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Abstract

The neural mechanism of information processing during sleep is a current topic
of investigation. Recent studies have suggested that cross-frequency coupling (CFC)
between the neural oscillations may serve as a mechanism to transfer information in
large-scale brain networks. In human studies, it is reported that sleep spindles are
correlated with slow-wave phase, and that sleep spindle density is increased after
learning. These findings may lead to the idea that sleep spindles and their CFC are
related to memory processing. However, our present knowledge is insufficient and
further evidence about sleep spindles is needed.

In this study, | have focused on the following questions: 1) How is the cortical
distribution of spindles? 2) Are there multiple rhythm generators for spindles? 3) How
are multi-regional spindles temporally organized? 4) How is the coupling of spindles
and slow oscillations? 5) Are there triggers for generating spindles?

Electrodes were implanted into the cerebral cortex (areas 9, 46, 8, 6, 4, 1, 5, 7,
32, and 24) of three macaque monkeys (Macaca fuscata). They were arranged in pairs,
with one of each pair at the surface and the other at a depth of the cortex. Cortical field
potentials were recorded from freely behaving monkeys via telemetry, and their
oscillatory properties during sleep were analyzed using Fourier analysis and
Hilbert-Huang transform.

Electrical current sources of spindles were identified on widespread regions of
the frontoparietal cortex. The frequencies of spindles were topographically distributed
on the cortex. The fastest spindles (>15 Hz) were found in the dorsolateral prefrontal
cortex (areas 46 and 8a), while the slowest ones (<14 Hz) appeared in the mesial frontal

cortex (areas 32 and 24). Spindles of intermediate frequency (14-15 Hz) were



distributed in the centroparietal and medial prefrontal cortices. There was a significant
tendency that spindles in different regions occurred concordantly, although the majority
of spindles occurred independently. The concordance rate was relatively high between
bilaterally symmetrical regions and between nearby regions. The spindles in the
dorsolateral cortex tended to occur approximately at the same time and preceded the
spindles in the mesial regions with a time lag of about 0.5 s. The frequencies of
concurrent and non-concurrent spindles were compared across various pairs of
recording sites. In the majority of the recording sites, the frequency was not affected by
concurrent spindles in other regions, and spindles of different frequencies were
simultaneously generated. However, in some of the pairs between bilaterally
symmetrical regions and between nearby regions, the frequency of concurrent spindles
was shifted as compared to that of non-concurrent spindles and/or showed a significant
positive linear correlation with each other. Spindles in the lateral anterior tended to start
on the positive phase of slow waves (0.1-1 Hz), while spindles in the centroparietal and
the mesial frontal areas occurred around the negative phase. The phase angle of slow
waves was reversed between the central region and the prefrontal region. By analyzing
the time-frequency distribution calculated by Hilbert-Huang transform, an increase of
gamma band activity before the spindle onset was found. The onset time of gamma
activity was —0.29£0.14 s (mean=SD) as measured from the spindle onset in each area,
and lasted about 0.5 s.

The present study showed that spindles in widespread cortical regions are
driven by their own rhythm sources, nevertheless they are temporally and spatially
related with spindles in other areas, and that they are correlated with slow waves and

gamma oscillations. Because the prominent inter-spindle correlations were found



between the bilaterally symmetrical regions and between the nearby regions,
corticocortical connections and crossed projections between the thalamus and the cortex
or thalamic reticular nucleus may play a significant role in the spatiotemporal
correlations of spindles. The cross-frequency couplings suggest that the triggering
system for spindles is linked with slow waves and gamma oscillations. Because the
gamma increase is limited within a short time region around the spindle onset, they may
serve as a direct trigger of spindles. The interactions shown in the present study may
serve as a functional basis to transfer information in large-scale brain network during

sleep.



Introduction

The brain processes information not only during wakefulness but also during
sleep. For example, sleep consolidates memory and enhances motor skill learning
(Rasch and Born 2013). Although the detailed neural mechanism of such information
processing is still unclear, the process may be partly reflected on
electroencephalographic patterns during sleep, such as sleep spindles, k-complexes, and

slow waves.

Sleep spindles

Sleep spindles are short bursts of waxing and waning rhythmic waves (11-16
Hz) in human electroencephalogram (EEG), named by Loomis et al. in 1935 (Loomis et
al. 1935). They often occur with k-complexes during non-rapid eye movement (NREM)
sleep stage 2 (N2) and with slow oscillations during slow wave sleep (SWS)
(Rechtschaffen and Kales 1968).

All sleep spindles may not be of the same nature. Topographical difference in
the frequency is reported in human studies (Jankel and Niedermeyer 1985; Jobert et al.
1992; Werth et al. 1997; Zeitlhofer et al. 1997). These studies suggested the existence of
two types of spindles, namely, the faster spindles on the centroparietal cortex, and the
slower ones on the frontal cortex. Intracranial EEG recordings in epileptic patients
showed that the faster centroparietal spindles (13-15 Hz) often preceded the slower ones
(9-12 Hz) in the frontal region with a time lag of about 0.2-0.5 s (Andrillon et al. 2011,

Molle et al. 2011).

Sleep spindles and slow or gamma oscillations



Spindles and slow oscillations below 1 Hz are organized in space and time
(Molle et al. 2002). In human subjects, fast spindles in the centroparietal region ride on
the positive phase of slow waves, while slow spindles in the anterior middle region ride
on the negative phase of slow waves (Mdlle et al. 2011). It is reported that slow waves
themselves are traveling waves that occur more frequently on the frontal cortex and
propagate from the medial anterior to posterior (Massimini et al. 2004), and that they
occur locally (Nir et al. 2011).

Gamma oscillations (30-120 Hz) are found on the neocortex and in the
hippocampus of humans and animals during both sleep and wakefulness (Buzsaki and
Wang 2012; Takeuchi et al. 2015; Wang 2010). In human, cortical gamma oscillations
are reported during SWS, although the power is higher in rapid eye movement (REM)
sleep than in SWS (Gross and Gotman 1999; Valderrama et al. 2012). Phase-amplitude
coupling of gamma activity with the spindle rhythm is reported in the human (Ayoub et
al. 2012).

