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Sequential motor behavior requires a progression of discrete preparation and execution states. However, the organization of state-
dependent activity in neuronal ensembles of motor cortex is poorly understood. Here, we recorded neuronal spiking and local field
potential activity from rat motor cortex during reward-motivated movement and observed robust behavioral state-dependent coordi-
nation between neuronal spiking, y oscillations, and 6 oscillations. Slow and fast y oscillations appeared during distinct movement states
and entrained neuronal firing. 7y oscillations, in turn, were coupled to 6 oscillations, and neurons encoding different behavioral states
fired at distinct phases of 6 in a highly layer-dependent manner. These findings indicate that 6 and nested dual band -y oscillations serve
as the temporal structure for the selection of a conserved set of functional channels in motor cortical layer activity during animal
movement. Furthermore, these results also suggest that cross-frequency couplings between oscillatory neuronal ensemble activities are

part of the general coding mechanism in cortex.

Introduction

Synchronous neuronal firing is considered to bind cortical neu-
rons into cell assemblies that engage in specific computational
functions. Synchronized spikes can exert a strong impact on
downstream neurons and hence control the transmission of in-
formation between distinct cell assemblies. For example, oscilla-
tions in the y band (30-120 Hz) provide a mechanism to induce
synchronized spiking among neurons processing sensory (Wom-
elsdorfand Fries, 2007; Gregoriou et al., 2009), memory (Pesaran
et al., 2002; Jutras et al., 2009; Quilichini et al., 2010), and motor
information (Murthy and Fetz, 1996; Lee, 2003; Szurhaj and De-
rambure, 2006). These fast oscillations are sometimes accompa-
nied, or nested hierarchically, by lower-frequency oscillations
in the 6 band (4-10 Hz) in memory-related cortical areas
(Quilichinietal., 2010), including hippocampus (Bragin et al.,
1995; Lisman and Redish, 2009).

Recently, progress has been made to understand the precise
roles of oscillations at different frequencies and their cross-
frequency coupling in neural circuit function. Slow (30-50 Hz)
and fast (60-120 Hz) vy bands coupled to 6 oscillation were
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shown to entrain hippocampal neurons in phase-locked firing
and route the flow of information in hippocampal circuits (Col-
gin et al., 2009). Distinct roles of different y bands were also
proposed in basal ganglia for reward-driven motor behavior (van
der Meer etal., 2010) and in neocortex during slow wave sleep (Le
Van Quyen et al., 2010). Moreover, oscillation phase coupling
was shown to coordinate functional cell assemblies in anatomi-
cally dispersed brain areas (Canolty and Knight, 2010; Fujisawa
and Buzsaki, 2011).

These findings suggest the potential existence of a conserved
neural code coordinating the phase coupling of spiking, -y oscil-
lations, and 0 oscillations for brain computation and motivated
us to examine whether motor behavior is coordinated by such a
hierarchical neural code in neocortical microcircuits. -y oscilla-
tions are known to appear in the local field potential (LFP) of
monkey motor cortex during movement preparation (Sanes and
Donoghue, 1993), and sensorimotor cortical neurons fire prefer-
entially near the negative peaks of LEP 7y oscillations (Murthy and
Fetz, 1996; Donoghue et al., 1998). Likewise, the monkey supple-
mentary motor area shows synchronous spiking in the range of
slow 7y (Lee, 2003), and event-related synchronization at vy fre-
quencies occurs during execution of motor commands by human
subjects (Szurhaj and Derambure, 2006). However, whether and
how distinct slow and fast 'y oscillations differentially coordinate
spike firing of motor cortex neurons in relation to stages of motor
behavior from preparation to execution has not been studied.
Moreover, little is known about whether 6 oscillations have any
role in motor ensemble coding. Furthermore, it is also unclear
whether 60—y coupling exists outside of the hippocampal-cortical
memory axis and coordinates unit spiking during behavior.

To understand these issues, we analyzed the temporal rela-
tionships between the phases of LFP oscillations and spiking of
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morphologically identified pyramidal cells and fast spiking (FS)
interneurons recorded juxtacellularly at various depths in the
primary motor cortex of behaving rats. We also analyzed the
temporal relationship between multiunit spike sequences and
LFP oscillations during motor behavior.

Materials and Methods

Juxtacellular recordings from behaving rats. All experiments were per-
formed in accordance with animal protocols approved by the Experi-
mental Animal Committee of the RIKEN Institute. The results of
juxtacellular recordings shown in the present paper were obtained by
reanalyzing the raw electrophysiological data recorded previously (Iso-
mura et al., 2009). Here, we briefly summarize the experimental proce-
dure since the details are found in the paper. Adult male Long—Evans rats
(150-250 g; Japan SLC) were trained to perform self-paced right fore-
limb movements (sequence of push, hold, and pull movements of alever)
after we surgically attached a lightweight, custom-made sliding head-
attachment to the skull of the rats. Then we recorded the activity of
neurons in layers 2—6 of the motor cortex juxtacellularly from the head-
restrained rats performing the behavioral task. After recording of task-
related spike activity of a single neuron, biocytin or Neurobiotin was
electroporated from a glass electrode into the recorded neuron with pos-
itive current pulses to obtain the morphological information and cortical
position of the neuron. The electrode depth was also used to estimate the
position of the recorded neurons.

Although the dataset of the previous juxtacellular recordings contains
activity of 87 neurons from 69 rats, we only adopted the data recorded
from such neurons that yielded sufficiently many (>500) spikes in any of
slow v, fast -y, and 0 frequency ranges for the present statistical analysis
(n =71, 61 rats). This lower bound was chosen to avoid a possible bias in
the estimation of the significance of phase locking (the value of R ex-
plained later) from the small number of spikes. In the majority of datasets
(35rats), we combined juxtacellular recordings and multiunit recordings
with a silicon probe (explained below), which also has 8 single-electrode
sites for LFP recordings. In other juxtacellular recordings (26 rats), we
conducted LFP recordings with a single electrode placed at the depth of
400-600 wm (8 rats) or 1000—1200 wm (18 rats) from the cortical sur-
face. The results of LFP recordings were newly obtained by the present
analysis, and the LFP data obtained by an electrode were included in
Figures 1F-1I, 4, 5, 6, and 7. The cell types of the neurons that were not
successfully identified by juxtacellular recording technique were inferred
from the width of recorded spikes (Isomura et al., 2009).

