




cell types and layers (Fig. S5), within or outside spindle episodes,
revealed strikingly different responses. First, SPWR that oc-
curred during spindle episodes are associated with an ongoing
state of elevated neuronal firing (suggested by the symmetric
modulation in the cross-correlogram). This finding is most re-
markable for superficial FS and RS cells, and is compatible with
the large, UP state-related dipole measured in superficial layers
(28). Indeed, in deep layer this effect is weaker, and virtually
absent for RS cells. Second, during nonspindling-associated
SPWR events, cortical activity displayed a transient increase,
followed by a longer-lasting (1–2 s) plateau of elevated activity
compatible with the relationship between SPWRs and UP state
onset occurring after δ-waves (Fig. 2A) (26, 29). However, deep-
layer RS cells show only a transient firing increase, and no sus-
tained activation (Fig. S5).
Finer examination of the relationship of prefrontal spiking

activity with SPWR depending on the spindling state revealed
first that FS cells were the most activated. Individual and pop-
ulation average z-scored cross-correlograms in a ± 400-ms win-
dow (Fig. 3A) showed that their sensitivity to SPWR relatively to
their ongoing firing was enhanced during non spindling states by
a factor of 2 to 3 (Fig. 3B, Left) (superficial FS: P < 0.05; deep
FS: P < 10� 10, paired t test). Furthermore, only deep-, and not
superficial-, layer RS cells showed a significant transient re-
sponse to SPWRs (Fig. 3B, Right). However, during spindling
episodes, this response vanished.

State-Dependent γ-Response. γ-Rhythms in rodent neocortex span
a wide range of frequency, from 30 to 140 Hz (30). The example
in Fig. 4 shows that γ-oscillations occur in bursts of various fre-
quencies that tended to fire at the peaks of the deep LFP spindle
oscillation. We analyzed how instantaneous broadband γ-power
(30–140 Hz) changed in relation with spindle and SPWRs. First,

γ-power was strongly modulated in phase by spindles, as mea-
sured by the averaged z-scored cross-correlogram in ± 500-ms
windows (Fig. 5A). The power spectra of instantaneous wide-
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band γ-power (Fig. 5A, Inset), quantifying the depth of modu-
lation by spindles, were not different in the deep and superficial
layers (P > 0.05, Jackknife). Moreover, the power spectra in
the γ-band revealed an increase in all γ-frequency bands, with
a stronger effect in the 30- to 50-Hz band compared with faster
γ-oscillations (>70 Hz) (Fig. 5B). We then analyzed how SPWRs
related to γ-oscillations. During spindling episodes, γ-oscillations
were modulated by SPWRs, as well as by the spindle cycle. The
effect was not different in the two layers and was at about 0.5 SD
over the baseline (Fig. 5C1). However, the rythmic modulation
could be a by-product of phase-locking of SPWRs to spindles
(Fig. 2C) (see also refs. 25 and 26). Conversely, during non-
spindling episodes, SPWRs were preceded by a state of weak
γ-activity (Fig. S6)—most probably the end of the previous UP
state—and provoked a rebound, especially in the deep layers
(Fig. 5C2). Interestingly, the γ activation was not the same in all
frequency bands (Fig. 5D2): slow γ (30–50 Hz) band power in-
creased sustainably with a 400-ms delay after SPWR occurrence
in both layers, and fast γ (>70 Hz) was evoked transiently in the
deep layers, possibly caused by (or at least correlated with)
spiking itself (Fig. S7). Finally, in the deep layers, wide-band
γ-power at the time of SPWR occurrence increased with SPWR
strength (Fig. 5 E and F). When taken individually (Fig. 5G),
61% of deep-layer LFPs showed correlated wide-band γ-re-
sponse with SPWR strength (P < 0.001, n = 151 LFP channels,
binomial test), whereas only 49% of superficial LFPs did so (n =
82, not significant from chance level). This increase of wide-band
γ-power was specifically the consequence of increase high
γ-power (Fig S4C). If SPWR strength was significantly stronger

outside rather than within spindle episodes (P < 0.01, paired t
test), the relative increase of ripple-frequency band power was
too low (1.3% in average) to explain the observed differences in
PFC activity between the two conditions.

