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Introduction: EEG oscillations known as sleep spindles have been linked with various aspects of cognition, but the specific functions they signal remain contro-
versial. Two types of EEG sleep spindles have been distinguished: slow spindles at 11-13.5 Hz and fast spindles at 13.5-16 Hz. Slow spindles exhibit a frontal
scalp topography, whereas fast spindles exhibit a posterior scalp topography and have been preferentially linked with memory consolidation during sleep. To
advance understanding beyond that provided from correlative studies of spindles, we aimed to develop a new method to systematically manipulate spindles.
Aims and Methods: We presented repeating bursts of oscillating white noise to people during a 90-min afternoon nap. During stage 2 and slow-wave sleep,
oscillations were embedded within contiguous 10-s stimulation intervals, each comprising 2 s of white noise amplitude modulated at 12 Hz (targeting slow spin-
dles), 15 Hz (targeting fast spindles), or 50 Hz followed by 8 s of constant white noise.

Results: During oscillating stimulation compared to constant stimulation, parietal EEG recordings showed more slow spindles in the 12-Hz condition, more fast
spindles in the 15-Hz condition, and no change in the 50-Hz control condition. These effects were topographically selective, and were absent in frontopolar EEG
recordings, where slow spindle density was highest. Spindles during stimulation were similar to spontaneous spindles in standard physiological features, includ-

ing duration and scalp distribution.

Conclusions: These results define a new method to selectively and noninvasively manipulate spindles through acoustic resonance, while also providing new

evidence for functional distinctions between the 2 types of EEG spindles.
Keywords: sleep spindles, oscillations, memory consolidation.

Statement of Significance

directly and selectively investigate sleep spindle function.

Sleep spindles occur in short bursts of oscillating activity during non-rapid eye movement sleep. Spindles have been linked to numerous cognitive domains,
including memory. Recent evidence suggests pharmacological manipulations can modulate spindles in humans. However, no method exists for manipulat-
ing spindles on a precise timescale and without nonspecific pharmacological side effects. Here we show that briefly oscillating sounds influence spindles in
a frequency-specific manner. These results open the door to noninvasively manipulating spindles with high temporal precision in future studies in order to

INTRODUCTION

Sleep spindles are a widely accepted physiological hallmark
of sleep, particularly stage 2 and slow-wave sleep (SWS).
Conventional strategies for identifying spindles in the human
EEG focus on oscillatory activity between 11 and 16 Hz that is
enhanced in a transient fashion, for at least 0.5 s and no longer
than 2 s.! Based largely on correlative analyses, spindles have
been linked to a wide array of functions, including sleep pro-
tection, cortical development, memory and plasticity, general
intelligence, and cognitive dysfunction.?

Two types of EEG spindles have been distinguished based
on multiple features.** First, 2 oscillation rates have been
described: fast spindles have a typical rate of 13.5-16 Hz
and slow spindles a typical rate of 11-13.5 Hz. Second, fast
spindles display a centroparietal distribution across the scalp,
whereas slow spindles display a frontal distribution, and the
2 types have been putatively localized to posterior and ante-
rior intracranial sources, respectively.*’ Third, the 2 types of
spindles predominate at different phases of the slow oscilla-
tion (SO), with fast spindles occurring more frequently during
the SO upstate than slow spindles.®® Fourth, pharmacological
manipulations differentially affect the 2 types of spindles.’
Although these findings implicate 2 types of spindles, it has
not been resolved whether fast and slow spindles reflect qual-
itatively different neural generating mechanisms versus the
same mechanisms operative in different brain regions at dif-
ferent frequencies."!?

Memory functions have received particularly strong emphasis
in recent work on spindles in humans and in other mammals.>!°
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For instance, 2 studies showed that administering zolpidem,
a GABA agonist, increased sleep spindles and also improved
declarative memory retention.''> However, pharmacologi-
cal manipulations have limitations. They may introduce non-
specific effects (such as other changes in neuronal activity).
Additionally, they alter spindle incidence over a long time-span
rather than at precise times under experimental control. To gain
a better understanding of the 2 spindle subtypes, researchers
would benefit from methods that can modify spindles in a tem-
porally precise manner.