Multiunit recordings. Multiunit recordings were performed on 15
head-restrained behaving rats by using a 16-channel silicon probe with
two tetrode sites, one located at the tip of the probe and the other at a
distance of 800 wm from the tip (see Fig. 1B), which enabled simultane-
ous recordings from the superficial layers (typically at the depth of 400
um, corresponding to L2-L3) and the deep layers (typically at the depth
of 1200 wm, corresponding to L5). We also recorded LFP data newly
from 12 rats by using the eight electrode sites of the silicon probe that are
arranged equidistantly from the tip with a spatial separation of 150 um.
The tip of the silicon probe was placed at the depth of ~1200 um or
~1600 wm from the cortical surface. We used the spike data obtained
from the epoch in which the rats were highly active (i.e., within 10 s
before and after every lever pull or lever push). In all the figures showing
results of our multiunit recordings, we used the spikes of individual
neurons sorted with our in-house spike sorting software based on the
robust variational Bayes (Takekawa et al., 2012). Unsorted spikes were
not used for any analysis. The software is available at http://etos.
sourceforge.net/. We used only such neurons as yielded >500 spikes for
the analysis of spike phase locking to slow v, fast y, and 6 oscillations. The
LFP recorded at the depth of 450 wm was used as the reference for the
phase locking. Other details about experimental and analysis methods
are found in Isomura et al. (2009).

Functional categorization. The behavior-related spike activity was cat-
egorized into five temporally (functionally) different groups according to
Isomura et al. (2009). Hold-related activity was a unimodal (increasing,
decreasing, or increasing-to-decreasing) activation during the lever
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holding period. Premovement was a phasic activation starting <500 ms
before the movement onset and falling down below the half-peak at the
movement onset. A movement-related neuron showed a phasic activa-
tion during either lever push or lever pull. In general, the neuronal activ-
ity of this functional type was strongly selective to the direction of
movement. Movement-off was an abrupt drop-off during the movement
after constant tonic spiking in the intertrial intervals and lever holding
periods. Postmovement was a phasic activation showing a larger peak
in the movement-end-aligned histogram than the movement-onset-
aligned histogram. The phasic activation/inactivation contained at least
three consecutive bins (20 ms) over <3 SDs from the baseline activity
(0.25-1 s before the movement onset). The categorized activities were
further checked by a visual inspection. We occasionally call movement-
related, premovement, and postmovement neurons as “MOV " neu-
rons” because they show similar phasic activation patterns around the
time of movement execution. Similarly, hold-related and movement-off
neurons, which display sustained firing during lever hold, are termed
“HLD * neurons.”

The above conventional classification of functional neuron subtypes
yielded a clear distinction of these subtypes on the basis of the distinct 6
phases of neuronal firing (e.g., Figs. 6C, 7C, and 9B, deep-layer neurons).
However, we note that classifying every neuron into a certain functional
class requires some caution in view of recent arguments in the monkey
motor cortex (Churchland and Shenoy, 2007; Hatsopoulos and Sumin-
ski, 2011), where the conventional view of direction-tuned neurons has
been challenged because only a minority of them display a simple scaling
of firing rate with the velocity of arm movement. In the present study, the
neurons that we could not classify into MOV * or HLD * are denoted as
“others” (OTH).

Analysis of LFP, current-source density (CSD), and spike phase locking.
LFPs were recorded with a bit depth of 16 bits and a sampling rate of 20
kHz, and the row signals were further down-sampled at a rate of 1 kHz
through a low-pass filtering (<500 Hz) by Remez FIR filter. We analyzed
the frequency components of LFPs by using the wavelet transform, which
is defined as follows:

W(t, s) = s V2f** dt’gb(t’)t#(t%t’),

for a continuous signal ¢(¢) typically representing LFP, and Morlet wave-
let function ¢ is used in the present study (Torrence and Compo, 1998).
In the actual calculation, the down-sampled version of ¢(¢) was used, and
the integration was replaced with a summation over discretized func-
tions. We conducted CSD analysis to find the spatial locations of current
sources and sinks along the electrode array. CSD at depth z was defined
with the interelectrode distance h as follows:

6 dz + h) — bz = h) — 2(2)

dz2 n?

Slow and fast -y components were extracted by applying a Remez FIR
filter with bandpass frequencies of 3050 Hz or 60120 Hz, respectively,
to the down-sampled version of LEPs or CSDs. 6 components were ob-
tained by bandpass filtering for 4—10 Hz. Hilbert transform was used to
define the instantaneous amplitude and phase of these oscillations
(Thomas, 1969). To detect periods of significantly strong oscillations, we
categorized consecutive oscillatory cycles into 10 ranked subgroups ac-
cording to the oscillation amplitude and regarded oscillatory cycles as
significantly oscillatory if their amplitudes are greater than the median.
We conducted a Rayleigh test for circular distributions and identify sig-
nificantly strong phase locking to oscillations if the z-value satisfies p <
0.01 (i.e.,, z = In 0.01) (Sirota et al., 2008; Quilichini et al., 2010). If a
neuron generated n spikes at phases {6;};-1, .+ we calculated the mag-
nitude of phase locking (i.e., the average vector length) of this neuron as
follows:

R = (1/n) D)0, 6,

Because the average vector length obtained in this test can be biased by
spike counts and spike train history effects, we examined the significance
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Time-frequency change of LFP -y oscillations during sequential voluntary arm movements. A, Head-restrained rats
performed self-paced sequential lever push/hold/pull movements (left). Rats were rewarded if they pulled the lever after holding
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of phase locking by using the “pairwise phase
consistency” proposed recently (Vinck et al,
2012). Briefly, we randomly sampled 500 to
1500 spikes from each neuron and calculated
phase differences between all spike pairs that
are temporally separated by >1 s. Then, we
summed up the cosines of these phase differ-
ences to obtain pairwise phase consistency,
which should be close to unity if spikes are pe-
riodic. Both methods yielded almost identical
results for both -y and 6 oscillations in our da-
taset. Therefore, below we only show the re-
sults obtained by the Rayleigh test.

We consider that the risk of spike contami-
nation is low in the present analysis of spike
phase locking to LEPs. In our experiment, spikes
were most strongly phase-locked to LFPs during
the significantly oscillatory epochs of LEFPs,
whereas in many neurons spike phase locking oc-
curred also in low-frequency spontaneously fir-
ing regimens (e.g., movement-related neurons in
slow y regimens or hold-related neurons in fast y
regimens). In addition, a juxtacellular pipette and
a silicon probe to record LFPs were separated by
several hundreds of micrometers to I mm in our
juxtacellular recordings.