Discussion
Taking advantage that the PFC receives afferents from both
hippocampus and thalamus, we investigated the dynamic re-
cruitment of cortical cells into thalamo-cortical and hippo-
campo-cortical assemblies during SWS. Discrimination between
FS and RS cells and fine histological reconstruction of electrode
tracks allowed the examination of the response and interaction
of these different cell types and cortical layers to thalamic and
hippocampal inputs.

Rhythmic Activation of Neocortical FS Cells During Spindle
Oscillations. We investigated the interaction between thalamo-
cortical spindles and hippocampal SPWRs onto the mPFC. Al-
though it is possible that the analyzed oscillations could be better
classified as high-voltage spindles, this is unlikely because several
physiological parameters pointed in favor of natural sleep spin-
dles (SI Materials and Methods). These low-voltage spindle
oscillations are the hallmark of thalamo-cortical assembly re-
cruitment during the light stages of SWS (3, 31), with thalamo-
cortical cells bursting and depolarizing neocortical dendrites. FS
cells were strongly modulated by spindle oscillations, both in
their phases and in firing rates. Whereas superficial RS cells were
also recruited, deep-layer RS cells were phase-modulated poorly,
if at all (Fig. 1). This population shows a slight tendency for firing
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preferentially in antiphase with all other cells, in particular deep
FS, and would thus fire when the local inhibition is the lowest.
These results are in agreement with several other previous
findings. First, the higher modulation of superficial cells by
spindles is consistent with the denser projection from the main
projecting thalamic input, namely the medio-dorsal nucleus, to
the superficial layers of the mPFC (23). Second, spindle syn-
chronization requires the intact thalamo-cortical system (32),
with a prominent synchronizing role of cortico-cortical projec-
tions in the superficial layers (33). Third, in intracellular re-
cordings during spindle oscillations, the weak modulation in
control conditions was changed to powerful bursts by using Cl-
filled pipettes, revealing strong inhibition (19).
A recent study reported that a class of superficial FS cells,

namely the dendritic targeting cells, fire in antiphase with local
pyramidal neurons (34). No such cells were found in our dataset
but this might be explained by the lack of very superficial-layer
recordings where these cells were found.

Modulation of γ-Burst Occurrence by Spindle Oscillations. In many
ways, UP states are similar to waking desynchronized states, in
particular because neocortical neurons display similar patterns of
correlation and conductances (35), and γ-oscillations in the LFPs
(36). γ-Oscillations are associated to the activation of neocortical
cell assemblies (22, 37) and are probably caused by strong
interactions between FS and RS cells or between FS cells only
(38, 39). Here we show that mPFC γ-activity (30–140 Hz) was
remarkably modulated by spindle oscillations (Fig. 5A).
Interestingly, the hippocampal θ-rhythm (5–10 Hz) of active

behavior modulates γ-bursts in a similar way: local γ-bursts in
CA1 (40, 41) as well as neocortical γ-bursts (30, 42) are phase-
locked to the θ-oscillation. The modulation of local fast events
by remote slower oscillations is thus a common mode of inter-
structure communication mechanisms, both between the thala-
mus and neocortex, and between the hippocampus and neo-
cortex (43, 44).

