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Neocortical sleep spindles have been shown to occur more frequently following a memory task, suggesting that a method to

increase spindle activity could improve memory processing. Stimulation of the neocortex can elicit a slow oscillation (SO)

and a spindle, but the feasibility of this method to boost SO and spindles over time has not been tested. In rats with im-

planted neocortical electrodes, stimulation during slow wave sleep significantly increased SO and spindle rates compared

to control rest periods before and after the stimulation session. Coordination between hippocampal sharp-wave ripples

and spindles also increased. These effects were reproducible across five consecutive days of testing, demonstrating the

viability of this method to increase SO and spindles.

[Supplemental material is available for this article.]

Neocortical sleep spindles are prominent oscillations during slow-
wave sleep (SWS) (Kandel and Buzsáki 1997; Steriade and
Deschenes 1984; Steriade et al. 1993) that play a role in consolida-
tion of both declarative (Gais et al. 2002; Schabus et al. 2004;
Schmidt et al. 2006) and nondeclarative memories (Nishida and
Walker 2007; Peters et al. 2008; Barakat et al. 2011; Johnson et al.
2012). Spindles are preferred times of memory reactivation in the
cortex during sleep, suggesting that reactivation during spindles
contributes to memory performance (Peyrache et al. 2009;
Ramanathan et al. 2015; Eckert et al. 2020).

Based on this evidence, a method to induce spindle oscilla-
tions may prove beneficial to memory consolidation. Recent opto-
genetic experiments have shown that it is possible to induce
cortical spindles by activating the thalamic reticular nucleus
(Halassa et al. 2011; Kim et al. 2012), and that these induced spin-
dles improve memory performance (Latchoumane et al. 2017).
Given the large gap between optogenetic manipulation and clini-
cal practice, a more practical technique for enhancing spindles
would be desirable. Electrical stimulation of the neocortex with
an implanted electrode can evoke a slow oscillation (SO) and a
spindle, but the reliability and longevity of this effect are unknown
(Steriade and Deschenes 1984; Contreras and Steriade 1995;
Vyazovskiy et al. 2009). Here we show that electrical pulse stimula-
tion reliably evokes spindles for the duration of a 1-h stimulation
session, resulting in a significant increase in SO and spindle
density.

Four adultmale Fisher–BrownNorway rats had recording elec-
trodes implanted bilaterally in the motor cortex, hippocampus,
andneck. The stimulating electrodewas implanted in the deepmo-
tor cortex of one hemisphere adjacent to one of the cortical record-
ing electrodes (see Supplemental Fig. S1 for details, as well as the
Supplemental Material for greater detail of all methods). After re-
covering from surgery, the animalswere habituated to a quiet, dim-
ly lit room and recording box for 3 d. All procedures and recordings
were performed during the animal’s light cycle. The vivarium
maintained a 12-h light cycle (7 a.m. on) and the animalswere test-
ed in the same order every day such that recordings on different
days occurred at approximately the same time (±1 h). On experi-

ment days, rats were taken to the recording room and they rested
in a small cage after being connected to the recording system.
The recording consisted of three consecutive 1-h sessions: a base-
line recording with no stimulation, a recording with repeated sin-
gle pulse electrical stimulation, and a final recording session with
no stimulation. The procedure was repeated on five consecutive
days to test the reliability of the method.

Recording was done on a Cheetah system (Neuralynx) and all
signals were sampled at 2 kHz. Stimulationwas delivered by a cons-
tant current stimulus isolation unit that was controlled by an
Arduinomicrocontroller. Delivery of stimulation pulses was target-
ed to SWS using a real-time sleep state detectorwritten inMATLAB.
A 3-sec buffer of recording was used to calculate the ratio of δ (1–4
Hz) to θ (5–10 Hz) in the hippocampal LFP as well as the amount of
EMG activity. SWS detection occurred when there was a high δ/θ
ratio and low EMG activity. For each animal, the threshold value
for the SWS detectionwas determined during a habituation session
prior to the start of the stimulation experiment. Once SWS was de-
tected, a single biphasic pulse (150 µS per phase, 500 µA) was deliv-
ered every 3 sec for as long as the animal remained in SWS (Fig. 1A).
The real-time detection corresponded well with offline sleep struc-
ture analysis (Supplemental Fig S3).