In the current study, we set out to test differences between
the 2 primary spindle types using auditory stimulation that
was amplitude modulated in the spindle frequency range—
that is, using oscillating white noise (OWN). While partic-
ipants took an afternoon nap in the laboratory, we initiated
continuously repeating 10-s stimulation intervals upon online
indications of stage 2 and SWS (Figure 1). These stimulation
intervals included 2 s of OWN at a slow spindle frequency
(12 Hz), a fast spindle frequency (15 Hz), or a non-spindle
control frequency (50 Hz), followed by 8 s of constant white
noise (CWN). We then measured spindles as a function of
stimulation. We predicted that an increased number of fast
and slow spindles would be preferentially produced during
fast and slow stimulation, respectively. Furthermore, as EEG
topographic evidence raises the possibility of different spin-
dle generation mechanisms from prefrontal and centroparietal
sources, we predicted that recordings from clusters of prefron-
tal versus centroparietal scalp electrodes would be differen-
tially affected by the stimulation.
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Figure 1—Stimulation parameters and spindle analysis
approach. Participants took a 90-min nap amidst a background of
white noise. While they slept, 2-s periods of oscillating white noise
(OWN) alternated with 8-s periods of constant white noise (CWN).
An expanded, 1-s example of 15-Hz OWN is shown.

MATERIALS AND METHODS

Participants

Participants were recruited from the university community and
randomly assigned to 1 of 3 conditions: 12 Hz stimulation (11
participants, 7 female), 15 Hz stimulation (11 participants, 7
female), and 50 Hz stimulation (10 participants, 6 female). The
mean age was 21.3 years (range 18-25 years) and did not differ
across conditions [F(2,29) < 1]. Seven other participants were
excluded for not sleeping long enough for sufficient stimula-
tion (defined as a minimum of 50 trials). There were no differ-
ences in the number of stimulations received across conditions
(12 Hz: 327.1 £29.2, 15 Hz: 295.3 £ 26.2, 50 Hz: 272.6 +40.7,
p>.2,all).

Stimuli

Oscillating sounds were created by modulating the amplitude
of a white noise signal (42 dB) created by mixing sound fre-
quencies from 20 to 1000 Hz with random amplitudes constant
across the power spectrum (Figure 1A).'* The modulated sound
alternated between 100% and 20% of its original amplitude in
the form of a sine wave (Audacity software, Tremolo function).
Modulations at 12 Hz, 15 Hz, or 50 Hz were made on the first
2 s of a 10-s white noise signal, such that each 2-s period of
OWN was followed by 8 s of CWN.

Design

Participants napped with repeating 2-s on, 8-s off iterations of
an amplitude-modulated sound that began in stage 2 sleep. The
analytical approach involved comparing spindles starting dur-
ing versus after the stimulation period on the following meas-
ures: density, frequency, duration, and power across electrodes.

Procedure

Participants arrived in the laboratory between 12 and 4 pm for
a 2-h nap. They were asked to wake up 1 h earlier than normal
the morning of the experiment to increase the chances of falling
asleep in the afternoon. They were also asked to refrain from
drinking alcohol the night before and from ingesting caffeine
the morning of the experiment. Informed consent was obtained
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in advance and monetary reimbursement was provided after the
experiment. Each participant was fitted with an EEG cap, and
then reclined in a bed in a quiet, darkened room to try to fall
asleep. The experimenter continuously monitored EEG record-
ings from an adjacent room to determine sleep stage (verified
later using standard methods; see below). When 2 min of either
stage 2 sleep or SWS was detected, trials of OWN stimulation
were initiated. These trials were repeated until the experimenter
determined that the participant was no longer in non-rapid
eye movement (NREM) sleep. If a period of arousal from
sleep was detected, OWN began again when 2 min of NREM
sleep was detected. After 90 min, participants were awoken,
debriefed about the nature of the experiment, and electrodes
were removed. During debriefing, participants were informed
about the auditory stimulation during their sleep, which they
uniformly claimed to not have noticed.