Recent studies have suggested that cross-frequency coupling (CFC) between
the neural oscillations may serve as a mechanism to transfer information in large-scale
brain networks (Canolty and Knight 2010). However, the coupling of spindles with slow

and gamma oscillations has rarely been studied.

Sleep spindles and memory

Several lines of evidence have indicated that spindles may be related to the
consolidation of declarative and procedural memory. In human studies, the increase of
spindle density after learning (Fogel and Smith 2011; Gais et al. 2002; Schabus et al.

2006), especially during SWS (Cox et al. 2012) is reported. Essentially the same



phenomenon has been reported also in rodents (Eschenko et al. 2006). Furthermore, it is
reported that auditory closed-loop in-phase stimulation of slow waves during SWS
enhances slow oscillation rhythms, phase-coupled spindles, and the consolidation of
declarative memory (Ngo et al. 2013).

In the two-stage model of memory consolidation, two separate memory stores
are assumed, namely, temporal and long-term stores (Squire 1992). Although the
detailed mechanism for memory transfer between two stores is still unclear, the different
functions for REM sleep and NREM sleep have been proposed (Diekelmann and Born
2010; Peigneux et al. 2001; Rasch and Born 2013). According to the sequential
hypothesis of memory consolidation, recently encoded memory representations are
reactivated and stored in both the temporary and long-term storages on the cortex during
SWS for integration into long-term memory, while REM sleep stabilizes transformed
memories. In agreement with the hypothesis, correlation between the cortical activities
(spindles and slow waves) and the hippocampal high gamma oscillations (ripples) are
reported in SWS of the rodent (Sirota et al. 2003). In SWS of the monkey, activation of
wide cortical regions in relation to hippocampal ripples is reported using functional

magnetic resonance imaging (Logothetis et al. 2012).

Problems and what to do

These findings may lead to the idea that sleep spindle is a part of larger
phenomena that involve both slow (<1 Hz) and gamma oscillations and is related to
memory processing. However, our present knowledge is still insufficient and further
evidence is necessary to clarify the whole situation about sleep spindles. In this study, I

will investigate the following five questions by recording field potentials directly from



the monkey cortex using implanted electrodes during natural sleep via telemetry system:
1) How is the cortical distribution of spindles? 2) Are there multiple rhythm generators
for spindles? Two models are possible to explain the faster and slower spindles. One
model is that a single rhythm generator drives multiple cortical current sources with
changing the frequency. The other is that multiple rhythm generators drive multiple
cortical current sources separately. 3) How are multi-regional spindles temporally
organized? 4) How is the coupling of spindles and slow oscillations? 5) Are there

triggers for generating spindles?



Materials and Methods
Subjects

The experiment was conducted on three adult Japanese monkeys (Macaca
fuscata, one male (MA) and two females (MB and MC), 6-8 kg) in accordance with the
National Research Council/Institute for Laboratory Animal Resources Guide for the
Care and Use of Laboratory Animals, as approved by the institutional ethics committee
of National Institute of Natural Sciences. The present data were recorded as a part of a

larger study protocol for other purposes.

Surgical operation

Electrodes were implanted into the cerebral cortex (areas 9, 46, 8, 6, 4, 1, 5, 7,
32, and 24) (Fig. 1) under ketamine (5 mg/kg administered intramuscularly) and
pentobarbital sodium anesthesia (the initial dose 25 mg/kg, administered intravenousely,
followed by additional injections as needed). They were made of silver wire (diameter
0.2 mm) coated with Tefron. They were cut obliquely (45 degrees) at the tip and the
cross-section surfaces were served as contacts. They were arranged in pairs, with one of
each pairs at the surface (S) and the other at a depth (D) of 2.5-3.5 mm in the recording
sites (Fig. 1B), and were fixed to the skull by acrylic resin and screws.
Electrooculogram (EOG) electrodes were buried in the superolateral part of the orbital
bone and control electrodes were set in the marrow of the parietal bones behind both
ears. Electromyogram (EMG) electrodes were made of two Teflon-insulated 7-strand
stainless steel wires (each wire rod diameter 0.05 mm, external diameter including the
coating 0.23 mm), whose coating was peeled off 5 mm from the tip, and were

subcutaneously placed on the posterior nuchal muscles (the distance between electrodes



was 20 mm).

Recording

Monkeys could move freely in their cages and slept during approximately
10:00 p.m.-6:00 a.m. Light in the room was turned off during 9:00 p.m.-8:00 a.m.
From two weeks after the surgery, cortical field potentials, EOG, and EMG were
recorded using a telemetry system (time constant, 1 s; high-cut filter, 200 Hz; sampling
rate, 500 Hz; 16 channels). The control electrodes were connected together and were
used as a reference. The behavioral condition of monkeys during nights was monitored
by infrared video cameras. Each video frame held time stamp to synchronize with

telemetric data for offline analysis.

Sleep stage classification
Data were segmented into 20 s epochs, and were visually classified into stage
of REM sleep, NREM sleep stages 1-4 (N1, N2, N3, and N4), and wakefullness in a

standard manner used for human sleep classification (Rechtschaffen and Kales 1968).

Automatic detection of sleep spindles

By preliminary visual inspection of data, waxing and waning sinusoidal 12-20
Hz oscillations of about 1 s duration were often appeared in NREM sleep stages, and
were often preceded by k-complexes (Fig. 2A).

Candidate sleep spindles were detected using the following procedures
according to the previous human study (Andrillon et al. 2011): 1) S—D field potentials

were band-pass (12-20 Hz) filtered; 2) the envelope was calculated using Hilbert



transform; 3) spindles were detected when the envelope exceeded the threshold level of
the mean+3SD of the envelope; 4) START and END of spindles were defined to be the
time points where the envelope crossed the mean+SD level.

To confirm that the electric currents of the spindles were generated at the
recording site and were not a result of current spreading from distant cortical regions,
the relative phase of S signal as referenced by D signal was calculated for the band-pass
filtered signals at the every peak of D signal. Spindles were accepted when the mean
phase angle during the interval from START to END was in antiphase (180+90 degrees),
and otherwise rejected.