Spindles, SO, and SWR were detected automatically based on
thresholded power signals of filtered LFP recordings (SO 1–4 Hz,
spindle 10–20 Hz, SWR 100–250 Hz) (see the Supplemental
Material for details). Threshold values for automated detection of
LFP features was done while visually inspecting the prestimulation
recording from day 1, and then verifying that they were appropri-
ate by checking the prestimulation session from days 2–5. Once
set, the same thresholds were used for all recording sessions on
all days. Spindles that occurred within 750msec of a SO (measured
from the peak of the hyperpolarization), SWR, or stimulation pulse
were considered “coupled” to the SO/SWRor “evoked” by the stim-
ulation pulse. SOwithin 500msec of a stimulation pulse were con-
sidered “evoked” (Latchoumane et al. 2017). For triple coupling of
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SO, spindles, and SWR, the SO was taken as time zero and then
both a spindle and SWR had to occur within 750 msec of the SO.
Although SOs, spindles and SWR appear similar in mice and rats
(Mölle et al. 2009; Niethard et al. 2018; Csernai et al. 2019), differ-
ences in detection methods and parameters can give rise to differ-
ent event timings. Furthermore, definitions of “coupling” can vary
across studies, with gaps of 2 sec between SO and spindles accepted
as coupled (Kam et al. 2019). Because of these issues, we tested sev-
eral gap durations where we report significant coupling to ensure
the coupling is not specific to a particular gap.

As previously reported (Vyazovskiy et al. 2009), brief stimula-
tion pulses delivered to the corpus callosumduring SWS evoked SO
and spindles in the motor cortex (Fig. 1A). Spindle oscillations oc-
curred reliably following the SO throughout the 1-h stimulation
session, an effect that occurred ipsilaterally as well as contralater-
ally to the stimulation electrode.

Other than the presence of a stimulation artifact, which was
removed with an automated algorithm (Supplemental Fig. S2),
stimulation-evoked spindles appeared qualitatively similar to
spontaneously occurring spindles (Fig. 1B). Examination of over-
laid average waveforms of spindles from the prestim and stimula-
tion sessions revealed that evoked spindles were larger in

amplitude (Fig. 1C). Measuring the peak amplitude showed a sig-
nificant increase in the amplitude of evoked spindles compared
to spontaneous spindles in the prestim session (t3 = 5.16, P<0.05)
(Fig. 1D). This effect did not last beyond the stimulation session,
and spindle amplitude in the post-stim session was not signifi-
cantly different than prestim amplitude (t3 = 0.47, P=1). We also
compared frequency and duration of evoked and spontaneous
spindles. Detected spindles were 400–600 msec in duration on av-
erage, which is in the range normally reported for spindles (Gard-
ner et al. 2013; Latchoumane et al. 2017), and stimulation did not
alter the duration (Supplemental Fig. S4). Similarly, spindle fre-
quency was not changed by stimulation (Supplemental Fig. S4).
Like evoked spindles, the amplitude of evoked SOwas significantly
larger compared to spontaneous SO from the prestim session (Sup-
plemental Fig. S5). Unlike spindles, the amplitude of spontaneous
SO in the post-stim session, although smaller than evoked SO, re-
mained significantly larger than the prestim SO (Supplemental
Fig. S5).

