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Mice actively explore their environment by rhythmically sweeping their whiskers. As a consequence, neuronal activity in somatosensory
pathways is modulated by the frequency of whisker movement. The potential role of rhythmic neuronal activity for the integration and
consolidation of sensory signals, however, remains unexplored. Here, we show that a brief period of rhythmic whisker stimulation in
anesthetized mice resulted in a frequency-specific long-lasting increase in the amplitude of somatosensory-evoked potentials in the
contralateral primary somatosensory (barrel) cortex. Mapping of evoked potentials and intracortical recordings revealed that, in addi-
tion to potentiation in layers IV and II/III of the barrel cortex, rhythmic whisker stimulation induced a decrease of somatosensory-evoked
responses in the supragranular layers of the motor cortex. To assess whether rhythmic sensory input-based plasticity might arise in
natural settings, we exposed mice to environmental enrichment. We found that it resulted in somatosensory-evoked responses of
increased amplitude, highlighting the influence of previous sensory experience in shaping sensory responses. Importantly, environmen-
tal enrichment-induced plasticity occluded further potentiation by rhythmic stimulation, indicating that both phenomena share com-
mon mechanisms. Overall, our results suggest that natural, rhythmic patterns of whisker activity can modify the cerebral processing of

sensory information, providing a possible mechanism for learning during sensory perception.

Introduction

The acquisition of sensory information is an active process where
sensory input and motor behavior influence each other. When
exploring their environment, mice and rats actively move their
facial vibrissae over objects and surfaces in rhythmical sweeps at
frequencies ranging between 5 and 15 Hz (Carvell and Simons,
1990; Wolfe et al., 2008). This form of active sensation has been
compared with digital palpation and microsaccadic eye move-
ments in primates (Carvell and Simons, 1990; Kleinfeld et al.,
2002). A consequence of the rhythmical nature of whisking is that
neuronal activity in the primary somatosensory (barrel) cortex
varies rhythmically in synchrony with whisker movement and
contact against obstacles (Fee et al., 1997; Crochet and Petersen,
2006; von Heimendahl et al., 2007). The vibrissal motor cortex,
which controls whisker movement (Brecht et al., 2004), is inter-
connected with both cortical and subcortical somatosensory
structures (Miyashita et al., 1994), and activity in the motor cor-
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tex is also modulated synchronously with whisker movement
(Kleinfeld et al., 2002; Chakrabarti et al., 2008).

How exactly this rhythmic whisking activity can affect the
processing of sensory information in the somatosensory—motor
cortical network remains, however, essentially unknown. Syn-
chronous rhythmical activity in and across cortical areas is
thought to play a key role in facilitating neuronal communication
and in establishing functional links between neuronal popula-
tions (Varela et al., 2001; Erchova and Diamond, 2004; Fries,
2005). It might also be that this activity facilitates the generation
of long-term adaptive changes in cortical function that underlie
perception (Gilbert et al., 2001). Recent evidence suggests that
periods of rhythmical visual or auditory stimulation can induce
properties of synaptic plasticity such as long-term potentiation of
cortical responses evoked by sensory inputs (Clapp et al., 2005,
2006; Teyler et al., 2005). Whether similar mechanisms could be
related to whisking activity and whether such changes could be
behaviorally relevant is not known. To address these issues, we
used multichannel epicranial recordings of somatosensory-
evoked potentials and laminar intracortical recordings (Tron-
coso et al., 2000, 2004; Mégevand et al., 2008) to test in anesthe-
tized mice whether a period of passive rhythmical whisker
stimulation at 8 Hz, the dominant frequency during exploratory
whisking behavior (Carvell and Simons, 1990), could induce
long-lasting changes of evoked sensory responses in the barrel
and motor cortices. Furthermore, to explore the behavioral rele-
vance of these effects, we compared them with changes possibly
evoked by exposure of the animals to environmental enrichment.
Overall, our results suggest that cortical plasticity induced by
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rhythmic sensory input is a relevant mechanism for the adjust-
ment of cortical activity during active sensory perception.

Materials and Methods

Animals. Male C57BL/6 mice aged 3—6 months were used for the exper-
iments. All procedures were in accordance with Swiss laws and were
approved by the Ethics Committee on Animal Experimentation of Ge-
neva University Medical School and by the Veterinary Office of Geneva.