To avoid false detection caused by wide frequency band events, frequency of
candidate spindles was examined on a time-frequency distribution. The time-frequency
distribution was calculated by Hilbert-Huang transform (Huang 2005; Huang et al.
1998), and the resulted time-dependent Hilbert amplitude spectra were mapped on the
plane whose frequency axis was divided into 200 logarithmic bins from 0.1 to 125 Hz.
Then, a Gaussian filter with a full width at half maximum of 10 bins x 20 ms was
applied to the map. Based on the time frequency distribution, marginal spectra were
calculated for every fourth segment of the time region between START and END.
Spindles were accepted when all the four spectra reached local maxima within the range
of 12-20 Hz, and otherwise rejected. Spindles that passed all the aforementioned criteria
were regarded as significant spindles and were provided for further analysis in the

present study.

Frequency of sleep spindles

In order to determine frequency of individual spindles, marginal spectra from
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START to END were calculated using the time-frequency distribution, and the
frequency at which the spectrum reached the maximum was measured within the range

of 12-20 Hz.

Temporal order of multiple sleep spindles

In order to examine temporal relationship of spindles between different cortical
regions, cross-correlogram of START pulses was calculated for all available
combination of recording sites. To estimate the probability density function of
occurrence of spindle, the cross-correlogram was smoothed using a Gaussian kernel
with a full width at half maximum of 0.5 s. Significance of correlation was statistically
evaluated using the mean and SD of randomly shuffled same data.

The time lag of peaks in the cross-correlogram gives information about how
spindles in one recording site tend to precede or follow those in the other site. In order
to estimate the timing sequence of spindles in the whole recording sites using the
telemetric data which covered only subset of the recording sites simultaneously, |
assumed that the time lags are constant. By repeatedly measuring the time lags for all
available combination of recording sites across days, simultaneous linear equations are
constructed. | collected sufficient number of data, so that the equations became an
overdetermined system. The best estimate of relative time lags between whole recording

sites are determined by a least-squares method.

Ratio of concordant spindles between separate regions
The statistical significance in the above cross-correlogram is not a quantitative

measure for the rate of concordant spindles. For quantitative evaluation about how
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many spindles were appeared in a correlated manner between different recording sites,

NapX2

, where N and Ng are the total number
Np+Np

concordance index Q was defined as Q =

of spindles in two recording sites A and B, and Nag is the number of spindles in A that
occurred in a correlated manner with spindles in B. Nag is calculated as the area
exceeding the mean line under the peak in the cross-correlogram within the time
interval in which the cross-correlogram exceeds the mean+2SD line. The value of Q
ranges between 0 and 1, and Q=1 indicates a complete correlation where all the spindles
in A and B take place in a correlated manner, while Q=0 indicates that none of spindles

are correlated.

Frequency of concurrent spindles

In order to examine whether spindle frequency is affected by other spindles that
are generated in different regions, the frequency of concurrent spindles was compared to
that of non-concurrent spindles, and the null hypothesis of no effect was tested by
two-way analysis of variance (ANOVA) using recording site and concurrency as main
factors. In addition, linear correlation of frequency between concurrent spindles was
assessed using Pearson product-moment correlation coefficient, and the null hypothesis
of no linear correlation was tested. In either case, the statistical results were assessed at
significance level of 5%. Two spindles were regarded as concurrent when their

START-END intervals were overlapped.

Cross-frequency coupling between spindles and slow waves
To figure out slow potential shifts around sleep spindles, S—D potentials

aligned at each START of spindle were averaged. In addition, in order to analyze
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phase-amplitude coupling between spindles and slow waves, | measured the phase of
slow waves (0.1-1 Hz) at each START of spindles. The analysis was carried out using
exclusively the time regions in which the phase of slow waves was reversed between S

and D. The instantaneous phase of slow waves was calculated using Hilbert transform.

Phase relationship between slow waves

The phase relationship of slow waves (0.1-1 Hz) was examined between
various recording sites. S—D, S, and D potentials were separately band-pass (0.1-1 Hz)
filtered using Fourier transform, and their instantaneous phases were calculated using
Hilbert transform. To minimize the effects of current spreading, the phase difference
between two S—D potentials was calculated, exclusively for the data segments in which

slow wave phases are reversed (180+90 degrees) between S and D.

Statistical analysis of phase angle

For statistical analysis of phase locking, the null hypothesis of uniformity for

the phase angle was tested using the Rayleigh statistic (Lord Rayleigh 1880), R= % :

where r is a unit vector of phase angle. The value of R ranges from 0 to 1, and R=1

indicates complete phase locking.

Cross-frequency coupling between spindles and gamma oscillations

In order to examine amplitude-amplitude coupling between gamma oscillations
and spindles, the time-frequency distribution was averaged separately at the time point
of START of spindle and at the timing of the peak amplitude of the envelope (PEAK).

The result is normalized to the z-score using surrogate time-frequency distribution

13



calculated from randomly sampled non-spindle regions of the same data. To determine
the timing of gamma increase, time dependent gamma band amplitude was calculated
from the time-frequency distribution for two gamma bands (40-80 Hz and 80-120 Hz).
Among the two bands, the one that had the larger maximal z-score was used in the
subsequent analysis. The threshold for detection of gamma increase was set to 95%
confidence interval after Bonferroni correction for multiple comparisons. The start and
end of gamma activity were defined as the time points where the gamma band activity
crossed the threshold. In order to examine whether the recorded gamma band activity
was generated at the recording site, phase of S signal as referenced by D signal was
measured at every peak of D signal. This analysis was carried out in the time region
from the gamma start to the spindle START. The time region after the spindle START
was excluded from the analysis to avoid possible interference by harmonics of spindles.

The significance of result was assessed using the Rayleight statistic R.

Recording sites

After recordings, the monkeys were deeply anesthetized with pentobarbital
sodium (more than 50 mg/kg administered intravenously) and perfused through the
heart with 10% formaldehyde neutral buffer solution. The electrode tracks were

identified and plotted on a standard brain map.
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Results
Database

Total number of recording days was 95 days (Monkey MA, 25 days; MB, 19
days; MC, 51 days) and total number of recording sites was 88 (MA, 30; MB, 32; MC,
26) (Fig. 1A and C). Total length of sleep was 763.4 h (MA, 200.3 h; MB, 149.8 h; MC,
413.3 h) and the total length of each sleep stage was 133.8 h during N1 (MA, 31.6 h;
MB, 28.7 h; MC, 73.5 h), 161.7 h during N2 (MA, 51.6 h; MB, 39.4 h; MC, 70.2 h),
171.4 h during N3 (MA, 37.6 h; MB, 30.2 h; MC, 103.6 h), 207.8 h during N4 (MA,
50.1 h; MB, 35.7 h; MC, 122.0 h), and 89.1 h during REM (MA, 29.4 h; MB, 15.8 h;
MC, 44.0 h). The data in the monkey showed characteristic patterns in each sleep stage
in a consistent manner with the patterns in the human polysomnography, including
spindles, k-complexes, vertex sharp waves, slow waves, rapid eye movements, and
EMG. The number of NREM-REM cycle was 7.9+2.1 (meantSD) a night, (MA,

9.1+2.2; MB, 7.6%1.7; MC, 7.4+2.0).