Interaction Between Thalamic and Hippocampal Inputs at Multiple
Timescales. During SWS, the hippocampal influence on mFPC is
mostly mediated by SPWRs, whose occurrence is in turn mod-
ulated by the slow oscillation and its nested rhythms: δ- and
spindle oscillations (24–26, 29). We provided further data on
how these different comodulated events may interact.
SPWR influence on mPFC activity depended on the neo-

cortical state and in particular its oscillatory drive from the
thalamus: mPFC sensitivity to hippocampal SPWRs was greater
when the mPFC was not involved in thalamo-cortical coupling
(Figs. 3 and 5). In particular, deep-layer RS cells relayed hip-
pocampal inputs preferentially during nonspindle states, when
they are released from thalamic drive. In this state, SPWRs were
concomitant with short (<100 ms) fast γ-bursts (>70 Hz) in the
deep layers and the amplitude of the response was correlated to
SPWR strength (Fig. 5 E–G and Fig. S4), pointing at activation
of the deep layers: fast-γ is strongly related to spiking activity
(Fig. S7), possibly because of the low-frequency component of
action potentials leaking in the LFP (45). In general, outside
spindling episodes SPWRs tended to appear toward the end of
UP states, as shown by (i) the low spiking (Fig S5 and ref. 29),
(ii) low γ-activity (Fig. 5 and Fig. S6) preceding these SPWRs,
and (iii) the negative time-lag shift of the maximum peak in the
the correlation between δ-waves and SPWRs (Fig. 2B, black
arrow). At the end of UP states, global activity decreases leading
to enhanced cell input resistance (46, 47). This process may favor
enhanced responsiveness of mPFC cells to hippocampal inputs.
However, the SPWRs–δ-wave correlation shows another, but
smaller, peak for positive time-lag (Fig. 2B, white arrow). This
finding indicates that both UP-DOWN and DOWN-UP tran-
sitions could be associated to SPWR occurrence. Whether the
hippocampus passively reacts to its inputs or plays an active role
in neocortical-state transitions, through mechanisms similar to
what shown in vitro (47), remains to be determined (24–26, 29).

Note that δ-wave strength was only correlated with the occur-
rence rate of SPWRs preceding them, suggesting that hippo-
campal input may be important for complete termination of
activity during DOWN states. The second peak, at the putative
DOWN-UP transition, was of comparable strength for all
δ-waves. Although the present dataset focused on an output
structure of the hippocampus, the mPFC, it would be interesting
to study how the δ-wave strength in the up-stream areas (i.e., the
entorhinal cortex) would affect SPWR occurrence.
SPWRs and spindles are highly comodulated events (25, 26).

The PFC’s response is positively correlated with the strength of
the SPWR, as measured by hippocampal population activity
(27). Strong SPWR events were clearly associated to increased
occurrence rate of spindle peaks (Fig S4A). Such a relationship
was absent between SPWR and δ-waves (Fig S4B). One possi-
bility would be that SPWRs can themselves recruit thalamo-
cortical cells into a spindling episodes in a strength-dependent
fashion, in a way similar to the neocortical synaptic barrage as-
sociated to UP state onset (3).
Furthermore, we show that the timescales of the interaction

between the SPWRs and spindle events spanned several orders
of magnitude (Fig. 2C). SPWRs were phase-locked to spin-
dles (26), but at larger timescales SPWRs preceded spindle oc-
currence (25), possibly because of common modulation by the
slow oscillation (3, 24, 26, 29), in particular its DOWN phase
(Fig. 2B), and possibly to lower frequency components in the
SWS dynamics.

Cortical Deafferentiation During Spindles. Thalamo-cortical cells
have roughly two modes of activity, phasic or bursting, and the
latter is thought to be responsible for the disruption of relay
property of thalamo-cortical cells (3). However, the present study
proposes an alternative view. The monosynaptic hippocampo-
prefrontal projection offers a unique chance to study the response
of a cortical area to an endogenous stimulation independent
of the thalamic relay. The present results demonstrate that the
cortex is generally unresponsive during spindles, suggesting that
thalamic inputs in burst mode recruit massive intracortical in-
hibition, which itself produces a local deafferentation of the
cortical area concerned, regardless of the input source.