EEG Acquisition and Analysis

Continuous EEG data were acquired at a sampling rate of
1000 Hz with a bandpass of 0.1-100 Hz. Tin electrodes in an
elastic cap were placed at 21 standard scalp locations (FPz,
Fz, Cz, Pz, Oz, FP1/2, F3/4, F7/8, C3/4, P3/4, T3/4, T5/6, and
01/2), left and right mastoids, lateral to the right eye, under
the left eye, and on the chin. Data were processed offline using
a combination of internal functions in EEGLAB' and custom
written scripts. Data were downsampled to 250 Hz, re-refer-
enced to average mastoids, and filtered at 0.4—60 Hz in succes-
sive steps using a 2-way least-squares finite impulse response
filter (“eegfilt” function).

Sleep stages were determined by an expert scorer according
to standard criteria."> Artifacts (large movements, blinks, arous-
als, and rare, large deflections in single channels) during sleep
were marked separately in 5-s intervals following sleep staging.

Spindles, SOs, power spectral density measures, and continu-
ous, Hilbert-transformed SO phase and power values were cal-
culated using established algorithms. Each algorithm ignored
5-s intervals marked for rejection.

For spindle analyses, sleep EEG data were bandpass-filtered
between 11 and 16 Hz using a 2-way least-squares finite impulse
response filter and a root mean square (RMS) value was calcu-
lated using a sliding window of 148 ms for each channel sepa-
rately.® Each window thus included 37 time points (4 ms apart)
and was attributed to the middle time point. A threshold was
determined by multiplying the standard deviation of the entire
channel’s filtered signal by 1.5. A spindle was counted whenever
the RMS signal crossed this threshold continuously for 0.5 to
2 8.8 Other characteristics were calculated: spindle length (time
above threshold), mean frequency (number of peaks divided
by spindle length), and power (integral of RMS curve above
threshold). Times for the start, negative peak (largest negative
amplitude), and end of each spindle were recorded for align-
ment with stimulation. Spindles between 11 and 13.5 Hz were
classified as slow spindles and those between 13.5 and 16 Hz
were classified as fast spindles.

For analyzing SOs, sleep EEG data from stages 2 and 3 were
first low-pass filtered at 3.5 Hz. A SO was counted when any
series of data points included a negative peak of at least —40 nV,
a peak-to-peak amplitude of at least 75 uV, and successive
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positive-to-negative crossings from 0.75 to 2 s, corresponding
to 0.5-1.3 Hz (similar to'®). For each detected SO, other charac-
teristics were calculated: length (time between positive-to-neg-
ative and negative-to-positive zero crossings), peak-to-peak
amplitude (difference between largest and smallest values),
and slope (voltage change over time between the negative peak
and the negative-to-positive zero crossing). Similar to spindles,
the start, negative peak, and end of each SO were recorded for
later alignment with stimulation. SO—spindle complexes were
determined when spindles began within 0.5 s of the negative SO
peak. As SOs in stages 2 and 3 either reflect the same underly-
ing physiology or are too similar to distinguish,'” we did not set
different thresholds for stage 2 and 3 spindles.'®!3

Spindle density is conventionally reported as number of spin-
dles per min. Previous evidence suggested major topographical
differences in slow and fast spindle density, which we verified
for spindles starting during CWN periods (Figure S1). As a cru-
cial aim was to investigate whether effects of stimulation on
spindle density varied as a function of spindle type, our analy-
ses emphasized a cluster of 3 frontopolar electrodes (Fp1, Fpz,
and Fp2) and a cluster of 3 parietal electrodes (P3, Pz, and P4).

We calculated a series of measures to approximate instanta-
neous fast and slow spindle density across each trial. We first
counted the number of fast and slow spindles present for each
100-ms bin of each 10-s stimulation period. Total spindle counts
across all stimulation intervals were then converted to instanta-
neous density by multiplying by 6 [60 (s / min) / 10 (s / trial)]
and dividing by the total number of stimulation periods for that
participant. When a spindle began in one 10-s period and ended
in another, additions carried over into the next cue period and
ended when the spindle ended with respect to the cue (e.g., if
a spindle began 9.9 s into the 10-s period and lasted 0.7 s into
the next period, then 1 spindle count was included for each 100-
ms bin between 9.9 and 0.7 s). We contrasted each 100-ms bin
against a baseline average computed using data from 3 to 9 s
post-OWN onset, reasoning that spindles during this period
were not likely to have been generated due to the prior period
of OWN stimulation.