General statistics of spindles

| found the total number of 183424 sleep spindles during N2-4 (N2, 48607; N3,
60718; N4, 74099). The mean spindle density per electrode was 1.9+1.3 min™ during
N2-4 (N2, 1.9+1.0 min; N3, 2.0+1.3 min™; N4, 1.8+1.5 min™), and there was no
significant difference in the density between sleep stages (one-way repeated measures
ANOVA, F=0.47, df=2, p>0.6). Spindles were identified at 83 (MA, 28; MB, 30; MC,
25) of the total 88 recording sites, which were distributed in areas 46d, 46v, 9, 8a, 8b, 6,
5,7, 32, and 24 as well as the primary motor (M1), the primary somatosensory (S1), and

the supplementary motor areas (SMA) (Fig. 3C). The duration of spindles was
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0.83+0.26 s (N2, 0.83+£0.27 s; N3, 0.84+0.27 s; N4, 0.81+0.25 3).

Amplitude of spindles

The peak amplitude of spindles was 39+26 1V during N2, 33+23 pV during N3,
and 31+23 uV during N4. The difference was statistically significant between N2 and
N3, and between N3 and N4 (one-way repeated measures ANOVA, F=822, df=2,
p<107%; Scheffe’s test, p<10™®). The averaged amplitude of spindles was 23+14 pV
during N2, 20£13 pV during N3, and 19+13 pV during N4. The difference was
statistically significant between N2 and N3, and between N3 and N4 (one-way repeated

measures ANOVA, F=838, df=2, p<10°%; Scheffe’s test, p<10™).

Frequency of spindles

In order to certify that spindles were successfully detected, the mean spectrum
during the interval between START and END and that of non-spindle periods during
N2-4 were compared. A result in Monkey MA is shown in Fig. 3A. The former (red)
showed a peak in the range of spindle band (12-20 Hz), while the latter (blue) showed
no clear peak, giving an evidence for successful detection of spindles.

Frequency of individual spindle was measured and the distribution was shown
as histograms for areas 8a (A8a), 1 (S1), and 24 (A24) in Monkey MA (Fig. 3B). The
spindles in these recording sites are different from each other in the frequency
distribution. The mean frequency in each channel was measured, and was mapped on
the brain image (Fig. 3C). The result depicted a topographical distribution of frequency
of spindles on the cortex. One-way ANOVA confirmed that the frequency is different

between cortical areas (F=17.1, df=12, p<3x10°). The fastest spindles (>15 Hz) were
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distributed in the dorsolateral prefrontal cortex (areas 46 and 8a). The frequency in areas
46d and 46v was significantly higher than any other areas except for area 8a (Scheffe’s
test, p<0.05). Spindles of intermediate frequency (14-15 Hz) were seen in the
centroparietal and medial prefrontal areas, and the slowest ones (<14 Hz) appeared in
the mesial frontal areas (areas 32 and 24). The map also shows the spindle density (Fig.
3C). In Fig. 3D, the mean frequency and mean density are plotted for each area. The
difference of density between cortical areas was statistically significant (one-way
ANOVA, F=11.6, df=12, p<3x10™?). There was a significant positive linear correlation

(r=0.864, p<0.0002) between the frequency and the density (Fig. 3E).

Concordant and non-concordant spindles

In the example raw data in Fig. 2A, spindles in different areas appeared
sequentially within a short interval. In order to assess whether this happened by chance
or not, cross-correlation of START pulses was calculated. In Fig. 4A, cross-correlation
is plotted for area 8a vs. S1 and area 24 vs. S1. In both cases, a significant increase in
cross-correlation was observed (area 8a vs. S1, p<2x10°%: area 24 vs. S1, p<4x10?
after Bonferroni correction for multiple comparisons). Among 210 available pairs of
recording sites, 170 pairs showed significant increase in cross-correlation. For the 170
significant pairs, the concordance index Q was calculated. The distribution of Q is
displayed in a histogram (Fig. 4B). In 75% of pairs, Q was below 0.1, while the highest
value was 0.48. For inter-areal comparison of Q, the mean Q for each areal pair was
shown (Fig. 4C), and Q was displayed on the brain map (Fig. 4D). The higher rate
(Q>0.1) was seen in several pairs between bilaterally symmetrical regions (areas 9-9

and S1-S1) and between nearby regions (for example, areas 46-9, 46-46, 9-9, 9-8, 8-8,
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9-32, 9-SMA, 8-SMA, SMA-SMA, 5-S1, and S1-S1 in the same hemisphere). These
results indicate that most spindles occurred independently, although there was a

significant correlation between spindles in different regions.

Temporal order of spindles in different regions

In order to examine temporal relationship between spindles in different regions,
I measured time lags of the peak in the cross-correlogram across all the available pairs.
For example, in the pair between area 8a and S1, the time lag was —0.12 s, while it was
0.64 s between area 24 and S1. The results were compiled and mapped on the brain
image as relative values to the spindles in the right S1 (Fig. 5). One-way ANOVA
revealed a significant difference in the time lag between cortical areas (F=14.6, df=12,
p<4x10™%). In the medial frontoparietal cortex, the mean time lags in areas 8b, 24, and
32 were 0.33 s, 0.38 s, and 0.53 s, respectively, and the difference as compared to that in
S1 was statistically significant (Scheffe’s test, p<0.05). In contrast, in most areas in the
dorsolateral frontoparietal cortex (areas 46, 9, 8a, 6, 5, and 7 and M1), the mean time
lag in each area was within the range [-0.02 s, 0.13 s], and the difference as compared
to that in S1 was not statistically significant (Scheffe’s test, p>0.05). The result shows

that spindles in the medial part are delayed as compared to those in the lateral part.