Implications for Memory Formation. The communication between
the mPFC and the hippocampus are likely to be crucial for
memory formation and consolidation (48). Based on our data,
some hypotheses may be drawn about the functional implications
of neural dynamics in these areas. Excitatory input from tha-
lamo-cortical cells is thought to massively depolarize neocortical
cell dendrites during spindles (19). This finding was suggested to
play a role in plasticity mechanisms by enabling calcium entry in
dendrites and mobilizing molecular mechanisms for stable
changes in synaptic weights (19, 31). On the other hand, to
consolidate a given memory trace networks must avoid in-
terference from their spontaneous activity dynamics. Perisomatic
inhibition (of which we show the possible effects), would then be
the key factor in permitting dendritic depolarization yet in
keeping pyramidal cell activity under tight control. However, this
theory does not explain which memory trace would be consoli-
dated through this process. During wakefulness, mPFC neuronal
activity self-organizes in cell assemblies that are reactivated
during sleep (13), preferentially at times of hippocampal SPWRs
(14). SPWRs tend to precede spindles over multiple time scales
(Fig. 2C), and cell-assembly replay likely occurs at the same
times (14). Thus, a likely sequence of events would see replay
first (coincident with SPWRs), and then a state favoring con-
solidation of the recently modified synapses, during spindles.
This theory would explain why during slow oscillations, which

temporally organize the chain of events described above, replay
is indeed enhanced (6, 14). Thus, although at a subsecond
timescale spindles do not corresponds to peaks in replay (14) or
hippocampal/PFC communication (shown here), a positive cor-
relation is found at a longer (minutes) timescale between spin-
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dling activity and replay (6). Similarly, spindling EEG power is
increased with learning (5), possibly as a result of a general in-
crease in slow oscillation activity (49).
This hypothetical gating effect of thalamo-cortical inputs be-

tween hippocampal-triggered vs. intrisically cortical consolida-
tion processes would be mediated by the prefrontal cortex
circuitry, as we show here, with distinctive roles for FS and RS
cells in different layers. The functional importance of this
structure will have to be investigated in future work.

Materials and Methods
Four Long-Evans (pigmented) male rats (R. Janvier) weighing 250 to 300 g at
arrival, were handled daily. All experiments were carried out in accordance
with institutional (Centre National de la Recherche Scientifique Comite
Operationnel pour l’Ethique dans les Sciences de la Vie) and international
(National Institutes of Health) standards and legal regulations (Certificate
no. 7186, French Ministere de l’Agriculture et de la Peche) regarding the use
and care of animals. After habituation to the experimental environment,
rats were anesthetized with intramuscular xylazine (Rompun, 0.1 mL) and
intraperitoneal pentobar-bital (35 mg per kilogram of body weight). A drive
containing seven tetrodes (six recording plus one reference) was implanted
through the skull above the right mPFC (anterior-posterior, 3.55 mm; me-
dial-lateral, 0.51.5 mm). Each tetrode was contained in a 30-gauge hypo-
dermic tube, with the tubes arranged in two parallel, adjacent rows.

Tetrodes were twisted bundles of polymide-coated nichrome wire (13 mm in
diameter; Kanthal); the drive allowed independent adjustment of tetrode
depth. After dura retraction, two rows of cannulae were implanted parallel
to the sagittal sinus so that they targeted the superficial and deep layers of
the medial bank of the cortex. A separate microdrive containing three
tetrodes was targeted to the ventral hippocampus (anterior-posterior, 5.0
mm; medial-lateral, 5.0 mm). Each tetrode was electrically connected in
a single-electrode configuration (all channels shorted together) and used for
LFP recordings. A screw implanted on the occipital bone above the cere-
bellum served as the LFP reference. The hippocampal tetrodes were lowered
to the CA1 pyramidal layer; the depth was adjusted with the help of LFP
signs (flat sharp waves, strong ripple oscillations). After surgery, rats re-
covered for at least 2 wk and the tetrodes were lowered to reach the pre-
limbic area (main drive) and the CA1 pyramidal layer (hippocampal micro-
drive). Between sessions, tetrodes were gradually lowered to probe different
dorso-ventral levels in the prelimbic area.

