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tutoring sessions, each 90 min, were given each day. Birds that produced soft (subsong)
vocalizations during tutoring were banded and transferred to individual custom sound
attenuating chambers where tutoring continued until a total of 60 days was reached. Eight
birds were tutored with the forward phrase-pair ensemble, eight others received tutoring
with the reversed phrase-pair regimen. Eleven birds were tutored with singly presented
phrases.

Birds were sexed in the following summer either by microsattelite DNA analysis
autopsy; five of the birds in the reversed phrase-order group and seven in the forward
phrase-order group were confirmed to be males.

24 op

Recording and analysis of vocalizations

The vocalizations of each bird were recorded using a small condenser microphone that was
located in each sound-attenuating chamber. Beginning at approximately 30 days after
tutoring, recordings were made frequently, with intervals not exceeding 9 days. These
signals were digitized, displayed as spectrograms in real time and stored as computer files
(Avisoft Recorder). Across renditions, the crystallized songs of birds often varied in length,
with the last phrase sometimes not included. Spectrograms of crystallized songs that are
displayed in this paper were chosen to show all of the phrase types of typical length found
in these songs. Songs were scored with regard to whether adjacent phrases were placed in
correct versus incorrect relative position; these values were then evaluated with respect to
what would be expected by chance.
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Sensorimotor coordination emerges early in development. The
maturation period is characterized by the establishment of
somatotopic cortical maps'?, the emergence of long-range cor-
tical connections’, heightened experience-dependent plasticity*”
and spontaneous uncoordinated skeletal movement®’. How these
various processes cooperate to allow the somatosensory system
to form a three-dimensional representation of the body is not
known. In the visual system, interactions between spontaneous
network patterns and afferent activity have been suggested to be
vital for normal development'®''. Although several intrinsic
cortical patterns of correlated neuronal activity have been
described in developing somatosensory cortex in vitro'>"*, the
in vivo patterns in the critical developmental period and the
influence of physiological sensory inputs on these patterns
remain unknown. We report here that in the intact somatosen-
sory cortex of the newborn rat in vivo, spatially confined spindle
bursts represent the first and only organized network pattern.
The localized spindles are selectively triggered in a somatotopic
manner by spontaneous muscle twitches®®, motor patterns ana-
logous to human fetal movements'>'®. We suggest that the
interaction between movement-triggered sensory feedback sig-
nals and self-organized spindle oscillations shapes the formation
of cortical connections required for sensorimotor coordination.

We examined the nature of early sensory signals and self-
generated activity in the primary somatosensory (S1) cortex,
using extracellular mapping and patch-clamp recordings in neo-
natal rats in vivo (postnatal days 1-8). In contrast to the adult
neocortex'’, activity in the neonatal rat was characterized by
intermittent network bursts (mean+s.d. = 0.65+0.15s), separated
by long silent periods (Fig. 1; 7.2+1.93 s; n = 19 non-anaesthetized
pups). The multiple unit bursts were associated with a single sharp
potential or spindle-shape field oscillations (10.8+1.2 Hz). Unitary
discharges were rare between these field events (Fig. 1a, d). Sharp
potentials occurred in isolation or preceded spindles by 100—
200 ms. Simultaneous recording of field events in various S1 cortical
layers with silicon probes showed a reversal of both the sharp
potential and spindle pattern between superficial and deep layers
(Fig. 1f; n = 2 pups). Spindle activity was associated with rhythmic
multiple unit discharges (Fig. 1b; see Supplementary Figures).

