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Spatiotemporal organization of sleep spindles and their

cross—frequency coupling in the primate cerebral cortex

+ & #fz e IE
Bz mE 8
H B #iE

HEHR 2R il

M R Emak AR KRR




G 2)
(Separate Form 2)

LN DEE
Summary of thesis contents

The neural mechanism of information processing during sleep is a current
topic of investigation. The sleep spindle, an electroencephalographic (EEG) feature of
non-rapid eye movement stage sleep, has been implicated in thalamic sensory gating,
cortical development, and memory consolidation. 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. The multiple
functions of spindles may depend on specific spatiotemporal emergence and
interactions with other spindles and other forms of brain activity. 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
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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
likely 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
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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.
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