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The Nature of the Sensory Input to the Neonatal Rat Barrel
Cortex
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Sensory input plays critical roles in the development of the somatosensory cortex during the neonatal period. This early sensory input
may involve: (1) stimulation arising from passive interactions with the mother and littermates and (2) sensory feedback arising from
spontaneous infant movements. The relative contributions of these mechanisms under natural conditions remain largely unknown,
however. Here, we show that, in the whisker-related barrel cortex of neonatal rats, spontaneous whisker movements and passive stimu-
lation by the littermates cooperate, with comparable efficiency, in driving cortical activity. Both tactile signals arising from the litter-
mate’s movements under conditions simulating the littermates’ position in the litter, and spontaneous whisker movements efficiently
triggered bursts of activity in barrel cortex. Yet, whisker movements with touch were more efficient than free movements. Comparison of
the various experimental conditions mimicking the natural environment showed that tactile signals arising from the whisker movements
with touch and stimulation by the littermates, support: (1) a twofold higher level of cortical activity than in the isolated animal, and (2) a
threefold higher level of activity than in the deafferented animal after the infraorbital nerve cut. Together, these results indicate that
endogenous (self-generated movements) and exogenous (stimulation by the littermates) mechanisms cooperate in driving cortical

activity in newborn rats and point to the importance of the environment in shaping cortical activity during the neonatal period.

Key words: barrel; development; EEG; neonate; whisker

Significance Statement

Sensory input plays critical roles in the development of the somatosensory cortex during the neonatal period. However, the origins
of sensory input to the neonatal somatosensory cortex in the natural environment remain largely unknown. Here, we show that in
the whisker-related barrel cortex of neonatal rats, spontaneous whisker movements and passive stimulation by the littermates
cooperate, with comparable efficiency, in driving cortical activity during the critical developmental period.

Introduction

Sensory input plays critical roles in the development of the pri-
mary somatosensory S1 cortex (for review, see Erzurumlu and
Gaspar, 2012; Luhmann et al., 2016; Tiriac and Blumberg, 2016).
In the whisker-related barrel cortex, the whisker-barrel map
forms during the first postnatal week through the elaboration of
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thalamocortical connections and involving transient circuits,
including the subplate (Higashi et al., 2005; Kanold and Luh-
mann, 2010; Hoerder-Suabedissen and Molnar, 2015). This is
also the critical period for barrel map plasticity. Indeed, sen-
sory deprivation during the early postnatal period results in
morpho-functional malformations in the S1 barrel map (Van
der Loos and Woolsey, 1973; Simons and Land, 1987; Fox,
1992; Crocker-Buque et al., 2015) and causes deficits in
whisker-dependent behaviors (Carvell and Simons, 1996).
During this period, the barrel cortex displays enhanced plas-
ticity at thalamocortical synapses (Isaac et al., 1997; Feldman
and Knudsen, 1998; Feldman and Brecht, 2005; An et al.,
2012) and expresses unique spontaneous and sensory-driven
activity patterns that are thought to participate in the activity-
dependent formation of the topographic thalamocortical
barrel maps (Yang et al., 2009, 2013; Minlebaev et al., 2011).
Therefore, it is important to determine the mechanisms,
which provide sensory activation of the somatosensory cortex
during the neonatal period.
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The existing knowledge about the somatosensory cortex
functions and about the properties of sensory-evoked responses
in neonatal rodents is mainly based on studies using head-
restrained isolated newborn pups (Khazipov et al., 2004; Yang et
al., 2009; Blumberg et al., 2015). It has been shown that neuronal
network activity in the somatosensory cortex of a newborn has a
discontinuous temporal organization, and it is characterized by
intermittent bursts of activity organized in the spindle and vy
oscillations that are separated by long, up to tens of seconds,
periods of silence (Khazipov et al., 2004; Minlebaev et al., 2007,
2009, 2011; Yang et al., 2009, 2013). These activity bursts can
occur spontaneously and persist (although at lower frequency)
after sensory deafferentation (Khazipov et al., 2004; Yang et al.,
2009), and they can also be efficiently evoked by somatosensory
stimulation. In the natural nesting conditions, such external
stimulation could be provided by the mother and littermates.
Another potential source of sensory stimulation is sensory feed-
back from spontaneous myoclonic twitches and startles, which
are characteristic movement patterns in the neonates, triggering
activity bursts in the somatosensory thalamus and cortex (Khazi-
pov et al., 2004; Mohns and Blumberg, 2010; Tiriac et al., 2012).
Sensory feedback from movements may involve the following:
(1) proprioceptive and reafferent signals in the case of free move-
ments and (2) additional ex-afferent (touch-generated) signals in
the case of movements accompanied by tactile contact (Moore et
al., 2015). Thus, a total sensory input to the neonatal S1 cortex in
natural conditions may involve self-generated movements of the
newborn rat, as well as passive stimulation provided by the litter-
mates and mother. However, how the somatosensory cortex op-
erates in a naturalistic environment, and what the relative
contributions of different sensory stimuli in driving the S1 activ-
ity in neonate are remains largely unknown.

