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Materials and Methods 
Surgical procedures 

Mice (adult C57, ~25-30g, 3-6 months old) were kept in the vivarium on a 12 hour light / 
dark cycle. They were housed with a maximum of 5 per cage before surgery and individually 
afterwards. All experiments conformed to guidelines established by the National Institutes of 
Health and have been approved by the Cornell University Institutional Animal Care and Use 
Committee. Silicon probes were implanted as previously described (11). Briefly, mice were 
anesthetized with isoflurane and coordinates were taken following stereotaxic guidance after 
which craniotomies were performed. Silicon probes of 64 channels (NeuroNexus) or 128 
channels (Diagnostic Biochips) were mounted on a micro-drive (Cambridge Neurotech) to allow 
accurate adjustment of the vertical position of the electrodes after implantation. A stainless-steel 
wire connected to a thin wire (California Wires) was inserted over the cerebellum and cemented 
in place with metabond. A layer of metabond was applied to the full of the skull avoiding the 
craniotomies, thinner inside and thicker on the outer side of the skull forming a ring, over which 
four flaps of copper mesh were attached. The electrodes were then inserted right above the target 
regions (aided by the micromanipulators), one aimed at targeting CA1 on the left hemisphere 
(AP:-1.94, LAT:-1.5) and the other aimed at targeting CA2 over the right hemisphere CA2 (AP:-
1.94, LAT:2.15). Once in place, the microdrives were cemented over the skull. Once probes had 
been inserted and drives cemented to the skull, craniotomies were sealed with artificial dura-gel. 
Finally, the four flaps of copper mesh were bent upwards and soldered between them to provide 
stability and shielding the implant. The ground wire from the cerebellum was connected to the 
ground wires of the two electrodes and all together to the copper mesh. 

Virus Injections 
Stock AAV and EnvA-Pseudotyped Rabies preparations were acquired from Addgene 

and Salk Institute Gene Transfer, Targeting and Therapeutics Viral Vector Core. For behavioral 
optogenetic inhibition (see Optogenetics and Behavioral Manipulation) of Sncg+ interneurons 
(Fig. 5), AAV-nEF-Coff/Fon-Arch3.3-p2a-EYFP (2.01 x 1013 gc/ml) was injected in SNCG-Flp 
mice at coordinates: AP-1.94, ML±1.5mm, DV 1.0mm. A full virus titer was used, and injections 
were done bilaterally (400nl’s each side) using Nanoject III programmable Nanoliter Injector 
(Drummond Scientific Company 3-000-207). Animals were given two weeks to allow for virus 
expression and recovery before being implanted with optic fibers (see Optogenetics and 
Behavioral Manipulations) and silicon probes (see Surgical Procedures). For optogenetic tagging 
(Fig. 4), AAV-hnEF-Coff/Fon-hChR2(H134R)-EYFP (2.6 x 1013 gc/ml) was injected in SNCG-
Flp mice at the following coordinates: AP-1.94mm, ML±1.5mm, DV 1.0mm. Full virus titer was 
used, and injections were done bilaterally (400nl’s each side) as described previously (25). To 
inhibit CA2 pyramidal neurons, we injected AAV-CAG -Flex-Arch3.0-GFP (2.0 x 1013 gc/ml) 
into the dorsal CA2 of Amigo2-Cre mice with 400nl’s bilaterally at the following coordinates 
AP-1.94, ML±2.0mm, DV1.7mm, as previously described (11, 54).  

To identify local hippocampal inputs onto CCK+ basket cells, we employed EnvA-
Pseudotyeped Rabies tracing that takes advantage of rabies-virus-mediated retrograde trans-
synaptic tracing (28) to identify monosynaptic inputs onto a specific cell type (29, 30). First, 
SNCG-Flp animals were injected with two AAVs 1) AAV-CAG-FLEX(FRT)-TC (TVA-
mCherry, 2.69 x 1013 gc/ml) and 2) AAV-CAG-fDIO-oG-WPRE-SV40PA (1.74 x 1013 gc/ml) to 
target SNCG positive CCK basket cells with TVA-receptor and optimized rabies glycoprotein. 
AAV’s were injected at three sites 1) AP:-1.70, ML:-1.25mm, DV:-1.00mm; 2) AP:-1.94, ML-
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1.50mm, DV: -1.0mm; 3) AP:-2.10, ML:-2.0mm, DV:-1.00mm with 400nl injections of 
combination of both AAV viruses, either 1:1 TVA:OG or 1:2 TVA:OG. After two to three 
weeks, animals were injected at the same three injection sites with 400nl’s of EnvA-G-Deleted-
Rabies-eGFP (1.34 x 108 gc/ml). This virus is a pseudotyped rabies virus lacking rabies 
glycoprotein that contains virus envelope A from avian sarcoma leukosis virus (EnvA). The 
resulting EnvA-G-Deleted Rabies will bind to TVA receptor in SNCG CCK basket cells via 
EnvA binding (55) and complete the rabies virus via the addition of optimized rabies 
glycoprotein (28–30). As a result, completion of the rabies virus in SCNG CCK+ basket cells 
(mCherry+ EGFP+, “starter cells”) will be achieved. This will allow for labeling cells with 
monosynaptic inputs onto SNCG CCK+ basket cells (mCherry- eGFP+, “input cells”). After, 
EnvA-G-Deleted-Rabies-eGFP animals were allowed one week of recovery and incubation 
before euthanizing and imaging brain slices (see Tissue processing and immunohistochemistry). 

The pAAV-nEF-Coff/Fon-Arch3.3-p2a-EYFP virus was a gift from Karl Deisseroth & 
INTRSECT 2.0 Project (Addgene viral prep # 137150-AAV8; http://n2t.net/addgene:137150; 
RRID:Addgene_137150) (56). 

The pAAV-hnEF Coff/Fon hChR2(H134R)-EYFP virus was a gift from Karl Deisseroth 
(Addgene viral prep # 55649-AAV8; http://n2t.net/addgene:55649; RRID:Addgene_55649) (57). 

The CAG-FLEx(FRT)-TC plasmid was a gift from Liqun Luo (Addgene plasmid # 
67827; http://n2t.net/addgene:67827; RRID:Addgene_67827) and the AAV-CAG-fDIO-oG-
WPRE-SV40pA plasmid was a gift from Edward Callaway (Addgene plasmid # 74291; 
http://n2t.net/addgene:74291 ; RRID:Addgene_74291). Both viruses were packaged by Salk 
Institute Gene Transfer, Targeting and Therapeutics Viral Vector Core. 