Frequency interaction of concurrent spindles

The above results indicate that spindles of different mean frequencies can occur
concordantly. Consequently, the question arises whether the frequency of spindles in
each area is modulated when they occur concurrently with spindles in other area.

Frequency interaction of spindles was examined across the pairs of recording sites by
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three criteria: 1) frequency difference of non-concurrent spindles in two regions was
significant or not; 2) in ANOVA, the effect of concurrency on the frequency is
significant or not; 3) the frequencies of a concurrent pair of spindles were linearly
correlated or not. For convenience, the three criteria are denoted as FD (frequency
difference), FS (frequency shift), and FC (frequency correlation), respectively, and
‘+/— stands for ‘significant/non-significant’. FD classifies the property of
non-concurrent spindles, and FS+ and FC+ indicate the existence of significant
interaction between the frequencies of concurrent spindles.

The total 210 pairs were classified into six different patterns as follows; (a)
[FD—, FS—, FC—] (72 pairs), (b) [FD+, FS—, FC—] (107 pairs), (c) [FD+, FS+, FC-] (3
pairs), (d) [FD—, FS—, FC+] (11 pairs), (e) [FD+, FS—, FC+] (11 pairs), and (f) [FD+,
FS+, FC+] (6 pairs). Theoretically, two more patterns can be supposed; (g) [FD—, FS+,
FC-] and (h) [FD—, FS+, FC+]. However these two patterns were not detected. An
example for each pattern is shown in Fig. 6A(a)-(f), and the cumulative result is
displayed on the brain map (Fig. 6B). Patterns (a) and (b) are the cases with no
significant interaction, while patterns (c), (d), (e), and (f) are the cases with significant
interaction. Thus, no significant interaction was found in 179 pairs, while a significant
interaction between concurrent spindles was found in the rest 31 pairs. The pairs of
significant interaction were seen in several pairs between bilaterally symmetrical
regions (areas 9-9 and S1-S1) and between nearby regions (for example, areas 46-9,
46-46, 9-9, 9-8, 9-32, 6-24, 9-SMA, 6-SMA, 8-SMA, SMA-SMA, 5-S1, 7-S1, M1-S1,
and S1-S1 in the same hemisphere). In the patterns of (b), (c), (e), and (f) with [FD+],
the frequency difference between concurrent spindles in two regions was also

statistically significant. This result indicates that spindles of different frequencies
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concurrently took place in these patterns. In the patterns of (d), (e), and (f) with [FC+],
the correlation coefficient was always positive in all the 28 pairs, indicating a positive
linear correlation. In the patterns of (c) and (f) with [FD+, FS+], the difference of mean
frequency between two areas was narrower in the concurrent spindles than in the

non-concurrent spindles in 7 of the total 9 pairs.

Cross-frequency coupling between spindles and slow waves

In Fig. 2A, two spindles in area 8a ride on approximately the same phase of the
slow waves (orange line) extracted by a band-pass filter (0.1-1 Hz). In order to
investigate whether spindles are related to slow potential shifts, | averaged raw data at
the timing of START. Example results are shown for area 8a, S1, and area 24 in Monkey
MA (Fig. 7A). Slow waves that have a period of more than 1 s can be seen around the
START. Essentially the same effects were observed in various recording sites (data not
shown). That indicates that spindles were superimposed on slow component (< 1Hz).
The polarity of slow component was dependent on the area.

Then, the phase angle of slow waves (0.1-1 Hz) at START of spindles was
measured. Example results are shown in Fig. 7B for the same recording sites as in Fig.
7A. They were shown as circular histograms, in which 0 degrees indicated the negative
peak and 180 degrees the positive (see Fig. 7C). The mean phase angle for these
examples was 182 degrees, 32 degrees, and 325 degrees, respectively, and the phase
locking was statistically significant in all the three (N=642, R=0.35, p<2x107%; N=1601,
R=0.44, p<3x10™%; N=173, R=0.60, p<3x10°). The mean phase angle was calculated
for all cortical spindle sources, and was shown on the brain map (Fig. 7D).The phase

locking was statistically significant in 58 sites of the total 83 cortical spindle sources
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(p<0.05 after Bonferroni correction for multiple comparisons). The result shows that
spindles in the lateral anterior tended to start on the positive phase of slow waves, while
spindles in the centroparietal and the mesial frontal areas were inclined to occur on the

negative phase.

Phase relationship between slow waves

In order to examine the phase relationship of slow waves versus slow waves in
various cortical areas, the phase angle of slow waves (0.1-1 Hz) was measured as
referenced to the slow waves in the right S1. Only the data recorded simultaneously
with the reference channel in S1 were used in this analysis. The example results
obtained from area 5 and 8a in Monkey MA are shown in Fig. 8A. The mean phase
angle for these examples was 34 degrees and 206 degrees, respectively, and the phase
locking was statistically significant in both sites (N=6353, R=0.57, p<10~°%; N=1960,
R=0.29, p<3x107). The cumulative result was shown on the brain image (Fig. 8B). The
phase locking was statistically significant in 35 sites of the total 37 available recording
sites (p<0.05 after Bonferroni correction for multiple comparisons). The result indicates
that phase angle of slow waves is reversed between the central region and the prefrontal
region. The boundary seems to be between M1 and area 6. In addition, the phase angle
seems to be reversed between the central region and area 7, although the number of data

points is small.

Cross-frequency coupling between spindles and gamma oscillations
In the time-frequency distribution of a single spindle (Fig. 2E), gamma activity

(40-120 Hz) is seen before START in parallel with 1-5 Hz activity reflecting the

21



k-complex and slow waves below 1 Hz. In order to examine the detailed property of
gamma activity around spindles, the time-frequency distribution was averaged
separately at the timings of STARTs and PEAKS of spindles, and the resulted maps were
normalized to z-score. Example results are shown for area 8a and S1 in Monkey MA
(Fig. 9A). The upper row shows maps aligned at START, and the lower shows ones
aligned at PEAK. Both in area 8a and S1, gamma activity was significantly increased
before START, and the increase lasted to about the time point of PEAK. There can be
seen also slow waves (<1 Hz) and 1-5 Hz activity that presumably corresponds to
k-complexes around the spindle.