In this study, we have attempted to differentiate these mech-
anisms in the whisker-barrel system of newborn rats by using
simultaneous video recordings of whisker movements and re-
cordings of electrical activity in the respective cortical barrels
under various conditions mimicking a natural environment. Our
main finding is that the sensory feedback from the self-generated
whisker movements and the passive stimulation by the litter-
mates cooperate, with a comparable efficacy, in driving cortical
activity in the newborn rats.

Materials and Methods

Ethical approval

This work has been performed in accordance with EU Directive 2010/
63/EU for animal experiments, and all animal-use protocols were ap-
proved by the French National Institute of Health and Medical Research
(INSERM, protocol N007.08.01) and Kazan Federal University on the
use of laboratory animals (ethical approval by the Institutional Animal
Care and Use Committee of Kazan State Medical University N9-2013).

Surgery

Wistar rats of both sexes from postnatal days (P) 1-7 were used. Prepa-
ration of the animals for head-restrained recordings was as described
previously (Khazipov et al., 2004; Minlebaev et al., 2011) with some
modifications. In brief, under isoflurane anesthesia, the skull of the ani-
mal was cleaned of skin and periosteum and covered by dental cement
(Grip Cement, Caulk Dentsply), leaving a 5 mm window above the barrel
cortex. The wound was treated with xylocaine (2%) and chlorhexidine
(0.05%), animals were warmed, left for an hour to recover from anesthe-
sia and returned to the litter. Recordings from the head-restrained non-
anesthetized rats were performed 1 or 2 d after surgery. A metal ring was
fixed to the skull by dental cement and via a ball-joint to a magnetic
stand. Animals were surrounded by a cotton nest and heated via a ther-
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mal pad (35°C-37°C). A chlorided silver wire, placed in the cerebellum
or visual cortex, served as a ground electrode.

Transection of the infraorbital nerve was performed under deep iso-
flurane anesthesia at the level of the infraorbital foramen.

Sensory stimulation

For mechanical whisker stimulation, the whiskers were trimmed to a
length of 0.8—1.5 mm. The tip of the whisker was inserted 0.5 mm into
the blunt tip of a needle glued to the end of piezo actuator. To induce
deflection of the piezo actuator, square 30—40 V pulses of 2 or 10 ms
duration were applied at 10-20 s intervals.

The experiments with facial nerve stimulation were performed in
urethane-anesthetized rat pups (1.5 g/kg, i.p.). The ramus buccolabialis
superior (a branch of the facial nerve) was exposed by a 1- to 2-mm-long
incision above the middle part of the ramus buccolabialis superior and
stimulated by bipolar electrodes at a frequency of 0.1-0.2 Hz, the stim-
ulus amplitude and duration were selected individually for each animal
and did not exceed 50 V and 2 ms, respectively.

Electrophysiology

Extracellular recordings of the local field potential (LFP) and multiple
unit activity (MUA) were performed from a barrel column using linear
silicone probes (16 channels, 25 or 50 wm separation distance; Neu-
ronexus Technologies). A hole was drilled in the skull above the barrel
cortex (anteroposterior —0.3 to —1.2 mm; lateral 3-4 mm from
bregma). Electrodes were vertically inserted at a depth of 680—-1100 wm
from the cortical surface. The signals were amplified and filtered
(X10,000; 0.1 Hz to 10 kHz) using a DigitalLynx (Neuralynx) amplifier,
digitized at 32 kHz, and saved on a PC for post hoc analysis.

Raw data were preprocessed using custom-written functions in
MATLAB (The MathWorks). The recordings were first explored to de-
tect MUA, following which the raw data were downsampled to 1 kHz.
MUA was detected as negative events exceeding 3.5 SDs of the baseline in
a300-4000 Hz band-passed signal. Analysis of units and LFP was per-
formed using custom-written MATLAB-based programs and Chronux
toolbox (Mitra and Pesaran, 1999). Data from 1 or 2 recording channels
located in layer 4 were used for LFP and MUA analysis unless indicated.
Current source density (CSD) analysis was used to eliminate volume
conduction and localize synaptic currents. CSD was computed for each
recording site according to a differential scheme for the second derivative
and smoothed with a triangular kernel of length 3 (Freeman and Nich-
olson, 1975). The number of units associated with sensory-evoked potential
(SEP) was counted within the time window of +25 ms from the SEP peak.
MUA during a burst was estimated within a time window from 25 to 700 ms
after the SEP peak, spindle burst oscillation power was determined within a
time window from 25 to 400 ms after the SEP peak. Spectral analysis was
performed using the Chronux toolbox. Spectral power was estimated using
direct multitaper estimators (5 Hz bandwidth, 3 tapers, 200 ms spectral
window) or continuous wavelet transformation with a Morlet wavelet of the
8-100 Hz bandpass filtered LFP signal.