Principal component analysis. We calculated
the PCAs of the CSDs obtained at six different
depths as follows. Our analysis of LFPs shows
that fast vy oscillations appear strongly before
and during movement execution, whereas slow
7y oscillations are strong during the preparatory

<«

alever at the push position for >1s (right). B, The lever trace
(upper) and the raw LFP data (lower) recorded by a silicon
probe (left) at various depths of the rat primary motor cortex
before and during a pull movement. The probe has two tetrode
sites (red circles) and eight electrode sites (arrows). C, The le-
ver positions (top) and the wavelet power spectrums (bottom)
calculated at the depths ranging from 400 to 1450 wm are
aligned with respect to the onsets of repeated pull movements
(0-ms). An event-triggered average of WPS was calculated
>345 trials. D, The average maximal powers of 40 and 80 Hz
oscillations are displayed at different depths. The powers were
averaged 12 rats. The slow and fast -y oscillations exhibited
maximal powers 700 or 0 ms before pull movements, respec-
tively. E, The power spectrum of the LFP recorded at various
cortical depths. F, Event-triggered average of the WPS of the
LFP recorded by a tetrode at the depth of 600 m (lower)
aligned at the onset of pull movements (upper). Top and bot-
tom color bars represent the powers of two frequency bands of
>25 Hz and <<25 Hz, respectively. They were displayed sep-
arately because their power ranges were significantly differ-
ent. G, Thetime evolution (mean = SE) of the 40Hz (cyan) and
80 Hz (magenta) powers averaged >26 rats is displayed
around the onset of pull movement (top). Middle two panels,
Distributions of the times at which 80 Hz oscillations exhibit
the highest power, or 40 Hz oscillations exhibit the lowest
power. Bottom panel, Time evolution of the 6 power. H,
Event-triggered average of the WPS at the depth of 600 wm
(lower) aligned at the onset of push movements (upper). /, The
time evolution (mean == SE) of the power of 40 Hz (cyan) or 80
Hz (magenta) oscillations is shown around the onset of pull
movement (top). Middle three panels, Distributions of the
times at which the 80 Hz power takes a maximum or the 40 Hz
power takes a maximum or a minimum. Bottom panel, Evolu-
tion of the 6 power.
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phase of movements. Therefore, for the fast +y oscillations, we used the
CSDs obtained in the interval from 200 ms before to 300 ms after the
onset of each push movement. For the slow <y oscillations, we used
the data in the interval from 1000 to 500 ms before the onset of each pull
movement. The envelopes of fast and slow vy oscillations showed peak
amplitudes in the corresponding intervals. Although the amplitude of 6
oscillation undergoes task-related modulations, the change is within
20% of the maximum. Therefore, the interval for 6 oscillation was taken
to be the entire task period. The troughs of oscillations were detected
using the CSDs calculated at the depth of 700 wm. We computed a matrix
with each element representing the covariance of the CSDs averaged over
the above intervals between all pairs of six electrode sites for each rat
(Sukov and Barth, 1998). Eigenvectors of the covariance matrix give the
axes in the electrode space that represents the independent sources of
covariance, or principal components, between the CSDs. The corre-
sponding eigenvalues give the relative amount of the total variance con-
tributed to by each source. Averaging over animals was obtained by
averaging the elements of the covariance matrix across 12 rats.

Results

Behavior state-dependent switching between slow and fast

v oscillations

We analyzed spike data obtained from head-restrained rats that
were trained to voluntarily repeat a sequence of push-hold-pull
of a lever. Although juxtacellular data and multiunit recording
data from the deep layers were reported previously (Isomura et
al., 2009), multiunit recording data from the superficial layers
and LFP data were newly analyzed here. The rats were rewarded if
they successfully held a lever at the hold position for >1 s and
then pulled it to the release position (Fig. 1A). Rats were not
required to keep holding a lever before push movement. LFPs
were recorded at different depths of the forelimb area of the rat
motor cortex by using either a single electrode or a silicon probe
with eight electrodes and two tetrode sites (Fig. 1B, left). Spike
sequences were juxtacellularly recorded from all layers of the
same motor cortical area, and multiunit recordings were simul-
taneously performed at the superficial and deep layers with the
two tetrode sites (for further details, see Materials and Methods).

Figure 1B (right) shows a typical example of the LFPs recorded
with a silicon probe at different depths of the rat motor cortex. To
identify multiple oscillatory components clearly, we calculated
the wavelet power spectrum (WPS) averaged over trials for the
LEPs aligned to the onset of pull movement (Fig. 1C). At all
depths of the recording, the LFPs exhibited large amplitude os-
cillations of ~40 Hz and a faster y component of ~80 Hz. The
powers of the two types of y oscillations peak at a depth of 550—
850 wm, which corresponds to L2-L3 and L4 (Isomura et al.,
2009, their Supplemental Fig. 7a) in all the 12 animals examined
(Fig. 1D). Although the rat motor cortex is generally known to
have no distinct L4, the rat forelimb motor area has a L4 (Cho et
al., 2004). The power of slow 7y was generally weak at the depth of
1150-1450 pwm (in 9 rats), which may correspond to L5B and L6.
In Figure 1E, we show the power spectrums obtained from the
superficial to the deep cortical layers. Whereas the slow y com-
ponent shows a clear peak, the fast y component only shows a
weaker, broader hump presumably because the latter occurs only
briefly during the movement execution.

The WPS recorded by a tetrode also reveals that slow y (30-50
Hz) band is dominant during the lever hold period, whereas fast
vband (60—120 Hz) starts to appear ~100 ms before the onset of
lever pull and ended ~100 ms after the termination of the move-
ment (Fig. 1F). In Figure 1G, we summarize the exchanges of the
slow and fast y powers over the different rats. Similarly, the anal-
ysis of the same LFP data aligned to the onset of lever push reveals
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that the power of fast y broadly peaks around the time of lever
push (Fig. 1H). The power of slow vy, which once decreases to-
ward the onset of lever push, tends to exhibit a broad peak ~400
ms after lever push (Fig. 1I), possibly indicating the beginning of
preparation for lever pull or the anticipation of reward.

We analyzed the LFP recorded during no-hold periods. We
defined that a rat was in no-hold periods if the rat did not hold a
lever for >1 s and repeated such behavior >50 times. In a no-
hold period, the lever returns automatically to the pull position
(base position). Six rats among 26 displayed no-hold periods, and
neural data displayed some extent of individual animal differ-
ences. However, some datasets showed evidence for an increased
power in slow y band during no-hold periods as well as in lever
hold periods (data not shown), suggesting that slow vy is associ-
ated with the resting behavior of the rats. However, forelimb
movements were not quantitatively monitored during nonhold
periods, and the relationship between slow vy oscillation and the
resting behavior of rats remains to be further clarified.