Finally, we assessed whether spindle boosts could be artifacts
of the OWN due merely to direct auditory synchronization (as
in the auditory steady-state response or ASSR). We conducted
fast Fourier transform analyses on 2-s segments of OWN and
all 2-s segments of CWN that did not contain spindles (e.g.,
2-4's,4-6 s, 6-8 s, and 810 s post-OWN onset). These anal-
yses involved computing power using the fast Fourier trans-
form within 1-Hz windows around the matching stimulation
frequency for each condition (i.e., 11.5-12.5 Hz for 12 Hz
stimulation; 14.5-15.5 Hz for 15 Hz stimulation). For the top-
ographical similarity analyses, we ran correlations between
z-scored spindle boosts and ASSR boosts, in both cases using
comparisons between OWN versus CWN across electrodes.

RESULTS

Auditory Oscillations Increased Spindle Incidence Relative to
Control Sounds in a Frequency-Specific Manner

To determine the impact of auditory oscillations on spindle
incidence, we contrasted spindle incidence during OWN and
CWN periods. To analyze spindle timing, we grouped spindles
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by their start time (i.e., the moment the bandpass-filtered RMS
signal crossed a specific threshold; see Materials and Methods).

We predicted that OWN stimulation would increase spindles
of matching frequencies. To test this prediction, we categorized
results according to whether OWN stimulation modulated spin-
dles at the frequency that matched or did not match the OWN
frequency. Slow spindles in the 12 Hz condition and fast spin-
dles in the 15 Hz condition were considered matching, whereas
fast spindles in the 12 Hz condition and slow spindles in the
15 Hz conditions were considered non-matching. Furthermore,
to ask whether spindle modification by OWN differed topo-
graphically, we focused analyses on a frontopolar and parietal
cluster of electrodes during the CWN (non-stimulation) period
(Figure S1). We analyzed data from each cluster separately.

As shown in Figure 2, OWN increased spindles for matching
frequencies only in the parietal cluster. We submitted spindle
density measures to a 2 (match status: matching vs. non-match-
ing) x 2 (sound type: OWN vs. CWN) ANOVA for each elec-
trode cluster. In the frontopolar cluster, we found no significant
main effects or interactions [F(1, 21) < 2.4, p > .1, all]. In the
parietal cluster, we found a significant main effect for sound
type [OWN: 2.06 = 0.95; CWN: 1.9 = 0.88, F(1,21) = 11.1,
p =.003], indicating that there were more spindles during OWN
than CWN. The main effect for match status was not significant
[F(1, 21) < 1], whereas the interaction between match status
and sound type was significant [F(1,21)=31.9, p <.001]. Thus,
the OWN-based spindle increase differed according to whether
the OWN frequency matched the spindle frequency. Indeed,
spindles matching the OWN frequency were significantly more
prevalent during OWN than during CWN [2.12 + 1.14 vs.
1.71 £ 0.97, respectively; #(21) = 6.37, p < .001], whereas there
was no difference for non-matching frequencies [2.01 + 0.76
vs. 1.99 £0.79, respectively; #(21) = 0.24, p = .81]. Confirming
this effect on spindles for each stimulation frequency sepa-
rately, slow spindles significantly increased during 12 Hz OWN
compared to CWN [1.38 + 0.16 vs. 1.10 + 0.13, respectively;
#(10) = 3.16, p = .01], and fast spindles significantly increased
during 15 Hz OWN compared to CWN [2.84 + 0.34 vs.
2.32 £ 0.30, respectively; #(10) = 6.83, p <.001]. OWN spin-
dle increases were comparable in the 2 conditions, computed as
percentage increase, with a 25.4% increase with 12 Hz stimula-
tion and a 22.4% increase with 15 Hz stimulation.