Electrophysiological recordings. As detailed previously (Troncoso et al.,
2000, 2004; Mégevand et al., 2008), a custom-designed electromechani-
cal device was used for stimulating whiskers. Stimuli consisted of 300 um
back-and-forth deflections with 1 ms rise time, applied to all whiskers on
one side of the snout, 1 cm away from the face [30-100 stimuli per
somatosensory-evoked potential (SEP), 2-3 s interstimulus interval].
Mice were anesthetized with intraperitoneal pentobarbital (60 mg/kg
complemented by 20 mg/kg each hour as needed) during the epicranial
single-channel SEP recordings; during the longer epicranial SEP map-
ping and intracortical recordings, inhaled isoflurane (0.8-1% in 20%
oxygen/80% air) was used to maintain stable anesthesia over a longer
time period, as requested by the Veterinary Office of Geneva. Mice were
placed in a stereotaxic frame, the scalp was anesthetized with bupiva-
caine, and the skull bones were widely exposed. Anesthetic depth was
monitored clinically and kept constant so as to almost completely sup-
press the hindlimb withdrawal reflex. Body temperature was maintained
at 37°C by a feedback-controlled heating blanket (Harvard Apparatus).
During epicranial single-channel SEP recordings, an array of five stain-
less steel macro-electrodes (500 wm diameter) was dipped in EEG paste
(EC2; Grass Technologies) and applied onto the parietal bone overlying
the barrel cortex. Recordings were referenced to a frontal midline elec-
trode. Signals were amplified, filtered (4 Hz high-pass, 300 Hz low-pass),
digitized (2000 Hz sampling rate, 16-bit resolution; S. Czellar, CERN,
Geneva, Switzerland), and displayed on screen and stored on hard drive
for subsequent analysis. During epicranial SEP mapping recordings, an
array of 32 equidistant stainless steel electrodes (500 wm diameter) was
dipped in EEG paste and applied onto the frontal and parietal bones of
both hemispheres. A midline parietal electrode was used as the reference.
Signals were amplified, filtered (1 Hz high-pass, 500 Hz low-pass), digi-
tized (5000 Hz sampling rate, 16-bit resolution; M&I), and displayed on
screen and stored on hard drive. At the end of epicranial recordings, the
skull was cleaned, the surgical wound sutured, and the mouse returned to
its cage. During intracortical local field potential (LFP) recordings, a
craniotomy was performed in the parietal bone, and a linear 16-electrode
probe with 100 wm interelectrode spacing (NeuroNexus Technologies)
was inserted into the cortex perpendicular to its surface. Signals were
amplified, filtered (1 Hz high-pass, 500 Hz low-pass), converted to digital
(2000 Hz sampling rate, 16-bit resolution), and displayed online or
stored on hard drive.

Rhythmic whisker stimulation. Baseline SEP were recorded three times
every 10 min in mice previously housed in a poor or a rich environment.
All whiskers on one side of the snout were then submitted during 10 min
to rhythmic 1000 wm back-and-forth deflections with 1 ms rise time. The
rate of repetition of whisker deflection varied (2, 8, or 20 Hz). In controls,
the stimulator was activated for 10 min close to the whiskers without
making contact with them. Afterward, SEP were recorded as for the
baseline measurements every 10 min for 60 to 90 min.

Environmental conditions. Particular attention was brought to the
housing conditions of our animals. Mice were kept in either a poor or a
rich environment for 3 weeks before electrophysiological recordings. In
the poor environment, a single mouse was housed alone in a standard
cage (30 X 20 cm). In the rich environment, a single male mouse was kept
in one of five larger cages (60 X 30 cm) containing two female conspe-
cifics and several compartments and toys (with a different configuration
in each cage). Male mice were moved to another enriched cage every 2-3
d to encourage exploration of a new environment and interaction with
new partners. Except in the experiments concerned with the effects of
environmental enrichment, all animals used in this study were housed in
a poor environment before experiments were performed.

SEP waveform data processing and statistical analysis. The waveform
showing the earliest latency and strongest response (located 1 mm pos-
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terior and 2.5 mm lateral to the bregma) was used for analysis. To de-
crease the intertrial variability of SEP waveforms and to reduce the num-
ber of stimuli needed to obtain stable recordings, a statistical outlier
elimination procedure excluded those single trials where voltage values
lay beyond 2 SDs of the mean for a given period, eliminating ~30% of
trials (Sgro et al., 1990, Troncoso et al., 2000). The peak-to-peak ampli-
tude between the initial largest positive and negative peaks occurring
during the 10-30 ms poststimulus period of the SEP waveform was used
for statistical analysis. Single comparisons between two groups or condi-
tions were performed using ¢ tests, paired where appropriate, with Bon-
ferroni correction to correct for test repetitions. Repeated measurements
in the same animals were analyzed by repeated-measures ANOVA (Sta-
tistica 6; Statsoft). The significance level was set at p = 0.05. Error bars
represent SEM.

SEP mapping data processing and statistical analysis. Analysis was per-
formed using the Cartool software (D. Brunet, Geneva University Hos-
pital and Medical School, Geneva, Switzerland; http://brainmapping.
unige.ch/Cartool.php). Before averaging, single trials were visually
examined, and those that contained artifacts were excluded. Baseline
correction was applied using the 50 ms prestimulus period as baseline.
Averaged 31-channel SEP were recomputed against the average reference
and analyzed as topographic maps of the surface electrical field generated
by the brain. Surface voltage topography is a reference-free reflection of
brain activity; differing map topographies are necessarily generated by
differing patterns of neuronal activity (Lehmann, 1987). Graphical rep-
resentations of surface voltage topography were created by interpolating
values between electrodes using Delaunay triangle interpolation. To sta-
tistically evaluate map topography differences between conditions, a
nonparametric randomization procedure was used (Murray et al., 2008).
Briefly, under the null hypothesis, there is no topographic difference
between maps from both conditions. Recorded maps from both condi-
tions of each individual mouse at each time point were, therefore, first
normalized with respect to the global amplitude of map voltage values,
then randomly reallocated to either condition, and the spatial correlation
between both conditions was quantified by computing the spatial dissim-
ilarity (Murray et al., 2008). This procedure was repeated a large number
of times to obtain a virtual distribution of the spatial dissimilarity under
the null hypothesis. The spatial dissimilarity observed during the actual
experiment was then compared with this distribution. The whole proce-
dure was repeated for each time point between 0 and 40 ms after stimu-
lus. The significance level was set at p = 0.05 for at least 10 consecutive
timeframes (2 ms). To localize the changes in map topography, in each
condition amplitude-normalized maps of each mouse were averaged
over time during periods of significant topographic difference, and
paired randomization tests were then performed at each electrode be-
tween conditions. The significance level was set at p = 0.01. Results are
presented as topographic maps of the direction of significant differences
between conditions. Because of the large number of test repetitions, re-
sults of point-wise statistical tests should be considered indicative of,
rather than conclusive for, significant differences.