The mean gamma phase difference between S and D was in anti-phase (179
degrees and 179 degrees for area 8a and S1, respectively), and the phase locking was
statistically significant (N=1185, R=0.28, p<3x10™% N=2360, R=0.66, p<107%
respectively) (Fig. 9B). The result indicates that these gamma activities were probably
generated at the recorded sites.

Recording sites were identified as significant gamma generators, when both the
gamma increase and phase reversal were statistically significant. The distribution of
significant gamma activity was plotted with filled marks in Fig. 9C. The color of the
marks denotes the onset time of gamma activity as measured from spindle START in
each recording site. Among 83 cortical spindle sources, 40 sites were identified as
significant gamma generators. They were found in areas 9, 46, and 8 in three monkeys,
areas 6 and 7 in Monkey MA, area 32 and SMA in Monkey MC, and S1 in Monkeys
MA and MC. The timing of gamma onset was —0.29+0.14 s. When the timing of gamma
onset measured from the START of S1 spindle was estimated using the intercortical

spindle time lags determined in Fig. 5, it was —0.20£0.11 s. The latter deviation (0.11 s)
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was smaller than the former (0.14 s), although the difference was not statistically
significant (F-test, p>0.09). The mean duration of gamma increase was 0.49+0.28 s. The
timing of gamma end was 0.19+0.25 s as measured from spindle START, and
—0.13£0.25 s as measured from spindle PEAK. The results indicate that short bursts of
gamma oscillations emerged before the spindle START and lasted to about the spindle

PEAK.
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Discussion
Similarity between humans and monkeys

Regarding the characteristic short bursts of 12-20 Hz rhythmic waves during
sleep in the cortical field potentials of the monkey, | propose that the activity is
equivalent to the sleep spindles in the human by the following homologies. 1) The
frequency is similar between the human sleep spindles and the monkey counterpart. In
the present study, the individual spindle in the monkey was collected in the range of
12-20 Hz, and the mean frequency in each recording site distributed between 13-17 Hz.
Although this range is slightly higher than that of the human spindles (11-16 Hz)
(Nakamura et al. 2003; Silber et al. 2007; Werth et al. 1997; Zeitlhofer et al. 1997;
Zygierewicz et al. 1999), the difference may be attributable to species difference
between the monkey and the human. 2) The duration (0.83+0.26 s) is comparable to that
reported in the human (0.5-1.2 s) (Nicolas et al. 2001; Zeitlhofer et al. 1997). 3) The
mean spindle density per electrode (1.9 min™) is in accordance with the value reported
in intracranial recordings in the human (1.8 min™* in frontal lobe; 1.3 min™ in parietal
lobe) (Andrillon et al. 2011). 4) The NREM-REM modulation of spindles and other
patterns such as k-complexes, vertex sharp waves, slow waves, EOG, and EMG seems
similar to those in the human. The number of cycles (7.9+2.1) per night in the present
study overlaps with 4-6 cycles in the human (Kandel 2000; Le Bon et al. 2002;
Preud’homme et al. 2000).

According to the above similarities, the spindles in the monkey may be useful

as a functional model of the human sleep spindles.

Localization of cortical current generators of spindles
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In human EEG, sleep spindles are most frequently recorded over the central
head regions (McCormick et al. 1997). The source regions were estimated in the
dorsolateral and medial frontal cortex and parietal cortex (Anderer et al. 2001; Ishii et al.
2003; Manshanden et al. 2002; Schabus et al. 2007). The present study confirmed the
current generators of spindles in wide cortical regions including the prefrontal,
centroparietal, and mesial frontal cortices using direct recording with transcortical
electrode pairs (Fig. 3C). It seems that virtually all cortical areas can generate spindles,

because no cortical area was specifically determined as a spindle-free area so far.

Frequency of spindles

In the human, it has been recognized that the frequency of centroparietal
spindles is higher and that of frontal spindles is lower (Jankel and Niedermeyer 1985).
The present study revealed that each cortical source generated spindles around a
particular frequency for each source (Fig. 3C). However, the topographic pattern of the
frequency in the monkey was different to the human in that the frequency of the
monkey was higher in the prefrontal region than in the centroparietal. The reason for
this difference is unknown. More developed prefrontal cortex or larger dimension in the
human brain may cause the difference.

In addition, a significant positive correlation between spindle frequency and the
spindle density was found (Fig. 3E). That suggests a close relationship between the
rhythm generator and the triggering system of spindles. The previous studies in cats
under ketamine/xylazine anesthesia suggested that the recurrent inhibitory loop between
the thalamic reticular nucleus (TRN) neurons and thalamo-cortical neurons may play an

important role in the generation of the spindle rhythm (Steriade et al. 1990). The
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properties of thalamocortical neurons such as membrane potential might be reflected on

both the rhythm and spindle density.

Concordant and non-concordant spindles

In the human, it is reported that the majority of spindles take place
independently in local cortical regions, while relatively small number of spindles occur
concomitantly across multiple regions (Andrillon et al. 2011; Nir et al. 2011). The
present study revealed that spindles have significant tendency to occur concordantly in
different recording sites, although the concordance rate is relatively low in most of pairs
of the recording sites (Fig. 4B). That is in good accordance with the human results.
Furthermore, the present result showed that the concordance rate was relatively high in
some of the pairs between bilaterally symmetrical regions and between nearby regions
(Fig. 4CD). These combinations overlap to the cortical regions which have
corticocortical connections via the commissural fibers and the short association fibers
(U-fibers) (lwamura 2000; Jones and Hendry 1980; Karol and Pandya 1971; Morris et
al. 1999 ). The corticocortical links may play an important role in the synchronized
initiation of spindles. Crossed thalamocortical and corticothalamic projections (Molinari
et al. 1985; Preuss and Goldman-Rakic 1987) and crossed projections from the TRN to
the thalamus (Raos and Bentivoglio 1993; Rinvik 1984) may also contribute to the

bilateral synchronization to some extent.

Temporal organization of spindles
In human studies, it is reported that fast spindles in the centroparietal cortex

tend to precede slow ones in the anterior with a time lag of about 0.2-0.5 s (Andrillon et
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al. 2011; Molle et al. 2011). The present study revealed a detailed temporal organization
of the spindle generation that spindles tend to occur sequentially in a lateral-medial
order (Fig. 5). The time lag from the lateral to the mesial was approximately 0.5 s.