Video recordings
Whisker movements. Gouache paint was applied to the trimmed tips of
the principal whisker (PW) and neighboring whiskers. One or two addi-
tional gouache marks were made on the whisker pad skin to serve as
reference points. A high speed digital camera (Promon 501, AOS Tech-
nologies) with a TEC-M55 objective (Computar) was placed along the
PW axis to record whisker movements at 100 frames/s and 480 X 320
resolution in two consecutive 15-min-long recordings. The analysis of
the video recordings was performed using ProAnalyst 1.5.7.4 (Xcitex).
The coordinates of the gouache mark on the whisker pad were subtracted
from the coordinates of the observed whisker and filtered (>0.1 Hz
median filter). Whisker movements were detected as events exceeding a
threshold of 3.5 SDs calculated through the trace length. If the time
window between two detected events was <1 s, they were considered to
be one continuous movement. PW contact with the external objects was
detected from a difference in the coordinates of the PW and the neigh-
boring whisker in the same row.

Pup movements. The littermate was cotton wrapped and positioned
closely (=3 mm) to the head-restrained recorded rat pup (see Fig. 4A)
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Whisker movement patterns in neonatal rats. 4, Snapshot of a P5 rat snout with the whisker tips marked with a black paint. Example trace (B) and cross-correlation coefficients (C) of

movement of the four whiskers labeled on A. D, Time-colored traces of the whisker movements marked with asterisks on B. Gray circles represent the whisker bases. E, F, Histograms of whisker
movement direction (E) and angular amplitude (F). Pooled data from 10 nonanesthetized P2—P7 rat pups (in total 675 movements).

and their movements were recorded with Promon 501 and QICAM Fast
1394 (QImaging) digital cameras. The line (1-D) method was used to
detect the movements of the whisker pad region of each pup using the
parameters as described above for whisker motion analysis.

Pups behavior in the nest

The observation of the pup’s interactions with the littermates, mother,
and passive objects in the nest was performed using a C270 (Logitech)
camera with 3 h/d video recordings of 1 or 2 rat pups per nest in their
home cage in the habitual environment of the animal house (1 = 6 nests,
8-12 rat pups per nest; PO—P5).

Statistics

Statistical analysis was performed using the MATLAB Statistics tool-
box. Statistical comparisons between the groups were performed using
the Wilcoxon signed-rank and Mann—-Whitney tests. The significance
level was set at p < 0.05. Group data are expressed as mean = SEM unless
otherwise indicated.

Results

Whisker movement patterns in neonatal rats

Spontaneous whisker movements occurring in behaving animals
and their relationships with electrical activity in the whisker-
related barrel cortex were examined in nonanesthetized head-
restrained postnatal day P2—P7 rat pups using high-speed video
recordings. To detect the active whisker movements and to ex-
clude their passive displacement resulting from entire mistacial
pad movements, trajectories of the marks placed on the skin near
the PW were subtracted from the whisker trajectories. Although
we did not observe any rapid active whisking (which emerges
starting from the second postnatal week), whisker movements in
the neonatal rats were characterized by a variety of the primitive
intermittent active whisker movement patterns that is in keeping
with previous studies (Welker, 1964; Landers and Philip, 2006;
Grant et al., 2012; Tiriac et al., 2012) (Fig. 1). Whisker move-
ments occurred at average rate of 2.4 * 0.2 movements per min-