See SI Materials and Methods for further details.
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SI Materials and Methods
Electrophysiological Procedures and Spike Sorting. Signals from all
electrodes were fed into a unity-gain headstage preamplifier (HS-
54; Neuralynx) and then, through a tether cable, to programmable
amplifiers set at 2,000× (Lynx-8; Neuralynx). Signals for single-
unit recordings were band-pass filtered between 600 and 6,000
Hz; signals for LFP recordings were filtered between 0.1 and 475
Hz (Pfc) and 1 and 475 Hz (Hpc). Data were digitized and stored
on hard disk by the Power 1401 (CED) acquisition system,
controlled by Spike2 software (CED). Single-unit data were
sampled at 25 kHz, and 1.3-ms samples were time-stamped and
stored for all of the channels in a tetrode whenever any of the
four channels exceeded a preset threshold. Local field potentials
were sampled and stored at 2 kHz. From spike waveforms, the
first three principal components of the energy-normalized
waveforms were computed for the four tetrode channels, gen-
erating a 12-dimensional vector describing each spike. Those
vectors were input to the KlustaKwik (http://klustakwik.source-
forge.net) clustering program. The resulting classification was
manually refined using the Klusters interface (http://klusters.
sourceforge.net).

Slow-Wave Sleep and Oscillation Detection. Slow-wave-sleep (SWS)
was automatically detected. Spectrograms of cortical and hip-
pocampal local field potentials (LFPs) were computed with bins
of 1 s. Power in the cortical δ-band (1–4 Hz), hippocampal θ (5–
10 Hz), cortical spindles (10–20 Hz), and speed of head motion
were clustered using a K-means algorithm. Clusters corre-
sponding to high values of δ- and spindle powers and to a low
degree of head movement were considered as corresponding to
SWS. Successive SWS clusters occurring in intervals of less than
1 min were merged and resulting time intervals of SWS smaller
than 10 s were dropped.
For ripple detection, the hippocampal LFP from the CA1

pyramidal layer was band-pass filtered in the ripple frequency
range (100–300 Hz) to detect Sharp-Waves-Ripples (SPWRs).
The rms signal was then smoothed (20-ms Gaussian window).
Only intervals for which the resulting envelope was 2 SD above
the raw filtered signal were retained. Ripple events were time-
stamped with the times of the deepest LFP troughs in these in-
tervals if the latter were at least 5 SD below the rms signal
baseline. The SPWR strength was defined as the peak value of
the z-scored LFP signal filtered in the ripple band (100–300 Hz).
Then, in each session, SPWRs were divided in four quartiles of
increasing power and analysis were carried out for each group of
SPWR separately (Fig. 5 E–G and Fig. S4).
Spindle detection was similarly processed: the signal was fil-

tered between 10 and 15 Hz, and spindle episodes were detected
as segments were the rms envelope, smoothed with a 100-ms
Gaussian window, was above 1 SD of the nonsmoothed signal for
at least 500 ms. Several physiological parameters were in favor of
classifying those events as sleep low-voltage spindles as opposed
to high-voltage spindles that were rare, if ever (use of young Long-
Evans rats, absence of any spindling activity during resting periods
(not sleep), no spike-phase associated with strong firing syn-
chronization).
Broadband γ-power was computed as the norm of the Hilbert

transform of the filtered EEG in the 30- to 140-Hz band. All LFP
channels (four possible recordings for each session), the histo-
logical reconstruction of which was successful, were included in
the analysis.

To detect δ-waves, medial prefrontal cortex (mPFC) LFPs
restricted to SWS episodes were filtered in the slow-oscillation/
δ-band (0.1–4 Hz) and z-scored. δ-Waves were defined as local
minima in epochs of continuous and positive deflection of the
filtered and normalized LFPs. In other words, two δ-waves were
necessarily separated by at least one epoch of negative de-
polarization of the LFPs. The strength of δ-waves were then
quantified by the value of the normalized LFPs at the detected
minima (thus expressed in number of SD above the baseline).

