care and Use Committee at

the University of California, San Francisco and conformed to National Insti-

tutes of Health guidelines (Jadhav et al., 2012). Animals were pretrained to

seek liquid food reward on a raised linear track (Jadhav et al., 2012). Following

the conclusion of the experiments, we made microlesions through each elec-

trode tip to mark recording locations.

Behavioral Tasks

Rats (n = 3 per task) learned either a W-track or a Y-track auditory cue-guided

spatial task across 8–12 days, inmultiple run sessions per daywith interleaving

rest sessions. Data were pooled across all sessions within a day. For the

W-track task (two sessions per day), rats were rewarded upon returning to

the center well after visits to either side well and starting from the center

well, when the opposite sidewell from the previous side trajectory was chosen.

In the Y-track auditory-cue guided spatial task, following a reward in the home

well, in �75% of trials the rats were rewarded upon arriving at the end of the

‘‘silent arm.’’ In a pseudorandom �25% of trials, 5 s after poking in the

home well, a specific sound was emitted from a speaker, in which case rats

were rewarded in the ‘‘sound arm.’’

Surgical Implantation and Electrophysiology

Surgical implantation procedures were as previously described (Jadhav et al.,

2012). Animals were implanted with a microdrive array with 21 independently

moveable tetrodes at the following coordinates: W-track, right dorsal hippo-

campal region CA1 (�3.6 mm AP and 2.2 mm ML), right PFC (+3.0 mm AP

and 0.7 mm ML, 5� angle in one animal), and intermediate CA1 (�6.3 mm

AP and 5.5 mm ML, in two animals); Y-track task, left dorsal CA1 (�3.6 mm

AP and �2.2 mm ML), left PFC (+3.0 mm AP and �1 mm ML); left primary

auditory cortex (�4.8 mm AP and �5.5 mm ML, 25� laterally from midline).

Figure S1 shows the recording locations for all electrodes in all animals, and

distribution of cells across animals is shown in Table S1. Only data from hippo-

campal and prefrontal recordings are reported here.

Data were collected using the NSpike data acquisition system (Karlsson and

Frank, 2009; Jadhav et al., 2012) (L.M.F. and J.MacArthur, Harvard Instrumen-

tation Design Laboratory). We recorded continuous local field potentials (LFP,

filtered 0.5–400 Hz and sampled at 1.5 kHz) from all tetrodes. Spike data were

sampled at 30 kHz and digitally filtered between 300 or 600 Hz and 6 kHz, and

threshold crossing events were saved to disk (40 samples at 30 kHz). An

infrared light emitting diode array with a large and a small cluster of diodes

was attached to the preamps during recording. Behavior sessions were re-

corded with an overhead monochrome CCD camera (30 fps), and the animal’s

position and speed were detected online using the infrared diodes.

Data Analysis

Data analysis was performed using custom routines in Matlab (MathWorks,

Natick, MA). We used nonparametric tests for statistical comparisons

throughout the manuscript unless otherwise noted. All values reported are

mean ± SEM unless otherwise noted.

SWR Detection and Modulation

SWRs were detected using LFPs filtered in the 150–250 Hz range on multiple

CA1 tetrodes as previously described (Karlsson and Frank, 2009). We limited

our analysis to putative PFC andCA1 excitatory neurons with sufficient number

of spikes. We developed an SWR-modulationmetric (see Supplemental Exper-

imental Procedures), which was based on comparing the response in the

0–200mswindow after SWRonset to shuffled data. PFC SWR-modulated neu-

rons were categorized as SWR-excited or SWR-inhibited by comparing the rate

in the0–200mswindowafter SWRonsetwith the rate in a pre-SWRbackground

window�500 to�100mswindowbefore SWRonset. Timing and cross-covari-

ance of the SWR-response were calculated using the SWR-aligned rasters.
Theta Phase Locking

Theta phase locking was calculated using the methods developed in previous

reports (Siapas et al., 2005). Theta oscillations were filtered in the 6–12 Hz

range in the LFP downsampled to 150 Hz. We used a CA1 tetrode located in

corpus callosum to measure theta phase (Lubenov and Siapas, 2009). 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.

Spatial Properties

Spatial firing properties of neurons were computed using occupancy-normal-

ized linearized firing rates of neurons (Figures 5, S3, and 7). Spatial coverage of

neurons was defined as the fraction of area above 25%of the peak firing rate of

the neuron across all four trajectories got neurons with a peak spatial firing rate

>3 Hz. Spatial correlations between neurons were also calculated using the

linearized firing rates.

SWR Correlations and Theta Cross-Covariance

SWR correlations between pairs of CA1-PFC neurons were measured as the

correlation coefficient between the magnitudes of the spiking responses of

the two neurons in the 0–200 ms aligned to SWR onset. Standardized cross-

covariance during theta (Figures 5 and 6) was calculated as in previous reports

(Siapas et al., 2005). Only theta periods that were at least 1 s long were

included in the analysis.

GLM

For each SWR-modulated PFC neuron, we trained a GLM with a log link func-

tion to predict SWR-related spiking of that PFC neuron from the activity of the

simultaneously recorded CA1 ensemble. To determine predictive significance,

we used a cross-validation approach, training on 90% of the SWR responses

and predicting the remainder.
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Buzsáki, G., Leung, L.W., and Vanderwolf, C.H. (1983). Cellular bases of hip-

pocampal EEG in the behaving rat. Brain Res. 287, 139–171.

Carr, M.F., Jadhav, S.P., and Frank, L.M. (2011). Hippocampal replay in the

awake state: a potential substrate for memory consolidation and retrieval.

Nat. Neurosci. 14, 147–153.

Cenquizca, L.A., and Swanson, L.W. (2007). Spatial organization of direct hip-

pocampal field CA1 axonal projections to the rest of the cerebral cortex. Brain

Res. Brain Res. Rev. 56, 1–26.

Cheng, S., and Frank, L.M. (2008). New experiences enhance coordinated

neural activity in the hippocampus. Neuron 57, 303–313.

Davidson, T.J., Kloosterman, F., and Wilson, M.A. (2009). Hippocampal replay

of extended experience. Neuron 63, 497–507.
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