Cross-frequency coupling between y and 0 oscillations
We noticed that the power spectrum shown in Figure 1E also
exhibits a significant peak in the 6 band (4-10 Hz: a peak at ~7
Hz). Actually, significant 6-oscillation components were seen at
all the cortical depths in all the 12 rats recorded. In Figure 1F, H,
we show the 6 powers in the LFP data aligned to the onset of lever
pull and push, respectively, for a rat. Similar results are more
clearly seen in Figure 1G, I (bottom) after averaging over different
rats. As seen from these figures, 6 oscillation was prominent dur-
ing the lever hold period, whereas its amplitude was reduced by
~20% during the execution of movement. However, these com-
ponents may represent the influence of volume conduction from
distant brain areas. To eliminate such a possibility, we performed
CSD analysis at various cortical depths (Materials and Methods).
Figure 2A presents typical examples of the raw and 6 band-
filtered traces of CSDs together with LEPs (see also Fig. 3E) and

the lever trace from a rat. The bandpass-filtered LFP and CSD
exhibit a clear tendency of oscillations at ~7 Hz during the entire
period of sequential motor behavior. Then, we calculated the
distribution of the phases of pull onset over trials and found that
the initiation of lever pull tends to occur at a particular phase of
LFP 6 oscillation in this rat (Fig. 2B; see also Fig. 9C,D), as is also
seen from the enhanced amplitude of the averaged CSD around
the pull onset (Fig. 24, 0 ms). Actually, pull onset was strongly
time-locked to certain phases of CSD 6 in all 12 rats (p < 0.01,
Rayleigh test for the circular distributions of pull timing) with the
mean magnitude of phase locking r = 0.37 % 0.18 (see Materials
and Methods). Moreover, pull onset was phase-locked to LFP 0in
11 rats, with the preferable phases of pull onset approximately
coincided with a trough of LFP 6 (18 = 53 degrees, r = 0.29 =
0.09). The initiation of lever push also exhibited similar phase
locking (CSD 6, r = 0.42 = 0.17, >10 rats; LFP trough, 16 = 36
degrees, r = 0.33 = 0.12, >9 rats). To our surprise, 6 oscillation
in motor cortex nests fast and slow y oscillations in a manner
similar to hippocampal 6 and vy oscillations (Fig. 2C). To see this,
we calculated the amplitude envelopes of y oscillations and con-
structed histograms of the 6 phases at which the envelopes are
maximized in a 6 cycle. The maximum amplitudes of slow (r =
0.14 £ 0.04, 10 rats) and fast (r = 0.11 = 0.02, 7 rats) vy oscilla-
tions tend to be phase-locked to the 6 oscillation of CSD (p <
0.01, Rayleigh test) with relative phase differences of 91 * 35
degrees (Fig. 2D). These values are slightly larger than those
observed in hippocampus (Colgin et al., 2009). Our results
indicate an essential relevance of 6 oscillation to the temporal
coordination of voluntary movement.

Because LFP is considered to reflect local synaptic inputs, its
laminar pattern contains crucial information on synaptic input
to each cortical layer. Figure 3A, C shows CSDs at different depths
averaged over slow and fast vy cycles, respectively, together with
the band-passed LFPs from which the CSDs were calculated. Both
v band oscillations exhibit a monotonic phase delay from the
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Phase locking of motor cortex neurons to -y oscillation of LFP. LFPs were recorded at the depth of 600 um. LFPs,
calibration: 20 ms, 0.5 mV. 4, The lever position (upper), event-triggered average of the WPS of LFP (middle), and PETH (bottom)
of an L6 movement-related pyramidal cell (1539 m) of motor cortex. The PETH shows that this neuron is active during movement
execution. The data were aligned to the onset of push movements in different trials. B, Spikes of the neuron are shown during the
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deep to the superficial cortical layers with-
out a clear point of polarity reversal. To
explore the underlying mechanism, we
conducted principal component analysis
(PCA) of the laminar CSDs (Materials
and Methods). We found in both y bands
that PC1 predominantly appears in the
superficial layer and PC2 is dominant in
the deep layers, and that PC2 is more ad-
vanced than PC1 by ~90 degrees (Fig. 3B
vs Fig. 3D). Thus, two independent sink-
source pairs of the membrane current,
one in the superficial layer and one in the
deeper layer, underlie the laminar phase
shifts of the two bands. Similar results are
known for slow 1y oscillations in the audi-
tory cortex of anesthetized rats (Sukov
and Barth, 1998). In contrast to 7y oscilla-
tions, the phase of 0 oscillation did not
depend significantly on the depth and a
single sink-source pair dominating at the
superficial layer was sufficient to account
for the laminar pattern (Fig. 3E,F).

v phase-locked spiking of motor
cortical neurons

We now show that fast and slow y oscilla-
tions of the LFP entrain the spike firing of
juxtacellularly recorded excitatory and in-
hibitory neurons in motor cortex. During
the juxtacellular recordings, we simulta-
neously recorded LFPs primarily at the
depths of ~500 wm or ~1 mm. As shown
above, the phase of y oscillations shifts
with the depth. Therefore, in some results,
we converted the y phases to the values
expected at the depth of cell bodies of the
juxtacellularly recorded neurons by using
the average phase differences obtained in
Figure 3.

We categorized each cell type into five
functional neuronal subtypes: movement-
related, premovement, postmovement,
hold-related, and movement-off neurons

<«

epochs of distinct slow (cyan) and fast (magenta) 7y oscilla-
tions together with the lever trace. The significantly oscillatory
epochs are magnified and presented with filtered traces to
show spike phase locking clearly, where vertical gray lines in-
dicate the phase zero of each -y cycle. C, The phase distribu-
tions of spike firing demonstrate that the neuron has
preferable phases of firing in slow (upper) and fast (lower) y
bands. Grayscales designate the oscillation phases at the re-
cording site and black ones those converted to L6. D, The lever
position (top), event-triggered average of the WPS of LFP
(middle), and the PETH (bottom) of an FS interneuron in the
layer 3 (depth 658 m). The data are aligned to the onset of
the lever pull, for which this neuron was strongly activated. E,
Spikes of the neuron are shown during the epochs of distinct
slow (cyan) and fast (magenta) vy oscillations together with
the lever trace. Scale bars and the depth of recordings are the
same asin B. F, The distributions of firing phases of this neuron
in successive slow (upper) or fast (lower) y cycles.
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<y phase locking across cell types and layers. 4, The relationships between the magnitude of spike phase locking to LFP oscillations (top), spiking phases of a juxtacellulary recorded

pyramidal neuron (middle), and the z-score of Rayleigh test (bottom) averaged over repeated -y cycles. The upper and lower sets of three panels are for the slow and fast -y oscillations, respectively.
The LFP was first filtered for either slow or fast -y (Materials and Methods); then the LFP amplitudes were divided into 10 equal-sized subsets for each frequency band. The greater the subset index,

the stronger the oscillatory tendency. Dotted lines show 1% confidence level (p << 0.01), and

only the intervals of LFPs with indices >5 were included in the analysis of phase-locked spikes. B,

Similar quantities were calculated for a juxtacellulary recorded FS interneuron. C-1-(-8, Phase-locked firing is shown for various task-related pyramidal cells and FS interneurons. In all figures, right

panels represent the lever trace (top upper), firing activity aligned at the onset of either lever pu
(bottom). Left panels represent LFPs, bandpass-filtered -y oscillations, and spike times.