Importantly, stimulation did not affect the rats’ sleep. They
spent most of the time sleeping, and the amount of sleep was sim-
ilar between the stimulation session and the post-stimulation ses-
sion (Supplemental Fig. S6A). The amount of sleep in the prestim

B
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Figure 1. Neocortical stimulation during SWS reliably evokes spindles. (A) Segment of LFP from SWS showing SO and spindle oscillations occurring fol-
lowing stimulation pulses. Colored patches indicate offline detected SO and spindles. (B) Comparison of spontaneous and evoked spindles from each rat.
(C) Average waveforms of spontaneous and evoked spindles showing larger amplitude of evoked spindles. Waveforms are aligned to the peak amplitude of
the spindle and normalized by the amplitude in the prestim session. Shaded region is SEM of n=4 rats. (D) Quantification of spindle amplitude across
prestim and post-stim recording sessions. Amplitude is normalized to the spindle peak of the prestim session. For the distributions, prestim spindles
were used to standardize the amplitude. (*) P<0.05, t3 = 10.45; (**) P<0.01, t3 = 5.16. Error bars are SEM of n=4 rats.
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sessionwas less than the other sessions, likely because the rats were
still aroused after being transported to the recording room.
However, the proportion of SWS was similar between all epochs,
indicating that stimulation did not significantly alter the sleep
structure (Supplemental Fig. S6B).

SO and spindles occurred reliably following stimulation in
both hemispheres. On average, 76% of pulses were followed by a
SO and 59% were followed by spindles (Supplemental Fig. S7).
To quantify the increase in the number of SO and spindles events
over the duration of the 1-h stimulation session, we compared the
SO and spindle density (number perminute; averaged across hemi-
spheres) of the prestim and post-stim sessions. SO and spindle den-
sity both increased significantly during the stimulation session, SO
by an average of 30% (range 18%–45%) (Fig. 2A1), and spindles by
an average of 37% (range 23%–54%) (Fig. 2B1; individual hemi-
spheres in Supplemental Fig. S8). Temporal coupling of SO and
spindles was previously identified as important for memory
(Latchoumane et al. 2017). Using a similar measure, we classified
spindles as coupled to a SO if they occurred within 750 msec.
Despite the significant increase in both SO and spindles, the
SO-spindle coupling was not increased by stimulation
(Supplemental Fig. S9). Furthermore, stimulation did not appear
to cause any lasting effect on SO or spindle density as both SO
and spindle density in the post-stim session were comparable to
the prestim session.We also calculated the peristimulus time histo-
gram (PSTH) of SO and spindle occurrences and found a significant
increase in SO and spindle rate following stimulation pulses (Fig.
2A2,B2). To test the reproducibility and longevity of the
stimulation-induced increase in SO and spindles, we repeated the
experiment onfive consecutive days and observed similar increases
in SO and spindle density on each day (Fig. 2C,D).

We next examined the possible effect of cortical stimulation
on hippocampal sharp-wave ripples (SWR). Unlike spindles, stim-
ulation did not affect the overall rate of SWR occurrence (Fig.
3A). However, the timing of SWR was affected by stimulation.
SWR were more likely to occur within 300–400 msec following a
cortical stimulation pulse, and were less likely to occur at other la-
tencies (ANOVA F(19,114) = 6.7, P<0.01) (Fig. 3B). The increased ten-
dency of SWR within this time window led to increased coupling
between SWR and spindles (t3 = 4.72, P<0.01) (Fig. 3C). To verify
that the increased coupling was not due to the definition of cou-
pling (750-msec gap), we tested a range of gap durations (250–
2000 msec) and found the coupling to be robust (Supplemental
Fig. S10). The increased SWR-spindle coupling was only present
during the stimulation session, and there was a decrease in cou-
pling in the post-stim session such that there was no difference be-
tween the prestim and post-stim coupling. Finally, we tested for
possible triple coupling of SO, spindles, and SWR. Although triple
coupling increased in all four rats during the stimulation session, it
failed to reach statistical significance (t3 = 2.10, P=0.63) (Fig. 3D).

In summary, our results show that spindles can be evoked re-
liably by single-pulse electrical stimulation of the neocortex for the
duration of a 1-h stimulation session, resulting in a significant in-
crease in SO and spindle density, and an increase in SWR-spindle
coupling. One potential limitation of our study is the within ani-
mal design. Because the same parameters were used to detect spin-
dles and SO, the observed increase in spindles and SO could be due
to an endogenous increase that occurs over time.While we cannot
strictly rule out this possibility, it is worth noting that the increase
in spindle and SO density decreased significantly in the post-stim
session, so the increase cannot be due to a progressive increase in
spindles and SO. Together with the very strong cross-correlation

