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Temporal nesting of cortical slow oscillations, thalamic spindles, and hippocampal ripples indicates multiregional neuronal
interactions required for memory consolidation. However, how the thalamic activity during spindles organizes hippocampal
dynamics remains largely undetermined. We analyzed simultaneous recordings of anterodorsal thalamus and CA1 in male
mice to determine the contribution of thalamic spindles in cross-regional synchronization. Our results indicated that tempo-
ral hippocampo-thalamocortical coupling was more enhanced during slower and longer thalamic spindles. Additionally, spin-
dles occurring closer to slow oscillation trough were more strongly coupled to ripples. We found that the temporal
association between CA1 spiking/ripples and thalamic spindles was stronger following spatial exploration compared with
baseline sleep. We further developed a hippocampal-thalamocortical model to explain the mechanism underlying the duration
and frequency-dependent coupling of thalamic spindles to hippocampal activity. Our findings shed light on our understand-
ing of the functional role of thalamic activity during spindles on multiregional information transfer.

Key words: anterior thalamic spindles; hippocampal ripples; memory consolidation; neural mass model; phase amplitude
coupling

Significance Statement

The contribution of thalamic spindles with differential properties to cross-regional synchronization and information transfer
still remains poorly understood. Using simultaneous anterodorsal thalamic and hippocampal recordings from naturally sleep-
ing mice before and after exploration, we found strong coupling of CA1 units to anterodorsal thalamic spindles and increase
of this coupling following spatial experience. We further showed that the temporal coupling of CA1 units and hippocampal
ripples with thalamic spindles and the spindle-associated modulation of CA1 units with ripples were stronger for spindles
with slower frequency of oscillations. Our experimental as well as computational findings using a hippocampal-thalamocorti-
cal model provide the first demonstration that spindle frequency and duration can provide valuable information about the
underlying multiregional interactions essential for memory consolidation computations.

Introduction
The precise temporal relationship of cortical slow oscillations
(SOs), thalamic spindles, and hippocampal ripples, which are
three main NREM rhythms, are believed to be important for
memory consolidation during sleep (Niknazar et al., 2015;

Maingret et al., 2016; Latchoumane et al., 2017; Helfrich et al.,
2018). Especially the mediating role of thalamic induced spindles
in the hippocampal-neocortical dialogue essential for memory
processing has been proposed by previous studies (Diekelmann
and Born, 2010; Fogel and Smith, 2011; Latchoumane et al.,
2017; Ngo et al., 2020). However, how spindles with differential
properties contribute to the multiregional communication still
remains poorly understood. Although the spindles are generated
in the thalamus and transferred to cortex via the thalamocortical
projections (Timofeev and Bazhenov, 2005), the existing litera-
ture provides evidence for spindle-ripple coupling focused on
the spindle activity detected from the cortex or hippocampus
(Siapas and Wilson, 1998; Sirota et al., 2003; Mölle et al., 2006;
Clemens et al., 2011; Staresina et al., 2015; Latchoumane et al.,
2017; Helfrich et al., 2019; Jiang et al., 2019; Ngo et al., 2020;
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Varela and Wilson, 2020). Recent studies revealed modulation of
the thalamic units to the hippocampal ripples (Yang et al., 2019;
Varela andWilson, 2020; Viejo and Peyrache, 2020), but the pre-
cise temporal association of CA1 units and thalamic spindles is
still unknown. A recent study reported that spike-field coupling
during spindles was stronger within anterodorsal (AD) thala-
mus compared with the one computed within barrel cortex
(Bandarabadi et al., 2020). In addition, slow wave-spindle cou-
pling was stronger when slow waves and spindles were detected
from thalamic than cortical LFPs. Because of strong anatomic
projections from the thalamus to the hippocampus, it is possi-
ble that thalamic spindles also drive the hippocampal activity
directly. Hence, given the latency between the thalamic and
cortical LFPs during the spindles (Mak-McCully et al., 2017)
and their differential coupling to the unit activity (Bandarabadi
et al., 2020), it is important to investigate the precise temporal
coordination of hippocampal unit activity/ripples and the spin-
dles detected from the thalamus. Here, we addressed this gap
by characterizing the fine temporal coordination between tha-
lamic spindles and hippocampal activity using simultaneous
recordings of AD thalamus and CA1 (single units and local field
potentials [LFPs]) in freely moving mice before and after spatial
exploration. We specifically tested the hypothesis that the hippo-
campal-thalamocortical temporal coordination depends on the
oscillating frequency and duration of the thalamic spindles as
well as their locking phase to SOs. A wide frequency range of 7-
15Hz is typically considered for spindles in rodents. Within this
frequency band in human sleep, slow and fast spindles with dif-
ferential properties and functional relevance for memory consol-
idation are discriminated (Ayoub et al., 2013; Klinzing et al.,
2016; Hashemi et al., 2019; Fernandez and Lüthi, 2020; Dehnavi
et al., 2021). We hypothesize that the precise temporal mod-
ulation of CA1 units/ripples with spindles is frequency-de-
pendent so that spindles with lower frequencies provide
longer windows of opportunity for cross-regional synchro-
nization and information transfer. We further developed a
simplified hippocampal-thalamocortical neural mass model
that can spontaneously generate SOs, slow/fast spindles, and
hippocampal ripples to investigate the mechanisms underly-
ing multiregional temporal interactions. Our findings provide
evidence for the functional role of slow long-duration tha-
lamic spindles in the hippocampal-thalamocortical interaction
required for successful memory consolidation.

Materials and Methods
Mice. We used a publicly available dataset (Peyrache and Buzsáki,

2015; Peyrache et al., 2015) recorded in Professor Gyorgy Buzsáki’s labo-
ratory and taken from the public data sharing repository (http://crcns.
org). This dataset consists of 18 recording sessions (4 male mice labeled
Mouse 17, Mouse 12, Mouse 20, and Mouse 32, weighing ;30 g, 3-
6months) each with 6 recording sites in CA1 (tungsten wires) and 64 re-
cording site (8 shanks, separated by 200mm) in anterior thalamus. Each
session consists of successive epochs of baseline sleep (;1.5 h), spatial
exploration for ;30min, and postexploration-sleep (;1.5 h). During
the exploration, the animals foraged for food (sweetened cereals or regu-
lar food pellets) in an open environment. The environment was a circu-
lar arena surrounded by 21-cm-high, black-painted walls on which were
displayed two salient visual cues.

Electrophysiological recordings. Electrophysiological signals were
acquired at 20 kHz on a 256-channel Amplipex system (16-bit resolu-
tion) and were downsampled to 1.25 kHz for LFP analyses. Slow wave
sleep (SWS) was detected using CA1 LFP spectrogram (Viejo and
Peyrache, 2020) as periods with high 1-4Hz and 10-15Hz activity dur-
ing sleep (a long period of immobility tracked with the LEDs). All the
analyses were conducted during SWS. For classification of CA1 units as
interneurons or pyramidal cells, the average waveform of each unit was

first computed. Units with peak-to-trough time,0.4ms and mean firing
rate .5Hz were classified as interneurons and units with peak-to-
trough time .0.4ms were classified as pyramidal cells (Ravassard et al.,
2013).

Detection of sleep spindles, ripples, and SOs. The CA1 and thalamic
LFPs were used to detect ripples and SO/spindles, respectively. Since in
this study we sought to investigate the effect of spindle frequency, we
detected spindles separately for 7 overlapping frequency ranges of 7-9, 8-
10, 9-11, 10-12, 11-13, 12-14, and 13-15Hz. The algorithm for detecting
spindles was similar to the one used in a previous study (Klinzing et al.,
2016). Thalamic LFP signal was first band pass filtered in the corre-
sponding spindle frequency range using finite-impulse response (FIR)
filters from the EEGLAB toolbox (Delorme and Makeig, 2004) (FIR
bandpass filter, filter order corresponds to 3 cycles of the low-fre-
quency cutoff). Hilbert transform was used to compute instantaneous
amplitude, which was then smoothened using a 300ms Gaussian win-
dow. Periods with amplitude .3 SDs for a duration .0.5 and,3 s
were selected as spindle events. Two nearby events were merged if they
were closer than 0.5 s. There was no significant difference between the
density of the spindles with different frequencies (p. 0.1, Friedman
test, median 6 median absolute deviation [MAD], density = 0.26 6
1.11 � 10–3 1/s for 7-9Hz, 0.25 6 1.01 � 10–3 1/s for 8-10Hz, 0.25 6
1.2 � 10–3 1/s for 9-11Hz, 0.24 6 1.03 � 10–3 1/s for 10-12Hz, 0.24 6
1.3 � 10–3 1/s for 11-13Hz, 0.23 6 1.05 � 10–3 1/s for 12-14Hz, and
0.23 6 1.5 � 10–3 1/s for 13-15Hz, n= 18 sessions). On average, there
was an overlap of 19.536 1.25% (mean6 SD) between spindles at dif-
ferent frequency ranges. The time of the spindle event was defined as
the time of the largest spindle peak. The algorithm for detecting ripples
was similar to the one used in a previous paper (Levenstein et al.,
2019). The CA1 LFP was first band pass filtered in the ripple frequency
range (150-200Hz, fourth-order zero-phase delay Butterworth). The
RMS signal was calculated and smoothed using a Gaussian window
(50ms). A ripple event was identified when the smoothed RMS signal
was higher than median1 4 SD for a minimum duration of 30ms. The
time of the ripple event was defined as the time of the largest ripple
peak. The FMA toolbox (Zugaro et al., 2018) was used to detect SOs.
First, the signal was filtered between 0.5 and 4Hz (FIR bandpass filter,
filter order corresponds to 3 cycles of the low-frequency cutoff). SOs
were identified in the LFP when (1) the distance between consecutive
positive-to-negative zero crossings was between 0.5 and 2 s (corre-
sponding to 0.5-2Hz), (2) positive peaks .2 SDs were identified as SO
positive peaks, and (3) difference between the positive and negative
peaks was.3.5 SDs.

Phase amplitude coupling (PAC). The method to calculate PAC was
similar to previous papers (Staresina et al., 2015; Dehnavi et al., 2021).
First, time–frequency representations (TFRs) were calculated for every
spindle event by mtmconvol function of the FieldTrip toolbox
(Oostenveld et al., 2011) with frequency steps of 0.25Hz in the frequency
range of 5-300Hz. Sliding (10ms steps) Hanning tapered windows with
a variable length, including 5 cycles were used to ensure reliable power esti-
mates. TFRs of all epochs around an event were then normalized as percent-
age change from the pre-event baseline (�2.5 to �1.5 s). To quantify the
modulation of hippocampal ripple amplitude with the phase of thalamic
spindle, first TFR bins around each spindle were averaged across the ripple
frequency ranges to obtain the power of ripple time series (�3 to 3 s around
the spindle peak). To ensure proper phase estimation, both LFP and power
of the ripple time series (obtained from TFR) were filtered in the spindle fre-
quency range (two-pass FIR band pass filter, order=3 cycles of the low-fre-
quency cutoff). Next, we extracted the phase values of these time series
using the Hilbert transform and defined a synchronization index (SI) for
each spindle event as the vector mean of unit vectors each showing the
phase difference between ripple amplitude and spindle event at different
time points around the spindle peak as follows:

SI ¼ 1
m

Xm

j¼1
ei½u spindleðjÞ� u rippleðjÞ�

where m is the number of time points, u spindleðjÞ represents the phase
value of the spindle time series at time point j, and u rippleðjÞ shows the
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phase value of the fluctuations in the ripple power time series at
time point j. The used interval for estimating the preferred phase
was �0.25 s to 0.25 s around the spindle peak. The resulting SI is a
complex number with the angle representing the phase shift
between the two oscillatory events (i.e., ripple power and spindle)
while the absolute value of SI represents the strength of the cou-
pling between the ripple amplitude (ripple power) and spindle
phase. Larger SI strength (closer to 1) for each spindle event corre-
sponds to more consistent phase shift between the ripple ampli-
tude and spindle event across the time window around the spindle
peak and hence larger PAC strength for that spindle.

Phase-locking analyses. To find the phase of the spindles at the time
of the unit spikes/ripples, first the instantaneous phase of thalamic LFP
filtered in the spindle frequency ranges was estimated by Hilbert trans-
form. Then the circular mean of the phases of the spikes occurring 6
0.25 s around the spindle peaks and phases of the ripples occurring
between the spindle onset and offset were computed. To obtain the
phase-locking of the ripples/spindles to SO, the circular mean of the in-
stantaneous phases of thalamic LFP filtered in the SO frequency range at
the time of the ripple/spindle was computed.

Modulation index (MI). To examine neural spiking activity around
spindles/ripples, peri-event spike histograms (PETHs) were generated
62 s around each event and smoothed with a Gaussian window of
20ms. Similar to a previous paper (Yang et al., 2019), the PETHs around
the true events were z score normalized to the PETHs around surrogate
events obtained by randomly distributing (repeated 100 times) the same
number of events detected every 4 s in a given session. The time series of
surrogate PETHs were subtracted from the corresponding values of the
true PETHs, and the resulting PETHs were then z score normalized to
the firing rate during the entire 4 s time window of the surrogate
PETHs. To quantify modulation of neural spiking to the spindle/ripple
events, anMI was defined as the difference between peak to trough firing
rate in a 0.25 s window centered at 0 on the PETHs.

Event correlation histogram. To analyze the temporal relationships
between spindles and ripples, event (ripple) correlation histograms
were calculated within 61.5 s window around the reference event
(spindle onset) with a bin size of 100ms. The event correlation his-
tograms were then normalized to a 1-s pre-event interval (form
�2.0 to �1.0 s before the reference event at 0 s). For statistical anal-
ysis, a randomization procedure similar to a previous paper (Mölle
et al., 2011) was applied by randomizing the time points of all
detected ripples (repeated 100 times). Next, for each session, the
event correlation histograms for the randomized data were recalcu-
lated; and finally, each bin in the true event correlation histogram
was compared with the corresponding bin in the random condition
using two-tailed paired-samples t test.

Hippocampal-thalamocortical model. The neural mass hippocampal-
thalamocortical model consists of two hippocampal networks representing
CA1 and CA3 networks: one thalamic and two cortical networks. The net-
works were described in our previous papers (Ghorbani et al., 2012;
Hashemi et al., 2019; Azimi et al., 2021). In short, each of cortical and hip-
pocampal networks consists of one group of identical inhibitory (I) neurons
(number of neurons: NCX

i ¼ 2000;NCA3
i = 100, NCA1

i = 100, CX repre-
sents the cortical network) and one group of identical excitatory (E)
neurons (number of neurons: NCX

e ¼ 8000;NCA31
e = 1000, NCA1

e =
1000). The model is a firing rate model (Ghorbani et al., 2012;
Hashemi et al., 2019) so that the firing rate (r) of hippocampal and
cortical neurons is simply a sigmoid function of the membrane poten-
tial (Vk

m) as follows:

rðVk
mÞ ¼ r0 1

r1
11exp½�ðVk

m � Vpk
m Þ=gkm�

mf ge e; if g; kf ge CA1;CA3;CXf g (1)

Here, r1 = 70Hz (r0 = 0.1Hz) is the maximal (minimum) firing rate,
Vpk
m is the threshold firing potential and gkm shows the sharpness of the

firing rate dependence on the membrane potential (Extended Data
Table 10-1).