The plasmid EnvA-G-Deleted-Rabies-eGFP was a gift from Edward Callaway (Addgene 
plasmid # 32635 ; http://n2t.net/addgene:32635 ; RRID:Addgene_32635) packaged by Salk 
Institute Gene Transfer, Targeting and Therapeutics Viral Vector Core. 

The plasmid pAAV-CAG -Flex-Arch3.0-GFP was a gift from Edward Boyden (Addgene 
plasmid #222222; http://n2t.net/addgene:22222; RRID: Addgene_222222) (58).  

 
Behavioral tasks 

Before surgery, animals were exposed to the different mazes (open field and T-Maze) to 
avoid neophobia after implants. After surgery, mice were handled daily and accommodated to 
the experimenter, recording room, and cables for at least a week before the start of the 
experiments. Brain signals were recorded during an object’s displacement memory task (17), a 
social memory task (11), and a T-Maze alternation memory task (16), as well as during sleep 
before and after the tasks. On occasional days, only long sleep sessions were recorded. 

In the object’s displacement memory task, mice (n=8) were trained to explore two objects 
during three consecutive trials of 5 minutes, preceded by a 5-minute exploration trial of the 
empty open field. Pre-sleep and post-sleep sessions of 2-4 hours preceded and followed these 
trials. After post-sleep, animals were tested in a single trial of 10 minutes where one object had 
been moved to a new location of the open field (17). 

In the social memory recognition test, mice (n=7) were trained to explore two novel 
stimulus animals confined under pencil cups in two of the corners of the open field. The stimulus 
animals had been previously exposed to being under the pencil cups. Two consecutive trials of 5 
minutes each were conducted. In between these trials, the positions of the stimulus mice were 
swapped (11). Pre-sleep and post-sleep sessions of 2 hours preceded and followed these trials. 

http://n2t.net/addgene:222222
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After post-sleep, animals were tested in a single trial of 10 minutes where one new stimulus 
mouse was introduced under one of the cups. 

In the T-Maze alternation task, mice (n=4) were trained to run in a figure eight maze with 
5 seconds delay, starting at the beginning of the center stem and having to alternate between the 
left and right arms of the maze in each trial. Upon completion of a correct trial, a reward 
(chocolate sprinkle) was provided at the end of the side stems. Pre-sleep and post-sleep sessions 
of 2-3 hours preceded and followed the maze trials (~20-40 trials or ~30 minutes running) (16). 

For all tasks, the behavior of the mouse was recorded with an overhead camera (Basler) 
at 30 Hz and the position of the animal was later extracted using DeepLabCut (59). 

Typically, and if recording quality/stability allowed it, mice were recorded in multiple 
tasks in an order chosen at random. Mice were not recorded for two consecutive days in the 
objects’ displacement or social memory tasks. 

A discrimination index was used to estimate memory performance in the object 
displacement task and calculated as time spent exploring the moved object minus time spent 
exploring the stationary object divided by the total time of object’s exploration in the test trial. 
Sessions were mice explored less than 5 s were excluded. 
 
Optogenetics and behavioral manipulations 

Transgenic animals were used to optogenetically target pyramidal cells or 
cholecystokinin expressing interneurons (CCK) in the hippocampus. CaMKIIα-Cre homozygous 
mice (Jackson Laboratory, #0005359) were crossed with Ai32 homozygous (Jackson Laboratory, 
#012569) that encode ChR2 in a Cre-dependent manner (offspring referred as CamKII-ChR2). 
First-generation offspring animals were used for optogenetic manipulations (see “Optogenetics 
and Behavioral Manipulations”). To target CCK interneurons, SNCG-Flp (Jackson Laboratory, 
#034424) mice were used (25). SNCG-Flp were kept in heterozygous crosses and both 
homozygous and heterozygous were used for optogenetic manipulations. 

SWRs were generated as previously described (11, 21, 22, 60). Specifically, CamKII-
ChR2 animals were implanted (see “Surgical Procedures”) with two silicon probes with custom 
glued optical fibers of 200 µm (Thorlab FT200UMT). The electrode on the right hemisphere was 
aimed at targeting CA2 with the most lateral shank (with the fiber on top of the most medial 
shank over CA1) and the electrode (and fiber) on the left was aimed at targeting CA1. SWR’s 
were generated with 60-ms, low intensity (0.5-2mW) light pulses using a trapezoid 10-ms taper-
on and 20-ms taper-off square pulses to minimize light artifact (11, 21, 22, 60). The pulse for 
stimulation was produced using Spike2 in a Cambridge Electronic Device -CED- Limited 
Edition (Power 1401) to control a Laser Diode (Osram 470nm wavelength) triggered by a current 
source (Thor Lab, LDC 240C). Intensity was manually adjusted during a few trials in a session 
prior to experiments until optogenetic stimulation continually produced SWRs. For SWR 
generation experiments, SWRs were generated at a rate equivalent to the endogenous SWR rate 
(~0.3 Hz) (11).  
 For barrage disruption, we silenced CCK interneurons continuously during 2s after a 
period of 2s after SWRs detection, following the optimal timing of BARRs occurrence with 
respect to SWRs based on the cross-correlogram between the two events. Based on the average 
number of BARRs that occurred within this period of time after SWRs, we estimate that ~60% 
of BARRs should have been silenced. Despite this approach not being a real-time BARR 
silencing, green light pulses in Sncg+ mice injected with Flp-dependent Arch were able to 
silence the firing of Sncg+ cells (fig. S3L and fig. S10E), whose firing mediated BARR-
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associated inhibition. SNCG-Flp animals were implanted with a 64-channel silicon probe with a 
custom glued optical fiber of 200 µm and a contralateral optical fiber of 200 µm (Thorlab 
FT200UMT), both targeting the CA1 region of the hippocampus. High intensity (2 to 5 mW) 
green light squared pulses were applied. The pulse was defined in Spike2 and a Cambridge 
Electronic Device -CED- Limited Edition (Power 1401) was used to control a Laser Diode 
(Osram 520 nm wavelength) triggered by a current source (Thor Lab, LDC 240C). 
 To inhibit CA2-specific pyramidal neurons, we injected Cre-dependent Arch, as 
described previously (see "Virus Injections"). Two weeks after injections, mice were implanted 
with silicon probes as described previously (see "Surgical Procedures"), along with custom glued 
optical fibers (200 μm, Thorlab FT200UMT). We silenced CA2 pyramidal cells during putative 
barrage times (see "Optogenetics and behavioral manipulations"). Specifically, we applied light 
2s after SWR detection for a period of 2s of high intensity (2 to 5mW) of green light square 
pulses (540nm). Pulses were defined by online SWR detection using Spike2 in a CED Limited 
Edition (Power 1401) to control a Primatix Optogenetics-LED-STSI module (Primatix Limited). 
 