ute (n = 10 pups; P2-P7), and their vast majority were collective
synchronized whisker movements when all or groups of whiskers
moved in unison as evidenced by cross-correlation analysis and
occurring (Fig. 1B-D). Although there was a tendency in the
developmental increase at the whisker movement frequency and
amplitude from P2 to P7, this was not significant, however. The
highest correlation coefficient of movements was observed
between the neighboring whiskers within a row (0.985 = 0.003;
n = 10 pups; P2-P7; Fig. 1C). Movements were mainly oriented
in two directions: protraction (Rayleigh vector angle —4.3 *
21.0° [mean * SD; 0° = rostral direction] and Rayleigh vector
amplitude 21.5 £ 10.7°), and retraction (angle 194.0 = 24.4°,
amplitude 19.3 = 9.2°% n = 10 pups; P2-P7; Fig. 1E,F). The
duration of whisker movements was variable, with the main con-
tribution of the short-duration unidirectional (preferentially re-
traction or protraction) events illustrated by the example
movements marked in Figure 1B, D (green and red asterisks), and
longer-lasting movements with complex trajectories as illus-
trated by the example trace marked by Figure 1B, D (blue aster-
isk). Thus, the movement patterns in the neonatal rat pups share
some similarities with the movement patterns in adult animals,
including the predominance of collective movements in the pro-
traction—retraction direction (Welker, 1964; Bermejo et al., 2002;
Hill et al., 2008). However, the neonatal whisker movements are
not yet organized in active whisking (see also Welker, 1964; Land-
ers and Philip, 2006; Grant et al., 2012) and include primitive
intermittent patterns of brief twitchy events and more complex
movements (Tiriac et al., 2012), which are also observed in the
skeletal musculature during the neonatal period (Gramsbergen et
al., 1970; Khazipov et al., 2004; Tiriac et al., 2015). We further
explored how these primitive whisker movements correlate with
the activity in the primary somatosensory barrel cortex.
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Figure2. Activityina cortical barrel of a neonatal rat during free principal whisker moveme
(2 whiskers (top left) and a movement associated with (1 whisker contact with an external
amplitude vectors and the result of their subtraction (AC1-(2). The color encodes the time bet

nts and active touch. A, The color-coded example traces of caudally directed free movement of C1 and
object (top right) obtained from a P4 nonanesthetized rat pup. Bottom, Corresponding movement
ween the movement onset and the end. Bottom, Simultaneous LFP (black traces) and MUA (red bars)

recordings from L4 of (1 barrel column. Vertical dashed lines indicate movement onsets. B, Corresponding wavelet LFP spectrograms from L4 of the C1 cortical barrel column. C, D, Caudal C1 whisker
movement-triggered C1 L4 layer (C) spike raster plots and (D) cumulative distribution of spikes detected within 1s after C1 movement onset. E~G, Group data from five nonanesthetized P4 —P7 rats
onthe (E) spike firing rate (F) total spike counts and (G) LFP powerin ot/ 3 and -y frequency bands in L4 of principal barrel column evoked by free PW movements and movements with touch. Baseline

MUA and LFP power was assessed within 1 of baseline average. *p << 0.05.

Cortical activation during whisker movements

Extracellular multichannel silicone probe recordings across lay-
ers were obtained from a cortical barrel column, and the LFP and
MUA were correlated with the PW movements in two experi-

mental configurations: (1) free whisker movements in air and (2)
movements with touch, when an object was placed into the PW
trajectory (Fig. 2A). The PW was identified on the basis of the
maximal SEP and short latency L4 MUA followed by early vy
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oscillations and spindle bursts in response
to a brief mechanical deflection (Minle-
baev et al, 2011; Yang et al, 2013;
Mitrukhina et al., 2014). Both types of
whisker movements triggered, although
with different efficacy, population MUA
bursts associated with rapid oscillations
nested in the envelope of 8 waves with a
maximal LFP power and MUA response
in L4 (Movies 1, 2), as evidenced by the
wavelet analysis and spike raster plots trig-
gered by the movement onset (Fig. 2 B, C).
The cortical activity was more robust
when it occurred during movements with
touch than during free movements: (1)
the proportion of movements associated
with cortical bursts was higher during
movements with touch (85 * 7.5%) than
during free movements (56.5 = 6.6%; n =
10 pups; P2-P7); (2) during free move-
ments, L4 MUA increased from 6.6 = 2.8
spikes/s of baseline activity to 49.1 = 40.1
spikes/s within a 1 s time window after the
movement onset; movements with touch
were associated with an almost twofold
stronger increase to 98.5 = 55.1 spikes/s
(n = 5 pups; P4-P7; p = 0.031; paired
sample Wilcoxon signed rank test; Fig.
2D-F); and (3) similarly, LFP power in
the spindle burst (8—29 Hz) and gamma
(3090 Hz) frequencies showed an in-
crease during free movements to 41.6 *
11.1 wV?/Hz and 4.9 * 1.3 uV?/Hz, re-
spectively, whereas during movements
with touch, it attained 71.9 * 18.5
wV?/Hz (spindle bursts) and 7.3 * 1.7
wV?Hz (y) (n = 5 pups; P4-P7; p =
0.031; paired sample Wilcoxon signed
rank test; Fig. 2G). To estimate the impact
of tactile contact during whisker move-
ments on the total ongoing activity in the
barrel cortex, we compared the mean L4
MUA from 30 min recording sessions of
free whisker movements with 30 min re-
cording sessions of whisker movements in
continuous contact with various natural-
istic passive objects. As naturalistic pas-
sive objects artificial fur, a mesh or an
anesthetized littermate were presented.
We found that overall the L4 MUA in-
creases from 10.9 * 1.8 spikes/s during
free whisking to 13.3 * 2.2 spikes/s during
continuous contact with the passive ob-
jects (n = 4 pups; P2—P6; p = 0.029; Wil-
coxon rank sum test; all passive objects
pooled together).