The thalamic network consists of one group of identical excitatory
neurons representing the thalamocortical neurons (TC) and one group
of identical inhibitory neurons representing the thalamic reticular neu-
rons (RE, number of neurons: NTH

t = NTH
r = 500, TH shows the thalamic

network, t and r show TC and RE neurons, respectively). A bursting
variable, um is defined for thalamic neurons to model T-type calcium
currents so that they can show both tonic and burst modes. As was
described in our previous paper (Hashemi et al., 2019), the rate equa-
tions for thalamic neurons are given by the following:

dVTH
m

dt
¼ �VTH

m

tm
1

f ðumÞ
Am

mf ge t; rf g (2)

f ðumÞ ¼ �f max
m

11exp
ðum1f thm Þ

qm

" # (3)

dum

dt
¼ 1

t u
m

ðbm � umÞ
� �

(4)

If VTH
r .0mV then br = 0 otherwise br =�200mA

VTH
t .�0.1mV then bt = 0 otherwise bt =�200mA

rðVTH
m Þ ¼ RT

m

11 exp½ðVTH
m � VT

mÞ=gTm�
ðexp½Lmum�Þ

1
RB
m

11 exp½ðVTH
m � VB

mÞ=gBm�
ð1� exp½Lmum�Þ (5)

where Am is the specific membrane capacitance, tum (0.22 s and 0.11 s for
TC and RE neurons, respectively) is the time constant that controls the
dynamics of um, which is much larger than the membrane time constant
tm ¼ 10 ms, and bm is the equilibrium value of um which has different
values when the neuron is depolarized or hyperpolarized. RT

m (RB
m), V

T
m

(VB
m) and gTm (gBm) show the maximum firing rate, threshold firing poten-

tial, and the sharpness of the firing rate dependence on the membrane
potential during tonic (burst) mode, respectively (Extended Data Table
10-1).

The within- and between-network connections are considered
based on anatomic connections (Extended Data Table 10-2). The
probability and strength of connections from neuron m of network
k to the neuron n of network h are given by Pk�h

mn and Jk�h
mn , respec-

tively. k and h can take CA1, CA3, CX, or TH. For short-range con-
nections for which h and k are the same, only one of them is shown.
n and m can be t, r, e (representing cortical or hippocampal excita-
tory neurons) and i (representing cortical or hippocampal inhibi-
tory neurons). Dendritic spike frequency adaptation (Ghorbani et
al., 2012) is considered for cortical and hippocampal excitatory-to-
excitatory connection so that the strength of these connections is a
decreasing sigmoid function of an adaptation variable, c.

Jk�h
ee ðcÞ ¼ J0k�h

ee

11 exp½ðc� cpÞ=gc� ; (6)

where J0k�h
ee and cp ¼ 10 are the maximal synaptic strength and the

threshold adaptation level, respectively. gc ¼ 3 shows the sharpness of
the excitatory-to-excitatory connection dependence on the adaptation
variable. The parameters of the second cortical network are shown by
primes. The full model consists of the following rate equations:

dVCA3
e

dt
¼ �VCA3

e

t e
1Ne

CA3PCA3
ee JCA3ee ðcCA3ÞrðVCA3

e Þ

�Ni
CA3PCA3

ie JCA3ie rðVCA3
e Þ1Ne

9CXP9CX�CA3
ee J9CX�CA3

ee ðcCA3ÞrðV9CX
e Þ (7)
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dVCA3
i

dt
¼ �VCA3

i

t i
1Ne

CA3PCA3
ei JCA3ei rðVCA3

e Þ

1Ne
9CXP9CX�CA3

ei J9CX�CA3
ei rðV9CX

e Þ (8)

dcCA3

dt
¼ � cCA3

t c
1Ne

CA3PCA3
ee DcCA3rðVCA3

e Þ1Ne
9CXP9CX�CA3

ee DcCA3rðV9CX
e Þ
(9)

dVCA1
e

dt
¼ �VCA1

e

t e
� Ni

CA1PCA1
ie JCA1ie rðVCA1

i Þ

1Ne
CA3PCA3�CA1

ee JCA3�CA1
ee ðcCA1ÞrðVCA3

e Þ
1Ne

CXPCX�CA1
ee JCX�CA1

ee ðcCA1ÞrðVCX
e Þ (10)

dVCA1
i

dt
¼ �VCA1

i

t i
1Ne

CA1PCA1
ei JCA1ei rðVCA1

e Þ

1Ne
CA3PCA3�CA1

ei JCA3�CA1
ei rðVCA3

e Þ � Ni
CA1PCA1

ii JCA1ii rðVCA1
i Þ

1Ne
CXPCX�CA1

ei JCX�CA1
ei rðVCX

e Þ (11)

dcCA1

dt
¼ � cCA1

t c
1Ne

CA3PCA3�CA1
ee DcCA1rðVCA3

e Þ

1Ne
CXPCX�CA1

ee DcCA1rðVCX
e Þ (12)

dVCX
e

dt
¼ �VCX

e

t e
1Ne

CXPCX
ee J

CX
ee ðcCXÞrðVCX

e Þ � Ni
CXPCX

ie JCXie rðVCX
i Þ

1Ne
9CXPCX2�CX1

ee JCX2�CX1
ee ðcCXÞrðV9CX

e Þ1Nt
THPTH�CX

te JTH�CX
te rðVTH

t Þ

1Ne
CA1PCA1�CX

ee JCA1�CX
ee ðcCXÞrðVCA1

e Þ (13)

dVCX
i

dt
¼ �VCX

i

t i
� Ni

CXPCX
ii J

CX
ii rðVCX

i Þ1Ne
CXPCX

ei J
CX
ei rðVCX

e Þ

1Ne
9CXPCX2�CX1

ei JCX2�CX1
ei rðV9CX

e Þ1Nt
THPTH�CX

ti JTH�CX
ti rðVTH

t Þ

1Ne
CA1PCA1�CX

ei JCA1�CX
ei rðVCA1

e Þ (14)

dcCX

dt
¼ � cCX

t c
1Ne

CXPCX
ee Dc

CXrðVCX
e Þ1Ne

9CXPCX2�CX1
ee DcCXrðV9CX

e Þ

1Ne
CA1PCA1�CX

ee DcCX rðVCA1
e Þ (15)

dV9CX
e

dt
¼ �V9CX

e

t e
� Ni

9CXP9CX
ie J9CXie rðV9CX

i Þ1Ne
9CXP9CX

ee J9CXee ðc9CXÞrðV9CX
e Þ

1Ne
CXPCX1�CX2

ee JCX1�CX2
ee ðc9CXÞrðVCX

e Þ1Nt
THP9TH�CX

te J9TH�CX
te rðVTH

t Þ

1Ne
CA1P9CA1�CX

ee J9CA1�CX
ee ðc9CXÞrðVCA1

e Þ (16)

dV9CX
i

dt
¼ �V9CX

i

t i
1Ne

9CXP9CX
ei J9CXei rðV9CX

e Þ � Ni
9CXP9CX

ii J9CXii rðV9CX
i Þ

1Ne
CXPCX1�CX2

ei JCX1�CX2
ei rðVCX

e Þ1Nt
THP9TH�CX

ti J9TH�CX
ti rðVTH

t Þ

1Ne
CA1P9CA1�CX

ei J9CA1�CX
ei rðVCA1

e Þ (17)

dc9CX

dt
¼ � c9CX

t c
1Ne

9CXP9CX
ee Dc9CXrðV9CX

e Þ1Ne
CXPCX1�CX2

ee Dc9CXrðVCX
e Þ

1Ne
CA1P9CA1�CX

ee Dc9CXrðVCA1
e Þ (18)

dVTH
t

dt
¼ �VTH

t

t t
1

f ðutÞ
At

� Nr
THPTH

rt J
TH
rt rðVTH

r Þ

1Ne
CXPCX�TH

et JCX�TH
et rðVCX

e Þ1Ne
9CXP9CX�TH

et J9CX�TH
et rðV9CX

e Þ (19)

dVTH
r

dt
¼ �VTH

r

t r
1

f ðurÞ
Ar

� Nr
THPTH

rr J
TH
rr rðVTH

r Þ1Nt
THPTH

tr JTHtr rðVTH
t Þ

1Ne
CXPCX�TH

er JCX�TH
er rðVCX

e Þ1Ne
9CXP9CX�TH

er J9CX�TH
er rðV9CX

e Þ: (20)

Here t e ¼ 20 ms and t i ¼ 10 ms are membrane time con-
stants of excitatory and inhibitory neurons, respectively, t c ¼ 500 ms
is the adaptation time constant, and Dcn shows the increase in the adap-
tation variable of neuron n as a result of excitatory-to-excitatory synaptic
input. The nonlinear equations of the model were solved using the
fourth-order Runge–Kutta method with a time step of 1ms by
MATLAB R2017b software.

Statistical analysis. Unless otherwise stated, MATLAB (version
2017b) was used for all statistical analyses. Particularly, MATLAB
CircStat toolbox (Berens, 2009) was used for all statistical analyses on
circular data. The circular mean of m angels (u j) is computed as the
angle of the vector sum of the m unit vectors with angles u j: circular

mean= angle (
Xm

j¼1
eiðu jÞ). We applied the basic Rayleigh test

(Batschelet, 1981) to investigate circular nonuniformity of the phases.
In addition, to test the significance of the resultant vector length of
the phases of spindles at the time of the unit spikes for each unit, we
computed the resultant vector length for the shuffled spikes. This
process was repeated 500 times, and data exceeding the 95% of the
control data were considered significant. circular-mtest was used for
comparison of mean phases of paired circular data. Circular-linear
correlation was used to compute the correlations between SO-spindle
phase and spindle-ripple coupling strength. Mann–Whitney test was
used for unpaired data (indicated in the text for each analysis).
Wilcoxon signed rank test and Friedman test (using SPSS version 26)
followed by post hoc Wilcoxon signed rank test were used for paired
data. Two-way ANOVAs were used to test the effect of 2 factors and
their interactions. For post hoc tests, the Benjamini–Hochberg proce-
dure was used to control the false discovery rate (Benjamini and
Hochberg, 1995). All the reported significant post hoc tests withstood
multiple comparison testing with false discovery rate set to 0.05. To
avoid the report of too many findings, only for slow (7-9Hz) and fast
(13-15Hz) spindles, the results of post hoc tests and the correspond-
ing values were reported.

Results
AD neurons were more strongly coupled to slower spindles
We used simultaneous recordings of AD thalamus and CA1 (sin-
gle units and LFPs) in freely moving mice to investigate the
mediating role of thalamic spindles in multiregional interactions
during SWS. Thalamic and CA1 LFPs were used to detect spin-
dles and ripples (150-200Hz), respectively (Fig. 1A). During the
peak of SOs detected from thalamic LFP, AD units decreased
their activity (Fig. 1B). We hypothesized that spindles with lower
frequencies provide a longer temporal window for hippocampal
synchronized activity enhancing multiregional communication.
To explore the covariation of the thalamic/hippocampal activity
with the spindle frequency, we partitioned the broad spindle fre-
quency range (7-15Hz) into 7 overlapping frequency ranges of
7-9, 8-10, 9-11, 10-12, 11-13, 12-14, and 13-15Hz (for details, see
Materials and Methods). Figure 1C, D displays the average of
spindle peak-locked time frequency representation for low-fre-
quency (slow, 7-9Hz) and high-frequency (fast, 13-15Hz)
spindles.

To investigate the modulation of AD neurons with thalamic
spindles, we computed the z score normalized AD unit activity
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during spindles (Fig. 2A,B; for details, see Materials and
Methods). AD unit activity increased around the peak of spin-
dles, which is consistent with a recent study (Bandarabadi et
al., 2020). We next calculated the MI as the difference between
the peak to trough of the curve of each peri-spindle-peak spike
histograms6 0.25 s around time 0. To show the covariation of
the thalamic activity with the spindle frequency, we used
Friedman test to compare the effect of spindle frequency fac-
tor on the MI. There was a significant effect of the spindle fre-
quency indicating a stronger modulations of AD neurons to
slower spindles (Fig. 2C, p = 2.47 �10�40, Friedman test for
the comparison among the 7 spindle frequency ranges, me-
dian6MAD, slow spindle: MI = 5.926 0.01 z score, fast spin-
dle: MI = 3.03 6 0.01 z score, n= 464 AD neurons, 4 mice; 1

for the results for each mouse, see Extended Data Table 2-1).
To quantify the rhythmic modulation of peri-spindle-peak
spike histograms with the oscillatory shape of the spindles, we
further computed the correlation (maximum cross-covari-
ance) between peri-spindle-peak spike histogram and the
mean LFP filtered in the spindle frequency range6 0.25 s
around the spindle peak. We found that AD neurons showed
a more strongly rhythmic modulation with slower spindles
(Fig. 2D, p = 8.39 �10�72, Friedman test for the comparison
among the 7 spindle frequency ranges, median 6 MAD, slow
spindle: correlation coefficient = 0.696 0.02, fast spindle: cor-
relation coefficient = 0.586 0.02, n = 464 AD neurons).

We further studied the phase-locking of AD units to thalamic
spindles by computing the phase of Hilbert transform of filtered

Figure 1. Thalamic spindles/SOs and hippocampal ripples during SWS. A, Sample unit spikes and LFP traces simultaneously recorded in AD and CA1. AD LFPs were used to detect SOs
(marked above the 0.5-2 Hz filtered AD LFP by a red circle) and spindles (slow spindles: marked above the 7-9 Hz filtered AD LFP by blue bracket, fast spindles: marked above the 13-15 Hz fil-
tered AD LFP by red bracket). Sharp-wave ripple (marked above the 150-200 Hz filtered CA1 LFP by magenta stars) were detected using CA1 LFP. B, Top, Representative average AD LFP traces
aligned to the SO peaks for one recording session. Bottom, Peri-SO-peak histograms of AD spikes from one unit (n= 3161 SOs). C, Top, Grand average (6SEM) of slow (7-9 Hz) spindles time-
locked to slow spindle peaks, respectively, for the same session (n= 1241 spindles) (B). Bottom, Average of slow spindle peak-locked TFR (percentage change from pre-event baseline). D,
Same as in C, but for the fast (13-15 Hz) spindle (n= 1216 spindles).
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Figure 2. Modulation of AD neurons to thalamic spindles. A, Top, Representative average AD LFP traces filtered in the slow spindle frequency range (7-9 Hz) aligned to the spindle peaks.
Spike rasters (middle) and peri-slow spindle-peak histograms (bottom) of AD spikes from one unit (z score normalized to the peri-event spike histograms around surrogate events; for details,
see Materials and Methods, mean firing rate = 0.7 Hz, MI = 6.15 z score, the correlation between peri-spindle-peak spike histogram and the mean LFP filtered in the spindle frequency range,
r= 0.65). B, Same as in A, but for fast spindles (13-15 Hz; MI = 3.12 z score, r= 0.57 z score). C, Comparison of the MI of AD units defined as the difference between peak to trough of the
curve of each peri-spindle-peak spike histograms6 0.25 s around time 0 among the 7 spindle frequency ranges of 7-9 Hz (slow spindle, blue), 8-10, 9-11, 10-12, 11-13, 12-14, and 13-15 Hz
(fast spindle, red, p= 2.47�10�40, Friedman test, n= 464 AD units). Each circle represents one AD unit. D, Comparison of the correlation between peri-spindle-peak spike histogram and the
mean LFP filtered in the spindle frequency range for the 7 spindle frequency ranges (p= 8.39 �10�72, Friedman test). Each circle represents one AD unit. E, Circular histograms of slow (7-
9 Hz, left) and fast (13-15 Hz, right) spindle mean phases at the time of AD unit spikes, showing a preferential occurrence of spikes near spindle peak (zero degree). The mean phases across all
the units phase-locked to the spindles are shown by blue and red lines for slow and fast spindles, respectively (n= 271 and 219 AD units phase-locked to slow and fast spindles, respectively).
F, Comparison of the resultant vector length of the spindle phases at the time of AD unit spikes among the 7 spindle frequency ranges (p= 7.98�10�20, Friedman test). Each circle represents
one AD unit. ***p, 0.001, n= 464 AD units, 4 mice. The number of sessions, recording sites, units, sleep/wake duration, and SO/spindle/ripple measures for 4 mice separately can be found
in Extended Data Table 2-1.
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thalamic LFP in the spindle frequency range at the time of the
spikes of AD units occurring 6 0.25 s around the spindle peaks;
58.51% and 47.28% of the AD units were phase-locked to slow
and fast spindles, respectively (p, 0.05, Rayleigh test, n=464).
Across all phase-locked units, the preferred phases were also
nonuniformly distributed for the slow and fast spindles so that,
for most of the cells, the preferred phase of spike occurrence was
between �90° and 90° (i.e., around the spindle peak 0°) (Fig. 2E,
slow spindle: p= 7.66 �10�52, z= 82.54, Rayleigh test, mean 6
SD, phase = –21.73 6 28.22°, n=271 AD units phase-locked to
slow spindles, fast spindle: p= 1.16 �10�42, z=75.58, Rayleigh
test, phase = –57.53 6 30.21°, n= 219 AD units phase-locked to
fast spindles). There was no significant difference in the pre-
ferred phase of spike occurrence between fast and slow spindles
(p. 0.05 m test for mean of circular data). We next explored the
effect of spindle frequency on the strength of AD unit coupling
to spindles by computing the resultant vector length of the
phases for each unit, separately for spindles with different fre-
quencies. The resultant vector length was also larger for slower
spindles confirming stronger phase-locking of AD units to slow
than fast spindles (Fig. 2F, p= 7.98�10�20, Friedman test for the
comparison among the 7 spindle frequency ranges, median 6
MAD, slow spindle: resultant vector length = 0.216 6.03 �10�3,
fast spindle: resultant vector length = 0.166 6.05 �10�3, n=464
AD units; 66% and 61% of AD units show significantly large re-
sultant vector length for slow and fast spindles, respectively).