Recording system and preprocessing of data 

An Intan RHD2000 interface board or Intan Recording Controller was used for 
recordings. The sampling rate used was set at 20000 Hz. Both amplification and digitization 
were done in the head stage (Intan Technologies). Data were visualized using the Intan recording 
software or Neuroscope (Neurosuite). LFP analyses, including SWR detection and sleep scoring, 
were done in the down-sampled signal at 1250 Hz. 
 
Tissue processing and immunohistochemistry  

After experiments were terminated, mice were deeply anesthetized and kept under high-
flow (4-5%) isoflurane anesthesia. They were then perfused transcardially with 0.9% phosphate 
buffer saline (PBS) solution followed by 4% paraformaldehyde (PFA) solution. Brains were kept 
in PFA for 24 hours and, if necessary, in PBS afterwards until further processing. Brains were 
then sectioned into 70-µm thick slices (Leica Vibratome, 2000). Additionally, immunolabeling 
for the CA2 region-specific marker PCP4 (61) was performed. Specifically, slices were washed 
three times in PBS-Triton 0.5% (PBX-Tx) solution and then blocked with 10% bovine serum 
albumin in PBS-Tx 0.5%, then blocked with 10% bovine serum albumin in PBS-Tx and 
incubated overnight at 4ºC temperature with the primary antibody solution containing rabbit anti-
PCP4 (1:1000, Sigma-Aldrich Cat# HPA005792, RRID:AB 1855086). After three washes in 
PBS-Tx, sections were incubated for 2 hours at room temperature with goat anti-rabbit Alexa 
Fluor 647 (1:500, Thermo Fisher Scientific Cat# A-21245, RRID:AB_2535813). Finally, 
sections were washed and mounted on glass slides with fluorescence medium (Fluoroshield with 
DAPI – F6057, Sigma, USA). Immunostained slices were examined, and images were acquired 
with a confocal microscope (Zeiss LSM 800). To amplify AAV-CAG-FLEX(FRT)-TC (TVA-
mCherry), an mCherry fused Alexa Fluor 594 antibody (1:500, Fisher Scientific Catalog No. 50-
113-80889) was used to stain Rabies retrograde tracing slices before imaging (see “Virus 
Injections”). 
 
Spike sorting and single unit classification 

Spike sorting was performed semi-automatically using KiloSort (62) 
(https://github.com/cortex-lab/ KiloSort), followed by manual curation using the software Phy 
(github.com/kwikteam/phy) and custom designed plugins (https://github.com/petersenpeter/phy-

https://github.com/cortex-lab/KiloSort
https://github.com/cortex-lab/KiloSort
https://github.com/petersenpeter/phy-plugins
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plugins) to obtain well-isolated single units. Cluster quality was assessed by manual inspection 
of waveforms and auto-correlograms, and by the isolation distance metric. Multiunit, noise 
clusters, or poorly isolated units were discarded from the analysis. Well-isolated units were 
classified into putative cell types using the Matlab package Cell Explorer 
(petersenpeter.github.io/Cell-Explorer) (63). Spiking features such as autocorrelogram, spike 
waveform, and putative monosynaptic connections derived from short-term crosscorrelograms 
were used to select and characterize well-isolated units. Three cell types were assigned: putative 
pyramidal cells, narrow waveform interneurons, and wide waveform interneurons. The two key 
metrics used for this separation were burst index and trough-to-peak latency (64). Burst index 
was determined by calculating the average number of spikes in the 3–5 ms bins of the spike 
autocorrelogram divided by the average number of spikes in the 200–300 ms bins. To calculate 
the trough-to-peak latency, the average waveforms were taken from the recording site with the 
maximum amplitude for the averaged waveforms of a given unit. For further quantifications, 
well-isolated cells with at least 100 spikes in a given session were included in the analyses. 
 
SWR detection and spike content analysis 

For SWR detection, the wide-band signal from a CA1 pyramidal layer channel was 
filtered (difference-of-Gaussians; zero-lag, linear phase FIR), and instantaneous power was 
calculated by clipping at 4 SDs, rectifying, and lowpass filtering (11, 12, 19–22). The low-pass 
filter cut-off was at a frequency corresponding to p cycles of the mean bandpass (for 80-250 Hz 
band-pass, the low-pass was 55 Hz). Subsequently, the power of the non-clipped signal was 
computed, and all events exceeding 4 SDs from the mean were detected. The events were then 
expanded until the non-clipped power fell below 1 SD; short events (< 15 ms) were discarded. 
Sharp waves were detected separately using LFP from a CA1 str. radiatum channel, filtered with 
band-pass filter boundaries (5-40 Hz). LFP events of a minimum duration of 20 ms and a 
maximum of 400 ms exceeding 2.5 SD of the background signal were included as candidate 
SWRs. 

SWRs firing rate was calculated as the number of spikes within SWRs divided by the 
cumulative SWR duration for the session. The firing rate gain during SWRs was calculated as 
the increase in firing rate within SWRs compared to the baseline firing rate (outside SWRs). The 
probability of participation of individual units in SWRs was defined as the number of events in 
which a neuron fired at least one spike during the SWR divided by the total number of SWRs 
detected. Peri-SWRs firing histograms were constructed using averaged single units z-scored 
firing rates. 

SWRs firing rate gain was calculated as the firing rate within a given SWR where the 
neuron was active. An average was taken for pre- and post-sleep SWRs for the whole population 
of CA1 and/or CA2 neurons. The gain was then estimated subtracting the pre-sleep to the post-
sleep firing rate and dividing this by the sum of the two.  
 