To provide accurate whisker movement
control, which is difficult in behaving ani-
mals, we induced artificial muscle-driven
whisker movements in anesthetized rat
pups by applying electrical stimulation to
the facial motor nerve (Fig. 3A,B) (Zucker
and Welker, 1969; Szwed et al., 2003). Arti-
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Movie1. Exampleofa br|effree whlsker protramon movementand activityin the corresponding barrel. E iy

amplitude. Yellow trace below represents LFP. Red vertical bars (and audio clicks) represent MUA in (1
barrel. White vertical line indicates the current frame. Recordings from a P6 rat. Video is displayed at 50 fps
frame rate (slowed down twofold).

Movie2.
barrel. Magenta box represents C1 whisker tip position. Magenta trace represents C1 whisker movement
vector amplitude. Yellow trace below represents LFP. Red vertical bars (and audio clicks) represent MUA in
(1 barrel. White vertical line indicates the current frame. Recordings from a Pé rat. Video is displayed at 50
fps frame rate (slowed down twofold).
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Figure 3.

Cortical activity in the principal barrel column during artificial whisker movements. A, Schematic drawing of motor facial nerve stimulation evoked protractions: (left) free and (right)

with an object introduced in the whisker path and corresponding examples of time color-coded D2 whisker movement trajectories in a urethane-anesthetized P6 rat. B, Schematic drawing of
electrodes placement for stimulation of the middle branch (BS, ramus buccolabialis superior) of the facial nerve. C, Example responses evoked by artificial whisker movementsin L4 of the D2 cortical
barrel column. D, The stimulus-triggered averages (n = 100) of LFP (black traces) overlaid on color-coded CSD plot and (E) MUA peristimulus time histograms across layers. F-H, Statistical plots of
(F) L4 MUA peristimulus time histograms during free and touching artificial movements (SEP) and (G) brief PW deflection, and (H) parameters of the artificial whisker movement-evoked responses
in the cortical L4 normalized to the PW deflection-evoked responses. F~H, Pooled data from four urethane-anesthetized P5—P6 rats. *p << 0.05. ns, Not significant.

ficial whisker movements were composed of active protraction (an-
gle 1.2 = 22.2°, amplitude 20.6 = 9.9% n = 4 pups; P5-P6) and
passive retraction (Fig. 3A, left). When an object was introduced into
the whisker trajectory, the whisker touched it and bent so that the
whisker tip moved in a backward direction, and then bent back and
retracted (Fig. 34, right). Free artificial movements evoked an SEP of
311 = 65 wV with a delay of 47 = 8 ms after the stimulus with the
main sink and a MUA burst of 10 = 3 spikes/response in L4, but they
barely evoked +y/spindle bursts (n = 4 pups; P4-P7; Fig. 3C-F;

Movie 3). When an object was introduced into the PW’s path, arti-
ficial whisker movements evoked an almost twofold larger SEP of
750 + 168 wV and associated L4 MUA of 17 = 2 spikes/response
(Fig. 3C—F; Movie 4). Artificial movements with touch much more
reliably triggered the y/spindle burst component than free move-
ments as evidenced by an increase in L4 MUA determined within a
time window from 25 to 700 ms after SEP (161 =+ 22 vs 30 = 7
spikes/response), and power of gamma (25 * 15 vs 3 + 2 uV?*/Hz)
and spindle burst oscillations (247 * 140 vs 56 = 36 uV?*/Hz) as
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determined within a time window from 25
to 400 ms after SEP (Fig. 3C-F,H ). We fur-
ther compared the responses evoked by ar-
tificial whisker movements with the
responses to brief mechanical deflection of
the stationary passive PW, with the stimulus
intensity evoking an SEP of the same ampli-
tude as during artificial whisker movements
with touch. The afterdischarge properties of
these purely tactile-induced responses were
largely similar to the responses evoked by
the artificial whisker movements with touch
including the magnitude of L4 MUA (204 *+
46 spikes/response) and the power of spin-
dle burst (345 = 163 wV?*/Hz) and y (37 =
8 wV?/Hz) oscillations (Fig. 3G,H). The
only difference between the external touch
and artificial movement with touch evoked
responses was a longer afterdischarge delay
in the case of artificial movements with
touch that may be due to more synchronous
activation of sensory afferents during exter-
nal mechanical deflection (Fig. 3F, G). After
facial nerve dissection distal to the stimula-
tion site, artificial whisker movements and
cortical responses were completely sup-
pressed (n = 2 pups), indicating that the
stimulated nerve was purely motor. To-
gether, the results obtained during sponta-
neous and artificially evoked movements
indicate that the sensory feedback re-
sulting from the free whisker move-
ments and movements with tactile
contact is an efficient source of cortical
activation in neonatal rats, but also that
movements with contact of passive ob-
jects are more effective than free whis-
ker movements.