Temporal correlation of CA1 units with AD spindles
We next examined the modulation of CA1 units with AD tha-
lamic spindles by computing peri-spindle-peak spike histograms
of CA1 units. Figure 3A, B displays the strong firing modulations
of CA1 units with thalamic slow and fast spindles for one repre-
sentative unit. Friedman test for the MI revealed a significant
effect of the spindle frequency so that CA1 units were more
strongly modulated by slower spindles (Fig. 3C, p= 4.94 �10�78,
Friedman test for the comparison among the 7 spindle frequency
ranges, median 6 MAD, slow spindle: MI = 4.62 6 0.01 z score,
fast spindle: MI = 1.986 0.01 z score, n= 58 CA1 units). In addi-
tion, the CA1 units show a more strongly rhythmic modulation
with slower spindles (Fig. 3D, p=1.58 �10�51, Friedman test
for the comparison among the 7 spindle frequency ranges, me-
dian6 MAD, slow spindle: correlation coefficient = 0.686 0.01,
fast spindle: correlation coefficient = 0.47 6 0.01, n= 58 CA1
units). To further study the temporal relationship of CA1 units
with thalamic spindles, we computed the phase-locking of CA1
unit spikes to the spindles using Hilbert transform; 53.32% and
51.12% of the CA1 units were phase-locked to slow and fast spin-
dles, respectively (p, 0.05, Rayleigh test, n=58). Across all
phase-locked units, the preferred phases were also nonuniformly
distributed for the slow and fast spindles showing a preferential
occurrence of CA1 unit spikes around the spindle peak (Fig. 3E,
slow spindle: p= 3.15 �10�42, z=72.21, Rayleigh test, mean 6
SD, phase = �10.326 24.21 �; n=31 CA1 units phase-locked to
slow spindles, fast spindle: p=2.81 �10�20, z=30.59, Rayleigh
test, phase = �42.786 32.11 �, n=29 CA1 units phase-locked to
fast spindles). There was no significant difference in the pre-
ferred phase of CA1 unit spike occurrence between fast and slow
spindles (p. 0.05 m test for mean of circular data). In addition,
Friedman test for the resultant vector length of the phases
revealed a significant effect of the spindle frequency so that the
resultant vector length was significantly larger for slower spindles
(Fig. 3F, p= 6.06 �10�30, Friedman test for the comparison
among the 7 spindle frequency ranges, median 6 MAD, slow

spindle: resultant vector length = 0.116 6.01�10�3, fast spindle:
resultant vector length = 0.05 6 6.05 �10�3, n=58 CA1 units;
57% and 51% of CA1 units show significantly large resultant vec-
tor length for slow and fast spindles, respectively). These results
indicate stronger phase-locking of CA1 units to slower spindles.

We next investigated the spindle-related modulation of CA1
units to the hippocampal ripples; 30.04% and 28.17% of the rip-
ples co-occurred with slow and fast spindles, respectively (ripples
occurred between onset and offset of the spindles, median 6
MAD, density = 0.356 2.1 �10�3 1/s and 0.316 1.11 �10�3

1/s, for ripples co-occurred with slow and fast spindles, respec-
tively, density = 0.416 3.2 �10�3 1/s for isolated ripples, n= 18
sessions, 4 mice). The duration of the spindle-coupled ripples
was longer than the duration of isolated ripples and the duration
of spindle-coupled ripples was longer for the ripples coupled to
slower spindles (Fig. 4A, p=2.78 �10�60 , Friedman test with
post hoc Wilcoxon signed rank test, p=5.91 �10�29 for the
comparison between slow spindle-coupled ripples and isolated
ripples, p=0.006 for the comparison between fast spindle-
coupled ripples and isolated ripples, median6 MAD, slow spin-
dle-coupled ripples: duration= 0.0416 5.1�10�3 s, fast spindle-
coupled ripples: duration= 0.0316 6.1 �10�3 s, isolated ripples:
duration= 0.030 6 5.2 �10�3 s, n= 18 sessions). However, the
amplitude of the isolated ripples was larger than the spindle-
coupled ripples and the amplitude was larger for ripples coupled
to faster spindles (Fig. 4B, p= 3.18 �10�50 , Friedman with post
hocWilcoxon signed rank test, p=7.92 �10�19 for the compari-
son between slow spindle-coupled ripples and isolated ripples;
p= 1.51 �10�4 for the comparison between fast spindle-coupled
ripples and isolated ripples, median 6 MAD, slow spindle-
coupled ripples: amplitude= 3.3560.01 SD, fast spindle-coupled
ripples: amplitude= 4.156 0.01 SD, isolated ripples: amplitude=
4.256 0.01 SD, n=18 sessions). Figure 4C displays the distribu-
tion of the spindle phases at the time of the ripples (ripple peak)
for the ripples co-occurring with spindles obtained by using
Hilbert transform. The phases were nonuniformly distributed
for both slow and fast spindles so that the majority of the ripples
occurred before spindle peak (slow spindle: p10�100, z=445.22,
Rayleigh test, mean6 SD, phase = –31.35 6 3.12° ; fast spindle:
p10�100, z=359.61, Rayleigh test, phase = –41.21 6 4.21°, n= 18
sessions) corresponding to the active phase of spindles with
dominant AD unit activity (Fig. 2E). There was no significant
difference in the spindle phase at the time of ripple occurrence
between fast and slow spindles (p. 0.05 m test for mean of cir-
cular data). We next compared the modulation of the CA1 units
with the ripples for isolated, and spindle-coupled ripples (Fig.
4D–F). The MI was larger for ripples occurring within the tha-
lamic spindles than the isolated ripples, and it was larger for
ripples coupled to slower spindles (Fig. 4G, p = 1.82 �10�89,
Friedman test with post hoc Wilcoxon signed rank test, p =
1.62�10�30 for the comparison between slow spindle-coupled
ripples and isolated ripples, p = 2.33�10�13 for the comparison
between fast spindle-coupled ripples and isolated ripples, median
6 MAD, slow spindle-coupled ripples: MI=7.91 6 0.01z score,
fast spindle-coupled ripples: MI=6.216 0.01 z score, isolated rip-
ples: MI=6.016 0.01 z score, n=58 CA1 units).

In sum, we found that the modulation of CA1 units with
spindles and the spindle-associated modulation of CA1 units
with ripples were stronger for slower spindles. These results sug-
gest that spindles with lower frequencies (i.e., longer cycles
within a spindle) provide a wider depolarizing window for the
temporal coordination of the hippocampal and thalamocortical
networks and enhancement of the multiregional interactions.
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Stronger modulation of hippocampal ripples to slower and
longer thalamic spindles
We next explored the temporal association between hippocam-
pal ripples and thalamic spindles. First the event correlation his-
tograms of ripple events time-locked to the spindle onset were

computed, which revealed increase of ripple occurrence after the
spindle onset with a peak of;200ms for both slow and fast spin-
dles (Fig. 5A). To further explore the coupling between spindles
and ripples, we next quantified the modulation of hippocampal
ripple amplitude with the phase of spindles detected from the

Figure 3. Modulation of CA1 units to thalamic spindles. A, Top, Representative average AD LFP traces filtered in the slow spindle range (7-9 Hz) aligned to the spindle peaks. Spike rasters
(middle) and peri-slow spindle-peak histograms (bottom) of CA1 spikes from one unit (z score normalized to the peri-event spike histograms around surrogate events, mean firing
rate = 0.71 Hz, MI = 4.51 z score, the correlation between peri-spindle-peak spike histogram and the mean LFP filtered in the spindle frequency range, r= 0.64). B, Same as in A, but for fast
spindles (13-15 Hz; MI = 1.52 z score, r= 0.46). C, Comparison of the MI of CA1 units defined as the difference between peak to trough of the curve of each peri-spindle-peak spike
histograms6 0.25 s around time 0 for the 7 spindle frequency ranges of 7-9 Hz (slow spindle, blue), 8-10, 9-11, 10-12, 11-13, 12-14, and 13-15 Hz (fast spindle, red). Each circle represents
one CA1 unit (p= 4.94 �10�78, Friedman test). D, Comparison of the correlation between peri-spindle-peak spike histogram and the mean LFP filtered in the spindle frequency range for
the 7 spindle frequency ranges (p= 1.58 �10�51, Friedman test). E, Circular histograms of slow (7-9 Hz, left) and fast (13-15 Hz, right) spindle mean phases at the time of CA1 unit spikes,
showing a preferential occurrence of spikes near spindle peak (zero degree). The mean phases across all units phase-locked to the spindles are indicated by blue and red lines for slow and fast
spindles, respectively (n= 31 and 29 CA1 units phase-locked to slow and fast spindles, respectively). F, Comparison of the resultant vector length of the spindle phases at the time of CA1 unit
spikes among the 7 spindle frequency ranges (p= 2.11�10�31, Friedman test). ***p, 0.001, n= 58 CA1 units, 4 mice.
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Figure 4. The modulation of CA1 units to the ripples was spindle-dependent. A, Histogram of the duration of ripples co-occurring with slow spindles (blue, ripples occurred between the
onset and offset of the spindles), ripples co-occurring with fast spindles (red), and isolated ripples (magenta) for one session (left, P refers to probability). Vertical lines indicate the median of
the distributions (median6 MAD, Ripple1 slow spindle = 0.0416 2.1�10�3 s, n= 240, Ripple1 fast spindle = 0.0316 1.1�10�3 s, n= 220, Ripple alone = 0.0306 1.2�10�3 s,
n= 540). Distributions of the duration of ripples co-occurring with spindles for the 7 spindle frequency ranges of 7-9 Hz (slow spindle, blue), 8-10, 9-11, 10-12, 11-13, 12-14, and 13-15 Hz
(fast spindle, red) and isolated ripples (magenta, right). Each circle represents one session (p= 2.78�10�60 , Friedman test with post hoc Wilcoxon signed rank test, n= 18 sessions, 4 mice).
B, Histogram of the amplitude of the ripples co-occurring with slow spindles (blue, ripples occurred between the onset and offset of the spindles), ripples co-occurring with fast spindles (red),
and isolated ripples (magenta) for the session shown in (A) (left). Vertical lines indicate the median of the distributions (median6 MAD, Ripple1 slow spindle = 3.626 0.12 SD, n= 240,
Ripple 1 fast spindle = 4.31 6 0.19 SD, n= 220, Ripple alone = 4.82 6 0.18 SD, n= 540). Distributions of amplitude of the ripples co-occurring with spindles for the 7 spindle frequency
ranges and isolated ripples (magenta, right). Each circle represents one session (3.18�10�50 , Friedman test with post hoc Wilcoxon signed rank test, n= 18 sessions, 4 mice). C, Circular histo-
gram of slow (left) and fast (right) spindle phases at the time of the ripples (ripple peak) for the ripples co-occurring with spindles obtained by Hilbert transform (n= 18 sessions). D, Top,
Representative average raw CA1 LFP traces aligned to peaks of the ripples co-occurring with thalamic slow spindles (7-9 Hz). Spike rasters (middle) and peri-ripple-peak histograms (bottom) of
CA1 spikes from one unit (z score normalized, MI = 7.82 z score). E, F, Same as in D, but for ripples co-occurring with thalamic fast spindles (13-15 Hz) and isolated ripples, respectively
(MI = 6.11 z score and MI = 5.94 z score for Ripple1 fast spindle and Ripple alone, respectively). G, Comparison of the MI of CA1 units to the ripples among the ripples co-occurring with spin-
dles for the 7 spindle frequency ranges and isolated ripples. Each circle represents one CA1 unit (p ¼ 1:82� 10�89, Friedman test with post hoc Wilcoxon signed rank test, n= 58 CA1 units,
4 mice). ***p, 0.001. **p, 0.01.
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thalamic LFP using PAC analyses (Fig. 5B–D; for details, see
Materials and Methods). The ripples were mostly coupled to the
phases around the peak of thalamic spindles with the SI angles
dominantly after the spindle peak for the slow spindles and
before the spindle peak for the fast spindles (slow spindle: p =

2.21 � 10–60, z = 671.61, Rayleigh test, mean 6 SD, SI angle =
56.51 6 40.11°, fast spindle: p = 2.13 � 10–70, z = 780.21,
Rayleigh test, SI angle = –63.91 6 30.13°, n = 18 sessions). In
addition, the ripples were more strongly coupled to the spindles
with slower frequency (Fig. 5E,F, p= 3.11�10�10, Friedman test