To explore the synaptic mechanisms underlying the generation of
S1 network bursts, we employed patch-clamp recordings in
urethane-anaesthetized animals (Fig. 2; see Supplementary
Figures). Glutamatergic excitatory postsynaptic currents (EPSCs)
and GABA (y-aminobutyric acid) receptor A (GABA,) receptor-
mediated PSCs were separated by using whole-cell recordings in
voltage-clamp mode with low-chloride internal solution. The basic
parameters of EPSCs and GABA,-PSCs were similar to that
described in vitro (Supplementary Table)'®. A characteristic feature
of synaptic activity in S1 neurons was the grouping of both EPSCs
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and GABA ,-PSCs into bursts, which coincided with the S1 network
events, recorded by a nearby extracellular electrode (Fig. 2b, c).
Coincidence of synaptic and population activities was also reflected
by the robust cross-correlations between the synaptic currents and
S1 bursts and spindles (Fig. 2d, e). Charge transfer mediated by
glutamatergic EPSCs and GABA,-PSCs during spindle bursts was
32 £ 7pCand 71 * 29 pC, respectively (n = 10 cells). Thus, syn-
chronous excitation of SI neurons during spindle bursts is brought
about by synaptic mechanisms involving glutamatergic connections
and by GABAergic synapses in keeping with previous in vitro
studies'*'*%.

On the basis of event duration, frequency, field waveform,
cortical depth profiles and cellular correlates, S1 cortical spindles
are homologous to sleep spindles or u rhythm of the adult cortex,
suggesting the involvement of the thalamo-cortical network'”*'">,
In support of this hypothesis, recordings from the thalamus (n = 4
pups) revealed cortical spindle-related multiple unit discharges (see
Supplementary Figures). However, besides being more variable in
frequency, two features of S1 spindles were fundamentally different
from the adult patterns: spindles in the pup were spatially highly
confined and consistently associated with motor activity (Fig. 1).
Motor patterns during the first week of life are characterized by
spontaneous muscle twitches, limb jerks and whole-body startles®’,
initiated by stochastic bursts in the spinal cord network*. Video
monitoring in freely moving pups (n = 4) showed that most S1
bursts were associated with overt movement, including isolated
muscle twitches, limb and whole-body jerks, crawling and sucking.

a A S1 (P2) i N 1, . b
1 ] 1
0.1 mVI
* 0.2s
MUA 0.1 mVv |
Movement
aromard: N

w N =
S O o
(1]

(=2}

N

Normalized count Frequency (Hz)

€ ess—— Spindle
s Unit
IR R R

t 02 04 o086
Movement

0.8 (s)

1.
Source Iso  Sink

Figure 1 Movement-triggered spindle bursts in S1 of the newborn rat. a, b, Wide-band
recordings of extracellular activity and filtered (0.3-5 kHz) multiple unit activity (MUA) in
S1 hindlimb area of a two-day-old (P2) behaving pup. Positivity is up. Bottom, movement
of the contralateral hindlimb. Continuous rhythm reflects respiration. Note that field events
and synchronized unit bursts are associated with movements. The event marked by an
asterisk in a is shown at expanded time scale in b. ¢, d, Averaged power spectrogram of
field () and perievent histogram of MUA (d), referenced to movement onset (0's). Note
increased power at 5-15Hz (¢, normalized colour code) and MUA rate

(d, normalized spikes per bin) between 50 and 550 ms. The same pup was used in a—d.
e, Mean (+s.d.) delay between movement peak and peak of spindle power, and
movement and unit firing (n = 19 pups; P < 0.001 in each). f, Transcortical current
source density of sharp potential (arrow) and spindle recorded by a 16-site silicone probe
ina P5 pup. Colours indicate changes in current flow in (sink) and out (source) of neurons,
relative to an isoelectric (iso) state.
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Temporal analysis between mechanically detected movement and S1
activity showed that movement consistently preceded cortical unit
bursts and associated sharp potentials and spindles (Fig. 1c—e). Only
14% (+11s.d.) of all spindles occurred in the absence of overt
movement. To investigate the spatial localization of S1 bursts, an
array of eight electrodes was placed in the same cortical depth in 15
pups. Spindle bursts, associated with movements of the contra-
lateral forelimb and hindlimb, were spatially confined to different
cortical areas (Fig. 3a, b; see Supplementary Figures). After this step,
the pups were lightly anaesthetized with urethane (1gkg™') and the
effect of sensory stimulation was examined. Mechanical touch
(n = 15) or electrical stimulation (n = 5 additional pups) of the
limbs and other body parts evoked a spatially confined sensory
potential, often followed by a spindle. The magnitude, latency and
cortical spatial distribution of the stimulation-evoked potential and
spindle power were similar to that of sharp potentials and spindles
triggered by the isolated, spontaneous limb movements (Fig. 3; see
Supplementary Figures). The evoked field events were associated
with multiple unit discharges and collective EPSCs and GABA4-
PSCs (see Supplementary Figures). These results show that S1
spindle bursts are selectively triggered in a somatotopic manner
by sensory feedback signals, resulting from spontaneous move-
ments. Their spatial confinement, relative to adult sleep spin-
dles'”*"?*, may be explained by poorly developed long-range
cortical connections at this early age>*.

