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Sensory-Evoked and Spontaneous Gamma and Spindle
Bursts in Neonatal Rat Motor Cortex

Shuming An, Werner Kilb, and Heiko J. Luhmann
Institute of Physiology, University Medical Center of the Johannes Gutenberg University, D-55128 Mainz, Germany

Self-generated neuronal activity originating from subcortical regions drives early spontaneous motor activity, which is a hallmark of the
developing sensorimotor system. However, the neural activity patterns and role of primary motor cortex (M1) in these early movements
are still unknown. Combining voltage-sensitive dye imaging (VSDI) with simultaneous extracellular multielectrode recordings in post-
natal day 3 (P3)-P5 rat primary somatosensory cortex (S1) and M1 in vivo, we observed that tactile forepaw stimulation induced spindle
bursts in S1 and gamma and spindle bursts in M1. Approximately 40% of the spontaneous gamma and spindle bursts in M1 were driven
by early motor activity, whereas 23.7% of the M1 bursts triggered forepaw movements. Approximately 35% of the M1 bursts were
uncorrelated to movements and these bursts had significantly fewer spikes and shorter burst duration. Focal electrical stimulation of
layer V neurons in M1 mimicking physiologically relevant 40 Hz gamma or 10 Hz spindle burst activity reliably elicited forepaw move-
ments. We conclude that M1 is already involved in somatosensory information processing during early development. M1 is mainly
activated by tactile stimuli triggered by preceding spontaneous movements, which reach M1 via S1. Only a fraction of M1 activity
transients trigger motor responses directly. We suggest that both spontaneously occurring and sensory-evoked gamma and spindle
bursts in M1 contribute to the maturation of corticospinal and sensorimotor networks required for the refinement of sensorimotor

coordination.

Key words: development; in vivo; motor; neocortex; rat; somatosensory

Introduction
The primary motor cortex (M1) is a central element in the plan-
ning, control, and execution of voluntary movements (for re-
view, see Roland and Zilles, 1996; Sanes and Truccolo, 2003). A
variety of studies demonstrated that M1 also responds directly to
tactile and proprioceptive stimuli (Lemon, 1981; Fromm et al.,
1984; Farkas et al., 1999). In the M1 forepaw representation of
adult rats, the tactile sensory inputs converge on motor neurons
(Chapin and Woodward, 1986), indicating the close interaction
of sensory and motor functions even on the basis of single neu-
rons. Such a strong somatosensory input to M1 is considered to
be required for coordinated movements (Hikosaka et al., 1985;
Xerri et al., 1996; Hiraba et al., 2000; Faraji et al., 2013), motor
learning (Ridding et al., 2000; Luft et al., 2002), and sensory pro-
cessing during active movements (Ferezou et al., 2007; Petreanu
etal,, 2012; Zagha et al., 2013).

Early motor activity has been observed in humans before birth
(de Vries et al., 1982; Cioni and Prechtl, 1990) and in rodents
during early postnatal development (Gramsbergen et al., 1970;
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Clarac et al., 2004). Neuronal activity in different subcortical
regions, such as the spinal cord or brainstem (Clarac et al., 2004;
Blumberg, 2010; Tiriac et al., 2012), trigger these early motor
behaviors, although recent studies provide evidence that, in pre-
term human babies, activity in the motor cortex contribute to
limb movements (Kanazawa et al., 2014). In turn, these sponta-
neous movements elicit a sensory stimulus that evokes typical
activity patterns in the primary somatosensory cortex (S1) of
immature rodents and humans (Khazipov et al., 2004; Milh et al.,
2007). Such neuronal activity may generate the correlated activity
patterns essential for the development of adequate afferent con-
nections to sensory neocortical areas (Penn and Shatz, 1999;
Khazipov and Luhmann, 2006), for the development of func-
tional topography in the somatosensory cortex (Minlebaev et al.,
2011; Yang et al., 2013), and for proper connectivity of cortico-
spinal efferences (Martin, 2005). Although the development of
somatosensory maps during early development (Yang et al.,
2013) and the functional implications of evoked and spontane-
ous activity patterns on the development of S1 have been ad-
dressed in the past by a number of studies (for review, see Kilb et
al., 2011), the role of M1 during early developmental stages is
unknown.

To address the question of whether already in the neonatal
cerebral cortex sensory stimulation elicits a response in M1 and
to understand the functional properties and underlying mecha-
nisms of these responses, we performed voltage-sensitive dye im-
aging (VSDI) in combination with multichannel extracellular
electrophysiological recordings in both S1 and M1 of postnatal
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Figure 1. A single mechanical stimulus of the forepaw induces in the newborn rat a VSDI response in both S1 and M1. 4,
Schematic diagram of the experimental setup illustrating selective mechanical stimulation of the forepaw (47) and simultaneous
VSDI recordingsin S1and M1 (A2). The exposed cortex includes the forepaw representation in $1(red) and M1 (blue) as identified
by the VSDI response after mechanical stimulation of the forepaw in a P5 rat. The red and blue diagrams are superimposed on the
cortex based on previously published data (Brecht etal., 2004a; Brecht et al., 2004b). A, Anterior; L, lateral; P, posterior; M, medial.
A3, Flattened maps of STand M1 cortex (Brecht et al., 2004b; modified from Brecht et al., 2004a). Schematicillustration marked by
dashed black square indicates the same cortical region as shown in A2. Two 4-shank/16-channel electrodes were inserted into the
area of VSDI evoked responsesin S1 (red) and M1 (blue), respectively. A4, Schematicillustration of a 4-shank/16-channel Michigan
electrode array. B1, Left, Same cortex as in A2 stained with the voltage-sensitive dye RH1691. Shown are VSDI responses in STand
M1 from 0 to 176 ms poststimulation of the right forepaw. B2, Line scan of the VSDI response along the yellow dashed line
(indicated on the left image of B7) from 0 to 500 ms after stimulation from the same recording as B1. Note two clear separate
responsesin S1and M1. C, Average of 10 VSDI responses in S1 (red trace) and M1 (blue trace) to single forepaw stimulation. Green
dashed line indicates the time point of mechanical stimulation. Same experiment as in B. Inset shows a representative response at
an expanded time scale. Note that VSDI response appears first in S1 and several milliseconds later in M1. D, Statistical
analyses of onset latency (D7) and maximal amplitude (D2) of forepaw evoked VSDI responses and size of activated regions
(D3) obtained in 16 P3—P5 rats. Note that sensory-evoked responses in M1 have a larger latency and smaller amplitude
than responses in S1. The averaged data (bigger symbols) are expressed as mean == SD. Small symbols connected by black
lines represent individual animals. Significant differences between S1and M1 were tested with Mann—Whitney—Wilcoxon
test. ***p < 0.001; *p < 0.05.

day 3 (P3)-P5 rats in vivo and simultaneously recorded move-
ments of the paws. Our study demonstrates that gamma and
spindle bursts enable immature M1 to operate as both sensory
and motor stations, which may play crucial roles in the early
maturation of sensorimotor and corticospinal networks.
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Materials and Methods

Animals and surgical preparation. All experi-
ments were performed on neonatal Wistar rats
of either sex at the age of P3—P5 consistent with
the national laws for the use of animals in
research and approved by the local ethical
committee (#23177-07/G10-1-010). Surgical
preparation was similar to that described pre-
viously (An et al., 2012; Yang et al., 2013).
Briefly, anesthesia was induced by initial hypo-
thermia and intraperitoneal urethane injection
(0.2 g/kg; Sigma-Aldrich). The head of the pup
was fixed into the stereotaxic apparatus. A 3 X
3 mm? craniotomy was made over the left
hemisphere by removing the skull and leaving
the dura mater intact (see Fig. 1A). The crani-
otomy included the forepaw representations in
S1and M1 cortex. During recordings, the body
was kept at a constant temperature of 37°C by a
heating blanket and cotton.