Cortical activation by the

littermate movements

Passive tactile stimulation provided by the
littermate and mother movements is an-
other potential source of somatosensory
input. Before electrophysiological record-
ings, we estimated the amount of time the
rat pups spent with their snout in contact
with the littermates and mother. Video re-
cordings of the rat pup behavior in their
home cage environment revealed that the
rat pups spend 74 = 6% of their time in
the nest with the whisker pad in a close
contact with the littermates and mother.
The mother rat left the nest for 6 = 2 min
with 19 = 5 min intervals (21 * 5% of
total recordings time). During these peri-
ods, the rat pups mainly stayed in contact
with each other. Feeding periods of 27 = 5
min occurred with 17 = 4 min intervals
(56 £ 6% of the time mothers spent in
contact with the pups). During feeding,
the pups’ whiskers were continuously in
contact with the mothers’ fur. In total, the
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Movie 3.  Artificial free whisker movement evoked by the electrical facial nerve stimulation. Magenta [m]HEy
box represents (2 whisker tip position. Magenta trace represents (2 whisker movement vector amplitude. s

Yellow trace below represents LFP. Red vertical bars (and audio clicks) represent MUAina C2 barrel. White = ?
vertical line indicates the current frame. Recordings from a P7 rat. Video is displayed at 50 fps frame rate 1=
(slowed down twofold).

:‘EE""
represents (2 whisker movement vectoramphtude Yellow trace below represents LFP. Red vertical bars

(and audio dlicks) represent MUA in a (2 barrel. White vertical line indicates the current frame. Recordings el ; d
from a P7 rat. Video is displayed at 50 fps frame rate (slowed down twofold). arh _:ﬂ';
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Figure 4.

Activation of cortical barrels during littermate movements. A, Littermate (left) is placed snout to snoutpad to the recorded head-restrained P3 rat pup (right). Both animals are

nonanesthetized. B, Example response evoked by the littermate head movement (top) in the L4 of a C1 cortical column (middle) and the corresponding wavelet spectrogram (bottom). ¢, Movement
onset triggered spike raster plotin L4 of a (1 barrel column. D-F, Group data on (D) littermate movement triggered L4 MUA time histograms (bottom, movements duration), (E) total spike counts,
and (F) L4 LFP powerin - B and -y frequency bands withina 15 period before and after littermate’s movements. D—F, Pooled data from six pairs of P2—P6 nonanesthetized rats. G, Overall L4 MUA
frequency in the barrel cortex in nonanesthetized rat pups during free whisking, continuous PW contact with the passive objects (fur, mesh, anesthetized littermate), and a PW contact with the
nonanesthetized littermate normalized to the level of activity after deafferentation by cutting the ION. Bottom, Color-coded p value map for statistical comparisons between different conditions.

*p < 0.05; **p << 0.01. ns, Not significant.

rat pups’ whiskers were in contact with the external objects, in-
cluding littermates, mother, or nest lining 94 = 1% of time.
Next, we explored the impact of contact with the littermate on
the activity in the barrel cortex. To achieve this aim, a littermate
was placed in contact, snout to snout, to the recorded animal so
that the PW was continuously touching the littermate (Fig. 4A).
Movements of the recorded rat pup and littermate, detected from
a change in the distance between the pups’ snout contours, reli-
ably evoked cortical responses as evidenced by an increase in L4
MUA (Fig. 4B—E; Movie 5) as well as in a-f3 and y power (Fig.
4B, F).Onaverage, L4 MUA increased from 11.2 = 5.6 spikes/s of
baseline to 102.9 = 54.1 spikes/s within a 1 s time window after
the movement onset (n = 6 pups; P2-P6; p = 0.016; paired