Figure 5. Temporal coordination of spindles with ripples. A, The event correlation histograms of ripple events time-locked to the spindle onset for slow (left) and fast (right) spindles. Thick
lines indicate the significant (p, 0.05) increase (red) or decrease (blue) in ripple rates (pairwise comparison with the randomized data; for details, see Materials and Methods). B, Raw (top)
and filtered (bottom) traces of AD and CA1 (black) LFPs during one slow (left, blue) and fast (right, red) spindle co-occurring with ripple events. The AD and CA1 LFPs were filtered in the spin-
dle (slow spindle: 7-9 Hz, fast spindle: 13-15 Hz) and ripple (150-200 Hz) frequency ranges, respectively. C, Left, Average of slow spindle peak-locked TFR of the CA1 LFP (percentage change
from pre-event baseline, n= 1500 slow spindles) for one session. Black curves represent grand average filtered thalamic LFP in the slow spindle frequency range (7-9 Hz) aligned to the spindle
peak (time 0). Right, Circular histogram of SI angles of the ripples relative to the slow spindles. SI angles were nonuniformly distributed (p= 5.18� 10–54, z = 221.12, Rayleigh test, n= 1500
slow spindles). D, Same as in C, but for fast spindles (13-15 Hz, p= 3.18�10�48, z= 100.05, Rayleigh test, n =1470 fast spindles). E, Histograms of the spindle–ripple coupling strength (the
absolute value of the synchronization index; for details, see Materials and Methods) for slow (blue) and fast (red) spindles for the same session as C and D (P refers to probability). Vertical lines
indicate the median of the distributions (p= 1.79�10�81, Mann–Whitney U test, median 6 MAD, SI strength = 0.746 0.02 and 0.566 0.03 for slow and fast spindles, respectively). F,
Distributions of the spindle-ripple coupling strength for the 7 spindle frequency ranges of 7-9 Hz (slow spindle, blue), 8-10, 9-11, 10-12, 11-13, 12-14, and 13-15 Hz (fast spindle, red). Each
circle represents one session (p= 3.13�10�26, Friedman test, n= 18 sessions).
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Figure 6. Stronger coupling of ripples to longer spindles. A, Left, Histograms of the duration (top) and amplitude (bottom) of slow spindles co-occurring with ripples (blue) and isolated
slow spindles (black) for one session. Vertical lines indicate the median of the distributions (p= 1.41�10�7 and p= 2.11�10�8 for duration and amplitude, respectively, Mann–Whitney U
test, median6 MAD, duration = 1.186 0.17 s and 0.946 0.16 s, amplitude = 2.766 0.19 SD and 2.586 0.14 SD, n= 140 and 1100 for slow spindles co-occurring with ripples and iso-
lated slow spindles, respectively, the amplitude of the detected spindles within each session were used to compute the SD). Right, Distributions of the duration (top) and amplitude (bottom)
of slow spindles co-occurring with ripples (blue) and isolated slow spindles (black) for all 18 sessions. Each circle represents one session (p= 2.21�10�10 and 3.17�10�9 for duration and am-
plitude, respectively, Wilcoxon signed rank test, n= 18 sessions). B, Left, Histograms of the duration (top) and amplitude (bottom) of fast spindles (13-15 Hz) co-occurring with ripples (red)
and isolated fast spindles (black) for the same session as in A. Vertical lines indicate the median of the distributions (p = 1.42 � 10–6 and p = 2.10 � 10–7, Mann–Whitney U test,
median6 MAD, duration 1.176 0.06 s and 0.956 0.06 s, amplitude = 2.756 0.04 SD and 2.566 0.05 SD, n= 138 and 1000 for fast spindles co-occurring with ripples and isolated fast
spindles, respectively). Right, Distributions of the duration (top) and amplitude (bottom) for fast spindles co-occurring with ripples (red) and isolated fast spindles (black). Each circle represents
one session (p = 1.21� 10–9 and p = 2.51� 10–7 for duration and amplitude, respectively, n= 18 sessions). C, Left, Histogram of slow spindle duration with the cut-offs (vertical lines) for
short and long slow spindle events defined as first and third tertiles, respectively, computed separately for low (top) and high (bottom) amplitude spindles for one recording session
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for the comparison among the 7 spindle frequency ranges, me-
dian 6 MAD, slow spindle: SI strength = 0.76 6 5.1�10�3, fast
spindle: SI strength = 0.586 7.2�10�3, n=18 sessions).

We next compared the duration and amplitude of spindles
co-occurring with ripples (spindles with at least one ripple
between their onset and offset) with isolated spindles; 27.11%
and 26.17% of the slow and fast spindles were coupled to the
ripples. The duration and amplitude of both slow and fast
spindles co-occurring with ripples were larger than the isolated
spindles (Fig. 6A, slow spindle: p=1.42�10�10for duration and
p=2.18�10�9 for amplitude, Wilcoxon signed rank test, median6
MAD, duration=1.386 0.01 s and amplitude=2.926 0.03 SD for
slow spindles coupled with ripples, duration=1.056 0.01 s and
amplitude=2.796 0.01 SD, for isolated slow spindles, Fig. 6B, fast
spindle: p=1.96�10�10for duration and p=2.17�10�9 for ampli-
tude, Wilcoxon signed rank test, duration=1.346 0.02 s and
amplitude=2.886 0.01 SD, for fast spindles coupled with ripples,
duration=1.056 8.1�10�3s and amplitude=2.796 0.01 SD, for
isolated fast spindles, n=18 sessions). We further explored whether
the spindle-ripple coupling strength depended on the duration and
amplitude of the spindles. To assess this possibility, we partitioned
the distribution of the spindle durations and amplitudes into tertiles
(Fig. 6C–E) and compared the strength of the coupling of ripples to
long (third tertile of the duration histogram) versus short (first ter-
tile of the duration histogram) spindles as well as high-amplitude
(third tertile of the amplitude histogram) versus low-amplitude (first
tertile of the amplitude histogram) spindles. Two-way ANOVA
(high/low amplitude and long/short duration factors) revealed a

significant effect of spindle duration (p=1.13�10�8 and
2.74�10�9 for slow and fast spindles, respectively) so that for both
slow and fast spindles, the spindle-ripple coupling strength was
larger for long versus short spindles (Fig. 6C–F). The effect of ampli-
tude factor as well as interaction between the amplitude and dura-
tion factors were not found to be significant (p. 0.05). These
results indicate the stronger coupling of ripples to slower and longer
thalamic spindles suggesting the enhancement of interregional com-
munications during spindles with slower dynamics.

Spindles occurring closer to the SO trough were more
strongly coupled to the ripples
We next investigated the temporal interaction of SOs and
ripples/spindles; 52.19% of the ripples co-occurred with SOs
(SO peak occurred within6 0.5 s interval around ripple
peak, median 6 MAD, density = 0.396 1.11 �10�3 1/s and
0.306 2.01 �10�3 1/s for ripples co-occurred with SOs and
isolated ripples, respectively, density = 0.456 3.14 �10�3 1/s
for SOs, n = 18 sessions). The duration of the ripples co-
occurring with SOs was larger compared with the isolated ripples
while the amplitude of these ripples was lower than the ripples
occurring alone (Fig. 7A, p=1.01 �10�8 and p=2.11 �10�9 for
duration and amplitude, respectively, Wilcoxon signed rank test,
median6 MAD, duration=0.0516 0.01 s and amplitude=3.336
1.76 SD, for ripples coupled with SOs, duration=0.0466 0.01 s and
amplitude=3.656 1.88 SD for isolated ripples, n=18 sessions). In
addition, the phases of the SO at the time of ripple events (ripple
peak) were highly nonuniformly distributed (Fig. 7B, p = 2.21
�10�28, z=56.74, Rayleigh test, n=18 sessions) with a mean phase
of 171.186 39.23� (mean6 SD) corresponding to more dominant
ripple activity before SO trough.

73.18% and 72.12% of the slow and fast spindles co-occurred
with SOs, respectively (SO peak occurred within6 1.5 s interval
around spindle maximum peak, density = 0.186 2.11 �10�3

1/s and = 0.146 3.01 �10�3 1/s for slow spindles co-occur-
ring with SOs and isolated slow spindles, respectively,
density = 0.176 1.14 �10�3 1/s and 0.136 2.41 �10�3 1/s
for fast spindles co-occurring with SOs and isolated fast
spindles, respectively, n = 18 sessions). The duration and
amplitude of the slow/fast spindles co-occurring with SOs
were larger compared with the isolated spindles (Fig. 7C,D,
slow spindle: p=1.01 � 10�5 and p=2.21 � 10�6 for duration
and amplitude, respectively, Wilcoxon signed rank test, median6
MAD, duration=1.336 0. 1 s and amplitude=2.366 0.23 SD for
slow spindles coupled to SOs, duration=1.076 0.12 s and
amplitude=2.016 0.2 SD for isolated slow spindles, fast spindle:
p=3.27 �10� 4 and p=2.07�10� 3 for duration and amplitude,
respectively, duration=1.236 0.05 s and amplitude=2.366 0.18
SD, for fast spindles coupled to SOs, duration=1.056 0.07 s and
amplitude=2.096 0.13 SD for isolated fast spindles, n=18 ses-
sions). We further used a two-way ANOVA to explore the effect
of coupling of spindles to SO factor (coupled, uncoupled) in addi-
tion to the spindle frequency on spindle-ripple coupling strength
and found no significant effect of the coupling to SO factor
(p. 0.2).

We next computed the phase of thalamic LFP in the SO
frequency range at the time of the spindle event (spindle
peak) using Hilbert transform. Figure 7E displays the circu-
lar histogram of the SO phases at the time of the slow and
fast spindle events for one session. For 60.11% and 59.03% of
the sessions (n = 18), the SO phases at the time of slow and
fast spindles, respectively, were nonuniformly distributed
(p, 0.05, Rayleigh test). Across all the sessions also, the

/

(median6 MAD, low amplitude: duration = 0.516 0.01 s and 1.266 0.04 s for short and
long spindles, respectively, high amplitude: duration = 0.746 0.02 s and 1.836 0.04 s for
short and long spindles, respectively, n= 171 slow spindles). The low- and high-amplitude
spindles were defined as the first and third tertiles of the amplitude distribution (median6
MAD, amplitude = 2.326 0.02 SD and 3.316 0.04 SD for low- and high-amplitude, respec-
tively, n= 516 slow spindles). Right, Distribution of the slow spindle-ripple coupling strength
for short (black) and long (blue) slow spindles for low (top) and high (bottom) amplitude
spindles. Vertical lines indicate the median of the distributions (median6 MAD, low ampli-
tude: p= 1.32�10�32, Mann–Whitney U test, SI strength = 0.716 0.01 and 0.826 0.02
for short and long spindles, respectively, high amplitude: p= 8.56�10�12, Mann–Whitney
U test, SI strength = 0.726 0.01 and 0.856 0.02 for short and long spindles, respectively,
n= 171). D, Distributions of the spindle-ripple coupling strength of short and long spindles
for low- and high-amplitude spindles. Each circle represents one session (p= 1.27�10�4,
and p= 3.71�10�5 for the comparison between short and long slow spindles for low- and
high-amplitude slow spindles, respectively, Wilcoxon signed rank test, p= 4.11�10�4 for
the comparison between long low-amplitude and short high-amplitude slow spindles, me-
dian6 MAD, SI strength = 0.736 0.02 and 0.766 0.02 for short and long low-amplitude
slow spindles, SI strength = 0.746 0.01 and 0.776 0.01 for short and long high-amplitude
slow spindles, n= 18 sessions). E, Same as in C, but for the fast spindles (median 6 MAD,
low amplitude: duration = 0.516 0.01 s and 1.256 0.04 s for short and long spindles,
respectively, high amplitude: duration = 0.736 0.02 s and 1.826 0.04 s for short and long
spindles, respectively, n= 168). The low- and high-amplitude spindles were defined as the
first and third tertiles of the amplitude distribution (median 6 MAD, amplitude = 2.316
0.02 SD and 3.326 0.04 SD for low- and high-amplitude fast spindles, respectively,
n= 513). Right, Distribution of the fast spindle-ripple coupling strength for short (black) and
long (red) fast spindles for low (top) and high (bottom) amplitude spindles (low amplitude:
p = 1.02� 10–10, median6 MAD, SI strength = 0.516 0.01 and 0.566 0.03, and high
amplitude, p = 4.14� 10–7, Mann–Whitney U test, for short and long fast spindles, respec-
tively; SI strength = 0.556 0.03 and 0.586 0.01 for short and long fast spindles, respec-
tively, n= 168). F, Same as in D, but for fast spindles (p= 3.1�10�4, and p= 2.08�10�4

for the comparison between short and long fast spindles for low- and high-amplitude fast
spindles, respectively, p= 1.43�10�3 for comparison between long low-amplitude and
short high-amplitude fast spindles, SI strength = 0.516 0.01 and 0.566 0.01 for short
and long low-amplitude fast spindles, SI strength = 0.536 0.02 and 0.576 0.01 for short
and long high-amplitude fast spindles, n= 18 sessions). ***p, 0.001.
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Figure 7. SO-spindle coupling phase predicts spindle-ripple coupling strength. A, Histogram of the duration (left) and amplitude (right) of the ripples co-occurring with SOs (magenta, SO
peak occurred within6 0.5 s interval around ripple maximum peak) and isolated ripples (black) for one session. Vertical dotted lines indicate the median values (p = 1.72 � 10–25 and p =
3.21� 10–14 for duration and amplitude, respectively, Mann–Whitney U test, median6 MD, duration = 0.0426 9.21� 10–4 s and 0.0386 1.1� 10–3 s, amplitude = 4.026 1.08 SD
and 4.896 1.04 SD, n = 342 and 218 for ripples co-occurring with SOs and isolated ripples, respectively). Inset, The distributions of the ripple duration (left) and amplitude (right) for ripples
co-occurring with SOs (magenta) and isolated ripples (black). Each circle represents one session (n= 18 sessions). B, The circular histogram of the SO phases at the time of the ripples for the
same session as in A revealing a nonuniform distribution (p= 1.82�10�19; z= 46.78, Rayleigh test, n= 560 ripples). C, Top, Histograms of the duration (left) and amplitude (right) of the
slow spindles co-occurring with SOs (blue, SO peak occurred within a6 1.5 s interval around spindle maximum peak) and isolated slow spindles (black) for one session. Vertical dotted lines
indicate the median values (p= 4.76 � 10–9 and 3.57 � 10–9 for duration and amplitude, Mann–Whitney U test, median 6 MAD, duration = 1.066 0.06 s and 0.976 0.06 s,
amplitude = 2.756 0.05 SD and 2.676 0.05 SD, n =1116 and 178 for slow spindles co-occurring with SOs and isolated slow spindles, respectively). Bottom, Distributions of the slow spindle
duration (left) and amplitude (right) for slow spindles co-occurring with SOs (blue) and isolated slow spindles (black). Each circle represents one session (n= 18 sessions). D, Same as in C, but
for fast spindles (top, p = 3.76 � 10–10 and p = 2.56 � 10–8, for duration and amplitude, respectively, Mann–Whitney U test, duration = 1.056 0.06 s and 0.996 0.06 s,
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mean phases were nonuniformly distributed with mean phases
between 90° and 180° corresponding to down to up transition phase
of SO (slow spindle: p=2.21 �10�42, z=442.52, Rayleigh test,
mean6 SD, phase=131.096 36.11° fast spindle: p=3.04 �10�32,
z=412.04, Rayleigh test, phase=112.14 6 40.02°, n=18 sessions).
We hypothesized that the SO phase at the time of the spindle occur-
rence (spindle peak) predicts the strength of the coupling of the
ripples to the spindle (Fig. 7F). Hence, we next computed the circu-
lar-linear correlation between the phase of SO at the time of the
spindle and the spindle-ripple coupling strength (obtained from
PAC analyses). We found that the spindle-ripple coupling strength
was slightly larger for spindles that occurred closer to SO trough
corresponding to depolarized phase of the SO (Fig. 7G, for 57.18%
and 50.11% of the sessions the circular-linear correlation between
the spindle-ripple coupling strength and SO phase at the time of the
spindle was significant for slow and fast spindles, respectively,
p, 0.05). The circular-linear correlation between the spindle-ripple
coupling strength and SO phase at the time of the spindle was
also larger for slower spindles (Fig. 7H, p=1.17 �10�12, Friedman
test for the comparison among the 7 spindle frequency ranges,
median 6 SD, slow spindle: circular-linear correlation=0.057 6
8.1� 10�3, fast spindle: circular-linear correlation=0.0196 9.21�
10�3, n=18 sessions). These results further suggest the multire-
gional communications at the time of the spindles and are consist-
ent with a previous study showing the increase of spindle-ripple
coupling as a result of spindle-like stimulation in-phase with SO up-
states (Latchoumane et al., 2017). Overall, our results indicate that
both the probability of ripple occurrence and the spindle-ripple cou-
pling strength are largest around the SO trough.