Intracortical current source density analysis and statistical analysis. Re-
cordings from the 12 electrodes located between 0 and 1100 um depth
were used for analysis. Before averaging, single trials were visually exam-
ined, and those that contained artifacts were excluded. Baseline correc-
tion was applied using the 50 ms prestimulus period as baseline. LFP
recordings were further analyzed by computing the one-dimensional
current source-density (CSD) perpendicular to cortical laminae. The
CSD estimates local current flow between the intracellular and extracel-
lular compartments, such as that generated by synaptic activity
(Mitzdorf, 1985). It is calculated as the product of the second spatial
derivative of voltage with the conductivity tensor. Since the latter is gen-
erally held to be constant in the neocortex, the CSD was here estimated by
calculating the second spatial derivative using a 3-point finite-difference
formula (Quairiaux et al., 2007). To compute the CSD at the extremities
of the probe, virtual voltage values were extrapolated by assuming no
voltage decay above the uppermost and below the lowermost electrodes
(Vaknin et al., 1988; Heynen and Bear, 2001). Peaks of selected current
sinks were used for statistical analysis. Repeated measurements in the
same animals were analyzed by repeated-measures ANOVA (Statistica 6;
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Figure1.  A10min period of 8 Hz rhythmic whisker stimulation induces along-lasting plasticity of whisker-evoked brain responses. 4, Top, Epicranial SEP recording setup. Anesthetized mice were

placed in a stereotaxic frame; the scalp was retracted, and an array of 5-32 electrodes (black dots) was applied to the skull bones. These electrodes recorded potentials evoked by mechanical
deflection of all large facial whiskers on the contralateral snout. The electrode recording the earliest-latency, largest-amplitude SEP (larger black dot) was used for analysis. Bottom, Rhythmic
stimulation paradigm. Three baseline SEPs were recorded at 10 min intervals. The whiskers were then rhythmically deflected at a frequency of 8 Hz for 10 min, after which SEP were again recorded
every 10 min for 90 min. In controls, the stimulator was activated for 10 min at 8 Hz close to the whiskers without making contact with them (sham stimulation). B, Examples of SEP waveforms
recorded over the barrel cortex at baseline (dotted trace) and 30 min after a 10 min period of 8 Hz whisker stimulation (solid trace). , Time course of SEP peak-to-peak averages before and after 8
Hz stimulation (stim; n = 5) or sham stimulation (control; n = 5). D, Pooled averages of the SEP peak-to-peak from the three baseline recordings and the recordings made between 10 and 30,
between 40 and 60, and between 70 and 90 min after 8 Hz whisker stimulation. E, Examples of SEP waveforms recorded over the barrel cortex at baseline and after rhythmic whisker stimulation at
2 Hz (left) or 20 Hz (right). F, Pooled averages of the SEP amplitudes from the three baseline recordings and the recordings made between 20 and 50 min after the stimulation period. Significant

difference from baseline at **p << 0.01 or at ***p << 0.001.

Statsoft). The significance level was set at p = 0.05. Error bars represent
SEM.

Histological control of electrode positioning. To verify the proper posi-
tioning of the intracortical probe, a lesion was made in the barrel or
motor cortex at the end of the recordings by passing current (20 nA for
8 s) through a glass microelectrode filled with Chicago Sky Blue dye and
inserted at 400 wm depth. Mice were then killed with pentobarbital,
perfused with 4% paraformaldehyde, and the brains were extracted and
processed for cytochrome oxidase histochemistry on tangential sections
of the barrel cortex or for cresyl violet staining on coronal sections of the
motor cortex using previously detailed protocols (Troncoso et al., 2004).

Results

Long-lasting, frequency-specific increase of somatosensory
responses after 8 Hz whisker stimulation

We first explored the possibility that rhythmic whisker stimula-
tion might lastingly influence the cortical processing of somato-
sensory input. For this purpose, we recorded the electrical re-
sponse of the barrel cortex to mechanical deflection of
contralateral whiskers (SEP) using minimally invasive epicranial
electrodes applied to the surface of the skull bones under pento-
barbital anesthesia (Fig. 1A) (Troncoso et al., 2000, 2004). The
SEP mainly reflects synchronized postsynaptic events evoked by
somatosensory stimuli in populations of cortical neurons; the
successive voltage peaks of the SEP waveform (traditionally de-

scribed by their amplitude and latency) are generated by partly
distinct neuronal populations and reflect stages in the processing
of sensory information (Allison et al., 1989a,b; Di and Barth,
1991; Peterson et al., 1995; Jellema et al., 2004).