Forepaw sensory stimulation and movement
detection. The forepaw was stimulated ~1 mm
proximal to the dorsal aspect of a toe using a
miniature solenoid actuator (modified from
Krupa et al., 2001) that generated for 30 ms
orthogonal touch to the skin. The interstimu-
lus interval was 1 min. Movements of the fore-
paw were recorded using a piezoelectric
transducer attached to them.

VSDI. The forepaw representations in S1
and M1 were identified by VSDI as described
previously for the whisker system (Yang et al.,
2013). The voltage-sensitive dye RH1691 (Op-
tical Imaging) was dissolved in Ringer’s solu-
tion containing the following (in mm): 125
NaCl, 2.5 KCl, and 10 HEPES, pH 7.3 with
NaOH, and was applied topically to the ex-
posed cortical surface for 20 min. Excitation
light from a red LED (MRLED 625 nm; Thor-
labs) was band-pass filtered (630/30 nm), re-
flected toward the sample by a 650 nm dichroic
mirror, and focused by a 25 mm Navitar video
lens (Stemmer Imaging). Emitted fluorescence
was collected via the same optical pathway,
longOpass filtered (660 nm), and focused via
another 25 mm Navitar lens and a C-mount
extension tube onto the chip of a MiCam Ul-
tima L high speed camera (Scimedia). Every
pixel of this camera collected light from a cor-
tical region of 26 X 26 um?>. Signals were re-
corded at a rate of 500 frames/s.

To analyze sensory-evoked VSDI signals, 10
trials of forepaw stimulations were averaged,
subsequently binned with 5 X 5 pixel width,
and low-pass filtered at 60 Hz. Bleaching of the
fluorescence signal was corrected by subtrac-
tion of a best-fit fifth-degree polynomial using
the curve-fitting tool in MATLAB (The Math-
Works). The normalized change of fluores-
cence intensity (AF/F,) was calculated as the
change of fluorescence intensity (AF) in each
pixel divided by the initial fluorescence inten-
sity (F,) from the same pixel.

Fluorescence changes of >0.3% were considered as evoked responses.
The onset time of the cortical response was defined as the time point
when the averaged VSDI signal was 5X higher than the baseline SD. The
spatial representation of the VSDI responses was defined at half-maximal
AF/F,amplitude. The size of the evoked response was calculated accord-
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ing to the area of the spatial representation with
reference to the half-maximal AF/F, ampli-
tude. Maximal amplitudes were defined as the
maximal AF/F,.

Multielectrode recordings. Local field poten-
tials (FPs) and multiple-unit activity (MUA)
were recorded with 2 4-shank/16-channel or 1
8-shank/128-channel Michigan electrodes
(1-2 MQ); NeuroNexus Technologies) as de-
scribed previously (Yang et al., 2013). Record-
ing sites were separated by 125 um in the
horizontal direction and 50 wm in the vertical
direction in the 4-shank/16-channel electrode
(see Fig. 1A4). In the 8-shank/128-channel
electrode, recording sites were separated by 200
um in the horizontal direction and 75 um in
the vertical direction (see Fig. 4). A silver wire
was placed on the surface of the cerebellum as
ground electrode. The recording electrodes in
S1 and M1 were positioned perpendicular to A
the cortical layers. At least one shank of each 2
electrode was inserted into the center of the
forepaw representations in M1 and/or SI as
identified by VSDI (see Fig. 1A,B). FPs and
MUA were recorded for at least 2 h at a sam-
pling rate of 20 kHz using a multichannel ex-
tracellular amplifier and MC_RACK software
(Multi Channel Systems). If not stated other-
wise, the FP and MUA were analyzed from the
electrode located in layer II/III of S1 and M1.

Analysis of multielectrode recordings. As de-
scribed previously (Yang et al,, 2013), the FP
signals from each channel were analyzed using
unfiltered data. MUA was detected using 200
Hz high-pass-filtered signals with a threshold
at 5X the baseline SD and a bin of 1 ms. The
prestimulus or poststimulus time histograms
(PSTH) were calculated from all trials usinga 1
ms bin and were normalized to the number of
spikes per second per trial.

Gamma bursts were identified by the follow-
ing criteria. We only considered events with at least three periods in the
FP and an average duration of each period of <40 ms, corresponding to
an average frequency of >25 Hz. Furthermore, the time—frequency spec-
trogram and the wavelet of Fourier transform of the FP showed a domi-
nant frequency between 25 and 80 Hz. For spindle bursts, we also
considered the events with at least three periods in the FP and an average
duration of each period of ~100 ms. In addition, the dominant fre-
quency of the time—frequency spectrogram and the wavelet of Fourier
transform of FP is ~10 Hz.

The time—frequency spectrogram, power spectra, and coherence were
analyzed using unfiltered raw data. The Chronux toolbox (www.
chronux.org) was used for spectrum and coherence analyses. MATLAB
spectrogram function with a time window of 100 ms and an overlapping
of 99 ms (MATLAB 7.7; The MathWorks) was used for the time—fre-
quency spectrogram analyses. The jackknife method provided in the
Chronux toolbox was used to calculate 95% confidence intervals. Both
spectrum and coherence analyses were performed using a time—band-
width product of 1 with a taper of 1 and the padding factor for the fast
Fourier transformation was 2.

Analysis of the latencies between forepaw movements and activity in M1.
Onset times of forepaw movements and M1 activities were detected by visual
inspection. The latency distributions between movements and activity in M 1
were analyzed within a time frame of =200 ms upon movement initiation
and were tested in a shuffled dataset. The shuffled dataset consisted of 20
shuffled traces in which the M1 activity onset was moved using a Gaussian
distribution with u = 0 and o = mean interevent interval.