Is sensory input a necessary trigger for cortical spindles? To
answer this question, sensory inputs from the hindlimb area were
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Figure 2 Synaptic correlates of S1 spindle bursts. a, Reconstruction of a whole-cell
recorded and biocyin-filled layer V pyramidal cell (red, axon; white, dendrites; depth,
800 p.m; P5 pup). b, Voltage-clamp recording from the neuron in a, at holding potential
—65mV (the reversal potential of the GABA,-receptor-mediated currents) and
concomitant MUA (depth: 900 wm). The middle burst is shown at higher temporal
resolution. Bottom traces, GABAA-PSCs at 0 mV (the reversal potential of the
glutamatergic EPSCs) and concomitant MUA. ¢, Same as in b but from another cell
(P6 pup). d, e, Normalized cross-correlograms between S1 MUA and EPSCs (d) and S1
MUA and GABAA-PSCs (e). Data represent the mean and s.e.m. from nine cells. Left
insets, averaged spontaneous EPSCs and GABAA-PSCs from the neuron in a (see also
Supplementary Table S1). Right insets, coherence (coh) spectra between field potential
and PSCs for the neuron in ¢. Note high coherence at 10 Hz.
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Figure 3 Cortical spindles are spatially confined. a, First column: a single spindle event
associated with contralateral forelimb jerk (arrow). Second column: power of spindle
events triggered by spontaneous forelimb movement (7 = 11, blue) or by touch
stimulation of the forelimb (n = 34, red). Inset: position of recording electrodes. +,
bregma. Third column: averaged field responses. Fourth column: peri-event time
histograms of unit activity triggered by forelimb movement (blue) or touch stimulation
(red). b, same as in a, but related to contralateral hindlimb activity (7 = 20 movements,
n = 90 stimulations). ¢, Spatial map (in stereotaxic coordinates) of maximal spindle

disconnected by severing the spinal cord at low-thoracic level after
mapping the topography of spontaneous and sensory evoked
spindles (7 = 5 anaesthetized pups). The incidence of spindles in
the hindlimb cortical area in the absence of peripheral input
decreased threefold, but nevertheless spindles persisted. In
the unaffected forelimb area spindle probability was not affected
(Fig. 4). These findings provide evidence that spindles are self-
organized patterns, generated by circuits that are intrinsic to the
brain, but in the neonatal animal the movement-triggered events
keep delaying the occurrence of spontaneous events because the rate
of jerks is higher than that of the endogenous spindles.

In conclusion, the main pattern of activity in the newborn S1
cortex is a localized network burst, typically organized into a spindle
pattern. Spindle bursts are consistently triggered in a somatotopic
manner by sensory feedback from the characteristic neonatal
muscle twitches, and limb and body jerks. Importantly, human
fetal movements in utero are similar to the twitching movements in
the neonatal rat®'>'® and, according to our findings, may be the
main source of sensory inputs to the somatosensory cortex in utero.
The scalp electroencephalogram (EEG) of preterm infants is charac-
terized by intermittent bursts of electrical activity, often organized
into rhythmic patterns (“delta-brush”)?, similar to the S1 spindles
described here in the rat. Our experiments revealed a link between
these two early developmental phenomena, S1 network spindles and
spontaneous motor activity. Muscle activity in specific body parts is
reliably and consistently associated with discharges of specific
neuron groups in S1 cortex. The spatial-temporal coordination of
movement (afferent feedback) spindle sequences may serve to
anchor body representation in S1 cortex to the physical layout of
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power (crosses) and amplitude of field potentials (circles), triggered by movement (blue,
red) or evoked by touch (green, orange), referenced to forelimb (blue-green) and hindlimb
(red-orange), based on 15 pups. Ellipsoids show 75% confidence intervals. d, Cumulative
probability density function of distances between locations of maximal spindle power
triggered by movement or touch stimulation (SPm-SPs), maximal amplitude of evoked
potential by movement or touch (EPm-EPs), maximal spindle power by movement or
evoked potential by touch (SPm-EPs). e, Cumulative probability density for effective spatial
size of movement-triggered and touch stimulation evoked spindles.
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Figure 4 Spindles can occur in the absence of sensory inputs. Effect of low-thoracic spinal
cord transection on the neuronal activity in the hindlimb S1 area. a, Recordings from the
hindlimb area before (left) and 90 min after (right) low-thoracic cut of the spinal cord.
Arrows, spindle bursts. Two events are shown below at expanded time scale.