To investigate whether rhythmic whisker stimulation influ-
enced subsequent whisker-evoked responses, three baseline SEP
were recorded, after which whiskers were rhythmically deflected
at a frequency of 8 Hz for 10 min. This rhythmic stimulation
induced a twofold increase in SEP peak-to-peak amplitude over
the next 90 min (Fig. 1B, C). In sham-stimulated control mice, in
which the whisker stimulator was activated at 8 Hz for 10 min
close to the whiskers without contacting them, no increase in SEP
amplitude was evident over time (Fig. 1C) (test group, p < 0.001;
control group, p > 0.928 for effect of recording time on SEP
amplitude; repeated-measures ANOVA, n = 5 in each group).
This increase was visible already at the earliest poststimulus la-
tencies (<10 ms poststimulus), where the SEP mostly reflects
depolarization of layer IV cortical neurons by thalamocortical
afferents from the ventroposteromedial (VPM) thalamic nucle-
us; it was even clearer between 10 and 30 ms poststimulus, where
the SEP reflects disynaptic and plurisynaptic responses in supra-
granular and infragranular layers of the primary somatosensory
cortex (Di et al., 1990; Jellema et al., 2004). SEP potentiation was
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already evident during the first 30 min after 8 Hz stimulation and
was sustained for at least 90 min (Fig. 1 D) (mean * SEM of SEP
amplitude in tests: 67.83 = 9.96, 118.40 * 15.51, 132.85 * 15.51,
140.41 = 18.0 wV at baseline, 10-30, 40—60, and 70-90 min,
respectively; p = 0.008, p = 0.001, p = 0.015 for 10-30, 40— 60,
and 70-90 min against baseline, respectively; SEP amplitude in
controls: 79.12 * 5.83, 77.88 = 4.72,78.95 * 5.94, 85.72 *+ 8.36
1V at baseline, 10-30, 40—60, and 70—90 min, respectively; all
p > 0.25 for comparison against baseline; two-tailed paired # tests
with Bonferroni correction, n = 5 in each group).

The effect of rhythmic whisker stimulation was more power-
ful for the 8 Hz frequency; 2 Hz stimulation induced a significant
but smaller increase in SEP amplitude (8 Hz, 95% increase; 2 Hz,
63% increase), whereas 20 Hz stimulation failed to induce any
significant increase (Fig. 1E,F) (SEP amplitude for 2 Hz stimu-
lation: 70.95 * 6.52,117.40 = 6.64 wV at baseline and 20—50 min
after stimulation, respectively, p < 0.001; 8 Hz stimulation:
67.83 £ 9.96, 127.43 = 14.63 nV, p < 0.001; 20 Hz stimulation:
90.35 = 9.81, 107.34 = 13.88 wV, p = 0.07; two-tailed paired ¢
tests with Bonferroni correction, n = 5 in each group).

To demonstrate that 8 Hz whisker stimulation-induced po-
tentiation of SEP responses was specific for the stimulated sen-
sory input, we recorded SEP in response to deflection of whiskers
on both sides of the snout before and after unilateral 8 Hz stim-
ulation in a new group of eight animals. Since we used isoflurane
anesthesia for the following intracortical and mapping analyses,
we switched to isoflurane for this supplementary experimental
group to ascertain that isoflurane did not suppress the effects of 8
Hz stimulation. Although SEP waveforms are known to differ
depending on the particular anesthetic agent used (Rojas et al.,
2006), 8 Hz stimulation under isoflurane anesthesia was followed
by a long-lasting increase in the peak amplitude of responses to
deflection of whiskers on the 8 Hz-stimulated side (recorded in
the hemisphere contralateral to 8 Hz stimulation) as observed
under pentobarbital anesthesia (Fig. 2A,B) (increases of 34.3 =
26%, 48.5 * 16%, and 78.6 = 26% at 30, 60, and 90 min com-
pared with baseline, respectively, with p = 0.29, p = 0.03,and p =
0.03, respectively; two-tailed paired ¢ tests with Bonferroni cor-
rection). In contrast, responses to deflection of whiskers on the
non-8 Hz-stimulated side (recorded in the hemisphere ipsilateral
to 8 Hz stimulation) were not potentiated (—9.6 = 9%, +21.3 *
16%, and 29.6 = 23% at 30, 60, and 90 min compared with
baseline, respectively, with p = 0.09, p = 0.43, and p = 0.23,
respectively), demonstrating that 8 Hz stimulation induced an

A 10 min period of 8 Hz rhythmic whisker stimulation induces a long-lasting and input-specific potentiation of
whisker-evoked brain responses under isoflurane anesthesia. A, Examples of SEP waveforms (n = 8) recorded under isoflurane
anesthesia over the left and right barrel cortices in responses to respective contralateral deflections 20 min before (baseline) and
60 min after (post-stim) 8 Hz (right) whisker stimulation. B, Pooled averages of the SEP amplitudes from the three baseline and 30,
60, and 90 min after 8 Hz whisker stimulation, normalized against the baseline. Asterisks indicate significant differences with
baseline at p << 0.05. Potentiated responses are limited to the left barrel cortex, contralateral to the 8 Hz whisker stimulation.