(Materials and Methods). Figure 4A displays the perievent time
spike histogram (PETH) of a juxtacellularly recorded L6 movement-
related pyramidal neuron together with arm trajectories and the
WPS of LFPs. The PETH is the histogram of trial-by-trial spike trains
aligned at the time of a behavioral event (here, the onset of lever
push). As shown previously, the two y bands exchange around the
time of push movement. Figure 4B displays a spike train of the py-

[Tor lever push (top lower), and the distributions of spiking phases in slow (middle) and fast y bands

ramidal neuron and the time evolution of LFP in a single trial. Dur-
ing significantly oscillatory periods, most spikes were generated at
approximately fixed phases of fast (during movement execution)
and slow (during lever holding) ‘y cycles. Spikes occurred preferen-
tially near the troughs of both slow and fast vy oscillations if their
phase was converted to value expected at the depth corresponding to
L6 (Fig. 4C). A similar example of phase-locked spiking is shown for



18522 - J. Neurosci., November 20, 2013 - 33(47):18515-18530

Figure6.

Count

Count

Juxtacellularly recorded neurons phase-locking to LFP at the superficial layer. A-C, The spike density distributions of individual neurons are shown with respect to the oscillation phases
of slow -y, fast -y, and 6 LFP oscillations recorded at the depth of 450 um, respectively. The cell type of each neuron is shown when its morphology was successfully (Figure legend continues.)
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Juxtacellularly recorded neurons phase-locking to LFP at the deep layer. A-C, The spike density distributions of individual neurons are shown with respect to the oscillation phases of

slow 1y, fast v, and 6 oscillations, respectively. The LFPs were recorded at the cortical depth of 1150 um, and the depth of the cell body is shown for the individual neurons. The cell type of each
neuron is shown when its morphology was successfully identified, or otherwise neurons were classified into RS (tops) and FS (bottom) according to their spike widths.

a FSinterneuron in L3 (Fig. 4 D, E), which also preferentially fired at
the troughs of y oscillations (Fig. 4F). This interneuron type is most
frequently activated during movement execution. In general, FS in-
terneurons showed a larger maximum probability of phase locking
and smaller fluctuations in the spiking phase than pyramidal neu-
rons (compare Fig. 4C,F). Although pyramidal neurons skip more y
cycles without firing than FS interneurons, the ratio of spikes within
strongly oscillatory epochs to all spikes in the entire task period was

<«

(Figure legend continued.)  identified, or otherwise neurons were classified into RS (tops) and
FS (bottom) according to their spike widths. For each cell type, neurons were aligned according
to the depths of their cell bodies. White dots indicate the average phases of peak firing proba-
bility (top, middle), and the distributions of the average peak phases are shown for RS cells in
the superficial (green represents depth << 800 m) and deep (orange represents depth > 800
um) layers (bottom).

not significantly different between pyramidal (47.1 = 5.7% for slow;
54.0 = 4.4% for fast 7y) and FS neurons (44.7 = 3.5% for slow; 55.5 *
3.3% for fast y).

In both pyramidal neurons and FS interneurons, the tendency
of phase-locked firing was stronger when the oscillation ampli-
tude was larger (Fig. 5A, B). The majority of motor cortical neu-
rons exhibited similar phase-locking phenomena regardless of
their morphological features and functional subtypes (Fig. 5C).
The depth of a cell body also did not significantly affect the ten-
dency of phase locking. Among the juxtacellularly recorded 87
neurons, we analyzed 71 neurons (pyramidal 56, FS 15) that pro-
duced sufficiently many spikes (>500) during the significantly
oscillatory epochs. Then, 46 neurons (65%) showed significant
phase locking to slow vy oscillations, 54 neurons (76%) to fast
v, and 43 neurons (61%), including 14 FS interneurons, to
both y bands. These 29 pyramidal neurons (43 — 14) contain
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Figure 8.  Phase-locking of simultaneously recorded neurons in slow and fast -y oscillations. 4, The distribution of firing rates
and spike widths is shown over the neurons recorded with the tetrode sites of a silicon probe. Putative pyramidal neurons show
broad spike widths, whereas putative FS interneurons exhibit narrower spike widths. The boundary between the two neuron
classes was determined to minimize the classification error, which is defined as the probability that the classification is wrong for
all neurons. B, The portions of the five functional neuronal subtypes are shown for RS neurons and putative FS interneurons in the
superficial and deep layers. €, D, Density functions of spiking phase relative to slow and fast -y oscillations, respectively, are shown
for MOV ™ (red), HLD * (blue), and other (OTH; gray) RS neurons and FS interneurons in the superficial layer. LFP oscillations
measured at the depth of 450 um were used for determining the spiking phase. Activity of a single neuron is displayed in each row
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movement-related (n = 19), hold-related
(n = 4), movement-off (n = 4) and non—
task-related (n = 2) neurons, including an
intertrial-interval-related neuron.

Figure 6A, B shows the distributions of
spiking phases with respect to slow and
fast y oscillations, respectively, for the
juxtacellularly recorded neurons that ex-
hibited significant phase locking (p <
0.01). Approximately half of these neu-
rons were morphologically identified; and
as previously reported, all functional neu-
ronal subtypes appeared at different
depths. Pyramidal and FS neurons fired
near the troughs of fast and slow vy oscil-
lations in the upper layers, and the spiking
phase was gradually advanced with the
depth because the phase of LFP oscillation
was also advanced. In contrast, 6 phase-
locked spiking of pyramidal neurons (n =
36) shows an interesting layer dependence
(Fig. 6C). Pyramidal neurons in the su-
perficial layers (depths < 800 um) and FS
interneurons in all layers (n = 14) fired
near the troughs of 6 oscillation. In con-
trast, spikes were distributed broadly over
a 0 cycle in the pyramidal neurons ob-
tained from the deep layers (depths > 800
um). To see these differences quantita-
tively, we calculated the distributions of
spiking phases separately for neurons in
the superficial and deep cortical layers
(Fig. 6A-C, bottom). The distributions
will be later compared with those calcu-
lated from multiunit recording data.
Similar results of phase-locked firing
of juxtacellularly recorded neurons are
shown for a reference LFP measured at a
different depth (Fig. 7).