sample Wilcoxon signed rank test). Gamma and spindle burst
power also showed an increase during littermate movements
from 0.5 + 0.2 uV*/Hz t0 9.7 + 3.3 uV*/Hz, and from 8.8 = 2.7
wV?/Hz to 94.6 + 35.5 uV?*/Hz, respectively. To estimate the
impact of tactile contact with the littermate on the total ongoing
activity in the barrel cortex, we compared the mean L4 MUA
from 30 min recording sessions of free whisker movements with
recording sessions of whisker movements in continuous snout-
to-snout contact with the littermate. The total count of L4 MUA
under the conditions of contact with the littermate attained
19.9 = 7.4 spikes/s, which was almost twofold higher than in the
isolated animal (10.9 * 1.8 spikes/s; n = 4 pups; P2-P6; p =
0.029; Wilcoxon rank sum test; Fig. 4G).
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Infraorbital nerve cut

Finally, to estimate the level of spontane-
ous activity, supported by completely
deafferented somatosensory networks, we
cut the infraorbital nerve (ION), which
conveys all sensory input from the whis-
kers. Recordings before and after the ION
cut were performed in nonanesthetized
animals under conditions of free whisker
movements, whereas ION transection was
performed under deep isoflurane anes-
thesia. We found that overall, L4 MUA
reduced from 10.2 = 2.1 spikes/sto 6 = 1
spikes/s 1 h after the ION cut (n = 7 pups;
P1-P6; Fig. 4G). The level of suppression
of cortical activity to 66 = 7% of the con-
trol values after deafferentation obtained
here in nonanesthetized animals was less
pronounced than reported previously
(Khazipov et al., 2004; Yang et al., 2009),
where the activity was suppressed to
~30%-50% of the control values, that
probably reflects the use of anesthetics in
previous studies. The level of L4 MUA
suppression after the ION cut did not
show any age dependence, either through
the linear regression analysis (r = 0.15;
p = 0.74) or through the group data com-
parisons (P1-P2: 69 = 11%; n = 4; and
P5-P6: 61 = 10%; n = 3; p = 0.59).

Movie5.

rate (slowed down twofold).

Discussion

In the present study, we aimed to estimate the relative contribu-
tions of different sensory stimuli in driving neuronal activity
in the S1 barrel cortex of newborn rats under conditions mim-
icking the natural environment. Previously, two origins of the
early somatosensory inputs have been suggested: passive whisker
stimulation by the littermates and mother (Hanganu-Opatz,
2010; Erzurumlu and Gaspar, 2012) and sensory feedback from
the primitive whisker movements (Tiriac et al., 2012). The rela-
tive contributions of these two mechanisms in driving the S1
cortex have remained largely unknown, however. The main find-
ing of the present study is that spontaneous whisker movements
and passive stimulation by the littermates play comparable roles
in driving S1 activity in the neonatal rats. We also found that,
whereas free whisker movements caused an elevation of cortical
activity as reported previously (Tiriac et al., 2012), tactile feed-
back during the movements with touch significantly increased
the efficiency of whisker movements to trigger cortical bursts.
Tactile signals arising from the littermates’ movements under
conditions simulating the littermates’ position in the home cage
were also highly efficient in activating the barrel cortex. Compar-
ison of various experimental conditions mimicking the natural
environment (Fig. 4G) showed that tactile signals arising from
whisker movements with touch and stimulation by the litter-
mates, support: (1) a twofold higher level of cortical activity than
that in an isolated animal, and (2) a threefold higher level of
activity than that in a deafferented animal. Together, these results
indicate that self-generated movements and passive stimulation
provided by the littermates’ movements cooperate, with compa-
rable power, in driving S1 cortical activity in newborn rats. The
results also suggest that the natural environment significantly
contributes to maintain physiological levels of S1 activity not

Littermate movements. Magenta trace represents a distance change between the littermates’ [m]
snouts. Yellow trace below represents LFP. Red vertical bars (and audio clicks) represent MUA ina D2 barrel.
White vertical line indicates the current frame. Recordings from a P4 rat. Video is displayed at 15 fps frame
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ecorded pup

only through direct stimulation by the littermates and mother
but also by enabling tactile feedback during spontaneous
movements.