Finally, as 50 Hz OWN did not match either spindle frequency,
we tested its impact on spindles separately for each cluster and
spindle frequency. The 50 Hz OWN stimulation did not increase
spindles relative to CWN in either cluster or spindle frequency
[t(9)< 041, p>.6].

The above analysis demonstrates stimulation has a topo-
graphically specific effect on spindles. To test across-cluster
differences directly, we computed a spindle-boost effect for
each electrode cluster and participant as the increase in spin-
dles matching the OWN oscillation frequency during OWN
versus CWN [(matching-frequency spindle density during
OWN — matching-frequency spindle density during CWN)
— (non-matching-frequency spindle density during OWN
— non-matching-frequency spindle density during CWN)].
A paired t-test showed that the spindle-boost effect was signif-
icantly greater for the parietal cluster (0.39 + 0.07) than the
frontopolar cluster [0.05 £ 0.10; #21) = 2.89, p = .008].
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Figure 2—Oscillating white noise (OWN) increased spindles relative to constant white noise (CWN) in a frequency-specific manner.
For the parietal electrode cluster (right column), 12 and 15 Hz stimulation enhanced slow and fast spindles, respectively. For both electrode
clusters, 50 Hz stimulation showed no significant changes in spindle density. Error bars denote SEM. **p < .01, ***p <.001.
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SOs Did Not Drive the Spindle Enhancement Effect
Auditory stimuli during sleep often elicit SOs. SOs occur dur-
ing SWS as well as stage 2 sleep, during which they are typi-
cally referred to as K-complexes.!” We investigated how OWN
affected SO incidence during NREM sleep by contrasting the
density of SOs (SOs/min) that began in OWN versus CWN
periods (i.e., when voltage crossed from positive to negative).
We focused on the parietal cluster, as it showed modulation by
OWN. The parietal cluster exhibited higher SO density during
OWN than CWN in both the 12 Hz condition [5.05 + 1.61 vs.
4.84 +1.62 SOs/min, #(10) =2.86, p = .01] and the 15 Hz condi-
tion [4.56 + 1.07 vs. 4.21 + 1.04 SOs/min, #(10) =2.52, p = .03],
but not the 50 Hz condition [4.20 + 1.61 vs. 4.19 + 1.61 SOs/
min, #(9) <0.1, p = 0.96].

As spindles frequently occur during the SO upstate,® we next
investigated whether OWN-related spindles were preferentially
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associated with induced SOs. We separately measured the den-
sity of parietal spindles occurring with accompanying SOs
and without them. In the 12 Hz condition, there was no OWN-
related increase for SO—slow spindle complexes [0.16 + 0.07
vs. 0.14 + 0.05; #(10) < 0.6, p > .6], but there was for slow
spindles without SOs [1.22 £0.23 vs. 0.95 £ 0.11; #(10) = 2.86,
p = .01]. In the 15 Hz group, there was a significant OWN-
related increase for SO—fast spindle complexes [0.35 £ 0.07 vs.
0.25 £ 0.07; #10) = 2.4, p = .03] and for fast spindles without
SOs [2.49 + 0.32 vs. 2.07 £ 0.27; £(10) = 5.0, p <.001]. These
results demonstrate that induced SOs were not necessary for
spindle enhancement effects. Though SOs occurred far more
commonly in the frontopolar cluster [across both conditions—
frontopolar SO density: 9.58 + 1.51; parietal SO density:
4.84 + 0.96, 1(10) = 6.06; p < .001], consistent with the known
frontal predominance of slow waves," frontopolar SOs and
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SO-spindle complexes were not more common during OWN
than CWN in either condition [#(10) < 2.05, p > .05, all].