<«

and an empty circle represents the mean firing phase of each
neuron, and neurons are arranged in the average temporal
order of firing in each functional neuronal subtype. In the su-
perficial layer, 41 of 46 RS and 16 of 17 FS neurons exhibited
significant phase locking to slow yand 44 of 46 RSand 17 of 17
FS neurons to fast -y. The instantaneous number of active neu-
rons is shown for the three functional subtypes of RS neurons
(upper middle) and putative FS neurons (lower middle). The
coloring of curves indicates the corresponding functional sub-
type. The degrees of phase-locked firing are also shown for the
individual neurons (bottom: RS, triangles; putative FS, circles).
E, F, Similar quantities are shown for slow and fast -y spiking
phases, respectively, in deep layer neurons. LFP oscillations
recorded at the depth of 1200 p.m were used as a reference for
the spiking phase. Inthe deep layer, 49 of 95 RS and 14 of 15FS
neurons exhibited significant phase locking to slow y and 91
of 95 RS and 15 of 15 FS neurons to fast +y. G, Distribution of
correlations between firing rate and the duration of lever push
over the neurons recorded with tetrode sites. H, The average
firing rates are shown for MOV ™ RS neurons (top), putative FS
interneurons (middle), and HLD ™ RS neurons (bottom) in the
superficial (solid) and deep layers (dashed). The activities are
displayed around the onset of lever pull (time 0).
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The known population ratio of various
neuron types in the cortex suggests that
the majority of RS neurons should be
pyramidal cell, though they can also con-
1 tain non—fast spiking interneurons. Con-
versely, some pyramidal cells are known
to discharge thin spikes and may be mis-
classified as interneurons (Vigneswaran et
al., 2011; Suter et al., 2012). The multiunit

data from the superficial layer, which was
analyzed newly in this study, revealed an

interesting tendency that the superficial

layer contained an unexpectedly large
portion of Movement-related neurons

(Fig. 8B), or MOV + neurons (Materials
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and Methods). Thus, as discussed previ-
ously (Isomura et al., 2009), an expecta-
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respectively.

Function-specific synchronous firing of motor cortex
neurons in 6 and y bands

The juxtacellular recordings enable us to obtain clean spikes from
morphologically identified neurons. However, this method al-
lows us to record only a single morphologically identified neuron
from a rat. Therefore, to improve the statistics and explore func-
tional implications of 6 and vy oscillations, we examined how
these oscillations may synchronize the spikes recorded simulta-
neously from multiple neurons. We sorted spikes of 81 and 115
neurons from the superficial and deep cortical layers of 15 rats,
respectively. These neurons were classified into RS neurons (68
and 102 for superficial and deep layers, respectively) and putative
ESinterneurons (13 for each layer) according to the width of their
spikes (Isomura et al., 2009). Namely, we constructed the distri-
bution of the spike width and fitted it with a mixture of two
Gaussian distributions that minimizes the classification error
(Fig. 8A). Neurons with narrower or broader spikes were classi-
fied as putative FS or regular spiking (RS) neurons, respectively.

Time (ms)

Phase-locking of simultaneously recorded neurons to 6 oscillation. The temporal relationship between neuronal
firing and 6 oscillations is shown for the LFP recorded at the depth of 450 um. A, Density functions of the spiking phases with
respect to A oscillation are shown for MOV * (red), HLD * (blue), and OTH (gray) RS neurons and putative FS interneurons obtained
from the superficial layer by the tetrode sites of a silicon probe (top). Among the 46 RS neurons and 17 FS neurons recorded in the
superficial layer, 43 RS and all 17 FS neurons exhibited significant phase locking to 0 oscillation. Empty circles represent the mean
firing phases of the individual neurons. The instantaneous numbers of active neurons are shown for the three categories of RS
neurons (middle upper) and putative FS (middle lower) neurons, together with the R values of phase locking (bottom). The color of
each curve indicates the corresponding functional class. B, Similar quantities are presented for the deep layer. Among the 95 RS
neurons and 15 FS neurons recorded in the deep layer, 62 RS and 14 FS neurons exhibited significant phase locking to 6 oscillation.
C,D, Spike rastergrams in repeated trials are displayed as functions of time and the 6 phase of LFP for a superficial layer movement-
related and a deep layer hold-related pyramidal neuron, respectively. Histograms above and to the right side of the spike raster
represent firing activities aligned at the onset of lever pull (0 ms) and 6-phase distributions of individual spikes (right),

rons. Among the 46 RS neurons recorded
in the superficial layer, 41 (1) and 44 (4)
neurons exhibited significant phase lock-
ing to slow and fast vy oscillations, respec-
tively, where the counts in parentheses
show the numbers of neurons phase-
locked only to slow or fast y. Among 17
putative FS neurons, 16 (0) and 17 (1)
neurons showed significant phase locking
in slow and fast y bands, respectively.
Among the 95 RS neurons recorded in the
deep layer, 49 (0) and 91 (42) neurons
exhibited significant phase locking to
slow and fast vy oscillations, respectively.
Among 15 putative FS neurons, 14 (0) and
15 (1) neurons showed significant phase
locking in slow and fast vy bands, respec-
tively. Therefore, 40 superficial-layer and
49 deep-layer pyramidal neurons exhib-
ited phase locking in both y bands, and so
did 16 superficial-layer and 14 deep-layer
FS neurons. The probability of firing in consecutive vy cycles of
the LFPs revealed that both RS and putative FS neurons fired near
the troughs of y oscillations in both layers (Fig. 8C—F), implying
that neuronal firing is generally phase-locked to the troughs of y
oscillation at the depth of a cell body. The phase-locked firing
occurred across cell types and functional neuronal subtypes with
timing jitters of ~*5 ms. Firing rate was correlated with the
velocity of lever movement in many Movement-related neurons
(Fig. 8G), although the relationship between the two quantities
was divergent and heterogeneous. This seems consistent with ob-
servations in the primate motor cortex where direction-tuned
neurons generally show a complex scaling of firing rate with the
velocity of arm movement (Churchland and Shenoy, 2007; Hat-
sopoulos and Suminski, 2011). Importantly, the periods of en-
hanced MOV ™ (RS and putative FS) or HLD * (RS) activation
coincide with those of strong fast (Spearman’s p = 0.94, p < 0.01)
or slow y oscillations (p = 0.66, p < 0.01), respectively (compare
Fig. 8H and Fig. 1G).

0 0.0 0.1
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The spiking phases of RS neurons and FS neurons recorded with the tetrode sites of a silicon probe. The LFP oscillations were recorded at different cortical depths with the eight

electrode sites and deep tetrodesite of the silicon probe. A—, The spike phases with respect to slow vy, fast -y, and 0 oscillations, respectively, are shown for RS and FS neurons recorded with a tetrode
site placed at the superficial layer. D—F, Similar spike phases are shown for neurons recorded with a tetrode site placed at the deep layer. Red represents MOV * neurons; blue represents HLD *

neurons; gray represents OTH neurons.