BARR detection and spike content analysis 

BARRs were detected as transient increases in coordinated spike bursting within a 
subpopulation of CA2 pyramidal cells. First, a threshold was used for extracting the cells that 
can sustain burst-like spiking persistently (“flagged CA2 pyramidal cells”, with a frequency 
higher than 30 Hz during more than 300 ms). Using this subpopulation of CA2 pyramidal cells, a 
binned (5 ms per bin) spike-train was constructed and convolved with a Gaussian kernel (20 ms). 
A candidate event was defined if multiunit spiking activity crossed a given threshold (between 3 

https://github.com/petersenpeter/phy-plugins
https://github.com/petersenpeter/phy-plugins
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to 5 standard deviations) over the mean for a minimum of 200 ms during NREM epochs (or 
other states if specified). BARR events were further restricted to requiring a minimum of 20% of 
the previously identified CA2 pyramidal cells to fire 5-7 spikes in an event.  Single unit firing 
rate in BARRs was calculated as the number of spikes within BARRs divided by the cumulative 
BARR duration for the session. The firing rate gain during BARRs was calculated as the increase 
in firing rate within BARRs compared to baseline firing rate (outside BARRs and outside SWRs 
but within non-REM sleep). The probability of participation of individual units in BARRs was 
defined as the number of events in which a neuron fired at least five spikes during the BARR 
divided by the total number of BARRs detected. Peri-BARR firing histograms were constructed 
using averaged single unit z-scored firing rates. 

BARRs firing rate gain was calculated as the firing rate within a given SWR where the 
neuron was active. An average was taken for pre- and post-sleep BARRs for the whole 
population of CA1 and/or CA2 neurons. The gain was then estimated subtracting the pre-sleep to 
the post-sleep firing rate and dividing this by the sum of the two.  
 
Task-encoding and place cell analyses 

“Task active cells” were defined as the top 75th percentile of pyramidal cells that 
increased their firing rate during the task over their own baseline (calculated in pre-sleep) (11, 
65). They were compared against the rest of the cells (“non-task encoding” or “other” cells). 

For place cell analyses, spike trains and animal’s position vectors were binned into 3 cm 
wide segments of the camera field projected onto the floor of the maze, creating a raw map of 
spike counts and space occupancy. A gaussian kernel (SD = 3 cm) was applied to both raw maps 
of spike and occupancy, and a smoothed rate map was constructed by dividing the spike map by 
the occupancy map. Independent rate maps were constructed for the different running directions 
in the mazes. Only periods in which the animal velocity was greater than 4 cm/s were included. 
A place cell was defined as a pyramidal cell with a peak firing rate > 4 Hz and a spatial 
information content significantly (p<0.01) greater than a null distribution created from 500 
random spike train shuffles. We estimated the spatial information in place cell firing by 
calculating the bits per spike as previously described (19): 

 (1) 
where the environment is divided into spatial bins i = 1,…, N; Pi is the occupancy probability of 
bin i; λi is the mean firing rate for bin i, and λ is the overall mean firing rate of the cell. 
 
Classification of deep and superficial pyramidal cells 

For the classification of pyramidal cells based on the radial position of their soma, the 
relative depth of each electrode along the pyramidal layer was calculated based on the 
stereotypical depth profile of SWRs as the probe transects the pyramidal layer. The slow 
envelope of the SWR showed a positive polarity above the pyramidal layer and started reversing 
polarity right across the middle of the pyramidal layer (19, 44, 45). Below the middle of the 
pyramidal layer (superficial sublayer), SWRs’ envelope showed a negative polarity. The 
amplitude of this envelope gradually increased, peaking in the middle of the stratum radiatum 
(i.e., the sharp wave). The relative depth of each electrode was determined in relation to the 
channel of polarity reversal (the middle of the layer: 0um), considering the inter-electrode 
distance for each recording session. The position of the soma of each pyramidal cell was 
determined next to the electrode with the largest amplitude waveforms within that shank. 
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Reactivation, pairwise, cell assembly and population synchrony analyses 

Explained Variance (EV) was calculated using previously described methods (5, 11, 19, 
20, 65). For each session, a population spiking activity vector was computed for the different 
stages of the session (pre-sleep, task, and post-sleep). The final explained variance metric 
estimates the variance in the post-sleep stage that is explained by the task activity, considering 
pre-existing correlations already present in the pre-sleep activity:  

𝐸𝐸𝐸𝐸 = (
𝑟𝑟𝐶𝐶,𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝑟𝑟𝐶𝐶,𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑟𝑟𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃,𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃

�(1−𝑟𝑟𝐶𝐶,𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃
2 )(1−𝑟𝑟𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃,𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃

2 )
)2   (2) 

where C is the correlation matrix during the task and CPRE and CPOST are the correlation matrices 
during SWRs (or BARRs). rA,B represents the correlation coefficient between the pairwise 
correlation matrices A and B. As a control value, the reverse explained variance (REV) was 
used, where CPRE and CPOST conditions were interchanged. 

In the pairwise correlation analyses, we conducted a partial regression by first computing 
a linear regression between CPOST and CPRE to account for the variance in CPOST that was already 
present during the PRE condition and later computed a correlation between the resultant 
residuals and the task (19). For cell assembly (activity patterns) detection, we used an 
unsupervised statistical method based on first principal component analysis (PCA) detection, 
followed by principal components analysis (ICA) as previously described (11, 18–20, 66). First, 
spike trains for each neuron are binned (25 ms bin) for the whole session. During the timing of 
the task, assemblies are calculated based on principal components whose eigenvalues exceed the 
threshold for random firing correlations (using a Marčenko-Pastur distribution). Next, 
independent component analysis (using the fast-ICA algorithm) was applied to determine the 
vector of weights with which neuron’s firing contributes to each assembly. The strength of each 
assembly is activation for a given time bin k was calculated as: 

𝑆𝑆𝑖𝑖𝑖𝑖 = 𝑍𝑍𝑘𝑘𝑇𝑇  𝑃𝑃 𝑍𝑍𝑘𝑘    (3) 
where Z is the activity matrix of the z-scored firing rate of each unit, and P is the outer product 
of the component i's weights with the diagonal set to zero, so that isolated spikes from individual 
units do not contribute to S. Assembly-activations were defined as peaks exceeding Rthreshold > 5. 
The activation strength within events (SWRs or BARRs) was calculated as the mean peak 
activation value of events that occurred during a whole stage (i.e., pre-sleep or post-sleep). A 
given cell was considered part of an assembly if its weight exceeded the mean weight of the 
assembly by two standard deviations (11, 66, 67).  