Local blockade of M1. A pharmacological inactivation of the forepaw
representation in M1 was performed by local application of lidocaine via

Figure 2.
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Sensory-evoked response in STand M1 by mechanical forepaw stimulation. A7, Forepaw stimulation evoked spindle
bursts in contralateral S1 (red) and gamma/spindle bursts in contralateral M1 of a P4 rat. The wavelet analyses above the FP traces
are calculated from the unfiltered raw data. The FPs are from unfiltered raw data and MUA traces are high-pass filtered (=200 Hz).
Green dashed line indicates the time point of mechanical stimulation. A2, Initial response in S1and M1 as marked in A7 by dashed
box. B, Statistical analyses of the onset latency (BT), maximal amplitude (B2), and duration (B3) of forepaw evoked FPs obtained
from 12 P3—P5 rats. Note that sensory-evoked responsesin M1 have a longer latency, smaller amplitude, and shorter duration than
responses in S1. The averaged data (larger symbols) are expressed as mean == SD. Small symbols connected by black lines
represent individual animals. Significant differences between ST and M1 were tested with Mann—Whitney—Wilcoxon test.

a glass pipette (tip diameter of 30—40 um) filled with lidocaine hydro-
chloride monohydrate (1% in Ringer’s solution; Sigma-Aldrich) and
attached to a syringe. The tip of the glass pipette was positioned on the
MI surface close to the multichannel recording electrode. After a 30 min
baseline recording, 2—4 ul of lidocaine was applied. Blockade of M1
lasted for ~30 min.

Intracortical microstimulation in MI. After identification of the fore-
paw representation in M1 by VSDI, we inserted 1 4-shank/16-channel
Michigan electrode perpendicular to the cortical layers with at least 1
shank into the center of the M1 representation. On this 4-shank
stimulation array, the electrodes were separated by 200 um in both
the horizontal and vertical directions. Electrodes were labeled with
Dil (1,1'-dioctadecyl-3,3,3",3"-tetramethyl indocarbocyanine; Invit-
rogen) for subsequent histological reconstruction of the electrode tracks
in Nissl-stained coronal sections through M1 (see Figs. 4 A, C, 6A2). After
current source density (CSD) analysis of forepaw sensory-evoked re-
sponses, two channels located in layer V at a depth of 700—-800 wm were
selected for bipolar electrical stimulation. A single pulse (150 wA, 100 us)
and 10 biphasic current pulses at 10 or 40 Hz were delivered separately
through the two channels by a modified MEA1060-Inv-BC preamplifier
(Multi Channel Systems) and a stimulus generator (STG 2004; Multi
Channel Systems).

Local blockade of the forepaw. Local inactivation of neuronal activity in
the forepaw was achieved by application of 40 ul of lidocaine hydrochlo-
ride monohydrate (3% in saline; Sigma-Aldrich) into the forepaw (see
Fig. 9). Blockade of the forepaw lasted for ~1 h.

CSD analyses. CSD profiles were calculated from the FP profiles ac-
cording to methods described previously (Freeman and Nicholson,
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Properties of sensory-evoked gamma and spindle bursts inimmature S1and M1. A, FP recordings (top), multiunit activity (bottom), and corresponding PSTH (middle) in contralateral

S1and M1 upon mechanical forepaw stimulation in a P4 rat. Shown are averaged (red and blue traces) and superimposed 20 single (gray traces) cortical FP responses to forepaw stimulation. Note
that gamma bursts are induced in the early component of the M1 responses and spindle bursts are present in the late components of the STand M1 responses. B, Auto- and cross-correlation analyses
of early (B7-B3) and late (B4—B6) MUA in STand M1 from the data marked in A. In the early component, obvious peaks (black arrowheads) occurred in the autocorrelation of M1 MUA at ~25 ms
(B2), but not in ST MUA (B7), and S1 MUA precedes M1 MUA (black arrowhead) in the cross-correlation (B3). In the late response, peaks (black arrowheads) are evident at ~100 ms in both
autocorrelation (B4—B5) and cross-correlation (B6 ) of S1and M1 MUA. Yellow traces indicate results of shuffled dataset. C, Average FP and MUA spectrum analyses of the early (C7-€2) and late
(€4—C5) components recorded in S1. Average coherence of FP versus MUA in the early (€3) and late (€6 ) component of 187 forepaw stimulation evoked responses recorded in seven P3—P5 rats. Red
traces show averages; shaded area, 95% confidence interval. Note the ~10 Hz peaks (black arrowheads) in the spectra of FP, MUA in both early and late evoked responses, and that coherence of FP
versus MUA shows a peak only for the late component. D, Similar analyses as in €, but from simultaneous recordings in M1 (blue). Note that spectrum and coherences of FP and MUA show ~40 Hz
peaks (black arrowheads) in the early component (D7-D3) and ~10 Hz peak (black arrowheads) in the late component (D4—D6 ) of evoked responses in M1.

1975). To obtain the same number of CSD profiles and LFP signals, we
first duplicated the uppermost and lowermost channels in each shank.
Then, the LFPs were smoothed to reduce high spatial-frequency noise as
follows:

B 1
¢(r) = (e(r + h) +2¢(r) + @(r = h))

where ¢(r) is the LEP at depth r, and h is the sampling interval (75 um)
(Sakata and Harris, 2009). Next, the second derivative was computed as
follows:

1
D =15 (e(r+ h) = 2¢(r) + @(r — h))

Data were interpolated and plotted as pseudocolor images, with current
sources and sinks represented by red (positive) and blue (negative) col-
ors, respectively.

Statistical tests. Data are presented as mean = SD. A paired t test was
used for comparing subsequent measurements in the same group of
animals. One-way ANOVA was applied for comparing more than two
different groups, followed by multiple comparisons with Bonferroni’s
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correction using SPSS software version 13.0. A A M1
Mann-Whitney—Wilcoxon test was performed
with the datasets recordings at two sites in
the same animal using Prism software 1
(GraphPad).

Results

VSDI and extracellular multielectrode
recordings of sensory processing in the
immature rat sensorimotor cortex

The forepaw representations in S1 and M1
were identified in newborn (P3-P5) rats
in vivo by VSDI after single mechanical
stimulation of the forepaw (Fig. 1). In all
animals (n = 16), stimulation of the fore-
paw evoked a reliable and local response
in contralateral S1, with a latency of
46.2 * 4.4 ms, an amplitude of 0.91 *
0.12% AF/F,, and an activated region of
0.42 * 0.13 mm? (Fig. 1C,D). In addition,
alocal response in contralateral M1 could
be observed 8.7 = 3.1 ms after this initial
response in S1 (Fig. 1C). The evoked re-
sponses in M1 had a significantly (p <
0.001) longer onset latency of 54.9 * 6.3
ms (Fig. 1D1I), significantly (p < 0.001)
smaller amplitude of 0.71 * 0.12% AF/F,
(Fig. 1D2) and a significantly (p < 0.05)
smaller activated region of 0.32 = 0.09
mm? (Fig. 1D3) than the responses in S1. E
The initial origins of the VSDI responses
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the activity spread radially from these sites
(Fig. 1B), indicating that both areas were
directly activated and excluding that
VSDI signals in M1 represent unspecific
lateral spread of evoked activity. Our re-
sults demonstrate that sensory stimula-
tion reliably induces two spatially distinct
local responses in S1 and M1 in newborn 950 25
animals, comparable to previous results
obtained in adult rodents (Brown et al.,
2009; Ghosh et al., 2010).