The surprising coordination of cell assembles in relation to 6
oscillation is now clearer than before. Most neurons in the super-
ficial layer, where the majority subgroup comprises MOV * neu-
rons, fired synchronously at the troughs of 6 oscillation of LFP
regardless of their functional subtypes (Fig. 9A). In striking con-
trast, neurons with different functional subtypes fired at different
phases of 0 oscillation in the deep layer: MOV ™ neurons fired
either near the troughs, as in the superficial layer, or the late
portion of descending 6 phases, whereas HLD * neurons fired
near the midpoints of descending phases (Fig. 9B). The distribu-
tions of the firing phase were significantly different between the
two functional subtypes (mean * SD: —16.2 % 84.1 degrees for
MOV " and 111.5 *+ 82.5 degrees for HLD ; p < 0.01 by Wat-
son’s U? test). We asked whether motor cortex neurons exhibit
0-phase precession of spiking as observed in the hippocampus
(O’Keefe and Recce, 1993), entorhinal cortex (Hafting et al.,
2008), and striatum (van der Meer and Redish, 2011). However,
we did not find evidence suggesting phase precession during
movement execution (Fig. 9C), nor could we during lever hold
(Fig. 9D), from the time evolution of spiking phases of single
neurons. We note that the steep slopes of spiking phases near the
time origin reflect the phase locking between 6 oscillation and
movement onsets (Fig. 2B).

Figure 10A, B, D, E summarizes the relative phases of spikes to
slow and fast y oscillations, respectively, of LFPs measured at
different depths for all the neurons sorted in the superficial and
deep layers. The spiking phases are advanced with the depth of
recordings in fast and slow 7y oscillations because the phases of the
LFP oscillations are also advanced. The 6 phases of spiking do not
significantly depend on the cell types and functional neuronal

subtypes of superficial layer neurons (Fig. 10C), whereas the
phases distribute broadly and segregate the two functional sub-
types, MOV ™ and HLD 7, in the deep layer (Fig. 10F).

Because the LFP oscillations were mostly accounted for by one
or two principal components for any frequency band (Fig. 3), we
investigated whether the phase-locked spiking of RS and putative
FS neurons in the superficial and deep layers exhibit some pref-
erences to the depth recordings of LEPs. We calculated the resul-
tant length R of the circular distributions of spiking phases for
each neuron with respect to the LFP oscillations recorded at dif-
ferent depths. The superficial-layer neurons in general phase-
locked most strongly to the LFPs recorded at the depth of 450 um
(Fig. 11A-C), and deep-layer FS interneurons showed a similar
tendency in the slow yband (Fig. 11D). However, this tendency is
weaker or invisible in many deep-layer RS neurons. Moreover, in
fast y band, deep-layer RS and FS neurons most strongly phase-
locked to the LFP recorded in the deep layers (Fig. 11E). Com-
pared with superficial-layer neurons, deep-layer neurons showed
complex depth preferences for 6 oscillation (Fig. 11F).

Discussion

A conserved oscillation code between hippocampus and
motor cortex

We have shown that slow and fast vy oscillations switch their
dominance in different phases of a sequential motor behavior
and entrain spiking activity of the majority of task-related neu-
rons across cortical layers. Moreover, 6 oscillations hierarchically
coordinate these slow and fast vy oscillations, and neurons coding
for different stages of sequential motor behavior fire in distinct
phases of 6 oscillations, particularly in the deep layer. We sche-
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Figure11.
and FS neurons recorded with a tetrode site placed at the superficial layer: red represents MOV
dependences are shown for neurons recorded with a tetrode site placed at the deep layer.

matically summarize our findings in Figure 12. f-nested slow and
fast y oscillations are well established in the rat hippocampus
(Colgin et al., 2009; Lisman and Jensen, 2013). The striking sim-
ilarity between motor cortex and hippocampus was previously
unknown.

Does the modulation of 4-10 Hz power around movement
onset represents genuine 6 oscillations or merely slow motor-
related potentials? The LFP signal should show a clear rhythmic
pattern in the former case, whereas the signal should exhibit a
positive or negative peak around movement onsets in the latter
case. Several pieces of evidence support the former. First, the
power of 6 oscillation was strong during the lever hold and was
reduced, rather than enhanced, around movement onset (Fig.
1G,I). Second, the raw trace of LFP exhibited a clear tendency of
0 band oscillation from the lever hold to the pull onset (Fig. 2A).
Third, neuronal firing patterns showed characteristic features of
phase locking to § band oscillation for the entire lever hold period
(>1's), which should correspond to at least 7 or 8 6 cycles (Fig.
9C,D).

Anatomically, microcircuits of hippocampus and neocortex
share several features (Grillner et al., 2005; Shepherd, 2011), such
as dense recurrent connections in neocortical L2-L3 and hip-
pocampal CA3 and their primarily feedforward projections to L5
and CAL, respectively (Kaneko et al., 2000; Weiler et al., 2008;
Hooks et al., 2011). Physiologically, both L2-L3 (Isomura et al.,
2009; de Kock and Sakmann, 2009) and CA3 (Leutgeb et al., 2004;
Karlsson and Frank, 2008) networks exhibit sparse firing crucial
for efficient information storage (Amit and Treves, 1989). Both
hippocampal-based spatial exploration and neocortical-based

Resultant length Resultant length

The degrees of phase locking to LFP oscillations at different depths. A-C, The depth dependences of the degree of phase locking are shown for slow y, fast -y, and 6 oscillations for RS
*, blue represents HLD ; gray represents OTH; yellow represents tetrode position. D—F, The depth

motor behavior require the ability to store, recall, and process
sequence information. Therefore, the parallels in the functional
organization of activity described here are sensible from the
standpoint of behavior.

Hippocampal and motor cortical circuits also exhibit interest-
ing differences that may specifically relate to the requirements of
motor behavior. Whereas the majority of CA1 neurons are phase-
locked to either slow or fast y oscillations (Colgin et al., 2009), the
majority of motor cortex neurons are phase-locked to both oscil-
lations. Neuronal activities also do not show 6 phase precession
in motor cortex. These physiological differences may reflect the
functional difference between the hippocampal circuit special-
ized for memory processing (Nakashiba et al., 2012) and the
“general-purpose neocortical circuit,” such as transient memory
storage and its readout (Maass et al., 2002; Jaeger and Haas, 2004;
Sussillo and Abbott, 2009). In addition, such differences may
reflect the structural difference that the 6-layer cortical microcir-
cuit has more complicated input and output pathways than the
3-layer hippocampal microcircuit.