Histology.At the end of the experiments, a small electrolytic lesion
was made by passing a small cathodal direct current (20 mA, 10 s)
through each recording tetrode to mark their tip locations. The
rats were then deeply anesthetized with pentobarbital. In-
tracardial perfusion with saline was followed by 10% formalin
saline (vol/vol). Histological sections were stained with Cresyl
violet. The electrode tracks were reconstructed, verifying that the
recording sites were in the prelimbic area or, in exceptional cases,
in the dorsal-most infralimbic cortex. In addition, examination of
the brain sections allowed to determine the layers from which the
cells were recorded from (Fig. S1A).

Behavioral Protocols. Sleep sessions were preceded or followed by
waking episodes during which animals were engaged in a rule-
learning task, as described previously (1). Rats performed an at-
tentional set-shift task on a Y maze. Each recording session con-
sisted of a 20- to 30-min sleep or rest epoch, in which the rat
remained undisturbed in a padded flowerpot placed on the central
platform of themaze, followed by an awake epoch, in which the rat
performed the behavioral task described below for 20 to 40 min,
and then by a second 20- to 30-min sleep or rest epoch.
The first recording sessions were the first time that the rats

encountered the behavioral task. Rats started each trial in the
same arm (the departure arm). One of the two other (choice)
arms was illuminated at random (pseudo-random schedule; runs
of more than four consecutive trials with the same illuminated
arm were avoided, as were repeated bouts of imposed alternation
between the two arms). After that, the central platform was
lowered, allowing the rat to access the choice arms.
Only one of the choice arms was rewarded, according to one of

four contingency rules. Two contingency rules were spatially
guided (always go to the right arm or to the left arm); the other
two were cue-guided (go to the illuminated arm or to the dark
arm). The animal had to learn each rule by trial and error, as it was
not signaled by any cue. Once the rat reached a criterion of 10
consecutive correct trials or one error in 12 trials, the rule was
changed, with no further cue to the rat. Rule changes were
extradimensional, from a spatially guided rule to a cue-guided
rule, and vice versa. Typically, the trials necessary for acquisition
of a rule spanned more than one session; hence rule shifts did not
occur in all sessions.
All four rats learned the right- and light-arm rules (according to

above criteria), whereas only two learned the left-arm rule and
one learned the dark-arm rule.

Recording Sessions. A total of 1,731 cells were individually ana-
lyzed in the present study during 73 recording sessions in four
animals. In 61 recordings, two sleep sessions separated by at
least 30 min of waking activity were counted as two independent
sleep sessions with sufficient amount of SWS, which leads to
a total of 134 sleep sessions with sufficient amount of SWS. For
a full description of the session protocol, see Peyrache et al. (1).
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Cells from both superficial and deep layers were recorded in all
animals. However, superficial LFPs were recorded in only three
animals, whereas deep layers LFPs were monitored in all animals.

Identification of Putative Pyramidal Cells and Interneurons.
According to previous studies (2–4), putative interneurons and

pyramidal cells in the neocortex can be discriminated according
to spike width. The distribution of spike widths was bimodal
(Fig. S2). Cells with spike widths inferior to 0.32 ms were clas-
sified as putative interneurons (blue zone), whereas those su-
perior to 0.36 ms were classified as putative pyramidal cells (red
zone).

1. Peyrache A, Khamassi M, Benchenane K, Wiener SI, Battaglia FP (2009) Replay of rule-
learning related neural patterns in the prefrontal cortex during sleep. Nat Neurosci 12:
919e926.

2. McCormick DA, Connors BW, Lighthall JW, Prince DA (1985) Comparative
electrophysiology of pyramidal and sparsely spiny stellate neurons of the neocortex. J
Neurophysiol 54:782e806.