VSDI has limited temporal resolution
and does not allow recordings of high-
frequency activity patterns (Berger et al.,
2007; Ferezou et al., 2007; Mcvea et al.,,
2012; Yang et al., 2013). Therefore, we in-
serted one Michigan electrode into the
forepaw representation of cortical S1 and
another electrode into the forepaw repre-
sentation of M1 as identified by preceding identification of these
areas with VSDI (Fig. 1A). A single mechanical stimulus of the
forepaw elicited FP responses in contralateral S1 and M1 (Fig.
2A). In S1, FP responses occurred at a latency of 43.6 * 4.7 ms
(n = 12), whereas in contralateral M1, FP responses with a sig-
nificantly longer latency of 52.1 = 3.3 ms were recorded (Fig.
2B1). Compared with the responses recorded in S1, the activity in
M1 had a significantly (p < 0.001) smaller amplitude (1.92 =
0.73 mV vs 2.76 = 1 mV, n = 12; Fig. 2B2) and shorter duration
(1.03 = 0.55 s vs 1.39 = 0.58 s, n = 12; Fig. 2B3). These results
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Representative FP response depth profile with corresponding CSD and cross-correlation analysesina P5 rat. A, Digital
photomontage reconstructing the location of the electrode (one shank of 8 X 128-channel Michigan electrode array) in coronal
Nissl-stained M1 section. WM, White matter; SP, subplate. B, Depth profiles of FP responses in M1 after a single mechanical
stimulus of the forepaw and corresponding CSD analyses (right). Note the appearance of current sources in superficial layers during
early response. C, Digital photomontage reconstructing the location of the electrode in coronal Nissl-stained S1 section. D, Evoked
FP responses in $1and corresponding CSD. Note the appearance of current sinks in layer IV and Vb during initial responses. E7, In
the early component, MUAin S1layer I1/1ll precedes MUAin M1 layer V (indicated by black arrowhead). £2, In the early component,
MUAin M1 layer II/1ll precedes MUA n layer V (indicated by black arrowhead). Yellow traces indicate results of the shuffled dataset.

The FP and MUA responses to single stimulation of the fore-
paw consisted of an early and late component in both S1 and M1
(Fig. 3A), as described previously for sensory responses in the
visual cortex (Colonnese et al., 2010) and barrel cortex (Yang et
al., 2013) of newborn rodents. The onset of evoked MUA in S1
preceded the MUA in M1 by ~8 ms (see PSTH in Fig. 3A), which
is also visible as a peak in the cross-correlogram between S1 and
M1 (Fig. 3B3), in agreement with our previous observations. In
the early component, the autocorrelation of MUA recorded in
M1 showed a peak at ~25 ms (~40 Hz), which was absent in S1
(Fig. 3B2). In the late component, the auto-correlation and cross-
correlation of MUA in both S1 and M1 showed a broad peak at
~100 ms, revealing spindle burst activity at ~10 Hz (Fig. 3B4—
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Figure 5.  Coupling of spontaneous activity between S1and M1. A, A 20 s simultaneous recording of spontaneous activity in M1 (blue) and S1 (red) from a P3 rat. Note the high incidence of
simultaneously occurring (black asterisks) gamma and spindle bursts in M1and S1, as well as the presence of a few events restricted to M1 (blue square) or to S1 (red squares). The events marked
by i—ii are shown at higher resolution with corresponding spectrograms on the right. B, Summarized FP recordings (top), MUA (bottom), and corresponding PSTH (middle) of spontaneous gamma
activity in M1 and corresponding S1 activity from the experiment shown in A. Averaged (blue trace) FP from 11 superimposed single (gray traces) spontaneous gamma bursts in M1 (B7) and
simultaneous recording activity in S1(B2). The recordings from M1and S1 were aligned to the onset of the M1 FP events. Note gamma bursts in M1 FP and PSTH, but not in S1. ¢, Same display as
in B, showing spontaneous spindle bursts in M1and corresponding activity in S1. Note spindle burstsin both M1and S1. D, Average spectrum of FP and MUA analyses of gamma (D1,02) and spindle
bursts (D4,D5) recorded in M1 (blue) from events shown in BT-C1. An averaged coherence analyses of 195 spontaneous gamma (D3) and 253 spindle (D6 ) bursts (FP events vs MUA) recorded in
M1 from nine P3—P5 rats. Blue traces show averages and the shaded area represents the 95% confidence interval. Note ~40 Hz peak (black arrowheads) in the averaged gamma bursts and the ~10
Hz peak (black arrowheads) in the averaged spindle burst response. £, Similar analyses asin D, but from simultaneous recording in $1 (red). Note the ~10 Hz peak (black arrowheads) in the averaged

spindle burst response.

B6). These results were substantiated by power spectra of FP and
MUA responses (187 evoked events in seven animals), which also
showed for the early component a peak at ~10 Hz for S1 (Fig.
3CI,C2) and a peak at ~40 Hz for M1 (Fig. 3D1,D2). For this

component, the coherence between FP and MUA was for M1
maximal ~40 Hz (Fig. 3D3), whereas no obvious coherence peak
was observed for S1 (Fig. 3C3). For the late component, the peaks
in the power spectra of FP and MUA responses and the coherence
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Figure 6.  Microstimulation of layer V in M1 evokes movements in newborn rats. A1, Sche-

matic diagram of the experimental setup illustrating local stimulation of the forepaw represen-
tation in M1 using a Michigan electrode. A2, Digital photomontage reconstructing the location
of the Dil-covered electrode in coronal Nissl-stained section from a P5 rat. MZ, Marginal zone;
WM, white matter; SP, subplate. A3, Schematic illustration of the 4-shank/16-channel Michi-
gan electrode array with interelectrode distance of 200 wm. Points indicate the 16 channels as
in A2. Bipolar electrical stimulation of layer V was applied between channel 2 and 6 (green
dots). B, Spontaneous and stimulus-evoked forepaw movements in newborn rat. A single bi-
phasic current pulse (150 A, 100 s duration) did not elicit a response. Stimulation with 10 or
40 Hz (10 pulses) evoked a forepaw movement. Red dashed lines indicate the time point of stimula-
tion. Gray traces are single trials and the lower black ones are averaged traces of 40 trials. €7, Box plots
of response rate to different stimulations recorded in eight P3—P5 rats. Note that the highest response
rate was observed with 40 Hz burst stimulation. €2, Bar diagram illustrating the response rate at
different latencies using a 40 Hz stimulation (n = 325 responses in eight P3—P5 rats). Significant
differences among different parameters, stimulations, and control conditions were tested with one-
way ANOVA, followed by multiple-comparisons with Bonferroni's correction. €3, Box plots of response
rate to a40 Hz stimulation recorded in six P3 and six P5 rats. Significant differences between P3 and P5
were tested with the Mann—Whitney—Wilcoxon test. ***p << 0.001; *p << 0.05.

between both signals was highest at ~10 Hz in both S1 (Fig.
3C4-C6) and M1 (Fig. 3D4-D6). These data demonstrate that
the early phase of sensory-evoked activity in S1 is lacking an
oscillatory component, whereas the early phase in M1 consisted