In keeping with an onset of active whisking at ~P12 (Welker,
1964; Landers and Philip, 2006; Grant et al., 2012), we failed to
observe any rapid active whisking in our experimental conditions
in P4—P7 animals. However, a wide diversity of other intermit-
tent whisker and mystacial pad movement patterns were ob-
served during this period, including unidirectional brief and
more complex movements similar to those reported by Blumberg
and colleagues (Tiriac et al., 2012). Whisker movements in the
neonatal rat pups showed the predominance of collective move-
ments with the maximal movement correlations between adja-
cent whiskers in a row, and with the preferred movement
directions of protraction and retraction, which also characterizes
whisker movements in adult animals (Welker, 1964; Bermejo et
al., 2002; Hill et al., 2008). Free whisker twitches were shown to
cause an elevation of ventral posteromedial thalamic and S1 cor-
tical activity indicating that reafferent sensory feedback acts as an
efficient sensory signal (Tiriac et al., 2012) similar to the body
twitches evoking spindle bursts in the S1 body regions (Khazipov
et al., 2004). Our findings support these earlier findings but also
show that cortical activation during whisker movements is signif-
icantly stronger if the whisker is touching an external object dur-
ing movement, as evidenced by stronger activation of units and
an increase in the spindle- and y-bursts LFP power. A particularly
robust difference in the efficacy of whisker movements with and
without touch in triggering cortical activity was observed during
artificially evoked movements evoked by stimulation of the mo-
tor nerves. In this set of experiments, artificial free whisker move-
ments evoked only SEPs, whereas the same movements with
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touch evoked SEP + burst complexes with much stronger acti-
vation of cortical neurons. This difference between the results
obtained with spontaneous and artificial movements may involve
the inhibitory effect of urethane and thus elevated thalamocorti-
cal burst threshold in the experiments with the artificial
movements.

The importance of tactile input in driving cortical activity
during whisker movements, as shown here, is consistent with the
findings made in adult animals, where presenting an object into
the whisking path was shown to increase the number of respon-
sive neurons in the trigeminal ganglion (Zucker and Welker,
1969; Szwed et al., 2003) and to increase the firing of neurons in
thebarrel cortex (Crochetetal., 2011). Moreover, CSD profiles of
the responses evoked by artificial whisking, which revealed the
main current sinks and activation of neurons in L4 of the barrel
column during free whisking and whisking against the object, are
in agreement with the results obtained in adult animals, where
both the reafferent and the ex-afferent signals have been shown to
be processed through the same lemniscal pathway (Moore et al.,
2015). However, activation of cortical neurons during free whis-
ker movements in neonatal rats, as observed here, is different
from the results obtained in adult animals, where free whisking,
associated with the induction of the cortical active state, did not
alter the average firing frequency of principal neurons (Crochet
and Petersen, 2006; Poulet and Petersen, 2008), the difference
is likely due to the delayed development of the active states
(Colonnese et al., 2010) and inhibitory intracortical mechanisms
(Fagiolini et al., 2004; Daw et al., 2007; Minlebaev et al., 2011;
Colonnese, 2014).

Our results provide, for the first time, the description of the
two main sensory inputs to the barrel cortex operating under
naturalistic conditions and both likely contributing to the
activity-dependent thalamocortical developmental during the
critical period. Although both inputs appeared to be efficient in
triggering cortical activity, their physiological roles in develop-
ment may differ. It has been previously shown that passive whis-
ker stimulation, as in the case of the littermate touch, triggers
thalamocortical oscillations in the barrel cortex with a repetitive
sequential activation of the topographically aligned thalamic
and cortical neurons to support the long-term potentiation at
thalamocortical synapses (Minlebaev etal., 2011; An et al., 2012).
Movement-evoked responses are also organized in oscillations,
which are similar to the passive touch-evoked responses and thus
create similar conditions for plasticity. However, because the ac-
tivity bursts in the motor cortex may drive neonatal movements
(An etal., 2014), they may, in addition, support synchronization
in the developing sensorimotor circuits in an anti-Hebbian fash-
ion, as has been previously demonstrated for the development of
the nociceptive spinal cord networks (Petersson et al., 2003).

The results are also of interest for intersystems and interspe-
cies comparisons. First, the environmental influence on the early
operation of the developing somatosensory system (involving
passive stimulation by the littermates and tactile contact during
movements) makes it different from the visual and auditory sys-
tems, whose function during the early developmental period is
primarily controlled by spontaneous activity at the sensory pe-
riphery insensitive to the external stimuli (for review, see Katz
and Shatz, 1996; Blankenship and Feller, 2010; Hanganu-Opatz,
2010; Colonnese and Khazipov, 2012). Second, because similar
stages of development in humans occur during the second half of
gestation in utero, under the conditions of the limited external
sensory stimulation (Clancy et al., 2001; Khazipov and Luhmann,
2006; Colonnese et al., 2010; Workman et al., 2013; Luhmann et
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al., 2016) (see also http://www.translatingtime.net/), we suggest
that (1) spontaneous fetal movements and the resulting sensory
feedback play more a significant role, than external stimulation in
humans, and that (2) the importance of tactile feedback should
be considered in the care of preterm neonates, who may have
more freedom and less tactile feedback during their movements
than the fetus in utero.
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