Stronger coupling of CA1 units to thalamic spindles after
exploration
We next examined whether the temporal association of CA1
units/ripple and thalamic spindles was task-relevant. To this end,
we computed the spindle/ripple properties, spindle-associated
modulation of CA1 units and spindle-ripple coupling during
sleep periods (;1.5 h each) that preceded and followed spatial
exploration. During the exploration, the animals foraged for
food for;30min. The spindle/ripple/SO density did not change
significantly between sleep after and before the exploration
(p. 0.13, Wilcoxon signed rank test, n=18 sessions). The dura-
tions of both slow and fast spindles as well as the ripples were

longer for sleep after than before the exploration (Fig. 8A,
slow spindle: p = 1.01 �10�18, Wilcoxon signed rank test, me-
dian 6 MAD, duration = 1.126 0.01 s and 1.086 9.11 �10�3 s
for after and before exploration, respectively, fast spindle:
p= 8.12 �10�17, duration = 1.106 0.01 s and 1.036 0.01 s for
after and before exploration, respectively, ripple: p= 1.21 �
10�4, duration = 0.0476 4.1 �10�3s and 0.0386 3.01 �10�3 s
for after and before exploration, respectively, n= 18 sessions).
While the amplitudes of fast and slow spindles were larger for
sleep after than before the exploration, the amplitude of the rip-
ples was lower for sleep after than before the exploration (Fig.
8B, slow spindle: p= 2.18 �10�5, Wilcoxon signed rank test,
median 6 MAD, amplitude = 2.796 0.05 SD and 2.636 0.13
SD for after and before exploration, respectively, fast spindle:
p= 3.24 �10�4, amplitude = 2.786 0.04 SD and 2.726 0.1 SD
for after and before exploration, respectively, ripple: p= 3.12 �
10�3, amplitude = 5.426 1.13 SD and 7.246 1.17 SD for after
and before exploration, respectively, n= 18 sessions). We next
used a two-way ANOVA to explore the interaction of ripples
coupled/uncoupled to spindles factor and before/after sleep fac-
tor on the ripple duration and amplitude. We found significant
interaction between the two factors on ripple duration and am-
plitude (slow spindle: p= 1.18 �10�4 and 2.3 �10�3 for ripples
coupled/uncoupled to spindles factor for duration and ampli-
tude, respectively, p= 3.21 �10�5 and 1.41 �10�4 for before/af-
ter the exploration for duration and amplitude, respectively,
p= 2.09 �10�4 and 1.24 �10�3 for their interaction for dura-
tion and amplitude, respectively, fast spindle: p= 2.18 �10�5

and 3.04 �10�4 for ripples coupled/uncoupled to spindles fac-
tor for duration and amplitude, respectively, p= 1.22 �10�4

and 1.54 �10�3 for before/after the exploration factor for dura-
tion and amplitude, respectively, p= 1.78 �10�4 and 2.18 �
10�3 for their interaction for duration and amplitude, respec-
tively, n = 18 sessions) so that the increase in the ripple dura-
tion as well as the decrease in the ripple amplitude in the sleep
after versus before the exploration were stronger for the ripples
coupled to spindles compared with the isolated ripples (Fig. 8C,
D, median 6 MAD, isolated ripples: duration = 0.0426 3.1�
10�3 s and 0.0406 2.1�10�3s, amplitude = 2.146 0.01 SD and
2.496 0.02 SD after and before exploration, respectively, slow
spindle-coupled ripples: duration=0.0446 0.01 s and 0.0416 0.02
s, amplitude=2.126 0.06 SD and 2.396 0.07 SD after and before
exploration, respectively, fast spindle-coupled ripples: duration=
0.0396 0.02 s and 0.0356 0.01 s, amplitude=2.126 0.04 SD and
2.386 0.01 SD after and before exploration, respectively). In addi-
tion, two-way ANOVA for the comparison of spindle duration/
amplitude revealed a significant interaction between spindle
coupled/uncoupled to ripples and before/after exploration factors
(Fig. 8E,F, slow spindle: p=3.42�10�5 and 1.23�10�4 for spindle
coupled/uncoupled to ripples factor for duration and amplitude,
respectively, p=2.14 �10�3 and 1.92 �10�4 for before/after the
exploration factor for duration and amplitude, respectively,
p = 1.01 �10�3 and 1.12 �10�4 for the interaction between
the two factors for duration and amplitude, respectively,
duration = 1.376 0.01 s and 1.316 0.01 s, amplitude = 2.886
0.05 SD, 2.746 0.11 SD for slow spindles coupled to ripples af-
ter and before exploration, respectively, duration = 1.306 0.01
s and 1.296 0.01 s, amplitude = 2.706 0.02 SD, 2.666 0.11 SD
for isolated slow spindles after and before exploration, respec-
tively, fast spindle: p= 1.90�10�5 and 1.71�10�4 for spindle
coupled/uncoupled to ripples factor for duration and amplitude,
respectively, p=2.17�10�4 and 1.22 �10�3 for before/after the
exploration factor for duration and amplitude, respectively,

/

amplitude = 2.746 0.05 SD and 2.686 0.05 SD, n =1126 and 168 for fast spindles co-
occurring with SOs and isolated fast spindles, respectively). ***p, 0.001, Wilcoxon signed
rank test. E, The circular histograms of the SO phases at the time of slow (left) and fast
(right) spindles (spindle peak) for one session. The mean phases across all the events
are shown by blue and red lines for slow and fast spindles, respectively (slow spindle:
p= 1.22 �10�37, z= 84.16, Rayleigh test, mean 6 SD, phase =145.97 6 50.02°,
n= 1884 slow spindles, fast spindle: p= 3.21 �10�16 , z= 35.48, Rayleigh test,
phase = 114.226 55.21°, n= 1676 fast spindles). F, Raw (top) and filtered (bottom) traces
of AD (blue) and CA1 (black) LFPs during two slow spindles occurring around trough (left)
and peak (right) of the SO showing stronger spindle-ripple coupling for the spindle occurring
around SO trough. The AD and CA1 LFPs were filtered in the SO/slow spindle (SO: 0.5-2 Hz,
slow spindle: 7-9 Hz) and ripple (150-200 Hz) frequency ranges, respectively. G, The spindle-
ripple coupling strength versus the SO phase at the time of the slow spindle (100 bins) for
slow (blue) and fast (red) spindles for the same session as in E (r= 0.41 and 0.29, p= 8.14
�10�4 and 2.11 �10�3 for slow and fast spindle, respectively, circular-linear correlation).
Dotted gray line indicates the quadratic fit to the data indicating of large circular-linear corre-
lation. H, Distributions of circular-linear correlations (computed without binning) for the 7
spindle frequency ranges of 7-9 Hz (slow spindle, blue), 8-10, 9-11, 10-12, 11-13, 12-14, and
13-15 Hz (fast spindle, red). Each circle represents one session (p= 1.17�10�12 , Friedman
test, n= 18 sessions).
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Figure 8. The duration and amplitude of the events before and after exploration. A, Histogram of the duration of slow spindles (left), fast spindles (middle), and ripples (right) before (black)
and after (blue, red, and magenta represent slow spindles, fast spindles, and ripples, respectively) exploration for one session. Vertical lines indicate the median of the distributions (slow spin-
dle: p= 2.74 �10�5 , Mann–Whitney U test, duration = 1.016 1.21�10�3 s and 1.116 1.03�10�3 s, n= 546 and 742 for slow spindle before and after exploration, respectively, fast
spindle: p= 8.27�10�4, Mann–Whitney U test, duration = 0.996 2.01�10�3 s and 1.106 1.41�10�3 s, n= 565 and 739 for fast spindle before and after exploration, respectively, rip-
ple: p= 2.36�10�5, Mann–Whitney U test, duration = 0.0326 9.01�10�3 s and 0.0426 8.11�10�3 s, n= 225 and 336 for ripple before and after exploration, respectively, median6
MAD). Inset, The distributions of the event durations for the sleep before and after the exploration. Each circle represents one session (p= 2.27 �10�14, 3.81 �10�15, and 1.07 �10�6 for
slow spindle, fast spindle, and ripple, respectively, Wilcoxon signed rank test, n= 18 sessions). B, Histogram of the amplitude of slow spindles (left), fast spindles (middle), and ripples (right)
before (black) and after (blue, red, and magenta represent slow spindles, fast spindles, and ripples, respectively) exploration for one representative session (the same session as in A). Vertical
lines indicate the median of the distributions for this session (slow spindle: median6 MAD, amplitude = 2.456 0.04 SD and 2.726 0.05 SD, n= 546 and 742 for slow spindle before and af-
ter exploration, respectively, fast spindle: amplitude = 2.506 0.05 SD and 2.786 0.06 SD, n= 565 and 739 for fast spindle before and after exploration, respectively, ripple:
amplitude = 4.756 0.03 SD and 4.076 0.03 SD, n= 225 and 336 for ripple before and after exploration, respectively). Inset, The distributions of the event amplitude for the sleep before
and after the exploration. Each circle represents one session (p= 1.27 �10�8, 2.11 �10�9, and 1.31 �10�5 for slow spindle, fast spindle, and ripple, respectively, Wilcoxon signed rank
test, n= 18 sessions). ***p, 0.00 (Wilcoxon signed rank test). C, Distributions of the duration of ripples co-occurring with spindles and isolated ripples before and after exploration for slow
(left) and fast (right) spindles. D, Distributions of the amplitude of ripples co-occurring with spindles and isolated ripples before and after exploration for slow (left) and fast (right) spindles. E,
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p=2.15�10�4 and 3.03�10�3 for the interaction between the
two factors for duration and amplitude, respectively, duration=
1.416 0.01 s and 1.316 0.01 s, amplitude= 2.896 0.10 SD
and 2.796 0.11 SD for fast spindles coupled to ripples after and
before exploration, respectively, duration= 1.226 0.01 s and
1.246 0.01 s, amplitude = 2.746 0.04 SD and 2.706 0.11 SD for
isolated fast spindles after and before exploration, respectively,
median 6 MAD, n = 18 sessions). The mean firing of the CA1/
AD neurons did not change significantly between sleep after and
before the exploration (p. 0.07). However, during the sleep
periods following the exploration, CA1 units were more strongly
modulated by spindles compared with the sleep before explora-
tion (Fig. 9A,B). Two-way ANOVA further revealed significant
main effect of both spindle frequency factor and after/before ex-
ploration factor and their interaction on the CA1 modulation
with spindles so that the increase of the MI after versus before
exploration was stronger for slower spindles (Fig. 9C, p=
1.25�10�10 for spindle frequency factor, p= 2.21�10�9 for
before/after the exploration factor, p =2.41�10�5 for their inter-
action, p=3.11�10�14 for comparison between the MI of CA1
units with slow spindle before and after exploration, Wilcoxon
signed rank test, p=2.76�10�13 for comparison between the MI
of CA1 units with fast spindle before and after exploration, slow
spindle: MI = 4.576 0.05 z score for after and 3.546 0.04 z score
for before exploration, fast spindle: MI =3.37 6 0.03 z score for
after and 2.56 6 0.04 z score for before exploration, n= 58 CA1
units). There was no significant difference in the spindle phases
at the time of the CA1 unit spikes between before and after ex-
ploration (p. 0.05, m test).

We explored whether the modulation of the CA1 cells with
spindles in sleep after exploration was associated with the activity
of the cell during the exploration. We computed the correlation
coefficient between the CA1 MI and mean firing rate of the cells
during exploration. We found that the MI for slow spindles in
sleep after exploration was positively correlated with the mean
firing rate during exploration for both pyramidal cells and inter-
neurons so that more active cells during exploration were more
strongly modulated with the slow spindles in the sleep after ex-
ploration (Fig. 9D–F, pyramidal cells: r=0.63, p=3.06 �10�5,
interneurons: r=0.59, p=0.008, Spearman correlation). As a
control, we computed the correlation between the MI of CA1
cells with slow spindles in the sleep before exploration and the
mean firing rate during exploration separately for pyramidal cells
and interneurons and found no significant correlation (p. 0.1).
We also found no significant correlation between the MI of the
CA1 cells with fast spindles in the sleep after/before the explora-
tion and the mean firing rate during the exploration (p. 0.2).

In addition, PAC analyses revealed that the spindle-ripple
coupling strength was larger during sleep after than before explo-
ration for both slow and fast spindles (Fig. 9G,H). Two-way
ANOVA further revealed significant main effect of both spindle
frequency factor and after/before exploration factor and their
interaction on the spindle-ripple coupling strength (Fig. 9I,
p=2.12 �10�7 for spindle frequency factor, p=1.93 �10�14 for
before/after the exploration factor, p= 3.01 �10�6 for their

interaction, p= 1.75 �10�5 for comparison between the slow
spindle-ripple coupling strength before and after exploration,
Wilcoxon signed rank test, p=2.31�10�4 for comparison
between the fast spindle-ripple coupling strength before and after
exploration, median 6 MAD, slow spindle: SI strength= 0.76 6
0.03 and 0.71 6 0.02 for after and before exploration, respec-
tively, fast spindle: SI strength = 0.55 6 0.02 and 0.50 6 0.01 for
after and before exploration, respectively, n=18 sessions).

To check that the difference we observed between before and
after exploration is not simply because of changes in the sleep
measures over time of sleep, we further partitioned the duration
of sleep before and after exploration into tertiles and compared
the spindle/ripple density, MI of CA1 units with spindles and
spindle-ripple coupling strength between the first and third ter-
tiles for sleep before and after exploration separately. We did not
find any significant difference in these measures between the first
and third tertiles of sleep (p. 0.05, Wilcoxon signed-rank test).

Together, these results reveal task-specific interactions
between the hippocampal and thalamic activity during spin-
dles/ripples, suggesting a functional role of thalamic spindles
on cross regional information transfer.

Hippocampal-thalamocortical model for multiregional
interactions during spindles
We next developed a simplified hippocampal-thalamocortical
neural mass model to investigate the mechanisms underlying
the hippocampal-thalamocortical temporal interactions during
thalamic spindles. The model consists of thalamocortical and
CA1-CA3 neural networks with long-range bidirectional hip-
pocampal-thalamocortical and cortico-thalamic projections. As
we previously described (Ghorbani et al., 2012; Hashemi et al.,
2019; Azimi et al., 2021), in this model the up- and down-states
with high-frequency activity during the up-states are generated
in recurrently connected cortical networks because of dendritic
spike frequency adaptation. Similar to previous studies (Destexhe
et al., 1996; Destexhe and Sejnowski, 2003; Cona et al., 2014;
Hashemi et al., 2019), spindles are generated in a bursting recur-
rent thalamic network, which in our model simply consists of one
identical group of inhibitory neurons representing the thalamic
reticular neurons and one identical group of thalamocortical
neurons. The ripples are produced because of interactions
between CA1 excitatory and inhibitory neurons. While the
model is deterministic (with no external or intrinsic noise),
because of nonlinear interaction of multiple thalamocortical
and hippocampal oscillators, it can generate spindles and rip-
ples with variable frequency, duration, and amplitude by cha-
otic dynamics (Fig. 10A) (Ghorbani et al., 2012; Hashemi et
al., 2019).