Laminar profile of 8 Hz
stimulation-induced plasticity

To investigate how 8 Hz stimulation influ-
ences subsequent cortical somatosensory
responses, we next turned to intracortical
recordings. Inhaled isoflurane was pre-
ferred to maintain a more stable anesthesia
over a longer time period. We then used
multichannel intracortical probes to perform CSD analysis of the
whisker-evoked LFP recorded in somatosensory cortical layers
before and after 8 Hz stimulation. The CSD mainly reflects local
synaptic activity by highlighting current flow in discrete cortical
layers (Mitzdorf, 1985; Quairiaux et al., 2007). The baseline pat-
tern of laminar whisker-evoked responses in the barrel cortex,
starting at ~6 ms after stimulus, was characterized by a current
sink in layer IV that rapidly extended toward layers II-III, a
fainter sink at the layer V-VI border, and superficial and deep
sources (Fig. 3A, B, black CSD traces). This pattern is similar to
previously reported findings in the rodent barrel cortex and re-
flects the propagation of excitatory synaptic activity in the barrel
cortical column (Agmon and Connors, 1991; Armstrong-James
et al., 1992; Jellema et al., 2004; Lecas, 2004 ). Stimulation (8 Hz)
was followed by a significant increase in the amplitude of several
sinks (Fig. 3A, red CSD traces). The largest increase was found in
the superficial layer II-III sink (Fig. 3C, far left) (p = 0.006 for
effect of recording time on sink amplitude; repeated-measures
ANOVA, n = 5); smaller but significant increases were also ob-
served in deep layer II-III (middle left; p = 0.011), layer IV (mid-
dle right; p = 0.005), and at the layer V-VI border (far right; p =
0.005). No effect of recording time on sink amplitude was found
in sham-stimulated controls (superficial layer II-III, p = 0.693;
deep layer II-III, p = 0.256; layer IV, p = 0.819; layer V-VI
border, p = 0.700, n = 5). Superficial and deep sources, thought
to represent the passive return current generated by excitatory
synaptic activity, also increased in amplitude after 8 Hz stimula-
tion (data not shown). These data indicate that long-term
changes in whisker-evoked responses of the barrel cortex after 8
Hz stimulation mainly involved the granular and supragranular
layers.

Long-term plasticity after 8 Hz stimulation involves the
sensorimotor network

Cortical processing of somatosensory input is not limited to the
primary somatosensory cortex, but involves several other cortical
areas, such as the secondary somatosensory cortex, the vibrissal
motor cortex, and somatosensory cortices of the opposite hemi-
sphere, as well as subcortical structures (Kleinfeld et al., 2006;
Ferezou et al., 2007). To investigate plasticity of large-scale sen-
sorimotor networks, we mapped the surface potential field gen-
erated by brain activity using 32 epicranial electrodes distributed
over the parietal and frontal bones of both hemispheres under
isoflurane anesthesia (Mégevand et al., 2008). We then consid-
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Rhythmic whisker stimulation induces long-lasting potentiation of whisker-evoked current sinks in the barrel cortex. 4, Examples of whisker-evoked LFP recordings in the barrel cortex

(left; n = 5mice) and CSD profiles (right) in the test group at baseline (black traces) and 60 min after 8 Hz whisker stimulation (red traces). Positive LFP voltages and CSD sources are upward going.
Roman numerals indicate the approximate limits of cortical layers. Calibration: LFP, 250 V; CSD, 25 mV/mm 2. B, Examples of whisker-evoked LFP recordings (n = 5 mice) and CSD profiles in the
control group at baseline and 60 min after sham whisker stimulation. Calibration asin A. ¢, Averages of selected current sink peak amplitudes at four selected electrodes recorded 30, 60, and 90 min
after 8 Hz whisker stimulation, normalized against the baseline. Insets show the averaged CSD traces at the superficial layer lI-IIl, deep layer Il-IIl, layer IV, and layer V-Vl border at baseline and 30,
60,and 90 min after 8 Hz stimulation. Traces from controls are not shown. Calibration: horizontal, 10 ms; vertical, 10 mV/mm 2 for superficial and deep LIl~Ill and LIV, 2.5 mV/mm 2 for LV-VI border.