An et al. @ Early Gamma and Spindle Bursts in Neonatal Rat M1 Cortex

of gamma oscillations. Additional recordings with 8-shank/128-
channel electrodes, performed to improve the spatial resolution,
revealed for gamma bursts in M1 (n = 6) a clear current sink in
lower layer II/IIT with extension into upper layer V (Fig. 4 A, B). In
contrast, in S1 (n = 6), the CSD profile was characterized by a
prominent current sink in layer IV that extended into the lower
part of layer II/III (Fig. 4 B, C). Moreover, another localized sink
could be observed in the lower part of layer V. The late phases of
sensory-evoked responses in both regions represent spindle
bursts, which showed a comparable CSD profile in S1 and MI.
Consistent with the sink in layer V, MUA activity was observed in
layer V of both M1 and S1. Cross-correlograms revealed that
MUA in S1 layer II/III preceded MUA in M1 layer V (Fig. 4E1)
and MUA in M1 layer II/III preceded MUA in layer V (Fig. 4E2),
indicating that layer II/III of S1 and M1 may drive spikes in layer
Vof M1.

Spontaneous gamma and spindle bursts in M1 are well
correlated with burst activity in S1

Having demonstrated that forepaw stimulation evoked responses
in S1 and M1, we next investigated the relationship between
spontaneous activity in S1 and M1. Both S1 and M1 showed
ongoing spontaneous activity transients (Fig. 5A), which were
further classified in their spectral properties. Whereas in S1 only
spindle bursts were observed, both gamma and spindle bursts
occurred spontaneously in M1 (Fig. 5A—C). The majority of neu-
ral activity transients in S1 (66.7%, total n = 1000 events from
nine pups) and in M1 (67.4%, total n = 990 events from nine
pups) occurred synchronized between both regions within a nar-
row time window of <100 ms. The minority of events was re-
stricted only to M1 (32.6%) or to S1 (33.3%). Similar to the
evoked responses, the FP and MUA spectra and the coherence
analysis of FP versus MUA in M1 showed a prominent peak at
~40 Hz (Fig. 5D1-D3), which was absent in S1 (Fig. 5EI-E3). In
addition, the power spectrum and coherence analyses of the
spontaneous spindle bursts exhibited a peak at ~10 Hzin M1 and
in S1 (Fig. 5D4-D6, E4-E6). These results suggest that spontane-
ous gamma and spindle bursts in M1 are, in most cases, tempo-
rally correlated with burst activity in S1.

Microstimulation of layer V neurons in immature M1 evokes
motor activity

Previous anatomical studies in neonatal rats have shown that
axonal projections from layer V corticospinal motor neurons ex-
tend into the dorsal columns of the lower cervical/upper thoracic
spinal cord as early as P2/3 (Schreyer and Jones, 1982; Bates and
Killackey, 1984). To address the question of whether this early
projection is functional and if the burst activity in M1 is capable
to elicit movements, we inserted Michigan electrodes into func-
tionally identified M1 cortex (Fig. 6A) and performed intracorti-
cal bipolar microstimulation of layer V neurons (n = 8 pups).
Single pulse electrical stimulation (150 nA, 100 us) and bursts of
10 pulses at 10 Hz or 40 Hz were used for intracortical stimulation
and subsequent forepaw movements were monitored (Fig. 6B).
Single pulse electrical stimulation of M1 failed to evoke any re-
sponse (Fig. 6B,CI). However, stimulation at 10 Hz caused a
significant (p < 0.001) increase in the response rate to 30.9 = 3%
(n = 8) compared with control conditions (unstimulated) and
single pulse stimulation (Fig. 6 B,CI). Stimulation at 40 Hz fur-
ther increased the response rate to 44.9 * 1.8% (Fig. 6CI). Fur-
thermore, the majority of evoked forepaw movements (88%,
total 350 responses from 14 pups) were induced by 40 Hz stimu-
lation at a latency between 80 and 180 ms (Fig. 6C2). To study the
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functional development of the corticospinal projections
(Schreyer and Jones, 1982; Bates and Killackey, 1984), we ana-
lyzed the responses to 40 Hz M1 stimulation in P3 and P5 animals
separately. These experiments revealed that the response rate at
P5 (49.2 * 6.6%, n = 6) was significantly higher (p < 0.05) than
at P3 (31.7 = 11.1%, n = 6; Fig. 6C3). In contrast, no significant
difference in the latency was observed between these two age
groups (data not shown). In summary, these results indicate that
physiologically relevant 40 Hz gamma and 10 Hz spindle burst
stimulations of layer V neurons in M1 can elicit movements in
immature rats, demonstrating a functional connection between
M1 and forepaw muscles.

Immature M1 operates in both motor and
somatosensory mode
To study the relationship between movements and neocortical
activity patterns in more detail, we simultaneously recorded cor-
tical activity in S1 and M1 and the movements of the forepaw
(Fig. 7A). Using this approach and independent analysis of the
onset times of each event, we observed three distinct patterns
(Fig. 7B, C) during 10 min recordings of 1708 events in 16 rats.
The latency between onset of M1 activity and forepaw move-
ments showed an obvious bimodal distribution, with peaks either
before or after movement initiation (Fig. 7CI). This bimodal
distribution could not be observed in time-shuffled datasets and
thus did not represent arbitrary correlations between indepen-

dent events. Based on the experimental results obtained with
mechanical forepaw stimulation or microstimulation of M1, we
considered only events in which the latency between the onset of
M1 activity and forepaw movement was between 80 and 180 ms
as “M1 preceed forepaw movements” and only events with a
latency between 20 and 100 ms as “movement precedes M1”
events.

Approximately one-fourth (23.7%) of the activity transients
in M1 preceded forepaw movements and network activity in S1
(Fig. 7C), with both gamma (41.4 = 0.9 Hz; 26.7%, total n = 405
events) and spindle (9.3 *£ 0.6 Hz; 73.3%) bursts in MI-
preceding forepaw movements at a latency of 80—180 ms (mean
129.2 = 23.5 ms; Fig. 7CI). This latency is comparable to the
latency evoked by electrical stimulation of layer V neurons (mean
130 = 8.4 ms; Fig. 6C2). M1 activity preceded spindle bursts in S1
with a delay of 100—200 ms (mean 173.8 * 21.4 ms), which is also
visible as a peak (open arrowhead) in the MUA cross-correlation
between S1 and M1 (Fig. 7C3). In contrast, 40.7% of the activity
transients in M1 were preceded by forepaw movements. Both
gamma (40.5 = 0.7 Hz; 60.8%, total n = 695 events) and spindle
(9.8 = 0.8 Hz; 39.2%) bursts in M1 were preceded by forepaw
movements at a delay between 20 and 100 ms (mean 46.6 * 15.3
ms; Fig. 7CI) and by spindle bursts in S1 at a delay between 5 and
20 ms (mean 15.3 * 1.7 ms), which is also visible as a peak (green
arrowhead) in the MUA cross-correlogram between S1 and M1
(Fig. 7C3). The occurrence of activity transients in M1-preceding
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Table 1. Properties of gamma and spindle bursts of three different patternsin
layer II/111 of M1