Population synchrony was derived by calculating the proportion of pyramidal cells that 
contributed at least one spike in each post-task sleep SWR. A single population synchrony metric 
per recording session was then taken by averaging these proportions over each post-task sleep 
SWR. Thus, values closer to 1 indicate greater synchrony and values closer to 0 indicate lower 
synchrony. 

Average inter-spike intervals (ISI) were estimated as the time distance between two 
consecutive spikes (68) for all SWRs with more than three spikes, thus smaller values (shorter 
ISI) indicate higher synchrony. 
 
Local field potentials and spectral analysis 

To obtain the LFP power spectrums, a channel of the region of interest (CA1 or CA2) 
was selected and then clipped in peri-event time windows for all the SWRs and BARRs 
separately. A wavelet spectrogram was calculated for each event (an example was selected for 
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each wavelet color plot) and then averaged for all events (in the average quantification plot). The 
complex wavelet transform (CWT) was used (MATLAB, The MathWorks, Inc., Natick, MA) 
(69) to build each individual spectrogram. 

To obtain the point-process spectrograms of the spiking activity we computed a multi-
taper estimation and their Fast Fourier Transforms (FFT) and applied it to the spectrogram 
windows (200 ms window surrounding each event) (chronux.org). 

 
Independent Component Analysis 

To separate the LFP signals into its different contributing sources, we used independent 
component analysis (ICA) (15) to isolate spatially segregated stable patterns of activity from a 
mixed signal recorded with a laminar array of electrodes. Applied to linear profiles of LFPs, it 
can separate physiologically meaningful sources that can be attributed to known anatomical 
pathways or underlying circuits, as has been demonstrated for the rat hippocampus (15, 70), mice 
visual cortex (71) and rat motor cortex (72). Briefly, the multichannel LFP signal X ∈ RN×T is 
modeled as: 

𝑋𝑋 = 𝐴𝐴𝐴𝐴   (4) 
where each column of the mixing matrix A ∈ RN×M represents the spatial profile of pathway-
specific contribution, and each row of S ∈ RM×T is the pathway specific source activity, with N, 
T, M being channel number, recording length and number of independent components 
respectively. ICA also finds the demixing matrix W = {w1;...;wM} ∈ RM×N, such that S = WX, 
where each row wi demixed the LFP signal to their pathway activity si, and by definition, WA = 
I. Since the scale of W and A is indeterminable (73), each column in A is normalized to be the 
unit norm vector whose largest loading is set to be negative, and W is then rescaled accordingly. 
To extract the sources contributing to the LFP during SWRs and BARRs, A and W were found 
by applying ICA to spatially contiguous LFP channels after a temporal difference (xt+1 − xt) to 
decrease the contribution of the lower frequencies to the LFP, as previously described (15, 70, 
74, 75), then the activity S is obtained from the original LFP signal with S = WX. We computed 
ICA on the full probe shank crossing through the CA2 region. The components from all sessions 
from different animals were extracted and aligned based on their spatial profile in relation to the 
spatial distribution of the CA2 units.  
 
Sleep and brain states’ classification 

First, we extracted the low pass signal (1250 Hz) from the wide-band data as described 
above for LFP analyses. Broadband LFP, narrow-band theta frequency LFP, and estimated 
electromyogram (EMG) were used for estimating the brain states (40, 76). Spectrograms were 
computed from broadband LFPs using a fast Fourier transform with 10 seconds and sliding 
windows of 1 second. Principal component analyses were then computed after a Z-transform (1-
100 Hz) of the spectrogram. The first component reflected power in the low (< 20 Hz) frequency 
range, with oppositely weighted power at higher (> 32 Hz) frequencies. For theta epochs, a good 
quality channel with visually high theta power was manually selected. Theta dominance was 
quantified as the ratio of powers in the 5-10 Hz and 2-16 Hz frequency bands. Electromyogram 
(EMG) from local muscles was estimated from the neural data as the zero-lag correlation 
between 300-600 Hz filtered signals (Butterworth filter at 300 – 600Hz with a filter padding 
between 275 – 625 Hz) between recording sites (40, 70). Pairwise Pearson correlations between 
pairs of channels located in non-adjacent probe shanks were calculated. The mean of all 
correlations in time bins of 0.5 s was calculated and used as an EMG score. EMG typically 
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corresponded to motion periods (calculated as the derivative of the position of the animal 
estimated by pose video markers) (59). Evaluating all time points with these three variables 
(LFP, theta and EMG) consistently resulted in three clusters that were used to identify brain 
states. The cluster with high LFP and low EMG was classified as NREM; the cluster with high 
theta/low EMG was classified as REM and the cluster with low broadband LFP, high EMG and 
bouts of theta was taken as the waking state. For most analyses in this study only NREM periods 
were used. After the automatic scores for different sleep stages were obtained, all states were 
reviewed by the experimenters and redetected if necessary (i.e., long periods of EMG 
corresponding to bad quality channels or periods of high movement introducing noise in the 
neural data). 
 
Statistical Analyses  

Statistical analyses were performed with MATLAB and Python functions or custom-
made scripts. No specific analysis was used to estimate a minimal population sample or group 
size, but the number of animals, sessions, and recorded cells were larger or similar to those 
employed in previous works doing the same type of manipulations (11, 15, 19–22, 77). The unit 
of analysis was single neurons, assemblies, or number of events (SWRs or BARRs). In some 
analyses, the unit of analysis was sessions and is stated in the text. Unless otherwise noted, non-
parametric two-tailed Wilcoxon rank-sum (equivalent to Mann-Whitney U-test) or Wilcoxon 
signed-rank test was used for unpaired and paired data comparisons respectively. Statistical 
significance is indicated by asterisks: *p<0.05, **p<0.01 and ***p<0.001. 

For single cells, assemblies, spike content and synchrony analyses, only sessions with 
more than 7 pyramidal cells from each subregion (CA1 and CA2) per recording were considered. 
Similarly, for SWRs or BARRs analyses, only sessions with at least 100 events were considered. 
For behavior quantification, sessions where mice explored less than 5 seconds during training or 
recall were not considered. 