Significant difference from baseline at *p << 0.05 or at **p << 0.01 (double).

ered the effect of 8 Hz stimulation on whisker-evoked responses
in the sensorimotor network using topographic analysis of SEP
maps. The topography of the surface potential map is a low-
spatial resolution reflection of underlying cortical activity. The
baseline whisker-evoked brain response started with activity in
the parietal somatosensory cortex contralateral to stimulation
(Fig. 4 A, B, baseline maps at 7 ms after stimulus), followed by the
appearance of activity in the frontal motor cortex (14.5 and 21 ms
baseline maps) and also, faintly and briefly, in the somatosensory
cortex of the hemisphere ipsilateral to stimulation (14.5 ms base-
line maps). Later, activity was again mostly restricted to the so-
matosensory cortex contralateral to stimulation (30 ms baseline
maps). A nonparametric randomization analysis of millisecond-
by-millisecond changes in map topography after 8 Hz stimula-
tion indicated that SEP topography differed before and after
stimulation from 9.5 to12.5 ms and from 13.5 to 22.5 ms after
stimulus (Fig. 4C) (n = 12). The randomization procedure is
sensitive only to differences in map topography; maps with sim-

ilar topography but different overall amplitude are not consid-
ered different. To localize the areas where whisker-evoked re-
sponses were affected by 8 Hz stimulation, a similar
randomization procedure was then performed for voltage values
at each electrode during the periods of significant difference in
map topography. Whisker-evoked responses in the somatosen-
sory cortex increased after 8 Hz stimulation (Fig. 4E), as seen in
the waveform analysis of Figure 3, whereas responses in the fron-
tal motor cortex decreased. No changes in SEP map topography
were apparent in sham-stimulated controls (Fig. 4D) (n = 7).
These results suggest that 8 Hz stimulation-induced plasticity was
specific for contralateral sensorimotor networks.

Using intracortical recordings and CSD analysis to investigate
the effect of 8 Hz stimulation on whisker-evoked responses in the
motor cortex, we found that the baseline response to whisker
stimulation consisted in a large current sink centered on deep
supragranular layers, a fainter infragranular sink, and superficial
and deep current sources (Fig. 54, right), similar to previously
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Rhythmic whisker stimulation induces a long-lasting plasticity of the topography of whisker-evoked multichannel brain responses. 4, Topographic maps of the averaged SEP at baseline

(top) and 40— 60 min after rhythmic whisker stimulation (bottom). B, Topographic maps of the averaged SEP at baseline and 40 — 60 min after sham stimulation in controls. €, Results of the
randomization procedure for topographic dissimilarity between SEP recorded at baseline and 40 — 60 min after 8 Hz whisker stimulation. 1-p values are plotted at each time point (5 time points per
millisecond). D, Results of the randomization procedure for topographic dissimilarity in sham-stimulated controls. £, Topographic maps (determined by an electrode-wise randomization procedure)
of the directions of significant voltage differences at each electrode between the SEP at baseline and 40 — 60 min after stimulation during the periods of significant differences in map topography.
Red color indicates larger voltage values, whereas blue color indicates smaller voltage values after stimulation compared with baseline.

reported findings (Mégevand et al., 2008). In contrast to the in-
crease observed in the somatosensory cortex, 8 Hz stimulation
induced a significant decrease in the amplitude of the large su-
pragranular sink in the motor cortex, whereas no decrease was
observed in sham-stimulated controls (Fig. 5C) (stimulated
group, p = 0.041; control group, p = 0.608 for effect of recording
time on sink amplitude; repeated-measures ANOVA, n = 4 in
each group). These data indicate that 8 Hz-induced plasticity in
the motor cortex involved mainly the supragranular layers and
was characterized by a decrease rather than an increase in re-
sponse amplitude.

Environmental enrichment occludes 8 Hz whisker
stimulation-induced plasticity of somatosensory responses
Although rhythmic 8 Hz stimulation markedly influenced the
subsequent processing of whisker-mediated input by the cortical
somatosensory—motor network, the interpretation of the poten-
tial physiological role of this plasticity is complicated by the fact
that whisker deflections were administered passively to anesthe-
tized mice. To assess whether rhythmic sensory input-based plas-
ticity might arise in more natural settings, we combined 8 Hz
stimulation with environmental enrichment. We reasoned that
an enriched environment would provide mice with more oppor-
tunities for active sensation, thereby increasing actively obtained

whisker-mediated rhythmic somatosensory input, compared
with the classic housing conditions obviously poor in terms of
sensory stimulations. If plasticity were induced by this rhythmic
input, it should interfere with the effects of subsequent passive 8
Hz whisker stimulation. Similar approaches have recently been
used to establish a link between behavioral training or manipu-
lation of sensory experience and neocortical long-term potentia-
tion (Rioult-Pedotti et al., 2000; Clem et al., 2008).

We first characterized the effect of environmental enrichment
on the SEP. A first group of mice were first housed alone in
standard cages (poor environment) for 3 weeks, the same condi-
tions as used for the first part of this study, after which the SEP
was recorded. Taking advantage of the minimally invasive nature
of epicranial SEP recordings (Troncoso et al., 2000), the same
animals were then housed in larger cages containing several fe-
male conspecifics, compartments and toys for another 3 weeks
(rich environment), and the SEP was recorded a second time. In
a second group, mice were housed first in a rich and then in a
poor environment (Fig. 6A). Two control groups consisted of
mice kept in the same housing conditions for both 3 week peri-
ods. Shifting from a poor to a rich environment induced a signif-
icant, more than twofold increase in the SEP amplitude recorded
over the barrel cortex (Fig. 6 B,D) (SEP amplitude: 85.91 * 14.14
vs 163.14 * 29.46 uV, p = 0.04; two-tailed paired ¢ test, n = 5)
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that was similar to that observed after 8 Hz
stimulation in anesthetized mice (com-
pare Fig. 6B with Fig. 1B). In contrast,
mice housed first in a rich and then in a
poor environment showed a decrease in
SEP amplitude from the first to the second
recording (Fig. 6C,D) (SEP amplitude:
225.37 £ 16.81 vs 97.97 £ 22.62 uV, p <
0.001, n = 5). Mice kept in the same hous-
ing conditions for both 3 week periods did
not have any significant change in SEP am-
plitude (Fig. 6 D) (“poor to poor™: 84.92 +
14.14vs 76.62 = 6.21 uV, p = 0.301; “rich
to rich”: 169.1 £ 21.35 vs 184.89 *+ 29.87
wV,p=0.153,n = 4in each group). These
results demonstrate that environmental
enrichment reversibly influenced
somatosensory-evoked responses.