M1 precedes Movement Uncorrelated
Layer II/11l (n = 9rats) movement precedes M1 activity in M1
Gamma bursts
Spike number 25.8 + 6.2%0*x0 38.9 = 8.3**x¢ 148+ 8
Duration (s) 0.61 = 0.1%**¢ 0.57 = 0.2%**¢ 0.19 =+ 0.06
Frequency (Hz) 403 £ 0.8 41409 418 =21
Amplitude (mV) 0.78 £0.2 0.84 +0.2 0.65+0.2
Power (wV/Hz) 1162 = 356 1232 3% 1209 + 432
Spindle bursts
Spike number 34.8 & 7.4%0xb 45.5 & 9.3¥*xd B+77
Duration (s) 0.77 = 0.1%**¢ 0.85 = 0.2%**¢ 042+ 0.1
Frequency (Hz) 9.7 =05 9.97 = 0.6 9.6 = 0.5
Amplitude (mV) 0.78 £0.2 0.92 0.2 0.71+0.2
Power (wV/Hz) 5436 = 1415 5542 + 908 5220 = 541

Spike number, average number of spikes in MUA per event; amplitude, peak-to-peak amplitude; power, spectral
power. Data are presented as mean == SD. Significant differences among the three different patterns were tested
with one-way ANOVA followed by multiple comparisons with Bonferroni correction.

“Tested against the pattern: uncorrelated activity in M1 without movement.
“Tested against the pattern: movement precedes M1.
**¥p <0.001; **p < 0.01; *p < 0.05.

movement (2.5 = 0.3 min ') was significantly (p < 0.001) lower
than the occurrence of that preceded by forepaw movements
(4.3 = 1.5 min ") and the occurrence of M1 activity transients
not correlated with any movements (3.8 = 0.9 min ') (Fig.
7C4). The remaining 35.6% of the cortical activity transients in
M1 were not correlated with any paw movement. These unre-
lated events in M1 uncorrelated to movements consisted of
gamma (40.2 = 3.1 Hz; 50%, total n = 608 events) and spindle
(9.8 = 0.7 Hz; 50%) bursts. Some of these events in M1 were

synchronized with activity in S1, whereas other events were re-
stricted to M1. In summary, these results indicate that, for the
most part, spontaneous activity in immature M1 does not acti-
vate a motor response directly, but that M1 is secondarily acti-
vated by spontaneous movements.

We also compared the occurrence of the different patterns
between P3 and P5 animals (Fig. 7D), but could not detect any
significant difference (p > 0.05) between P3 and P5 in the occur-
rence of M1 activity preceding forepaw movements (P3,2.6 = 0.3

n~ ' P5,2.8 + 0.4 min '), preceded by forepaw movements
(P3, 4.4 + 0.9 min_'; P5, 4.9 * 0.98 min '), or uncorrelated
with forepaw movements (P3, 4.2 = 0.96 min % P5,3.7 = 0.8
min ~'). This result suggests that the maturation of corticospinal
projections cannot account for the three distinct activity patterns.

To further elucidate differences among these three patterns,
the average number of spikes in MUA; duration, frequency, peak-
to-peak amplitude, and spectral power of FP; and CSD profiles
were analyzed for gamma and spindle bursts in layer II/IIT and
layer V (Fig. 8, Tables 1, 2). In layer II/IIl of M1, both gamma and
spindle bursts preceding forepaw movement events had a signif-
icantly smaller (p < 0.01 for gamma, p < 0.05 for spindle, respec-
tively) number of spikes in MUA than that of the M1 activity
preceded by movement events. Moreover, M1 events uncorre-
lated to movements had significantly less (p < 0.05) spikes in
MUA and a shorter (p < 0.001) duration of gamma and spindle
bursts than the other two patterns. The CSD profile from
8-shank/128-channel electrode recordings revealed no obvious
difference between these 3 patterns (Fig. 84—C). Frequency, am-
plitude, and spectral power of gamma and spindle bursts did not
show any significant differences among the three patterns (Tables
1, 2). The most obvious difference between M1 activity preceded
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Table 2. Properties of gamma and spindle bursts of three different patterns in
layer V of M1

M1 precedes Movement Uncorrelated
LayerV (n = 6 rats) movement precedes M1 activity in M1
Gamma bursts
Spike number 54.7 + 6.5%**4 46.6 + 2.7%% 216 + 4.1
Duration (s) 0.63 = 0.02%**7 0.65 = 0.04***7 0.2 £ 0.02
Frequency (Hz) 4141 42 *+06 4.14+09
Amplitude (mV) 0.93 = 0.08 0.89 = 0.1 0.85 = 0.09
POWEI'(MVZ/HZ) 1116 = 136 1093 = 203 1049 = 117
Spindle bursts
Spike number 63.3 & 6.7%** 50.8 + 4.9* 27.2+39
Duration (s) 0.72 = 0.04***7 0.7 = 0.03***7 0.38 = 0.03
Frequency (Hz) 9.9 023 9.89 + 0.4 94 *0.1
Amplitude (mV) 0.86 = 0.06 0.97 =0.14 0.89 = 0.08
POWEI'(MVZ/HZ) 5719 = 1116 5490 = 232 5651 + 716

For further information and meaning of asterisks, see Table 1.

by movements and M1 activity uncorrelated to movements was
the significantly (p < 0.001) lower number of MUA in layer V
(54.7 = 6.5 and 21.6 = 4.1 for gamma bursts; 63.3 = 6.7 and
27.2 = 3.9 for spindle bursts, respectively; Table 2), suggesting
that a sufficiently strong output from M1 is required to initiate a
movement. To identify the presynaptic source that drives the
spikes in layer V of M1, we analyzed the cross-correlations be-
tween layer II/III from S1 or M1 and layer V of M1. For the
M1-preceding movement events, the cross-correlograms (Fig.
8D) revealed a substantial fraction of MUA in M1 layer V, which
led activity in S1 by 150-250 ms, most probably reflecting M1-
induced movements that were sensed and conveyed to S1. Spikes
in M1 layer II/IIT preceded M1 layer V by a few milliseconds,
suggesting that M1 layer II/IIT is upstream to layer V. In contrast,
for M1 activity preceded by movements, spikes in layer V of M1
followed activity in layer II/IIII of both S1 and M1 (Fig. 8E),
indicating that MUA activity in upper layers of M1 and S1 is
triggered by sensory inputs and later conveyed to layer V of M1.