A1 A2 B1 B2

C

D

Figure 2. One hour of stimulation reliably increases SO and spindle rate. (A1) Average SO density across prestim and post-stim sessions (t3 = 5.19). (A2)
Peristimulus time histograms (PSTH) of SO relative to stimulation pulses or randomly distributed pulse times (t3 = 3.86). (B1) Average spindle density across
sessions (prestim: t3 = 8.05; stim-post: t3 = 4.88). (B2) PSTH of spindle occurrences relative to stimulation pulses (t3 = 4.71). (C,D) Stimulation-induced in-
crease in SO and spindle rate is consistent across five consecutive days. In all panels, (*) P<0.05, error bars are SEM of n=4 rats.
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of stimulationpulses and spindles/SO, the evidence favors the view
that the increase in spindle/SO density was indeed due to the stim-
ulation. Furthermore, this increase is reproducible across five con-
secutive days of stimulation, suggesting that this method is viable
as a deep-brain stimulation implant for increasing SO and spindles.

Previous attempts to boost spindle expression during sleep
have used different methods with mixed results. Playing auditory
stimuli during sleep is a minimally invasive method that has
shown promise in altering SWS oscillations. In the context of a
TMR experiment, when the auditory stimulus was previously
paired with a learning task, tones presented during sleep increased
spindles whose content was related to the memory task (Cairney
et al. 2018). Even when auditory tones are used in non-TMR exper-
iment (i.e., the tone was not previously paired with a learning
task), tones played during sleep increased spindle power and im-
proved memory performance (Ngo et al. 2013). However, a recent
study showed a similar increase in spindle power following tone
presentation, yet there was no corresponding memory improve-
ment (Henin et al. 2019). Furthermore, the practical use of auditory
stimuli outside of a clinical setting has been questioned because it
is less reliable and subject to interference from other sounds (Ngo
et al. 2015).

Initial studies of transcranial electrical stimulation (TES) used
mild oscillating currents during SWS and showed that slow oscilla-
tions and spindles were increased, and that memory performance
was improved (Marshall et al. 2006). Subsequent studies using sim-
ilar protocols yieldedmixed results, and a recent study showed that
currents typically used in TES studies are too weak to affect neural
activity (Lafon et al. 2017). Our more invasive method of implant-
ing a stimulating electrode in the cortex and delivering brief pulses
of current was first shown to be effective at evoking spindles many
years ago in anesthetized cats (Roy et al. 1984; Steriade and
Deschenes 1984; Contreras and Steriade 1995, 1996). Since then,
an increase in spindle power has been observed following electrical
stimulation of the neocortex in sleeping rats (Vyazovskiy et al.
2009), or by transcranial magnetic stimulation in humans
(Bergmann et al. 2012; Massimini et al. 2007). Despite these re-
sults, it has not been shown that repeated cortical stimulation is ca-
pable of increasing spindle rates, and our current results show that
stimulation pulses through implanted electrodes can be used to
evoke spindles reliably, not only during a 1-h recording session,
but across multiple days.

A recent optogenetic study showed that thalamic reticular ac-
tivation increased the coupling of spindles and slow oscillations
and improved contextual fear memory (Latchoumane et al.
2017). Interestingly, they did not report a net increase in spindle
density, so the improved memory was attributed to the increased

coordination between SO, spindles, and SWR. We observed a sig-
nificant increase in SWR-spindle coupling, as well as a strong trend
toward increased triple coupling of SO, spindles, and SWR, al-
though this failed to reach statistical significance. Theweaker triple
coupling is possibly due to the fact that our stimulation pulses oc-
curred randomly with respect to SO, whereas the reticular stimula-
tion in Latchoumane et al. (2017) was triggered by a SO. If our
electrical stimulationwas triggered by SO, then it is possible the tri-
ple coupling would be increased as well, although this remains to
be tested. Another critical next step is to determine if the substan-
tial stimulation-induced increase spindle and SO density, as well as
the increased SWR-spindle coupling, is sufficient to improve
memory.
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Stimulation increases sleep spindles
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