We next investigated how environ-
mental enrichment influenced 8 Hz whis-
ker stimulation-induced plasticity. In
mice housed for 3 weeks in a rich environ-
ment, 8 Hz whisker stimulation could not
induce any further increase of SEP ampli-
tude. In contrast, 8 Hz stimulation re-
sulted in significantly enhanced SEP re-
sponses in mice housed in a poor
environment (Fig. 6E,F) (rich environ-
ment: 163.84 £ 19.26,193.6 = 31.69 uV at
baseline and 20—50 min after stimulation
respectively, p = 0.305; poor environ-
ment: 67.83 * 9.96, 127.43 = 14.63 uV,
p = 0.003; two-tailed paired ¢ tests with
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Figure5.  Rhythmic whisker stimulation induces long-lasting depression of whisker-evoked current sinks in the motor cortex.
A, Examples of whisker-evoked LFP recordings in the motor cortex (left; n = 4 mice) and CSD profiles (right) in the test group at
baseline (black traces) and 60 min after 8 Hz whisker stimulation (red traces). Positive LFP voltages and CSD sources are upward
going. Roman numerals indicate the approximate limits of cortical layers. Calibration: LFP, 50 wV; CSD, 5 mV/mm 2. B, Examples
of whisker-evoked LFP recordings (n = 5 mice) and CSD profiles in the control group at baseline and 60 min after sham whisker
stimulation. Calibration asin A. C, Averages of the current sink peak amplitude in deep layer II-Ill recorded 30, 60, and 90 min after
8 Hz whisker stimulation, normalized against the baseline. Inset shows the averaged CSD trace in deep layer II-Ill at baseline and
30, 60, and 90 min after 8 Hz stimulation. Traces from controls are not shown. Calibration: horizontal, 10 ms; vertical, 2.5

Bonferroni correction, n = 5 in each  mV/mm?2

group). This suggests that the plasticity

induced by environmental enrichment

might share mechanistic features with that induced by 8 Hz
whisker stimulation and raises the possibility that environ-

mental enrichment saturated these mechanisms.

Discussion

The present study delineates experience-dependent plasticity
events in large-scale somatosensory—motor networks after whis-
ker stimulation in the adult mouse. We provide evidence that
passive stimulation of whiskers at the naturally occurring 8 Hz
frequency induced plasticity of subsequent whisker-evoked cor-
tical responses. Changes after this rhythmic stimulation were
long-lasting and frequency specific and involved widely distrib-
uted networks in the contralateral somatosensory and motor cor-
tices. Intriguingly, changes in whisker-evoked potentials went in
opposite directions in the somatosensory and motor cortices:
although 8 Hz stimulation resulted in long-lasting potentiation
in the barrel cortex, it induced depression in the motor cortex.
Employing intracortical recordings and current source density
analysis, we show that in both regions, the principal changes were
localized to layers II/IIT and IV. Finally, environmental enrich-
ment induced an increase of whisker-evoked responses in the
somatosensory cortex that was similar to, and occluded the in-
duction of further, potentiation elicited by passive rhythmic
stimulation. Together, these results provide a tool for dissecting
large-scale network properties that drive sensory stimulus-
dependent plasticity in the somatosensory—motor system. They
indicate that rhythmically patterned natural stimuli can modify

the cerebral processing of sensory information and suggest that
this type of plasticity might play a role in learning during sensory
perception.

In agreement with previous voltage-sensitive dye imaging
data (Ferezou et al., 2007), our epicranial SEP mapping shows
that whisker stimulation activated distributed neuronal networks
in the hemispheres contralateral and ipsilateral to stimulation,
both serially and in parallel. However, long-term plasticity in-
duced by 8 Hz stimulation specifically involved contralateral cir-
cuits in the somatosensory barrel cortex and primary motor cor-
tex, and potentiation occurred only in the somatosensory cortex.
Intracortical recordings revealed that this increase was mainly
related to an enlargement oflocal current flow in the granular and
supragranular layers of the barrel cortex. These data are consis-
tent with the notions that experience-dependent plasticity in the
adult is predominantly cortical and that the layer IV to layer II/III
pathway of the barrel cortex is an important locus of plasticity
(Fox et al., 2002). The increased amplitude of the early latency
current sink in layer IV of the barrel cortex also suggests that at
least part of the potentiation in this system could be located at the
thalamocortical synapse or at subcortical synapses. It should be
noted here that, because SEP waveforms, particularly later-
latency components, are generated by the combined activity of
several neuronal populations (Di et al., 1990; Jellema et al., 2004),
waveform plasticity may reflect synaptic plasticity as well as plas-
ticity occurring through other mechanisms, such as changes in
neuronal excitability or in the activity of inhibitory interneurons