Gamma and spindle bursts occur in M1 in the absence of
sensory inputs

To address the question of whether the spontaneous activity in
M1 is influenced by sensory inputs from the periphery, we in-
jected 3% lidocaine into the forepaw and recorded cortical activ-
ity in M1. After blockade of the sensory periphery, sensory
stimulation of the forepaw did not induce any response in either
M1 or S1 (Fig. 9A,B). In addition, spontaneous forepaw move-
ments were completely absent in all six investigated animals (Fig.
9C,D). After blockade of the sensory inputs, the occurrence of
spontaneous gamma and spindle bursts in contralateral M1 was
significantly reduced by 49.1 = 11.2% (n = 6, p < 0.01) and
48.6 = 6.2% (p < 0.001), respectively (Fig. 9E1,E2). Moreover,
the duration of gamma and spindle bursts was significantly de-
creased by 37 + 11.5% (n = 6, p < 0.01) and 36.3 = 9.6% (p <
0.001), respectively (Fig. 9F1,F2). These results are in good agree-
ment with our observations that ~40% of the spontaneous bursts
in M1 were induced by forepaw movements (Fig. 7C2).

To investigate the question of whether the interactions be-
tween spontaneous activity in M1 and S1 is affected by blockade
of the sensory periphery, the occurrence of spontaneous events in
S1 and M1 were analyzed before and after forepaw inactivation
(Fig. 9G). The occurrence of S1-preceding M1 events (5.4 * 0.97
min ~') was significantly higher (n = 6, p < 0.05) than that of
M1-preceding SI events (3.4 * 0.44 min ') before lidocaine
injection into the forepaw. In the absence of sensory inputs, the
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occurrence of Sl-preceding M1 events was drastically (p <
0.001) reduced by ~80%, whereas that of M1-preceding S1
events was only slightly, but significantly (p < 0.01), reduced to
3.1 = 0.34 min ~'. Together, these results demonstrate that sen-
sory periphery inputs contribute mainly to S1-preceding M1
events, whereas M 1-preceding S1 events are only marginally af-
fected. These data support our hypothesis that sensory inputs
drive both S1 and M1 (with S1 preceding M1) and that M1 can
influence S1 directly.

Contribution of immature M1 to early motor activity

Our previous results demonstrated that only one-third of the fore-
paw movements were preceded by activity in M1 (Fig. 7C2). To
prove that spontaneous neuronal activity in M1 is directly responsi-
ble for these forepaw movements, we blocked the electrical activity in
M1 locally by applying 1% lidocaine to the surface of M1. After
inactivation of M1, the occurrence of forepaw movements decreased
significantly by 31.7% (p < 0.001, n = 7 for P3-P5) from 12 *+ 1.6
min ' to 8.2 = 1.3 min ~' (Fig. 10A,BI). The average duration of
forepaw movements was also significantly (p < 0.01) reduced, from
1.6 + 0.29 510 0.99 = 0.16 s (Fig. 10B2). These results are in agree-
ment with our previous observation that only a fraction of neuronal
activity in immature M1 triggers forepaw movements directly and
suggest that M1 can modify motor responses that originate from
subcortical regions.

Discussion

In this study, we combined VSDI with extracellular multielec-
trode recordings to study the functional interactions between S1
and M1 in P3-P5 rats in vivo. The main results of this study can be
summarized as follows: (1) mechanical forepaw stimulation
evokes burst responses in S1 and M1 as early as P3; (2) burst
activity in M1 is often preceded by spontaneous forepaw move-
ments, but to a lesser extent can also trigger movements; and (3)
immature M1 functions as motor and somatosensory cortex. Our
data indicate that, during early development, M 1 already contrib-
utes to somatosensory information processing. The interactions
between M1 and S1 are comparable to the mature cortex, with a
considerable amount of additional spontaneous activity occur-
ring at this early developmental stage.

Both VSDI and electrical recordings demonstrated that
sensory stimulation induced cortical burst responses in S1 and
M1 of P3-P5 rat pups, indicating an interaction between S1
and M1 during early postnatal development. In adult rodents,
a variety of studies have demonstrated a close interaction be-
tween S1 and cortical motor areas (Farkas et al., 1999; Rocco
and Brumberg, 2007; Brown et al., 2009; Aronoff et al., 2010;
Ghosh et al., 2010; Mao et al., 2011). The latency of sensory-
evoked responses in S1 in our study is comparable to latencies
reported previously in immature rats after forelimb stimula-
tions (Armstrong-James, 1975; Mcvea et al., 2012) and is con-
siderably longer than in adult S1 (Armstrong-James, 1975;
Morales-Botello et al., 2012), most probably reflecting the
slower conduction of somatosensory information in imma-
ture animals. A similar ontogenetic difference in onset laten-
cies has also been observed in the whisker system of the rat (cf.
Ferezou et al., 2007; Yang et al., 2013). The latency of forepaw
evoked responses between S1 and M1 in the adult rat is ~5 ms
(Ghosh et al., 2010) and thus comparable to the latencies ob-
served in our experiments (~8 ms), suggesting that similar
pathways underlie this coactivation.

Sensory information can reach M1 either by direct thalamic
projections to M1 or by associative connections from SI. In the
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Figure9.

Effect of blocking peripheral sensory input on spontaneous activity in M1. 47, Schematicillustration of the experimental setup with mechanical stimulation of the controlateral forepaw.

A2, Gamma and spindle bursts could be induced in M1 and S1 of a P3 rat under control conditions. B, Same experiment as in A, but 20 min after 3% lidocaine injection in the forepaw. C, D,
Twenty-second-long recordings in the M1 forepaw representation before (€7, blue) and 20 min after (D1, green) lidocaine injection. €2, €3, D2, D3, Examples of gamma bursts (€2, D2) and spindle
bursts (€3, D3) displayed at an expanded time scale and marked by asterisks in (7 and D7. Note decrease in the occurrence and duration of gamma (g) and spindle bursts (s) in M1 after inactivation
of the forepaw. E, F, Forepaw inactivation reduced the occurrence () and duration (F) of spindle and gamma burstsin M1 of six P3—P5 rats. Significant differences were tested with paired  test from
six P3—P5 rats. G, Forepaw inactivation changed the relationship between spontaneous activity in M1and S1in the S1-preceding M1 activities (51 pre M1) and M1-preceding S1 activities (M1 pre
S1) patterns. Significant differences between before and after forepaw inactivation were tested with paired ¢ test. Significant differences between ST pre M1and M1 pre S1 were tested with the
Mann-Whitney—Wilcoxon test. ***p << 0.001, *p << 0.01 by paired ¢ test; #p << 0.05 by Mann—Whitney—Wilcoxon test.

vibrissae system of the adult rat, it has been shown that somato-
sensory responses in the ventrolateral nucleus of the thalamus,
the main area projecting to M1, appear after the responses in M1,
indicating that this thalamocortical pathway does not contribute
to the fast responses in M1 (Farkas et al., 1999). Consistent with
this, it has been shown recently that the functional interaction
between M1 and S1 in the rodent whisker system does not depend
on thalamic connections (Zagha et al., 2013). Furthermore, Far-
kas et al. (1999) demonstrated that functional or structural dele-
tion of S1 inhibited M1 responses to tactile stimulation.