In the boxplots, the central line indicates the median, with top and bottom edges 
indicating 75th and 25th percentiles respectively. Whiskers extend to the most extreme data points 
not considered outliers. Outliers are not included in most plots but are included in statistical 
analysis. 

When confidence intervals of a shuffled sample of the data are used, they indicate the 
95th percentile over the total of the shuffled samples. 
If data points for a given analysis are no more (or less) than ten samples, each sample (data 
point) is displayed along with boxplots of the group. 

Due to experimental constraints of optogenetic experiments (i.e., animal removing fiber 
attachment that can damage the implant, light remaining on for too long due to failure or 
artifacts, what could cause epilepsy, etc.), the experimenter was not blind to these manipulations. 
Instead, in these cases, data were analyzed by a different researcher other than the one collecting 
the data. 

If the same animal was tested in different version tasks or used for different 
manipulations (i.e., Sncg+ silencing during SWRs and Sncg+ silencing during BARRs), the 
temporal order of the different manipulations followed a randomized order. 
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Fig. S1. Schematic of behavioral tasks and BARR examples. (A) Schematic of the different 
behavioral paradigms used. Cup positions are rotated for the second training session in the Social 
Recognition Memory Task. (B) Representative examples of BARRs from different animals. LFP 
traces from CA1 and CA2 are on top and raster plots with CA1 and CA2 pyramidal cells, PV-
like interneurons’ and BARR+ interneurons’ firing below. Curves display the average firing rate 
of neurons from each subtype. (C) Averaged cross-correlogram between BARRs and SWRs in 
pre-task sleep (left, n = 50 sessions from n = 10 mice) and post-task sleep (right, n = 50 sessions 
from n = 10 mice). Dashed lines indicate 95% C.I. from shuffled data (p <  0.001, Wilcoxon rank 
sum test). (D) Percent of BARR detections per sleep state (n = 52 sessions in n = 10 mice). (E) 
Averaged cross-correlogram between BARRs and SWRs detected during waking periods (n = 52 
sessions from n = 10 mice). Dashed lines indicate 95% C.I. from shuffled data (p < 0.001, 
Wilcoxon rank sum test). (F-I) Representative examples of BARRs from different animals on an 
extended timescale. LFP theta-band power and delta-band power is plotted on top. Below are 
LFP traces from CA1, CA2, and CA3 regions. Raster plots including CA1, CA2, and CA3 
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pyramidal cells, as well as putative PV+ interneurons and BARR+ interneurons, are below. Each 
row in the raster represents one neuron and each tick represents one spike. Periods with one or 
more BARRs are indicated by the dashed black lines. (J) Average duration of BARRs and 
SWRs. Note a much larger duration of BARRs compared to SWRs (p < 0.001, n = 45,301 
BARRs / 464,828 SWRs from n = 52 sessions in n = 10 mice; Wilcoxon-rank sum test). (K) 
Averaged cross-correlogram between BARRs and NREM-to-REM transition times (left, n = 52 
sessions from 10 mice), and BARRs and NREM onset times (right, n = 52 sessions from 10 
mice). (L) Z-scored motion (derived from accelerometer data) averaged on the onset of BARRs 
(n = 52 sessions from 10 mice). */**/*** p < 0.05/0.01/0.001 Wilcoxon-rank test unless 
otherwise noted. 
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Fig. S2. Single cell firing properties of pyramidal cells during BARRs and SWRs as a 
comparison. (A) Cumulative fraction of CA1 and CA2 pyramidal cells active in BARRs (p < 
0.001 for CA1 versus CA2 comparison, n = 45,301 BARRs). (B) Cumulative fraction of CA1 
and CA2 pyramidal cells active in SWRs (p < 0.001 for CA1 versus CA2 comparison, n = 
464,828 SWRs). (C) Cumulative firing rate probability of CA1 and CA2 pyramidal cells during 
BARRs (p < 0.001 for CA1 versus CA2 comparison). (D) Cumulative firing rate probability of 
CA1 and CA2 pyramidal cells during SWRs (p < 0.001 for CA1 versus CA2 comparison, n = 
959 / 2,128 CA1 / CA2 cells respectively). (E) Burst index of CA1 and CA2 pyramidal cells (p < 
0.05 for CA1 versus CA2 comparison). (F) Burst Index and firing rate (FR) for BARR+/- CA2 
pyramidal neurons (CA2pyr) during NREM, REM, and Wake periods (p < 0.001 for NREM, 
REM, and Wake Burst Index and FR comparison of BARR+ versus BARR- CA2 pyramidal 
cells, n = 542 / 1618 BARR+/- CA2 pyramidal cells respectively, n = 52 sessions in n = 10 
mice). (G) Firing rate of BARR+/- cells during BARRs (left, p < 0.001, n = 542 / 1618 BARR+/- 
CA2 pyramidal cells, n = 52 sessions in n = 10 mice) or SWRs (right, p = 0.364, n = 542 / 1618 
BARR+/- CA2 pyramidal cells respectively, n = 52 sessions in n = 10 mice). (H) Example of a 
CA2 pyramidal cell firing a burst of >10 spikes. (I) Fraction of super bursts of >4 spikes for 



 
 