To investigate the modulation of the thalamocortical and
CA1 neurons with thalamic spindles in the model, we first com-
puted the average firing rate of thalamocortical and CA1 neurons
around the thalamic spindle peak separately for slow (8-12Hz)
and fast (12-16Hz) spindles (Fig. 10B). Similar to the experimen-
tal findings, the firing rate of both thalamocortical and CA1 neu-
rons was more strongly modulated by slow than fast spindles.
We next quantified the spindle-ripple coupling strength and
phase using PAC analyses in the model data (Fig. 10C,D).
Consistent with the experimental results, the hippocampal rip-
ples were mostly coupled to the phases around the peak of tha-
lamic spindles with the SI angles dominantly after the spindle
peak for the slow spindles and before the spindle peak for fast
spindles (slow spindle: p =2:50�10�30, z=65.23, Rayleigh test,
mean 6 SD, SI angle = 27.78 6 3.89°, n=385, fast spindle: p =

/

Distributions of the duration of spindles co-occurring with ripples and isolated spindles before
and after exploration for slow (left) and fast (right) spindles. F, Distributions of the amplitude
of spindles co-occurring with ripples and isolated spindles before and after exploration for
slow (left) and fast (right) spindles. ***p, 0.001 (two-way ANOVA with post hoc Wilcoxon
signed rank test).
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Figure 9. Modulation of CA1 units and ripples to thalamic spindles enhances after exploration. A, Top, Representative average AD LFP traces filtered in the slow spindle range (7-9 Hz)
aligned to the slow spindle peaks. Spike rasters (middle) and peri-slow spindle-peak histograms (bottom) of CA1 spikes from one unit (z score normalized) before (left) and after (right) explora-
tion. B, Same as in A, but for fast spindles (13-15 Hz). C, Comparison of the MI of CA1 units with spindles before and after exploration for the 7 spindle frequency ranges of 7-9 Hz (slow spin-
dle, blue), 8-10, 9-11, 10-12, 11-13, 12-14, and 13-15 Hz (fast spindle, red). Each circle represents one CA1 unit (two-way ANOVA, n= 58 CA1 units). D, Top, Representative average AD LFP
traces filtered in the slow spindle frequency range (7-9 Hz) aligned to the slow spindle peaks. Spike rasters (middle) and peri-slow spindle-peak histograms (bottom) of CA1 spikes (z score nor-
malized) in sleep after exploration from one unit with high activity during exploration (mean firing rate during exploration = 5.9 Hz, MI = 4.57 z score). E, Same as in D, but for one unit with
low activity during exploration (mean firing rate during exploration = 1.46 Hz, MI = 4.35 z score). F, The MI of CA1 units with slow spindles for sleep after exploration versus the mean firing
rate of the cells during exploration for pyramidal cells (left, n= 39) and interneurons (right, n= 19). G, Average of spindle peak-locked TFR of the CA1 LFP (percentage change from pre-event
baseline) before (left) and after (right) exploration for slow (7-9 Hz, top) and fast (13-15 Hz, bottom) spindles for one session. Black curve represents grand average filtered thalamic LFP in spin-
dle frequency range aligned to the spindle peak (time 0). H, Histograms of the spindle-ripple coupling strength before (black) and after (blue and red for slow and fast spindles, respectively)
exploration for slow (left) and fast (right) spindles for the same session as in G. Vertical lines indicate the median of the distributions (slow spindle: p= 1.54 �10�7, Mann–Whitney U test,
median6 MAD, SI strength = 0.80 6 0.12 and 0.84 6 0.11, n= 475 and 665 for slow spindle before and after exploration, respectively; fast spindle: p= 1.14 �10�6, Mann–Whitney U
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2:75� 10�16, z= 35.13, Rayleigh test, SI angle = –43.90 6 4.36°,
n= 435). Spindle-ripple coupling strength was larger for slow
than fast spindles indicating stronger coupling of ripple ampli-
tude to the phase of slow spindles (Fig. 10E, p= 6.19� 10�9,
Mann–Whitney U test, slow spindle: median 6 MAD, SI
strength = 0.766 0.16, fast spindle: SI strength= 0.676 0.16). In
order to explore the mechanism underlying the stronger cou-
pling of ripples to slow versus fast spindles, we removed the
thalamocortical projections to the hippocampal network and
compared the effect of applying transient input currents oscil-
lating at the slow versus fast spindle frequency ranges (0.5 s,
85 pA peak to trough). As is shown in Figure 10F, while 10Hz
stimulation induced ripple activity at each of the input current
cycles at around the peak of oscillations, 14Hz stimulation
could not provide the large enough temporal window at each
cycle required for ripple generation in the CA1 network
because of lower duration of the active and quiescence phases
of the input current. We further applied spindle-like stimula-
tion with different frequencies to explore the correlation
between the spindle-ripple coupling strength and stimulation
frequency. We found that the spindle-ripple coupling strength
was negatively correlated with the stimulation frequency (Fig.
10G, p = 1.7�10�5, correlation coefficient = �0.95, Pearson
correlation). These results provide one potential explanation
for stronger coupling of slow versus fast spindles to the hippo-
campal ripples indicating the role of spindles with slower fre-
quencies on organizing the ripple dynamics and facilitating
multiregional temporal coordination required for memory
consolidation.

In agreement with the experimental results (Fig. 6), in the
model data, the duration and amplitude of both slow and fast
spindles co-occurring with ripples were larger than the iso-
lated spindles (Fig. 10H, slow spindle: p = 6.70� 10�3 and
p = 4.83� 10�6 for duration and amplitude, respectively,
Mann–Whitney U test, median 6 MAD, duration = 0.766
0.21 s and amplitude = 2.816 0.42 SD, n = 367 for slow spin-
dles coupled with ripples, duration = 0.626 0.08 s and
amplitude = 2.106 0.34 SD, n = 18 for isolated slow spindles,
Fig. 10I, fast spindle: p=3.80� 10�2 and p=2.80�10�2 for du-
ration and amplitude, respectively, duration= 0.816 0.17 s and
amplitude= 3.216 0.36 SD, n=411 for fast spindles coupled
with ripples, duration= 0.716 0.12 SD and amplitude = 3.016
0.37 SD, n=24 for isolated fast spindles).

To assess whether the spindle-ripple coupling depended on
the duration and amplitude of the spindles in the model data, we
next partitioned the distributions of the spindle durations and
amplitudes into tertiles and compared the coupling strength of
ripples to long (third tertile) versus short (first tertile) spindles for
spindles with low and high amplitudes. Consistent with our ex-
perimental findings, the ripples were more strongly coupled to
long versus short spindles for both low- and high-amplitude spin-
dles (Fig. 10J, slow spindle: p=1.9�10�3, and p=1.7�10�2 for
the comparison between short and long slow spindles for low-
and high-amplitude slow spindles, respectively, Mann–Whitney
U test, p=4.5�10�3 for comparison between long low-amplitude
and short high-amplitude slow spindles, median 6 MAD, SI

strength=0.706 0.08 and 0.816 0.10 for short (duration=0.536
0.01 s, median6 MAD, n=42) and long (duration=0.796 0.09 s,
median6 MAD, n=42) low-amplitude slow spindles, respectively,
SI strength=0.696 0.17 and 0.796 0.12 for short (duration=
0.566 0.03 s, median6 MAD, n=42) and long (duration=1.146
0.24 s, median 6 MAD, n=42) high-amplitude slow spindles,
respectively, fast spindle: p =8:22�10�4, and p =5:2�10�3 for
the comparison between short and long fast spindles for low-
and high-amplitude fast spindles, respectively, p =6:3�10�3

for comparison between long low-amplitude and short high-
amplitude fast spindles, SI strength = 0.546 0.18 and 0.746
0.14 for short (duration= 0.546 0.01, median 6 MAD, n=48)
and long (duration= 0.86 0.18, median 6 MAD, n= 48) low-
amplitude fast spindles, respectively, SI strength= 0.596 0.19
and 0.716 0.13 for short (duration = 0.566 0.03, median 6
MAD, n = 48) and long (duration = 0.996 0.21, median 6
MAD, n = 48) high-amplitude fast spindles, respectively). By
applying spindle-like input (12 Hz, 85 pA peak to trough)
with different durations to the isolated hippocampal net-
work, we found a positive correlation between the stimula-
tion duration and spindle-ripple coupling strength (Fig. 10K,
p = 1.7�10�4, correlation coefficient = 0.91, Pearson correla-
tion). These results further support our hypothesis that the spin-
dles with slower oscillating frequency and longer duration
enhance the hippocampal-thalamocortical interaction by provid-
ing a longer window of opportunity for synchronization.

Discussion
Together, our results provide the first demonstration that spindle
frequency and duration can provide valuable information about
the hippocampo-cortical interactions essential for memory consol-
idation computations. Our findings indicate enhanced thalamic
spindle duration and spindle-associated activity of CA1 units dur-
ing postexploratory sleep. The other key finding revealed by the
current study is that the modulation of the CA1 units to the hip-
pocampal ripples is thalamic activity-dependent so that the depo-
larizing window during the thalamic spindle peaks provides the
fine-tuned window for CA1 activity coordination. We further
described how the low-frequency long-duration spindles can
increase the temporal multiregional coordination by developing a
simplified hippocampal-thalamocortical model.

Several studies have inferred the phase-locking of hippocampal
ripples to neocortical (Siapas and Wilson, 1998; Sirota et al., 2003;
Mölle et al., 2006; Peyrache et al., 2011; Ngo et al., 2020; Varela
and Wilson, 2020) or hippocampal/parahippocampal (Clemens et
al., 2011; Staresina et al., 2015; Helfrich et al., 2019; Jiang et al.,
2019; Ngo et al., 2020) spindles. Studies involving manipulation
of sleep rhythms indicated the role of spindle-ripple coupling
in successful memory consolidation (Maingret et al., 2016;
Latchoumane et al., 2017; Xia et al., 2017; Binder et al., 2019).
The modulation of the CA1 unit activity with cortical spindles
has been shown previously (Sirota et al., 2003; Wierzynski et
al., 2009; Sullivan et al., 2014; Varela and Wilson, 2020).
However, none of these previous studies used thalamic spin-
dles (i.e., spindles detected in the thalamus) to explore the pre-
cise temporal coupling of hippocampal activity to spindles
that are originated in the thalamus and can reach the hippo-
campus by direct projections from the thalamus to CA1
(Vertes, 2015). In addition, how the hippocampal-thalamo-
cortical interactions during spindles depend on spindle prop-
erties was not investigated in the previous studies. We sought
to address this gap by focusing on thalamic spindles to

/

test, SI strength = 0.49 6 0.10 and 0.55 6 0.12, n= 448 and 720 for fast spindle before
and after exploration, respectively). I, Comparison of the spindle-ripple coupling strength
before and after exploration for the 7 spindle frequency ranges. Each circle represents one
session (two-way ANOVA n= 18 sessions). ***p, 0.001.
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Figure 10. Hippocampal-thalamocortical temporal interactions during spindles in the model. A, From top to bottom, respectively: Broadband trace of the membrane potential of excitatory
neurons of the cortical network, broadband trace of the membrane potential of thalamocortical neurons, filtered (8-12 Hz) trace of the membrane potential of thalamocortical neurons with
detected slow spindles (blue bracket), filtered (12-16 Hz) trace of the membrane potential of thalamocortical neurons with detected fast spindles (red bracket), broadband trace of the mem-
brane potential of excitatory neurons of CA1 network and filtered (150-200 Hz) traces of the membrane potential of CA1 excitatory neurons with detected ripples (magenta stars). B, Average
membrane potential of the thalamocortical neurons filtered in the slow (8-12 Hz, left) and fast (12-16 Hz, right) spindle frequency range aligned to the spindle peaks (top). Average of slow
spindle peak-locked firing rate of thalamocortical (middle) and CA1 excitatory (bottom) neurons. C, Left, Average of slow spindle peak-locked TFR of the CA1 excitatory neuron membrane
potential (n = 385). Black curve indicates grand average filtered thalamocortical neuron membrane potential in the slow spindle frequency range (8-12 Hz) aligned to the spindle peak (time
0). Right, Circular histogram of SI angles of the ripples relative to the slow spindles. SI angles were nonuniformly distributed (p = 2.50 � 10–30, z = 65.23, Rayleigh test). D, Same as in C,
but for fast spindles (12-16 Hz, p = 2.75� 10–16, z = 35.13, Rayleigh test). E, Histogram of the spindle-ripple coupling strength for slow (blue) and fast (red) spindles. Vertical lines indicate
the median of the distributions (slow spindle: median6 MAD, SI strength = 0.766 0.16, fast spindle: SI strength = 0.676 0.16). F, The effect of applying input currents (bottom) oscillating
in the slow spindle (left, 10 Hz) and fast spindle (right, 14 Hz) frequency ranges on the trace of CA1 excitatory neurons when the thalamocortical network was removed. The stimulation was
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investigate the differential contribution of spindles with dif-
ferent duration and oscillating frequency to multiregional
coordination.

Previous reports have shown association between an increase
in spindle frequency during NREM and memory impairments in
old subjects (Taillard et al., 2019) and negative correlations
between spindle frequency and cognitive abilities in children
(Geiger et al., 2011; Chatburn et al., 2013). However, the signifi-
cance of spindle frequency in rodents remains to be elucidated.
A recent study suggested that memory impairment in a hippo-
campus-dependent object place recognition task in young sleep-
deprived mice could be associated with an increase in spindle fre-
quency (Yuan et al., 2021).

The functional relevance of long-duration ripples for success-
ful memory consolidation has been underscored recently
(Fernández-Ruiz et al., 2019; Ngo et al., 2020). Consistently, we
found that the ripple duration increased after exploration. We
further found an increase in the spindle duration after behavior
and provided evidence for the importance of long-duration spin-
dles for hippocampal-thalamocortical interactions. Increase in
spindle duration in the sleep following learning was reported in
humans (Fogel et al., 2007; Morin et al., 2008). Several neuro-
psychiatric disorders are also associated with reduction of spin-
dle duration (Ferrarelli et al., 2007; Fernandez and Lüthi, 2020),
and spindle duration also decreases with age (Nicolas et al.,
2001). In accordance with these studies, our findings highlight
the significance of spindle duration for successful memory con-
solidation, which needs to be explored more directly in the future
manipulating studies.

Consistent with studies reported the coupling of cortical SOs
and spindles in rodents (Mölle et al., 2006; Peyrache et al., 2011;
Niethard et al., 2018), we found that thalamic spindles were
coupled to SOs occurring mainly during the down to up-state
transition. The phase of spindles relative to SOs was not found to
be different between high-frequency (7-9Hz) and low-frequency
(13-15Hz) spindles. Studies in humans revealed the existence of
two distinct types of cortical sleep spindles: frontal slow spindles
(8-12Hz) and more posterior fast spindles (12-16Hz). Whereas
cortical fast spindles occur during the SO down to up-state tran-
sition (Andrillon et al., 2011; Clemens et al., 2011; Mölle et al.,
2011; Klinzing et al., 2016; Mak-McCully et al., 2017; Oyanedel
et al., 2020), EEG studies in humans reported the main occur-
rence of cortical slow spindles during the cortical up to down-

state transition (Clemens et al., 2011; Mölle et al., 2011; Klinzing
et al., 2016; Dehnavi et al., 2021). Unlike the human EEG/LFP
spectrum in which both slow and fast spindle peaks are distin-
guishable (Andrillon et al., 2011; Dehnavi et al., 2021), the rodent
spectrum shows no distinct peak at the spindle frequency range
(7-15Hz) (Mölle et al., 2009; Fernandez and Lüthi, 2020), so that
distinguishing fast and slow spindles from the spectrum is not
possible in rodents. In addition, the differential topographical
distribution of slow and fast spindles in humans has not been
observed in rodents (D. Kim et al., 2015). Most of the studies in
humans did not distinguish between slow and fast spindles. The
studies that analyzed the slow and fast spindles separately mainly
suggest that slow and fast spindles involve differently in memory
consolidation during sleep (Barakat et al., 2011; Mölle et al.,
2011). Previous studies also reported the association between
slow spindles and memory performance in humans (Schmidt et
al., 2006; Schabus et al., 2008; Mednick et al., 2013; Lustenberger
et al., 2015; Fernandez and Lüthi, 2020). Our results provide fur-
ther support for the functional relevance of spindle frequency for
memory consolidation.