b, Touch-evoked spindle events continued to occur after spinal transection in response to
stimulation of the contralateral forelimb, but not hindlimb. ¢, Incidence of spindle events
from five pups (P5—7) in the forelimb and hindlimb area before and after lesion. Bar graphs:
mean (+s.d.) ratio of the frequency of spindle events before and after lesion (*P < 0.002).
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the muscular system and provide metric coordinates for sensation.
As the initially slow-conducting thalamo-cortical and long-range
motor-sensory connections develop®”, the temporal prolongation
of sensory feedback by the self-generated spindle may assist in
strengthening the new connections, thus contributing to the estab-
lishment of sensorimotor coordination. O

Methods

Neocortical recordings were made from freely moving and anaesthetized neonatal rats
(post-natal days (P) 1-8; n = 45)*’. In freely moving pups (n = 7), 4-8 tungsten wires
(20 pm in diameter) with 100-300 pm vertical tip separation were implanted at age P4
(—0.5-1.5 mm posterior to the bregma and 1.5-2.0 mm from the midline) under ice-
cooling anaesthesia. In 17 additional pups (P1-P6), two anchor bars were fixed to the skull
under isoflurane anaesthesia. After recovery, the head was restrained by the skull bars and
the body was surrounded by a cotton nest, mimicking the presence of littermates®*’. An
array of eight electrodes was placed in the same cortical depth in S1 so that at least some of
them recorded units. A water heater placed under the nest kept the body temperature
constant at 35 °C. Acute recordings (n = 21) were performed under urethane anaesthesia
(1-1.5gkg™"). For simultaneous recording of field potential and multi-unit activity,
silicon probes® or tungsten wires (20 pm in diameter) were used. The silicon probe (16
recording sites with 100 pm separation) was inserted vertically into the brain so that
simultaneous recordings could be made from the somato-sensory cortex at various
depths. Whole-cell patch-clamp recordings were performed in the vicinity of the
extracellular electrode (n = 9 rats)”’. Morphological identification of the recorded cells
was performed by adding biocytine (0.4%) to the pipette solution. Pyramidal cells with
typical apical dendrite ramifying close to the brain surface were found in layer V (n = 4).
Data were acquired at a sampling rate of 20 kHz and analysed off-line. Oscillatory events
were detected by filtering the raw data in respective frequency ranges, identifying periods
of high power of sufficient duration and then detecting the troughs. Multi-unit bursts were
detected from the discriminated spike trains. Movements were recorded at 30 frames per
second and reviewed frame-by-frame. The beginning and the end of all motor movements,
including phasic and tonic, local and generalized movements were detected by eye. For
finer temporal resolution, movements of the forelimb, hindlimb and body were detected
by miniature earphones placed on the limbs. Sensitivity was sufficient to detect the
smallest visible movements, including respiration-related displacement of the limbs
(Fig. 1). Further details are provided in the Supplementary Methods.
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Strategies for assembling large, complex genomes have evolved to
include a combination of whole-genome shotgun sequencing and
hierarchal map-assisted sequencing'’. Whole-genome maps
of all types can aid genome assemblies, generally starting with
low-resolution cytogenetic maps and ending with the highest
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