3. Tierney PL, Dégenètais E, Thierry AM, Glowinski J, Gioanni Y (2004) Influence of
the hippocampus on interneurons of the rat prefrontal cortex. Eur J Neurosci 20:514e
524.

4. Barthó P, et al. (2004) Characterization of neocortical principal cells and inter-
neurons by network interactions and extracellular features. J Neurophysiol 92:
600e608.
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Fig. S1. Anatomical reconstruction and neurophysiological differences between layers. (A) Example of two brain slices showing the estimated reconstruction
of tetrode tracks across recording sessions. (B) Same as Fig. 1, but with an additional superficial-layer LFP trace. Deep and superficial LFP were monitored from
two of the reconstructed tracks shown in A. From the raw data of the filtered LFP trace during spindles, a phase inversion is clearly observed between layers.
The agranular nature of the mPFC can explain this difference with previous reports in sensory cortices where the inversion is generally observed below layer VI.
(C) Histograms of spike phase relative to spindle oscillations from the two fast-spiking (FS) cells shown in B when the superficial- (Left) or the deep- (Right) layer
LFP is taken as reference. The preferred phase are opposite, in agreement with a phase inversion of spindle oscillation between superficial and deep layers.
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Fig. S2. Distinction between FS and regular-spiking (RS) cells based on spike waveform. (A) Example of two simultaneously recorded cells with different spike
width (Center). Shaded areas display SD. (Left and Right) Autocorrelograms of the large spike-width cells (putative RS cell, in red, Left) and the short spike-
width cell (putative FS cells, in blue, Right). (B) Example of a mean spike waveform (with an inverted extracellular polarity). The half-trough width is taken as
the clustering measure. (C) Histogram of spike width for all of the cells in the dataset. The distribution was bimodal with a large majority of RS cells (red zone,
spike width above 0.36 ms) and a minority of FS cells (blue zone, spike width below 0.32 ms). The dark zone displays the undiscriminated cells.

Fig. S3. (A–C) Same analysis as Fig. 2 C–F but with superficial LFP as reference (three of four animals). The results are identical except that the preferred phases
are shifted by 180°. This shift would be the consequence of a phase inversion of spindles between superficial and deep layers in the mPFC.
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Fig. S4. Effect and relationship of SPWR strength with cortical LFP events. (A–C) SPWRs were grouped in each session in four quartiles relative to their
strength (SI Materials and Methods). (A) Strength of SPWRs was correlated with occurrence rate of spindle peaks (color coded). (B) Same as A for δ-wave
occurrence rate. (C) SPWR-triggered spectrograms of mPFC LFPs for the different quartiles (rows) in the superficial (Left) or deep layers (Right). The increased
wide-band γ-wave observed in Fig. 5 E and Fwas directly related to an increase in high-γ (>70 Hz). Spectrograms were normalized (z-scored) for each frequency
independently.
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Fig. S6. Same analysis as in Fig. 5 C–F on a larger timescale. The z-scores are computed in ± 5-s windows. (A and C) The broadband γ-power (30–140 Hz) is
displayed in red or blue for superficial or deep, respectively, layers. (B and D) Color code for the z-scored power, computed independently for each frequency
band (and hence normalized).

Fig. S5. Large timescale modulation of mPFC spiking activity by the hippocampal SPWRs by cell type and layer. Each line displays the average z-scored cross-
correlogram of cell spiking relative to SPWRs occurrence time. The z-scored cross-correlograms were computed on a ± 5-s window, with 2-ms bins. Plain or
dotted lines represent the average z-scored cross-correlograms when SPWRs occurred outside or within, respectively, a spindle oscillation episode.
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Fig. S7. Spike-triggered average of LFP spectrograms for both superficial (Upper) and deep (Lower) layers and for FS (Left) and RS (Right) cells. Colors display
z-scored power for each frequency band and color axis is the same for all of the panels.
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