15 
 

pyramidal cells from different subregions (p < 0.001, p < 0.001, and p < 0.05 for CA2ramp 
versus CA1, CA2phas, and CA3 respectively). (J) Average firing rate of CA1 and CA2 
pyramidal cells during SWRs (left) and BARRs (right) located across different positions within 
the radial axis (p < 0.001 and p < 0.05 for SWRs and BARRs respectively, ANOVA of region 
(CA1 and CA2) by distance interaction). (K) Normalized power for all frequencies during 
BARRs (blue) and SWRs (black) for all sessions (p > 0.05 for CA1 versus CA2 SWRs, n = 
451,291; p < 0.001 for CA1 versus CA2 BARRs, n = 45,281). */**/*** p < 0.05/0.01/0.001 
Wilcoxon-rank test unless otherwise noted. 
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Fig. S3: Single cell firing properties of interneurons during BARRs and SWRs as a 
comparison. (A) Cumulative fraction of BARR+ interneurons and putative PV+ interneurons 
active in BARRs (p < 0.001; n = 10127 / 27172 BARRs for BARR+ and putative PV+ 
respectively). (B) Cumulative fraction of BARR+ interneurons and PV+ interneurons active in 
SWRs (p < 0.001; n = 70887 / 210811 SWRs for BARR+ and putative PV+ respectively). (C) 
Cumulative firing rate probability of BARR+ interneurons and PV+ interneurons active during 
BARRs (p < 0.001; n = 71 / 154 for putative PV+ and BARR+ respectively). (D) Cumulative 
firing rate probability of BARR+ interneurons and putative PV+ interneurons active during 
SWRs (p < 0.001; n = 71 / 154 for putative PV+ and BARR+ respectively). (E) Firing rate gain 
during SWRs and BARRs for both groups of interneurons (p < 0.001 for SWR gain and p < 
0.001 for BARR gain comparisons). (F) Autocorrelogram (top) and waveform (bottom) of an 
example BARR+ interneuron. (G) Average normalized firing rate centered on BARRs (top) and 
SWRs (bottom) for the interneuron in (F). (H) Autocorrelogram (top) and waveform (bottom) of 
an example PV+ interneuron. (I) Average normalized firing rate centered on BARRs (top) and 
SWRs (bottom) for the interneuron in (H). (J) Firing rate ratio during theta versus non-theta 
periods for BARR+ and putative PV+ interneurons (p < 0.001). (K) Left, histology of an Sncg-
Flp mouse injected with Flp-dependent EYFP-ChR2 (Sncg+ cells are shown in yellow) in CA1. 
Right, example of optotagging of an Sncg+ interneuron with ChR2 excitation. Black curve 
shows average firing rate response to blue-light pulses (blue shade) and red lines show shuffled 
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distribution. Note the atypical response of Sncg+ neurons to light stimulation, also reported by 
previous papers for CCK+ interneurons (25). (L) Left, histology of an Sncg-Flp mouse injected 
with Flp-dependent EYFP-Arch (Sncg+ cells are shown in yellow) in CA1. Right, example of 
optotagging of an Sncg+ interneuron with Arch3 inhibition. Black curve shows average firing 
rate response to green-light pulses (green shade) and red lines show shuffled distribution. 
*/**/*** p < 0.05/0.01/0.001 Wilcoxon-rank test unless otherwise noted. 
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Fig. S4. Bursting frequency and population firing separation between SWRs and BARRs. 
(A) Spectrogram of the population spike train of CA1 units during SWRs (black) and shuffled 
times (grey). (B) Spectrogram of the population spike train of CA2 units during SWRs (black) 
and shuffled times (grey). (C) Spectrogram of the population spike train of CA1 units during 
BARRs (blue) and shuffled times (grey). (D) Spectrogram of the population spike train of CA2 
units during BARRs (blue) and shuffled times (grey). (E) Burst frequency of CA2 pyramidal 
cells within BARRs was 15 Hz on average. (F) Similar to (A), the burst frequency of CA1 
BARR+ interneurons within BARRs was ~15 Hz. (G) Burst frequency of CA1 putative PV 
interneurons within BARRs displayed a skewed distribution with a mean of 15Hz and a median 
of 12Hz. (H) Left: Dimensionality reduction via PCA was carried out on the population firing of 
CA1 and CA2 pyramidal cells to estimate the Euclidean distance between SWRs and BARRs in 
2D PCA space. Right: The distance between SWRs and BARRs was compared against distances 
calculated from randomized SWR/BARR labels. Both CA2 and CA1 population activity has a 
greater than chance separation within SWRs and BARRs (CA2: observed versus shuffle: paired 
t-test, p < 0.001. CA1: observed versus shuffle: paired t-test, p < 0.001). (I) Dimensionality 
reduction via PCA performed on the population firing of CA1 and CA2 pyramidal cells during 
SWRs (black, n = 15,084), BARRs (blue, n = 3,289), and theta epochs (orange, n = 5,197). Note 
how BARR events appear segregated from the rest, indicating they represent distinct population 
activity patterns. */**/*** p < 0.05/0.01/0.001 Wilcoxon-rank test unless otherwise noted. 
  



 
 