Neuroanatomical tracing studies identified reciprocal connec-
tions between S1 and M1 (Aronoff et al., 2010; Mao et al., 2011),
which may underlie the functional interaction between both cor-
tical areas. Because M1-projecting neurons in S1 show touch-
related responses during active whisking (Chen etal., 2013), these
anatomical connections are most probably involved in the relay
of sensory information to M1. Conversely, neural activity in M1
can also influence sensory processing in S1. In adult animals, a
disinhibitory circuit in M1 has been shown recently to influence
sensory processing in S1 (Lee et al., 2013). In our study, both FPs
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Figure 10.  Role of M1 in controlling forepaw movements. 4, One-minute continuous re-
cording of spontaneous forepaw movementsin a P3 rat under control conditions (47, black) and
20 min after lidocaine application (A2, gray). A3, Examples of forepaw movements displayed at
expanded time scale (dashed boxes in A7 and A2). B, Inactivation of M1 by lidocaine reduced
the occurrence (B1) and duration (B2) of spontaneous forepaw movements. Averaged data
(larger symbols) show mean = SD. Significant differences were tested with paired  test from
seven P3—P5 rats. ***p << 0.001; **p < 0.01.

and MUA in M1 can precede that in S1. Moreover, in the absence
of sensory inputs, the occurrence of S1-preceding M1 events was
significantly lower than that of M1-preceding S1 events. These
observations indicate that M1 has considerable influence on S1in
newborns, suggesting direct connections at this age.

Consistent with previous observations in the immature visual
and barrel cortex (Colonnese et al., 2010; Yang et al., 2013), we
observed that the response in the forepaw-related S1 consists of
an early and late component. However, in contrast to these pre-
vious studies (Colonnese et al., 2010; Yang et al., 2013), which
demonstrated early gamma bursts in whisker-related barrel cor-
tex, tactile stimulation of the forepaw failed to evoke gamma
activity in forepaw-related S1. In S1, both sensory-evoked and
spontaneous activity consisted only of spindle bursts, consistent
with previous findings in nonbarrel somatosensory cortex
(Khazipov et al., 2004). Conversely, in M1, gamma bursts could
be observed in sensory-evoked responses and in spontaneous
activity. Interestingly, in human cortex, gamma-band activity
dominates in M1 in magnetoencephalographic recordings dur-
ing a sensorimotor task, whereas alpha band spindle activity pre-
vails in S1 (Tecchio et al., 2008). The gamma bursts observed in
the present study and previously in the barrel cortex (Colonnese
etal.,2010; Yang et al., 2013) are not identical to classical gamma
oscillation, which appeared during later stages of development,
but rather resemble transient gamma events (Buzsaki and Wang,
2012; Khazipov et al., 2013). Our CSD analyses revealed that evoked
early gamma activity in M1 shows a considerable different spatial
profile from the early gamma activity in S1 (Minlebaev et al., 2011),
suggesting that different circuits underlie the gamma activity in M1.

Approximately 40% of the spontaneous gamma and spindle
bursts in M1 were triggered by paw movements, and blockade of
forepaw movement by local lidocaine injection reduced the oc-
currence of gamma and spindle bursts by ~40%. These results
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indicate that an early motor-sensory loop contributes to gamma
and spindle bursts in immature M1, as has been demonstrated
previously for the somatosensory cortex (Khazipov et al., 2004).
Similar results have been reported in the whisker (Yang et al.,
2009; Tiriac et al., 2012), the visual system (Hanganu et al., 2006),
and the auditory system (Tritsch and Bergles, 2010).

Approximately 35% of the M1 bursts are not correlated di-
rectly with forepaw movements, consistent with the results of
Khazipov et al. (2004), who reported that ~14% of the spindle
bursts in S1 are not associated with movements. This result sug-
gests that, although the majority of neocortical activity transients
are generated in subcortical regions or the periphery, a consider-
able fraction is generated within the cortex itself. Approximately
23.7% of the forepaw movements were preceded by gamma and
spindle activity in M1, indicating that these forepaw movements
were triggered directly by M1 activity. In these cases, part of the
S1 MUA was triggered by sensory perception of the movements,
buta considerably amount of MUA in S1 was simultaneous to M1
activity, suggesting direct interactions between these areas. This
assumption is supported by the observation that M1 activity un-
correlated to movements was paralleled by activity in S1, and M1
activity without periphery sensory input was still correlated with
activity in S1. Furthermore, we demonstrate that microstimula-
tion of M1 in spindle and gamma-frequency bands reliably
evokes forepaw movements and local blockade of M1 attenuated
forepaw movements. Therefore, spontaneous burst activity in
M1 can already trigger spontaneous movements in immature
rodents. This conclusion is supported by the observation that
bursts in M1, which are sufficient to trigger movements, are char-
acterized by a higher number of spikes in layer V. However, the
latency between M1 microstimulation or layer V activity and
forepaw movement is considerably longer than in the adult so-
matosensory system (Bonazzi et al., 2013), which may reflect the
slower conduction of information in immature animals or may
indicate that M1 does not initiate movements directly, but rather
interacts with subcortical movement generators.

Early activity patterns triggered by the sensory periphery play
a critical role in the development of functional topography maps.
The development of the somatotopic sensory cortical map has
been suggested to require spindle burst activity in S1 triggered by
spontaneous twitches of the paws (Khazipov et al., 2004). Local-
ized gamma and spindle bursts in neonatal vibrissal S1, which
were induced by spontaneous whisker movements (Tiriac et al.,
2012) and transferred to the developing cortex via the subplate
(Tolner et al., 2012), resemble the topographic and functional
columnar organization in barrel cortex already at early postnatal
stages (Yang et al., 2013). In the visual system, patterned sponta-
neous retinal waves not only contribute to the retinotopic map
refinement in the superior colliculus (McLaughlin et al., 2003;
Chandrasekaran et al., 2005), but also trigger cortical spindle
bursts (Hanganu et al., 2006), which may contribute to the spatial
refinement in V1 (Cang et al., 2005). In the developing auditory
system, spontaneous activity in auditory nerve fibers before the
onset of hearing is essential for the refinement and maintenance
of tonotopic maps (Rubel and Fritzsch, 2002; Leake et al., 2006;
Tritsch et al., 2007). We suggest that early gamma and spindle
bursts in M1 contribute to the fine-tuning of the somatotopic
organization within the motor cortex. In parallel, activity- and
use-dependent processes are important to establish the mature
pattern of topographic specificity between corticospinal axons
and their spinal targets (Martin, 2005). In addition, the topo-
graphical organization of M1 shows a substantial refinement dur-
ing postnatal development (Chakrabarty and Martin, 2000).
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Therefore, both spontaneous and sensory-evoked gamma and
spindle bursts in M1 may also be critical for the formation of
functional efferent motor pathways. We propose that these spon-
taneous activity transients carry feedback information to the mo-
tor cortex, which may be important for the development of a
body representation in the motor-sensory system.

Neonatal mice (Gramsbergen et al., 1970; Clarac et al., 2004)
and fetal or premature humans (de Vries et al., 1982; Cioni and
Prechtl, 1990; Milh et al., 2007) already show coordinated behav-
ioral responses that require coordinated limb movements. There-
fore, functional motor-sensory integration is probably already of
central importance at this early stage to allow coordinated move-
ments and/or adequate processing of sensory information in-
duced by active movements.
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