Relevance of 80—y oscillations to motor behavior

Fast and slow 7y oscillations are dominant during the execution of
lever movements and during lever hold or preparatory periods,
respectively. Because posture and movement were suggested to
have specialized control processes in monkey motor cortex
(Kurtzer et al., 2005), the shift in the prominence of y frequencies
may reflect a shift in the distinct control processes for lever hold
and movement in the motor cortex. Alternatively, network oscil-
lations may support transient communication across brain struc-
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tures (Canolty and Knight, 2010; Fujisawa
and Buzsaki, 2011) necessary at various
stages of motor behavior. As in sensory
cortex (Womelsdorf and Fries, 2007; Gre-
goriou etal., 2009), y oscillations may also
mediate motor attention that links volun-
tary effort, information from biological
sensors, and movement execution.

Movement-related shifts in oscillation
frequency have been known also in pri-
mates. The motor cortex of humans shows a
transient increase in 'y band (80 Hz) activity
around the time of movement (Crone et al.,
1998; Gaetz et al.,, 2010; Yanagisawa et al.,
2012), as in the high-y activity reported
here, whereas w (8—14 Hz) and B (15-30
Hz) oscillations are prominent during
movement preparation and suppressed
during movement execution (Miller et
al., 2012). Similar changes in 3 power are
also known in monkeys (Baker et al., 1997;
Reimer and Hatsopoulos, 2010). The tran-
sient suppression of B oscillation is followed
by a postmovement rebound exceeding
the resting level, whereas u oscillation dis-
plays little postmovement rebound (Jurkie-
wicz etal., 2006; van Wijk etal., 2012). These
properties of u/ band activities in the pri-
mate motor cortex resemble those of 6/slow
7 activities in the rat motor cortex, suggest-
ing that they may play similar functional
roles in both species. However, the func-
tional relevance of 8 band activity remains
controversial (Engel and Fries, 2010).

In the rat hippocampus, slow y oscillations were suggested to
link CA1 with CA3 for retrieving information on previously
stored memories (Colgin et al., 2009) and are especially strong in
the superficial layer of motor cortex (Fig. 1D). Therefore, slow y
band may be related to certain computation by recurrent neural
networks, such as memory retrieval or sequence generation. On
the other hand, fast y oscillations were suggested to link CA1 with
the entorhinal cortex for loading new sensory information (Col-
gin etal., 2009) and are strong in motor cortex during movement
execution. Fast y band may link L5 of motor cortex with spinal
cord, similarly to sensory loading in hippocampus, except in this
case it could represent the unloading of analog information for
patterned motor output (Fukai, 2000). Because the power of fast
v oscillations is not significantly different between the superficial
and deep layers (Fig. 1D), these oscillations may also link the
L2-L3 network to L5 for movement execution via feedforward
projections from L2-L3 to L5 (Kaneko et al., 2000; Weiler et al.,
2008; Hooks et al., 2011).

Lever

Theta

Deep

Figure 12.

Cortical oscillations for microcircuit selection

Because slow 1y oscillations (more precisely, oscillations at ~28
Hz) were induced pharmacologically in a slice preparation of the
rat motor cortex (Yamawaki et al., 2008), mechanisms underly-
ing synchronized 7y oscillations are likely to be cortical. They
involve gap-junction-connected local networks of FS interneu-
rons and recurrent networks of pyramidal neurons and FS
interneurons (Wang, 2010). In the subiculum, FS interneuron
networks were suggested for fast <y oscillations, whereas
pyramidal-interneuron networks were suggested for slow y oscil-
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its amplitude peaks at the troughs of 6 oscillation. Spikes of individual neurons are phase-locked to the troughs of -y oscillations in
any cortical layer. The onset of movement is often phase-locked to a trough of 6 oscillation. The superficial layer is abundant with
movement-related neurons, whereas the deep layer contains both movement- and hold-related neurons in approximately equal
proportions. These results explain why neurons fire at various phases of 6 oscillation in the deep layer, but not in the superficial
layer. The deep cortical layer has a cellular mechanism to sustain activity (Rahman and Berger, 2011), which may explain why
hold-related activity is abundant in the deep layer.
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lations (Jackson et al., 2011). By contrast, in the rat auditory
cortex, the former was suggested for slow y in L2-L3 and the
latter for fast y in L4 (Ainsworth et al.,, 2011). Fast rhythmic
bursting pyramidal neurons also promote y band synchronous
firing of thalamocortical networks (Cardin et al., 2005). The gen-
eration mechanism of slow and fast -y oscillations remains to be
clarified in motor cortex.

The laminar pattern of slow and fast vy oscillations was ex-
plained by two principal components, suggesting that separate
cellular populations are activated along the array of laminar elec-
trodes. In view of anatomical connections, the first principal
component may reflect input from the cerebellum and/or the
basal ganglia (via the thalamus) to the superficial layers
(Kuramoto et al., 2009) or recurrent input within the layers
(Weiler et al., 2008; Hooks et al., 2011). In contrast, the second
principal component may represent excitatory interlaminar pro-
jections from L2-L3 to L5 (Kaneko et al., 2000; Weiler et al., 2008;
Hooks et al., 2011). In addition, interlaminar inhibitory projec-
tions from L5 to L2-L3 (Adesnik and Scanziani, 2010; Kitzel et
al., 2011; Apicella et al., 2012; Bastos et al., 2012) and corticocor-
tical input to motor cortex may also contribute to the laminar
CSD pattern.

The origins of 6 oscillation remain to be clarified. Because the
laminar LFPs do not display a clear reversal (Fig. 3E), 6 oscillation
likely contains volume conduction from distant regions, such as
the hippocampus (Sirota et al., 2008). Because 6-phase-locked
firing is functional subtype- and laminar-specific, 6 oscillation
may also arise from local circuit mechanisms, such as a subtype of
interneurons (Beierlein et al., 2000; Blatow et al., 2003; Ma et al.,



Igarashi et al. @ Oscillation Code in Motor Cortex

2006; Sohal et al., 2009). Moreover, 0 oscillation may reflect
thalamocortical inputs projecting to the superficial to layer 5A of
rat motor cortex (Hooks et al., 2013; Kaneko, 2013) because some
thalamic neurons exhibit 6 rhythmic firing (Tsanov et al., 2011).
Related to this, in the rat sensorimotor cortex, « oscillation (8 —13
Hz), which may correspond to 6 oscillation here, is likely driven
by the thalamus (Hughes and Crunelli, 2005), or specifically by
thalamocortical bursting neurons (Lorincz et al., 2009). These
neurons fire at the troughs and peaks of « oscillation, and might
cause the antiphase firing of deep-layer MOV ¥ and HLD * neu-
rons. Alternatively, lateral inhibition between these neuron sub-
types may cause such firing.

We have shown that slow and fast y oscillations entrain neu-
ronal firing and are hierarchically coordinated by 6 oscillations in
motor cortex. These oscillations may help to select the appropri-
ate microcircuit channels (e.g., layers and cell types) for informa-
tion transmission driving motor planning and output. We
suggest that the coupled oscillations provide a common language
for cortical circuit functions.
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