Spindles Were Reliably Influenced After One Second of OWN

To investigate the precise timing of spindle incidence with
respect to OWN onset, we found the instantaneous spindle den-
sity for each 100-ms time bin of each trial (with trial defined as
the 10-s on—off period locked to the OWN onset). Essentially,
this measure probes whether a spindle is present within each
time bin on each trial and normalizes these totals by the number
of trials for each participant (see Materials and Methods and
Figure 3A for more details).
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Figure 3—Frequency-specific spindle increases occurred
most strongly between 1 and 2 s of oscillating white noise
(OWN) onset. (A) Method for calculating instantaneous spindle
density relative to OWN onset. Three sample traces are shown
with spindles occurring at different times relative to OWN onset at
time 0. For each 100-ms interval during a given 10-s period, the
number of spindles counted in the interval (spindles either starting
during the interval or continuing into the interval) was converted
into an instantaneous spindle density measure. (B) Significant
frequency-specific increases manifested during 1-2 s post-OWN
onset. Fast and slow spindle counts are presented in light and dark
gray, respectively. Color-coded horizontal significance bars signify
times during which spindle counts deviated from baseline (average
count during 3-9 s post-cue).
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As shown in Figure 3B, OWN frequency—specific spindle
increases typically occurred 1-2 s into the trial (pair-wise p
values remained below 0.05 for the following post OWN-onset
intervals: 12 Hz slow spindles: 1.2—1.7 s; 15 Hz fast spindles:
1.2-1.8 s). This analysis revealed no significant increases just
before the OWN sound or between 0 and 1 s post-OWN-onset,
though the 15Hz group had at least 200 ms of marginal values
during both intervals.

Additionally, we found effects around 5.5-6.5 s for spindles
of non—-OWN-like frequencies. Slow spindles in the 15 Hz con-
dition significantly increased (between 5.92 and 6.34 s) and fast
spindles in the 12Hz condition significantly decreased (between
5.83-6.51 s). Unlike the effects at 1-2 s, these later effects were
not predicted in advance.

Comparable Spindles With Versus Without Stimulation

We next asked whether spindles during OWN and CWN differed
in any basic characteristics. We created independent contrasts
for spindle frequency, duration, and power at the parietal clus-
ter. As expected, we saw a significant decrease in frequency in
the 12 Hz condition [#(10) =—-3.7, p = .004], a marginal increase
in frequency in the 15 Hz condition [#(10) = 1.7, p = .13], and
a significant interaction between the 2 groups [F(1, 20) = 13.0,
p = .002]. No significant differences were found for either
duration or power (Table S1). There was a marginal trend for a
decrease in duration in the 15 Hz condition for spindles during
OWN than CWN [#(10) =-1.9, p = .09; there was no relation-
ship in the 12 Hz condition (#10) = -0.2, p > .8)]. We also
analyzed topographic power measures across all electrodes,
with average power for spindles beginning during each period
at each electrode submitted to a 21 (electrodes) x 2 (sound type:
OWN vs. CWN) ANOVA. We used fast spindle power in the
15 Hz condition and slow spindle power in the 12 Hz condi-
tion. We found no significant main effects or interaction (all
F <3.5, p>.1; Figure S2). The topography of spindle power
during OWN periods, when spindles were enhanced, was thus
indistinguishable from that during CWN periods.

OWN did not Produce Large Frequency-Specific EEG Responses
During Periods Without Spindles

An alternative conceptualization of the above results is that the
apparent spindle increase merely reflected a summation of sub-
threshold spindle responses with auditory entrainment at the
precise stimulation frequency (i.e., steady-state responses). If
this scenario were operative, one would expect to observe an
increase in EEG power at the OWN frequency during OWN
intervals. We thus focused an analysis on OWN and CWN inter-
vals that did not contain spindles. We did not find significantly
greater frequency-specific responses for OWN than CWN in
either condition at any electrode [#(10) < 2, p > .07, all, uncor-
rected]. Furthermore, the topography of the ASSR bore no sim-
ilarity to that of the spindle boost effect (» < 0.3, p > .3, both;
Figure 4).