Computational models showed that the interaction of thala-
mocortical and reticular neurons in bursting recurrent thalamic
networks can generate fast spindles (Destexhe et al., 1996;
Destexhe and Sejnowski, 2003; Cona et al., 2014; Hashemi et al.,
2019). In our model, cortical activity initiates interregional interac-
tion, which impacts spindle frequency (Hashemi et al., 2019) and
duration (Azimi et al., 2021). Consistent with previous reports
(Bonjean et al., 2011), the beginning and termination of spindles in
our model are controlled by the long-range cortico-thalamic input
(Hashemi et al., 2019). We also recently reported larger SO up-state
associated excitatory input from the cortex to the thalamus during
longer spindles (Azimi et al., 2021). Progressive changes in the ac-
tivity of thalamocortical (Bal and McCormick, 1996; Lüthi and
McCormick, 1998; Lüthi et al., 1998) or reticular neurons (Bal et
al., 1995; U. Kim andMcCormick, 1998; Barthó et al., 2014) during
the spindles was also proposed as other mechanisms for spindle
termination controlling the spindle duration. Despite growing evi-
dence for the significance of spindle-ripple coupling in memory
consolidation (Maingret et al., 2016; Latchoumane et al., 2017; Xia
et al., 2017; Binder et al., 2019), the mechanism underlying spindle-
ripple coupling remains unclear. Selective enhancement of the inci-
dence of sharp wave ripple-delta-spindle by closed-loop electrical
stimulation resulted in successful memory consolidation (Maingret
et al., 2016). It has also been shown that the inhibition of CA1 par-
valbumin-positive cells disrupted the spindle-ripple coupling as
well as contextual fear memory consolidation (Xia et al., 2017). In
addition, silencing the projections from hippocampus to mPFC
impaired the modulation of ripples by spindles and spatial memory
consolidation (Binder et al., 2019). Thalamic spindles can reach the
hippocampus either directly by projections from the thalamus to
CA1 (Jankowski et al., 2013; Vertes, 2015; Fernandez and Lüthi,
2020) or indirectly by the prefrontal (Rajasethupathy et al., 2015)
or entorhinal cortical inputs to the hippocampus (Preston and
Eichenbaum, 2013; Witter et al., 2017). Recently, it has been
reported that AD receives inhibitory projections from CA3 (Vetere
et al., 2021). The activity of CA3 inhibitory neurons during sharp
waves and the resulting inhibitory input to AD neurons in addition
to the inhibitory input from TRN (Shibata, 1992) could also con-
trol the spindle-ripple coupling. In addition, AD and CA1 can
communicate with each other via input from anterior cingulate
cortex (Shibata and Naito, 2008; Rajasethupathy et al., 2015). The
excitation provided by the depolarizing phase of the spindle can
generate the sharp wave ripples in the hippocampal network

/

applied during ripple refractory time. The control and stimulated raw (top) and filtered (150-
200 Hz) traces (middle) are shown in black, blue (slow spindle)/red (fast spindle), respec-
tively. G, Spindle-ripple coupling strength versus the stimulation frequency. Line indicates
the linear fit to the data (p= 1.7 �10�5, correlation coefficient = �0.95, Pearson correla-
tion). H, Histograms of the duration (left) and amplitude (right) of slow spindles co-occurring
with ripples (blue) and isolated spindles. Vertical lines indicate the median of the distribu-
tions (median6 MAD, duration = 0.766 0.21 s and amplitude = 2.816 0.42 SD, n= 367
for slow spindles coupled with ripples, duration = 0.626 0.08 s and amplitude = 2.16
0.34 SD, n= 18 for isolated slow spindles). I, Same as in H, but for fast spindles (red,
duration = 0.816 0.17 s and amplitude = 3.216 0.36 SD, n= 411 for fast spindles coupled
with ripples, duration = 0.716 0.12 SD and amplitude = 3.016 0.37 SD, n= 24 for iso-
lated fast spindles). J, Comparison of the spindle-ripple coupling strength between short
(black) and long (blue for slow spindle, left, and red for fast spindle, right) for spindles with
high and low amplitudes. K, Spindle-ripple coupling strength versus the duration of the spin-
dle-like stimulation oscillating at 12 Hz applied to isolated hippocampal network. Line indi-
cates the linear fit to the data (p= 1.7 �10�4, correlation coefficient = 0.91, Pearson
correlation). *p, 0.05; **p, 0.01; ***p, 0.001; Mann–Whitney U test. The values of
the parameters of the model can be found in Extended Data Tables 10-1 and 10-2.
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phase-locked to the spindles (Azimi et al., 2021). Because of large
hippocampo-cortical projection, cortex receives a large depolariz-
ing input at the time of the SWRs. When this depolarizing input to
the cortex arrives at the time of the spindle occurrence, it can
change the phase of the spindle toward more depolarizing phases
which results in the increase of the spindle-ripple coupling
strength. Here, we further showed that larger temporal depolariz-
ing window provided by the slower spindles resulted in stronger
spindle-ripple coupling.

In conclusion, using simultaneous thalamic and hippocampal
recordings from naturally sleeping mice before and after explora-
tion, we provide the first evidence for the strong coupling of
CA1 units to thalamic spindles and increase of this coupling fol-
lowing spatial experience. Our experimental and computational
findings suggest that low-frequency (long cycles within a spindle)
and long-duration thalamic spindles enhance multiregional tem-
poral coordination by providing large enough window of oppor-
tunity for information processing during sleep. These results
shed light on our understanding of the mechanisms underlying
the hippocampal-thalamocortical dialogue required for memory
consolidation.

References
Andrillon T, Nir Y, Staba RJ, Ferrarelli F, Cirelli C, Tononi G, Fried I (2011)

Sleep spindles in humans: insights from intracranial EEG and unit
recordings. J Neurosci 31:17821–17834.

Ayoub A, Aumann D, Hörschelmann A, Kouchekmanesch A, Paul P, Born J,
Marshall L (2013) Differential effects on fast and slow spindle activity,
and the sleep slow oscillation in humans with carbamazepine and flunari-
zine to antagonize voltage-dependent Na1 and Ca21 channel activity.
Sleep 36:905–911.

Azimi A, Alizadeh Z, Ghorbani M (2021) The essential role of hippocampo-
cortical connections in temporal coordination of spindles and ripples.
Neuroimage 243:118485.

Bal T, McCormick DA (1996) What stops synchronized thalamocortical
oscillations? Neuron 17:297–308.

Bal T, von Krosigk M, McCormick DA (1995) Synaptic and membrane
mechanisms underlying synchronized oscillations in the ferret lateral ge-
niculate nucleus in vitro. J Physiol 483:641–663.

Bandarabadi M, Herrera CG, Gent TC, Bassetti C, Schindler K, Adamantidis
AR (2020) A role for spindles in the onset of rapid eye movement sleep.
Nat Commun 11:5247.

Barakat M, Doyon J, Debas K, Vandewalle G, Morin A, Poirier G, Martin N,
Lafortune M, Karni A, Ungerleider LG, Benali H, Carrier J (2011) Fast
and slow spindle involvement in the consolidation of a new motor
sequence. Behav Brain Res 217:117–121.

Barthó P, Slézia A, Mátyás F, Faradzs-Zade L, Ulbert I, Harris KD, Acsády L
(2014) Ongoing network state controls the length of sleep spindles via in-
hibitory activity. Neuron 82:1367–1379.

Batschelet E (1981) Circular statistics in biology. San Diego: Academic.
Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a prac-

tical and powerful approach to multiple testing. J R Stat Soc B
(Methodological) 57:289–300.

Berens P (2009) CircStat: a MATLAB toolbox for circular statistics. J Stat Soft
31:1–21.

Binder S, Mölle M, Lippert M, Bruder R, Aksamaz S, Ohl F, Wiegert JS,
Marshall L (2019) Monosynaptic hippocampal-prefrontal projections
contribute to spatial memory consolidation in mice. J Neurosci 39:6978–
6991.

Bonjean M, Baker T, Lemieux M, Timofeev I, Sejnowski T, Bazhenov M
(2011) Corticothalamic feedback controls sleep spindle duration in vivo.
J Neurosci 31:9124–9134.

Chatburn A, Coussens S, Lushington K, Kennedy D, Baumert M, Kohler M
(2013) Sleep spindle activity and cognitive performance in healthy chil-
dren. Sleep 36:237–243.

Clemens Z, Mölle M, Eross L, Jakus R, Rásonyi G, Halász P, Born J (2011)
Fine-tuned coupling between human parahippocampal ripples and sleep
spindles. Eur J Neurosci 33:511–520.

Cona F, Lacanna M, Ursino M (2014) A thalamo-cortical neural mass model
for the simulation of brain rhythms during sleep. J Comput Neurosci
37:125–148.

Dehnavi F, Koo-Poeggel PC, Ghorbani M, Marshall L (2021) Spontaneous
slow oscillation–slow spindle features predict induced overnight memory
retention. Sleep 44:zsab127.

Delorme A, Makeig S (2004) EEGLAB: an open source toolbox for analysis
of single-trial EEG dynamics including independent component analysis.
J Neurosci Methods 134:9–21.

Destexhe A, Sejnowski TJ (2003) Interactions between membrane conduc-
tances underlying thalamocortical slow-wave oscillations. Physiol Rev
83:1401–1453.

Destexhe A, Bal T, McCormick DA, Sejnowski TJ (1996) Ionic mechanisms
underlying synchronized oscillations and propagating waves in a model
of ferret thalamic slices. J Neurophysiol 76:2049–2070.

Diekelmann S, Born J (2010) The memory function of sleep. Nat Rev
Neurosci 11:114–126.

Fernandez LM, Lüthi A (2020) Sleep spindles: mechanisms and functions.
Physiol Rev 100:805–868.

Fernández-Ruiz A, Oliva A, Fermino de Oliveira E, Rocha-Almeida F,
Tingley D, Buzsáki G (2019) Long-duration hippocampal sharp wave rip-
ples improve memory. Science 364:1082–1086.

Ferrarelli F, Huber R, Peterson MJ, Massimini M, Murphy M, Riedner BA,
Watson A, Bria P, Tononi G (2007) Reduced sleep spindle activity in
schizophrenia patients. Am J Psychiatry 164:483–492.

Fogel SM, Smith CT (2011) The function of the sleep spindle: a physiological
index of intelligence and a mechanism for sleep-dependent memory con-
solidation. Neurosci Biobehav Rev 35:1154–1165.

Fogel SM, Smith CT, Cote KA (2007) Dissociable learning-dependent
changes in REM and non-REM sleep in declarative and procedural mem-
ory systems. Behav Brain Res 180:48–61.

Geiger A, Huber R, Kurth S, Ringli M, Jenni OG, Achermann P (2011) The
sleep EEG as a marker of intellectual ability in school age children. Sleep
34:181–189.

Ghorbani M, Mehta M, Bruinsma R, Levine AJ (2012) Nonlinear-dynamics
theory of up-down transitions in neocortical neural networks. Phys Rev E
Stat Nonlin Soft Matter Phys 85:021908.

Hashemi NS, Dehnavi F, Moghimi S, Ghorbani M (2019) Slow spindles are
associated with cortical high frequency activity. Neuroimage 189:71–84.

Helfrich RF, Lendner JD, Mander BA, Guillen H, Paff M, Mnatsakanyan L,
Vadera S, Walker MP, Lin JJ, Knight RT (2019) Bidirectional prefrontal-
hippocampal dynamics organize information transfer during sleep in
humans. Nat Commun 10:3572.

Helfrich RF, Mander BA, Jagust WJ, Knight RT, Walker MP (2018) Old
brains come uncoupled in sleep: slow wave-spindle synchrony, brain at-
rophy, and forgetting. Neuron 97:221–230.e224.

Jankowski MM, Ronnqvist KC, Tsanov M, Vann SD, Wright NF, Erichsen
JT, Aggleton JP, O’Mara SM (2013) The anterior thalamus provides a
subcortical circuit supporting memory and spatial navigation. Front Syst
Neurosci 7:45.

Jiang X, Gonzalez-Martinez J, Halgren E (2019) Posterior hippocampal spin-
dle ripples co-occur with neocortical theta bursts and downstates-
upstates, and phase-lock with parietal spindles during NREM sleep in
humans. J Neurosci 39:8949–8968.

Kim D, Hwang E, Lee M, Sung H, Choi JH (2015) Characterization of topo-
graphically specific sleep spindles in mice. Sleep 38:85–96.

Kim U, McCormick DA (1998) The functional influence of burst and tonic
firing mode on synaptic interactions in the thalamus. J Neurosci
18:9500–9516.

Klinzing JG, Mölle M, Weber F, Supp G, Hipp JF, Engel AK, Born J (2016)
Spindle activity phase-locked to sleep slow oscillations. Neuroimage
134:607–616.

Latchoumane CV, Ngo HV, Born J, Shin HS (2017) Thalamic spindles pro-
mote memory formation during sleep through triple phase-locking of
cortical, thalamic, and hippocampal rhythms. Neuron 95:424–435.e426.

Levenstein D, Buzsáki G, Rinzel J (2019) NREM sleep in the rodent neocor-
tex and hippocampus reflects excitable dynamics. Nat Commun 10:2478.

Lustenberger C, Wehrle F, Tüshaus L, Achermann P, Huber R (2015) The
multidimensional aspects of sleep spindles and their relationship to
word-pair memory consolidation. Sleep 38:1093–1103.

Lüthi A, McCormick DA (1998) Periodicity of thalamic synchronized oscilla-
tions: the role of Ca21-mediated upregulation of Ih. Neuron 20:553–563.