19 
 

 
Fig. S5. Single cell properties during SWRs and BARRs in rats performing a spatial 
learning task. (A) Example of BARRs in rats. (B) Cumulative fraction of CA1 (n = 960), CA2 
(n = 2137), and CA3 (n = 105) pyramidal cells active in BARRs (left; n = 45,301) and SWRs 
(right, n = 333,294). Data from n = 5 rats. (C) Cumulative firing rate probability of CA1, CA2, 
and CA3 pyramidal cells during BARRs (left) and SWRs (right). (D) Cumulative fraction of 
CA1, CA2, and CA3 pyramidal cells with different numbers of spikes during BARRs (left) and 
SWRs (right). */**/*** p < 0.05/0.01/0.001 Wilcoxon-rank test unless otherwise noted. 
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Fig. S6. Independent Component Analysis of BARRs LFPs. (A) Schematic of a CA2 
pyramidal cell (left) along with depth profiles of SWR (right, black) and BARR (right, blue) 
associated main independent components (ICs) extracted with ICA. (B) Example of an adjacent 
BARR and SWR decomposed into SWR IC (top) and BARR IC (middle). Colormaps are 
spectrograms of each IC. White or red dotted vertical lines indicate the peak of a SWR (towards 
the left) or BARR (towards the right). The white dashed line indicates the detected onset of the 
example BARR. Orange horizontal line marks 200 Hz in both colormaps. Note how the SWR IC 
specifically captures SWR activity at ~150 Hz while the BARR IC captures BARR activity at 
~250 Hz. Traces above the spectrogram show high-pass (>100 Hz) filtered source activity of 
CA2 IC components. CA2 LFP depth profiles for the same window (black traces) are overlayed 
on top of the current source density (CSD) map (bottom). (C) Top, average BARR-triggered 
spectrum (left, n = 290 events) and SWR-triggered spectrum (right, n = 3172 events) for the 
SWR IC in an example session. Bottom, average BARR triggered spectrum (left) and SWR 
triggered spectrum (right) for the BARR IC in the same session. (D) Spectral power ratio for 
SWR and BARR associated independent components in the SWR associated frequency band 
(100-200 Hz) and BARR associated frequency band (200-300 Hz) (n = 17 sessions in n = 5 rats). 
(E) Pyramidal layer LFP spectral power increase during SWR and BARR events in the SWR and 
BARR associated frequency bands. */**/*** p < 0.05/0.01/0.001 Wilcoxon-rank test unless 
otherwise noted.  
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Fig. S7. Place cells in the different tasks and CA2 BARR+/- spatial properties. (A) Example 
place cell during T-Maze Alternation Task (left) and example session with all place cells 
covering a whole trajectory of the maze (right). (B) Two different example place cells during the 
Social Recognition Memory Task. (C) Two different example place cells during the Object 
Displacement Memory Task. (D) Two different example place cells that were later identified as 
participating during BARRs (BARR+, left) or not (BARR-, right). (E) Proportion of spatially 
modulated cells from CA2 BARR+/- (left) and spatial information from CA2 BARR+/- (right). 
(F) CA2 pyramidal cell assemblies detected during the task and their associated response during 
SWRs (grey) and BARRs (blue). CA2 assemblies can be positively modulated by SWRs and 
negatively modulated by BARRs (i), negatively modulated by SWRs and negatively modulated 
by BARRs (ii), positively modulated by both SWRs and BARRs (iii), or not modulated by both 
SWRs and BARRs (iv). (G) Proportion of the different types of CA2 assemblies classified as in  
(F). (H) Average correlation of activity patterns during the task for the different types of CA2 
assemblies. Note that type i) assemblies have a higher probability to be co-active with other type 
i) assemblies, as do type ii) assemblies. */**/*** p < 0.05/0.01/0.001 Wilcoxon-rank test unless 
otherwise noted. 
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Fig. S8. Firing rate gain during SWRs in relation to other physiologically relevant periods. 
(A) Firing rate gain from pre- to post-sleep BARRs versus SWRs ([POST-PRE]/[POST+PRE]) 
for T-Maze (left), object displacement task (middle), and social memory task (right). (B) Firing 
rate gain during REM epochs versus SWRs for T-Maze (left), object displacement task (middle), 
and social memory task (right). (C) Firing rate gain during random periods of NREM sleep 
versus SWRs for T-Maze (left), object displacement task (middle), and social memory task 
(right). (D) Pre- versus post-sleep reactivation during T-Maze (p < 0.001 and p < 0.05 for SWRs 
and BARRs, respectively). (E) Pre- versus post-sleep reactivation during object displacement 
task (p < 0.05 and p < 0.01 for SWRs and BARRs, respectively). (F) Pre- versus post-sleep 
reactivation during the social memory task (p < 0.001 and p < 0.001 for SWRs and BARRs, 
respectively), n = 14 sessions from 4 mice for T-Maze, n = 23 sessions from 8 mice for object 
displacement and n = 16 sessions from 7 mice for social memory from (A) to (F). (G) SWR rate 
during baseline versus ChR2-CamKII stimulation periods (p < 0.01, n= 9 sessions in n= 4 mice). 
Note higher rate during CamKII-ChR2 stimulation periods. (H) Average distribution of NREM 
sleep within the post-task recording sessions (n = 52 sessions in n = 10 mice). (I) Firing rate gain 
from pre- to post-sleep SWRs and BARRs for place cells (n = 115) and non-place cells (n = 176) 
in rats (n = 5) (p < 0.001 and p < 0.05 for PC versus non-PC comparison during SWRs and 
BARRs respectively; Wilcoxon rank-sum test). (J) Firing rate gain from pre- to post-sleep 
BARRs versus SWRs (quartiles) for CA1 pyramidal cells in rats (p < 0.01, linear correlation, n = 
708). */**/*** p < 0.05/0.01/0.001 Wilcoxon-rank test unless otherwise noted. 
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Fig. S9. Sncg+ optotagged cells and SWR properties during Sncg+ silencing. (A) Population 
of CA1 pyramidal cells for one session during Sncg+ stimulation. Note strong inhibition of CA1. 
(B) Autocorrelogram (top) and waveform (bottom) of an example Sncg+ optotagged cell. (C) 
Average response during BARRs (top) and SWRs (bottom) for the cell shown in (B). (D) 
Autocorrelogram (top) and waveform (bottom) of an example Sncg+ optotagged cell. (E) 
Average response during BARRs (top) and SWRs (bottom) for the cell shown in (D). (F) Firing 
rate ratio during theta versus non-theta periods for Sncg+ and putative PV+ interneurons (p < 
0.001). (G) SWR rate within pulses versus outside pulses (p > 0.05). (H) SWR duration within 
pulses versus outside pulses (p > 0.05). (I) SWR amplitude within pulses versus outside pulses (p 
> 0.05). (J) SWR frequency within pulses versus outside pulses (p > 0.05). */**/*** p < 
0.05/0.01/0.001 Wilcoxon-rank test unless otherwise noted. 
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Fig. S10. Example images and expression of input neurons per animal, mCherry-positive 
neurons, and starter neurons for rabies tracing. (A) Representative examples from different 
mice. Input cells onto Sncg+ basket cells, showing AAV infected cells (red), starter cells 
(yellow), and input cells (green). Dashed lines delimit hippocampal regions. CA2 is labeled in 
cyan using PCP4. Horizontal bar = 300 um. (B) Quantification of cells identified as input 
neurons (i.e., EGFP+/SNCG- cells) from different subregions of the hippocampus shown per 
animal. (C) Quantification of AAV- CAG-FLEx(FRT)-TC mCherry+ neurons in each 
hippocampal subregion. (D) Quantification of starter neurons (i.e. EGPF+/SNCG+) from each 
hippocampal subregion. (E) Average population response of Sncg+ cells to green light pulses 
(green shading) in an example session from an Sncg-Flp mouse injected with Flp-dependent 
Arch3. (F) Example single unit response to green light pulses (green shading) from various 
neuron subtypes in an Amigo2-Cre mouse injected with Cre-dependent Arch3. Note the 
silencing of putative Sncg+ cells but not putative PV+ interneurons during the inhibition of CA2 
pyramidal cells. (G) Average population response of different neuron subtypes to green light 
pulses (green shading) in four sessions from two animals (Amigo2-Cre mice injected with Cre-
dependent Arch3).  
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