Sleep Architecture and Spindle Densities did not Differ as a
Function of Stimulation Frequency

We asked whether there were differences in sleep architecture
among conditions in the present experiment. No differences
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Figure 4—Auditory steady-state response (ASSR) analyses
revealed no stimulus-evoked power differences for corre-
sponding frequencies. (Top) Plotted are ASSR differences for
2-s segments of OWN - CWN without spindles. No electrodes
showed significant differences between OWN and CWN. (Bottom)
Spindle boost topographies are presented as a comparison to
ASSR results. No cross-electrode topographical correlations
were found between the ASSR and spindle boost effect for either
condition.

were found in any sleep stage [Table S2; F(2,31)<1.1,p > .37,
all stages]. Likewise, fast and slow spindle density did not differ
among conditions [Table S2; F(2, 31) < 1.1, p > .35, all types
and clusters].

DISCUSSION

We showed that human sleep spindles can be altered in a fre-
quency-specific and temporally precise manner using an
acoustic resonance method that is non-pharmacological and
non-invasive. In response to 2-s periods of auditory oscillatory
stimulation at 12 and 15 Hz, corresponding slow and fast spin-
dle boosts relative to control periods were observed in EEG
recordings from parietal scalp locations, but not frontal scalp
locations. Whereas oscillating sounds also increased SOs, spin-
dle boosts did not rely on these increases.

The finding that parietal slow spindles were preferentially
increased may seem surprising, because slow spindles are
most prevalent over frontal scalp regions.* However, data from
intracranial electrodes in epilepsy patients suggest that a sim-
ple dichotomous mapping of slow=frontal and fast=parietal is
an oversimplification—spindles within the frontal lobe were
preferentially slow, whereas spindles within the parietal lobe
showed a broad distribution of faster and slower frequencies.®
Accordingly, parietal scalp recordings are likely sensitive to
both slow and fast spindles, such that OWN stimulation could
enhance both slow parietal spindles and fast parietal spindles.

It remains unresolved whether slow and fast spindles share
a common generating mechanism or depend on unique mech-
anisms with multiple qualitative differences.!° However, the
present results favor the latter possibility, given that spindles at
parietal locations were sensitive to stimulation at both frequen-
cies, whereas spindles at frontal locations were sensitive to nei-
ther type of stimulation. Other sources of evidence also support
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this conceptualization of spindles. In a combined EEG/fMRI
study, slow and fast spindles appeared to differentially engage
different areas of the brain, with only fast spindles recruiting the
hippocampus.® The 2 types also differ in their relationship to SOs,
as fast spindles are preferentially linked with the SO upstate,
when hippocampal ripples occur.%® These differences align well
with findings that fast spindles more typically correlate with
declarative memory measures than slow spindles'®?*?! (though
see??). Additionally, the same pharmacological manipulation can
differentially modulate the 2 types of spindles, with concurrent
increases in slow and decreases in fast spindle activity.’

Our finding that spindles from the parietal EEG cluster were
preferentially sensitive to stimulation adds further support to
a qualitative difference between frontal and parietal spindle
types. At the same time, the results conflict with the generali-
zation that slow spindles are uniquely frontal and fast spindles
uniquely parietal.

Many lines of evidence implicate sleep spindles in memory and
plasticity. On the cellular level, spindles elicit calcium neuronal
influx, which is necessary for long-term potentiation (LTP),? and
spindle-like trains of neuronal activity increase LTP? On a sys-
tems level, spindles overlap with ripple events in the hippocam-
pus?2¢ as well as blood oxygen level-dependent activity in the
medial temporal lobe*?” and neocortical regions,? possibly indic-
ative of a unique opportunity for hippocampal-neocortical com-
munication to aid memory consolidation.?’ Accordingly, spindles
increase after learning within subjects and correlate positively
with memory measures.** Additionally, drugs that increase
spindles improve memory.'""'> Methods aimed at directly altering
spindles—such as auditory oscillations, transcranial electrical
stimulation, or optogenetics in non-human animals—may open
the door to real-time, causal evidence for the spindle-memory
link and help to elucidate the relevant neural mechanisms.

The current results importantly add to other aspects of the
literature on sleep spindles. In particular, our results relate to 3
sources of evidence suggesting that spindles protect organisms
from awakening.