7242 • J. Neurosci., September 21, 2022 • 42(38):7222–7243 Alizadeh et al. · Multiregional Interactions during Slow Spindles

http://dx.doi.org/10.1523/JNEUROSCI.2604-11.2011
https://www.ncbi.nlm.nih.gov/pubmed/22159098
http://dx.doi.org/10.5665/sleep.2722
https://www.ncbi.nlm.nih.gov/pubmed/23729934
http://dx.doi.org/10.1016/j.neuroimage.2021.118485
http://dx.doi.org/10.1016/s0896-6273(00)80161-0
https://www.ncbi.nlm.nih.gov/pubmed/8780653
http://dx.doi.org/10.1113/jphysiol.1995.sp020612
http://dx.doi.org/10.1038/s41467-020-19076-2
https://www.ncbi.nlm.nih.gov/pubmed/33067436
http://dx.doi.org/10.1016/j.bbr.2010.10.019
https://www.ncbi.nlm.nih.gov/pubmed/20974183
http://dx.doi.org/10.1016/j.neuron.2014.04.046
https://www.ncbi.nlm.nih.gov/pubmed/24945776
http://dx.doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://dx.doi.org/10.18637/jss.v031.i10
http://dx.doi.org/10.1523/JNEUROSCI.2158-18.2019
https://www.ncbi.nlm.nih.gov/pubmed/31285301
http://dx.doi.org/10.1523/JNEUROSCI.0077-11.2011
https://www.ncbi.nlm.nih.gov/pubmed/21697364
http://dx.doi.org/10.5665/sleep.2380
http://dx.doi.org/10.1111/j.1460-9568.2010.07505.x
https://www.ncbi.nlm.nih.gov/pubmed/21138489
http://dx.doi.org/10.1007/s10827-013-0493-1
https://www.ncbi.nlm.nih.gov/pubmed/24402459
http://dx.doi.org/10.1093/sleep/zsab127
http://dx.doi.org/10.1016/j.jneumeth.2003.10.009
https://www.ncbi.nlm.nih.gov/pubmed/15102499
http://dx.doi.org/10.1152/physrev.00012.2003
https://www.ncbi.nlm.nih.gov/pubmed/14506309
http://dx.doi.org/10.1152/jn.1996.76.3.2049
https://www.ncbi.nlm.nih.gov/pubmed/8890314
http://dx.doi.org/10.1038/nrn2762
https://www.ncbi.nlm.nih.gov/pubmed/20046194
http://dx.doi.org/10.1152/physrev.00042.2018
https://www.ncbi.nlm.nih.gov/pubmed/31804897
http://dx.doi.org/10.1126/science.aax0758
https://www.ncbi.nlm.nih.gov/pubmed/31197012
http://dx.doi.org/10.1176/ajp.2007.164.3.483
https://www.ncbi.nlm.nih.gov/pubmed/17329474
http://dx.doi.org/10.1016/j.neubiorev.2010.12.003
https://www.ncbi.nlm.nih.gov/pubmed/21167865
http://dx.doi.org/10.1016/j.bbr.2007.02.037
https://www.ncbi.nlm.nih.gov/pubmed/17400305
http://dx.doi.org/10.1093/sleep/34.2.181
https://www.ncbi.nlm.nih.gov/pubmed/21286251
http://dx.doi.org/10.1103/PhysRevE.85.021908
https://www.ncbi.nlm.nih.gov/pubmed/22463245
http://dx.doi.org/10.1016/j.neuroimage.2019.01.012
https://www.ncbi.nlm.nih.gov/pubmed/30639838
http://dx.doi.org/10.1038/s41467-019-11444-x
https://www.ncbi.nlm.nih.gov/pubmed/31395890
http://dx.doi.org/10.1016/j.neuron.2017.11.020
https://www.ncbi.nlm.nih.gov/pubmed/29249289
https://www.ncbi.nlm.nih.gov/pubmed/24009563
http://dx.doi.org/10.1523/JNEUROSCI.2858-18.2019
https://www.ncbi.nlm.nih.gov/pubmed/31530646
http://dx.doi.org/10.5665/sleep.4330
https://www.ncbi.nlm.nih.gov/pubmed/25325451
http://dx.doi.org/10.1523/JNEUROSCI.18-22-09500.1998
https://www.ncbi.nlm.nih.gov/pubmed/9801387
http://dx.doi.org/10.1016/j.neuroimage.2016.04.031
http://dx.doi.org/10.1016/j.neuron.2017.06.025
https://www.ncbi.nlm.nih.gov/pubmed/28689981
http://dx.doi.org/10.1038/s41467-019-10327-5
https://www.ncbi.nlm.nih.gov/pubmed/31171779
http://dx.doi.org/10.5665/sleep.4820
https://www.ncbi.nlm.nih.gov/pubmed/25845686
http://dx.doi.org/10.1016/s0896-6273(00)80994-0
https://www.ncbi.nlm.nih.gov/pubmed/9539128


Lüthi A, Bal T, McCormick DA (1998) Periodicity of thalamic spindle waves
is abolished by ZD7288, a blocker of Ih. J Neurophysiol 79:3284–3289.

Maingret N, Girardeau G, Todorova R, Goutierre M, Zugaro M (2016)
Hippocampo-cortical coupling mediates memory consolidation during
sleep. Nat Neurosci 19:959–964.

Mak-McCully RA, Rolland M, Sargsyan A, Gonzalez C, Magnin M, Chauvel
P, Rey M, Bastuji H, Halgren E (2017) Coordination of cortical and tha-
lamic activity during non-REM sleep in humans. Nat Commun 8:15499.

Mednick SC, McDevitt EA, Walsh JK, Wamsley E, Paulus M, Kanady JC,
Drummond SP (2013) The critical role of sleep spindles in hippocampal-
dependent memory: a pharmacology study. J Neurosci 33:4494–4504.

Mölle M, Yeshenko O, Marshall L, Sara SJ, Born J (2006) Hippocampal sharp
wave-ripples linked to slow oscillations in rat slow-wave sleep. J
Neurophysiol 96:62–70.

Mölle M, Eschenko O, Gais S, Sara SJ, Born J (2009) The influence of learning
on sleep slow oscillations and associated spindles and ripples in humans
and rats. Eur J Neurosci 29:1071–1081.

Mölle M, Bergmann TO, Marshall L, Born J (2011) Fast and slow spindles
during the sleep slow oscillation: disparate coalescence and engagement
in memory processing. Sleep 34:1411–1421.

Morin A, Doyon J, Dostie V, Barakat M, Hadj Tahar A, Korman M, Benali
H, Karni A, Ungerleider LG, Carrier J (2008) Motor sequence learning
increases sleep spindles and fast frequencies in post-training sleep. Sleep
31:1149–1156.

Ngo HV, Fell J, Staresina B (2020) Sleep spindles mediate hippocampal-neo-
cortical coupling during long-duration ripples. Elife 9:e57011.

Nicolas A, Petit D, Rompré S, Montplaisir J (2001) Sleep spindle characteris-
tics in healthy subjects of different age groups. Clin Neurophysiol
112:521–527.

Niethard N, Ngo HV, Ehrlich I, Born J (2018) Cortical circuit activity under-
lying sleep slow oscillations and spindles. Proc Natl Acad Sci USA 115:
e9220–e9229.

Niknazar M, Krishnan GP, Bazhenov M, Mednick SC (2015) Coupling of
thalamocortical sleep oscillations are important for memory consolida-
tion in humans. PLoS One 10:e0144720.

Oostenveld R, Fries P, Maris E, Schoffelen JM (2011) FieldTrip: open source
software for advanced analysis of MEG, EEG, and invasive electrophysio-
logical data. Comput Intell Neurosci 2011:156869.

Oyanedel CN, Durán E, Niethard N, Inostroza M, Born J (2020) Temporal
associations between sleep slow oscillations, spindles and ripples. Eur J
Neurosci 52:4762–4778.

Peyrache A, Buzsáki G (2015) Extracellular recordings frommulti-site silicon
probes in the anterior thalamus and subicular formation of freely moving
mice. Available at http://crcns.org/.

Peyrache A, Battaglia FP, Destexhe A (2011) Inhibition recruitment in pre-
frontal cortex during sleep spindles and gating of hippocampal inputs.
Proc Natl Acad Sci USA 108:17207–17212.

Peyrache A, Petersen P, Buzsáki G (2015) Extracellular recordings from
multi-site silicon probes in the anterior thalamus and subicular formation
of freely moving mice. Available at http://crcns.org/.

Preston AR, Eichenbaum H (2013) Interplay of hippocampus and prefrontal
cortex in memory. Curr Biol 23:R764–R773.

Rajasethupathy P, Sankaran S, Marshel JH, Kim CK, Ferenczi E, Lee SY,
Berndt A, Ramakrishnan C, Jaffe A, Lo M, Liston C, Deisseroth K (2015)
Projections from neocortex mediate top-down control of memory re-
trieval. Nature 526:653–659.

Ravassard P, Kees A, Willers B, Ho D, Aharoni DA, Cushman J, Aghajan
ZM, Mehta MR (2013) Multisensory control of hippocampal spatiotem-
poral selectivity. Science 340:1342–1346.

Schabus M, Hoedlmoser K, Pecherstorfer T, Anderer P, Gruber G, Parapatics
S, Sauter C, Kloesch G, Klimesch W, Saletu B, Zeitlhofer J (2008)

Interindividual sleep spindle differences and their relation to learning-
related enhancements. Brain Res 1191:127–135.

Schmidt C, Peigneux P, Muto V, Schenkel M, Knoblauch V, Münch M, de
Quervain DJ, Wirz-Justice A, Cajochen C (2006) Encoding difficulty pro-
motes postlearning changes in sleep spindle activity during napping. J
Neurosci 26:8976–8982.

Shibata H (1992) Topographic organization of subcortical projections to the
anterior thalamic nuclei in the rat. J Comp Neurol 323:117–127.

Shibata H, Naito J (2008) Organization of anterior cingulate and frontal cort-
ical projections to the retrosplenial cortex in the rat. J Comp Neurol
506:30–45.

Siapas AG, Wilson MA (1998) Coordinated interactions between hippocam-
pal ripples and cortical spindles during slow-wave sleep. Neuron
21:1123–1128.

Sirota A, Csicsvari J, Buhl D, Buzsáki G (2003) Communication between
neocortex and hippocampus during sleep in rodents. Proc Natl Acad Sci
USA 100:2065–2069.

Staresina BP, Bergmann TO, Bonnefond M, van der Meij R, Jensen O,
Deuker L, Elger CE, Axmacher N, Fell J (2015) Hierarchical nesting of
slow oscillations, spindles and ripples in the human hippocampus during
sleep. Nat Neurosci 18:1679–1686.

Sullivan D, Mizuseki K, Sorgi A, Buzsáki G (2014) Comparison of sleep spin-
dles and theta oscillations in the hippocampus. J Neurosci 34:662–674.

Taillard J, Sagaspe P, Berthomier C, Brandewinder M, Amieva H, Dartigues
JF, Rainfray M, Harston S, Micoulaud-Franchi JA, Philip P (2019) Non-
REM sleep characteristics predict early cognitive impairment in an aging
population. Front Neurol 10:197.

Timofeev I, Bazhenov M (2005) Mechanisms and biological role of thalamo-
cortical oscillations. In: Trends in chronobiology research. (Columbus F,
ed), pp 1–47. New York: Nova.

Varela C, Wilson MA (2020) mPFC spindle cycles organize sparse thalamic
activation and recently active CA1 cells during non-REM sleep. Elife 9:
e48881.

Vertes RP (2015) Major diencephalic inputs to the hippocampus: supramam-
millary nucleus and nucleus reuniens. Circuitry and function. Prog Brain
Res 219:121–144.

Vetere G, Xia F, Ramsaran AI, Tran LM, Josselyn SA, Frankland PW (2021)
An inhibitory hippocampal-thalamic pathway modulates remote mem-
ory retrieval. Nat Neurosci 24:685–693.

Viejo G, Peyrache A (2020) Precise coupling of the thalamic head-direction
system to hippocampal ripples. Nat Commun 11:2524.

Wierzynski CM, Lubenov EV, Gu M, Siapas AG (2009) State-dependent
spike-timing relationships between hippocampal and prefrontal circuits
during sleep. Neuron 61:587–596.

Witter MP, Doan TP, Jacobsen B, Nilssen ES, Ohara S (2017) Architecture of
the entorhinal cortex: a review of entorhinal anatomy in rodents with
some comparative notes. Front Syst Neurosci 11:46.

Xia F, Richards BA, Tran MM, Josselyn SA, Takehara-Nishiuchi K,
Frankland PW (2017) Parvalbumin-positive interneurons mediate neo-
cortical-hippocampal interactions that are necessary for memory consoli-
dation. Elife 6:e27868.

Yang M, Logothetis NK, Eschenko O (2019) Occurrence of hippocampal rip-
ples is associated with activity suppression in the mediodorsal thalamic
nucleus. J Neurosci 39:434–444.

Yuan RK, Lopez MR, Ramos-Alvarez MM, Normandin ME, Thomas AS,
Uygun DS, Cerda VR, Grenier AE, Wood MT, Gagliardi CM, Guajardo
H, Muzzio IA (2021) Differential effect of sleep deprivation on place cell
representations, sleep architecture, and memory in young and old mice.
Cell Rep 35:109234.

Zugaro M, Todorova R, Girardeau G, Cei A, El Kanbi K (2018)
FMAToolbox. Available at http://fmatoolbox.sourceforge.net/.

Alizadeh et al. · Multiregional Interactions during Slow Spindles J. Neurosci., September 21, 2022 • 42(38):7222–7243 • 7243

http://dx.doi.org/10.1152/jn.1998.79.6.3284
https://www.ncbi.nlm.nih.gov/pubmed/9636128
http://dx.doi.org/10.1038/nn.4304
https://www.ncbi.nlm.nih.gov/pubmed/27182818
http://dx.doi.org/10.1038/ncomms15499
https://www.ncbi.nlm.nih.gov/pubmed/28541306
http://dx.doi.org/10.1523/JNEUROSCI.3127-12.2013
https://www.ncbi.nlm.nih.gov/pubmed/23467365
http://dx.doi.org/10.1152/jn.00014.2006
https://www.ncbi.nlm.nih.gov/pubmed/16611848
http://dx.doi.org/10.1111/j.1460-9568.2009.06654.x
https://www.ncbi.nlm.nih.gov/pubmed/19245368
http://dx.doi.org/10.5665/SLEEP.1290
https://www.ncbi.nlm.nih.gov/pubmed/18714787
http://dx.doi.org/10.7554/eLife.57011
http://dx.doi.org/10.1016/s1388-2457(00)00556-3
https://www.ncbi.nlm.nih.gov/pubmed/11222974
http://dx.doi.org/10.1073/pnas.1805517115
https://www.ncbi.nlm.nih.gov/pubmed/30209214
http://dx.doi.org/10.1371/journal.pone.0144720
https://www.ncbi.nlm.nih.gov/pubmed/26671283
http://dx.doi.org/10.1155/2011/156869
https://www.ncbi.nlm.nih.gov/pubmed/21253357
http://dx.doi.org/10.1111/ejn.14906
http://crcns.org/
http://dx.doi.org/10.1073/pnas.1103612108
https://www.ncbi.nlm.nih.gov/pubmed/21949372
http://crcns.org/
http://dx.doi.org/10.1016/j.cub.2013.05.041
https://www.ncbi.nlm.nih.gov/pubmed/24028960
http://dx.doi.org/10.1038/nature15389
https://www.ncbi.nlm.nih.gov/pubmed/26436451
http://dx.doi.org/10.1126/science.1232655
https://www.ncbi.nlm.nih.gov/pubmed/23641063
http://dx.doi.org/10.1016/j.brainres.2007.10.106
https://www.ncbi.nlm.nih.gov/pubmed/18164280
http://dx.doi.org/10.1523/JNEUROSCI.2464-06.2006
https://www.ncbi.nlm.nih.gov/pubmed/16943553
http://dx.doi.org/10.1002/cne.903230110
https://www.ncbi.nlm.nih.gov/pubmed/1385491
http://dx.doi.org/10.1002/cne.21523
https://www.ncbi.nlm.nih.gov/pubmed/17990270
http://dx.doi.org/10.1016/s0896-6273(00)80629-7
https://www.ncbi.nlm.nih.gov/pubmed/9856467
http://dx.doi.org/10.1073/pnas.0437938100
https://www.ncbi.nlm.nih.gov/pubmed/12576550
http://dx.doi.org/10.1038/nn.4119
https://www.ncbi.nlm.nih.gov/pubmed/26389842
http://dx.doi.org/10.1523/JNEUROSCI.0552-13.2014
https://www.ncbi.nlm.nih.gov/pubmed/24403164
http://dx.doi.org/10.3389/fneur.2019.00197
http://dx.doi.org/10.7554/eLife.48881
http://dx.doi.org/10.1038/s41593-021-00819-3
https://www.ncbi.nlm.nih.gov/pubmed/33782621
http://dx.doi.org/10.1038/s41467-020-15842-4
https://www.ncbi.nlm.nih.gov/pubmed/32433538
http://dx.doi.org/10.1016/j.neuron.2009.01.011
https://www.ncbi.nlm.nih.gov/pubmed/19249278
http://dx.doi.org/10.3389/fnsys.2017.00046
https://www.ncbi.nlm.nih.gov/pubmed/28701931
http://dx.doi.org/10.7554/eLife.27868
http://dx.doi.org/10.1523/JNEUROSCI.2107-18.2018
https://www.ncbi.nlm.nih.gov/pubmed/30459228
http://dx.doi.org/10.1016/j.celrep.2021.109234
https://www.ncbi.nlm.nih.gov/pubmed/34133936
http://fmatoolbox.sourceforge.net/

	Enhancement of Hippocampal-Thalamocortical Temporal Coordination during Slow-Frequency Long-Duration Anterior Thalamic Spindles
	Introduction
	Materials and Methods
	Results
	Discussion