There was a tendency that fast spindles precede slow ones also in the monkey. However,
no significant difference in the timing was noted between the prefrontal area 46 and S1,
although spindles in these areas had different frequencies. Therefore, the time lag may

be better interpreted as a correlate of laterality than as a correlate of frequency.

Multiple rhythm generators of spindles

It has been a matter of debate whether the oscillations of fast and slow spindles
are derived from independent rhythm sources or simply the result of modulation of a
single rhythm generator (De Gennaro and Ferrara 2003; Mascetti et al. 2011; Rasch and
Born 2013). The present results indicated that spindles of different frequencies can
simultaneously take place ([FD+] in Fig. 6). That suggests the existence of multiple
rhythm generators of spindles. This is in accordance with human studies using
magnetoencephalography, low-resolution brain electromagnetic tomography, or
intracranial electrodes (Anderer et al. 2001; Andrillon et al. 2011; Dehghani et al. 2010).
As spindle rhythms are assumed to be generated by circuits including the thalamus and
TRN (Steriade et al. 1990), multiple rhythm generators may coexist for different cortical
regions. This is because the projections between the cortex and TRN and between the
cortex and thalamus are segregated between cortical regions in a topographic manner
(Guillery et al. 1998; Jones et al. 1979; Rouiller and Welker 2000; Schell and Strick

1984; Zikopoulos and Barbas 2006).
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In the majority of the recording sites, the frequency was not affected by other
spindles concurrently occurred in other regions ([FS—, FC—] in Fig. 6). The results
suggest that each rhythm generator is mostly independent from other generators.
However, in several combinations of the recording sites, significant interactions
between two rhythms were observed. | found two types of interactions. One is the shift
of frequency distribution mostly in the direction to lessen the frequency difference
([FS+] in Fig. 6). The other is the positive linear correlation of frequency between two
regions ([FC+] in Fig. 6). These interactions were noted in some of the combination
between bilaterally symmetrical regions and between nearby regions. The pairs were
overlapped with the pairs with higher concordance index Q. In these pairs, the
corticocortical connections and the crossed projections between the thalamus and the

cortex or TRN may cause entrainment of oscillations.

Correlation between spindles and slow waves

The present study showed that spindles in each cortical region occurred
preferentially around a particular phase of slow waves at the recording sites (Fig. 7). In
the dorsolateral prefrontal cortex, spindles occurred around the positive phase of slow
waves, while, in the centroparietal cortex, spindles appeared around the negative phase.
Because the dorsolateral prefrontal cortex produces the faster spindles and the
centroparietal cortex generates the slower ones, this result is in good accordance with
the human result that fast spindles ride on the positive phase of slow waves, while slow
spindles ride on the negative phase(Molle et al. 2011; Mdlle et al. 2002).

In addition, the present study revealed a phase relationship among slow waves

in different regions (Fig. 8). There is a tendency that phase of slow waves is reversed
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between the prefrontal cortex and the sensorimotor cortex. The phase at the posterior to
the intraparietal sulcus is also reversed as compared to the sensorimotor cortex,
although more number of recording sites may be required for confirmation. This phase
relationship may explain the reason why fast spindles and slow spindles ride on the
opposite phases of slow waves. As shown in the present study, spindles in various sites
have tendency to take place sequentially within a time lag of 0.5 s, while slow waves
themselves have phase relations. Consequently, spindles in the prefrontal and the
sensorimotor cortices are observed on the opposite phases of slow waves.

K-complexes may partly contribute to the correlation between slow waves and
spindles, because they often precede spindles predominantly in frontal regions (for
example, Fig. 2A) and contain slow components (<1 Hz) as well as delta band (1-4 Hz)
activity (Amzica and Steriade 1997; Colrain 2005; Happe et al. 2002; McCormick et al.
1997).

Recent observations in the human have shown that slow waves during SWS
can be regulated locally (Nir et al. 2011) and can propagate over the cortex as a
travelling wave (Massimini et al. 2004). In contrast, the present results suggest a global
regulation of slow waves. Although the reason for this difference is unknown, it may be

caused by the difference in the brain size between humans and monkeys.

Correlation between spindles and gamma oscillations

The present study revealed that an increase in the amplitude of gamma
oscillations preceded the START of spindles with a time lag of 0.29+0.14 s (Fig. 9).
The increased gamma activity lasted about 0.5 s, and then decreased around the time

point of peak amplitude of spindles. When the gamma activities are aligned at the
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START of S1 spindle using the intercortical spindle time lags determined in Fig. 5, the
time lags of gamma onset become 0.20+0.11 s. Because the deviation measured from
the S1 START is smaller than the deviation measured from the START in each
recording site, it may be better to say that the gamma increase is globally time locked
together than to say that it is locked to spindle onset in each recording site.

The gamma increase before the spindle has not been reported to our knowledge.
In human epileptic patients, it is reported that cortical gamma oscillations during NREM
sleep emerge preferentially on a certain phase of slow waves synchronously in many
different cortical areas (Le Van Quyen et al. 2010; Valderrama et al. 2012). Gamma
activity coupled with spindle is reported in the human (Ayoub et al. 2012). They seem

partially in accordance with the feature of gamma activity found in the present study.

Functional significance

The present study showed that spindles in different regions are driven by their
own rhythm sources, nevertheless they are temporally and spatially related with each
other, and that they are correlated with slow waves and gamma oscillations. Such
interactions may serve as a functional basis to transfer information in large-scale brain
network during memory consolidation (Canolty and Knight 2010). Although detailed
explanation of the neural mechanism for these correlations is beyond the scope of the
present study, a possible mechanism has been proposed by Steriade (Steriade 2006).
According to the theory, cortically generated slow oscillation is effective in integrating
different rhythms including spindles and gamma rhythms through corticocortical and

corticothalamic drives.
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Because the prominent inter-spindle correlations were found between the
bilaterally symmetrical regions and between the nearby regions, corticocortical
connections and crossed projections between the thalamus and the cortex or TRN may
play a significant role in the spatiotemporal correlations of spindles. The
cross-frequency couplings suggest that the triggering system for spindles is linked with
slow waves and gamma oscillations. Because the gamma increase is limited within a
short time region around the spindle START, they may serve as a direct trigger of
spindles. However, it is unexplained that some cortical spindle sources showed no
significant gamma increase. Causal relationship between the gamma activity and

spindle should be further investigated.