First, neuronal responses to stimuli are dampened during spin-
dles in EEG*¥7 and fMRI1.3%%* These suppressions may reflect a
type of sensory gating that inhibits the sensory relay centers in the
thalamus, as the thalamic reticular nucleus (RT) neurons interact
with thalamocortical neurons needed to relay visual, auditory,
and somatosensory signals to the cortex.*’ In the present study,
OWN had its greatest effect on spindles after 1 s, not immedi-
ately. This finding suggests that OWN primarily influenced the
spindle generation process rather than the ongoing architecture
of'sleep spindles, perhaps because responses to stimuli are damp-
ened during spindles.

Second, various results show that spindles lessen the likelihood
of arousal. Stronger acoustic stimuli are needed to arouse sub-
jects during spindles.*® Individuals with higher spindle thresholds
have elevated arousal thresholds.* Hypersomnia patients have
elevated spindle counts.* Insomnia drugs that boost spindles
increase arousal thresholds in humans.* Genetically manipulated
mice with greater spindle rates show elevated arousal thresh-
olds.** Finally, frequent optogenetic stimulation of the RT at
spindle frequencies boosts spindles* and in turn extends sleep.*
Though much remains to be learned about the mechanisms that
OWN stimulation procedures put into motion, we speculate that
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the auditory oscillations may enhance spindles via repetitive RT
burst firing as in the aforementioned optogenetic study.

Third, spindles increase in response to visual, auditory, and
somatosensory stimuli.’’#” These findings suggest that sleep
spindles may act to suppress continued responses to stimuli to
prevent arousals. The present procedures diverge from those
generally used to show spindle increases to sensory stimulation,
as OWN constitutes a decrease in the overall auditory stimu-
lation amplitude. The frequency-specific response to OWN
demonstrates that spindle generation mechanisms respond to
external stimuli in a nuanced manner.

Although the present results offer new opportunities to non-in-
vasively and non-pharmacologically manipulate sleep spindles,
a few caveats should be mentioned. First, although oscillating
sounds increased spindles relative to control periods, it remains to
be seen whether repeated stimulation could increase overall spin-
dle density relative to that in a sleep period with no stimulation at
all. The results provide a convincing proof-of-concept demonstra-
tion but do not include all possible control comparisons, and thus
we infer that OWN stimulation influenced spindle prevalence in a
relative manner, during discrete periods of time, rather than pro-
ducing a global enhancement of spindles. Although CWN stimu-
lation closely resembles a condition of no stimulation at all (given
that some external noise is practically unavoidable), it remains
possible that a period of spindle refractoriness might generally
follow stimulation so as to negate global effects.>**%° Second,
although the basic features of spindles did not differ for those that
onset during OWN versus those that onset during CWN, sponta-
neous spindles during oscillatory stimulation may have masked
weak differences between induced and spontaneous spindles.
Third, our data cannot speak to other possible functional differ-
ences such as thalamic bursting patterns or the alignment between
spindles and hippocampal sharp-wave ripple complexes theorized
to underlie declarative memory consolidation.?>* Evidence from
other recording methodologies may be highly informative, in that
intracranial spindles are often locally rather than globally dis-
tributed®! and magnetoencephalographic spindles have multiple
asynchronous generators® and complex connectivity patterns.*
Fourth, although the changes in spindle prevalence observed
between 5.5 and 6.5 s after OWN onset were not predicted, it will
be interesting to see whether they replicate in future experiments.
Finally, our study leaves many intriguing questions unanswered:
Do stimulation effects extend to nocturnal sleep? What results
would be obtained if multiple stimulation frequencies were used
in sequence? What other types of oscillating stimulation can be
used? Do effects persist over multiple sessions? Does this sort of
stimulation produce any negative consequences? And how might
spindle stimulation be combined with the presentation of learn-
ing-related stimuli that reactivate memories during sleep?3>’

The present demonstration of enhanced spindles provides
new insights into spindle subtyping as well as into how external
stimulation can influence spindles. Future use of spindle-manip-
ulation methods could produce additional causal evidence on
the role of spindles in cognitive function. This line of experi-
mentation could also help to elucidate mechanisms of spindle
generation, potentially contributing to the understanding and
treatment of populations with abnormally infrequent spindles,
such as people with schizophrenia,’®* people with dyslexia,*
or the elderly."*!
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