Conclusion
The present study revealed a constellation of correlations between spindles and
slow and gamma oscillations in the monkey. They may be a clue to understanding the

mechanism for information processing during SWS.
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Figure legends

Figure 1. Arrangement of recording electrodes. (A) Symbols indicate the position of
electrodes. Symbols placed adjacent to sulci stand for recording sites in the banks of
sulci. (B) Schematic examples of the surface (S) and depth (D) electrodes. (C) The
number of electrodes is shown for each area. Abbreviations: A, area; SMA,

supplementary motor area; M1, primary motor area; S1, somatosensory area.

Figure 2. Automatic detection of spindles. (A) Segment of the raw waveform of S—-D
potentials recorded from A8a, S1, A6 and A24 in Monkey MA during stage N4 is shown.
Pink and green circles indicate START and END of spindles automatically detected.
Orange lines are band-pass filtered (<1 Hz) waveforms. (B) The first step of spindle
detection. Raw data (black) were band-pass filtered (light blue) and the envelope was
extracted (blue). Spindles were detected (red envelope) at the threshold of mean+3SD
(red broken line) of the envelope. START (pink circle) and END (green circle) were
determined by the mean+SD line (green broken line) (see text). (C) The second step of
detection. Phase difference within the spindle band between S and D was measured at
every peak of D (vertical lines). (D) For the exemplified spindle in C, the phase
difference between S and D is displayed in a circular histogram. (E) The third step of
detection. The spectral profile of spindle was examined on a time-frequency
representation. The interval between START and END (pink and green vertical lines)
were separated into 4 sections (a-d) and the marginal spectra were calculated for
respective sections. (F) The marginal spectra were plotted. Note that all spectra have a

peak within the spindle band (12-20 Hz: the interval between horizontal lines).
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Figure 3. Frequency and density of spindles. (A) The mean spectra of spindles (red
line) and that of non-spindle periods (blue line) in A8a in Monkey MA are shown.
Logarithmic scale is used for frequency axis. (B) The frequency distributions of
spindles in A8a, S1, and A24 in MA are shown. The positions of recording sites are
shown in C with corresponding asterisk, dagger, and double-dagger. (C) The mean
frequency and density of spindles are shown. Symbol color indicates frequency and the
size stands for density. Open symbols stand for the sites with no significant spindles.
(D) Red marks stand for spindle density, while blue marks show frequency in each area.
The dots and bars represent mean and standard error of mean. (E) Correlation between

the density and frequency of spindles are shown in an xy-plot.

Figure 4. Concordant and non-concordant spindles. (A) The cross-correlation of
START pulses is shown for A8a vs. S1 and A24 vs. S1 in Monkey MA. The green and
red lines are the mean and mean+2SD levels of randomly shuffled same data. The
positions of recording sites are shown in D with corresponding asterisk, dagger, and
double-dagger. (B) The distribution of concordance index Q is displayed in a histogram.
(C) The mean Q is displayed for various areal pairs separately for contralateral and
ipsilateral combinations. Open squares represent non-significant pairs, and grey ones
mean no data were available. (D) The pairs with significant correlation are connected by

colored lines. Black lines indicate non-significant pairs. Color scale is for B, C, and D.

Figure 5. Time lags of spindles. The relative time lags of spindle START as referenced
to the spindle START in right S1 are shown. The bordered symbols in the right S1

indicate the reference channel in each monkey. Color shows time lag.
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Figure 6. Frequency of concurrent spindles. (A) Frequency of spindles is compared
between a pair of recording sites (red and light blue). Four histograms in a column show
frequency of non-concurrent spindles (top and bottom) and concurrent spindles (second
and third). Vertical blue lines stand for the mean frequency. The images below the
histograms are xy-plots to explore the linear correlation between concurrent spindle
pairs. The x and y axes correspond to the frequency in the second (light blue) and third
(red) histograms, respectively. A Gaussian filter with a full width at half maximum of
0.7 Hz x 0.7 Hz was applied to the plots for presentation purposes only. The behavior of
frequency was examined from the viewpoints of frequency difference (FD), frequency
shift (FS), and frequency correlation (FC). By repeating the analysis across all the
available pairs, each pair was classified into one of the six patterns of (a)-(f) (see
Results). The positions of recording sites are shown in B with corresponding letters a-f.

(B) The classification into the six patterns is displayed on the brain map.

Figure 7. Correlation between slow waves and spindles. (A) The averaged raw data at
the timing of START in A8a, S1, and A24 in Monkey MA are shown. The positions of
recording sites are shown in D with corresponding asterisk, dagger, and double-dagger.
(B) The slow-wave phase at the timing of START in A8a, S1, and A24 in MA is shown.
(C) The coordinate system of phase used in the present study is shown. (D) The mean
slow-wave phase at the timing of START is displayed. The size of symbols indicates the
degree of phase locking (Rayleigh statistic R). Open symbols denote that phase locking

was not statistically significant.
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Figure 8. Correlation between slow waves. (A) The slow-wave phases in A5 (left) and
in A8a (right) as referenced to the phase in S1 in Monkey MA are shown. The positions
of recording sites are shown in B with corresponding asterisk and dagger. (B) The mean
slow-wave phase in each recording site is mapped on the brain image. The bordered
symbols in the right S1 indicate the reference channel in each monkey. Open symbols

denote that phase locking was not statistically significant.

Figure 9. Correlation between gamma oscillations and spindles (A) The mean
normalized time-frequency distribution aligned at START (top) and PEAK (below) is
shown for A8a and S1 in Monkey MA. Black contour lines represent the significance
threshold at p<0.05 after Bonferroni correction. Note that the increase in the gamma
band precedes START. The positions of recording sites are shown in C with
corresponding asterisk and dagger. (B) The phase difference of gamma oscillations
between S and D is shown. (C) The onset time of gamma increase as measured from
START in each recording site is shown. Open symbols mean that no significant gamma

activity was identified. The mean onset time was —0.29+£0.14 s.
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