Mégevand et al. @ Sensorimotor Plasticity after Rhythmic Whisker Input

J. Neurosci., April 22, 2009 - 29(16):5326 -5335 * 5333

A pst 2™ recording direction-sensitive neurons in the trigem-
poor 3 weeks I 3 weeks : inal nerve (Lichtenstein et al., 1990), prin-
torich — e AN - e cipal trigeminal nucleus (Minnery and Si-
mons, 2003), and VPM thalamic nucleus
0 (Simons and Carvell, 1989) and thereby in-
= /@ﬁ duce cortical plasticity.
i To our surprise, 8 Hz whisker stimula-
=) tion also induced a long-lasting decrease in
o) % the amplitude of whisker-evoked re-
sponses in the supragranular layers of the
> A N A A ~  richto motor cortex. The motor cortex is recipro-
k| 3 weeks | 3 weeks poor cally connected with the barrel and sec-
2" recording " ondary somatosensory cortices and with

B

O

— 18t recording C

the posterior medial thalamic nucleus
(Miyashita et al., 1994). The precise nature

18 recordin : . .
u cording ¢ sensory information transmitted

W --- 29 recording MV W 2™ recording  through the barrel-to-motor cortex pro-

120 - 120 - S jection is unknown. However, the impor-

=200+ tance of this projection is illustrated by the

60 1 . 60 1 § 150 observation that inactivating the barrel

0| ) 0 1 £ cortex widely suppresses somatosensory-

. - E 100 4 evoked responses in the motor cortex

-60 - L i -60 4 € 50 | (Chakrabarti et al., 2008). Our observation

2 that whisker-evoked responses in layers

120 +———— -120 - 0 - II-IIT and (to a lesser extent) V of the bar-

0 10 20 A 40ms 0 10 20 A0 40ms o$ oé c§ § §'¢ ‘E?oé~ rel cortex, from which the projection to

poor to rich rich to poor R R b the motor cortex originates (Miyashita et

environment environment al., 1994), were increased after 8 Hz stim-

ulation suggests that the input from the

E _ F ) barrel cortex to the motor cortex did not

--- baseline O baseline 4o rease but rather increased in ampli-

i — post-stim W W post-stim  tude. This raises the possibility that 8 Hz

120 4 120 4 -~ stimulation induced depression of subse-

?3 200+ quent whisker-evoked responses in the

60 60 8150] * motor cortex. In brain slice experiments,

0 | 34 % the motor cortex is less susceptible to the

g 1004 induction of long-term potentiation than

60 - 60 - 2 50 [I the somatosensory cortex (Castro-

3 Alamancos et al., 1995; Hess et al., 1996).

-120 ——— -120 —_— 2 o This is in line with our observations and

0 10 20 30 40ms 0 10 20 30 40ms $ 8 raises the possibility that the motor and

poor environment rich environment ] . barrel cortices adapt differentially to
rhythmical input.

Figure 6.  Changes in environmental conditions induce a reversible plasticity of whisker-evoked electrical brain responses. 4, The molecular basis of 8 Hz-induced

Environmental enrichment paradigm. In one group, mice were housed alone in a standard cage for 3 weeks, after which the first
SEP was recorded; mice were then housed in enriched cages for another 3 weeks, and the second SEP was recorded. In another
group, mice were housed firstin the rich and then in the poor environment. B, Examples of SEP waveforms recorded over the barrel
cortex in mice housed first in poor environment (solid trace) and then in a rich environment (dotted trace). C, Examples of SEP
waveforms in mice housed first in a rich environment (solid trace) and then in a poor environment (dotted trace). D, Averages of
the SEP amplitudes of the first and second recordings for the four experimental groups. E, Examples of SEP waveforms recorded
over the barrel cortex at baseline and after rhythmic 8 Hz whisker stimulation in mice previously housed in a poor environment
(left; same dataset as in Fig. 1) or a rich environment (right). F, Pooled averages of the SEP amplitudes from the three baseline
recordings and the recordings made between 20 and 50 min after a 10 min period of 8 Hz whisker stimulation in mice previously

housed in a poor or a rich environment.

(Clapp et al., 2006). Interestingly, earlier studies showed that
rhythmically patterned bursts of electrical stimulation in tha-
lamic sensory relay nuclei, with frequencies of 5-7 Hz, could
induce long-lasting potentiation of cortical responses to natural
peripheral or single-pulse thalamic stimulation in the adult rat
(Lee and Ebner, 1992; Heynen and Bear, 2001). The back-and-
forth whisker deflection we used during 8 Hz stimulation might
cause several volleys of action potentials to be sent to the barrel
cortex as a result of the rapid activation of several populations of

plasticity remains to be elucidated. NMDA
receptor activation-related mechanisms
might be implicated, consistent with ear-
lier findings that interfering with NMDA
receptor function blocks cortical plasticity
after rhythmic electrical thalamic stimula-
tion (Heynen and Bear, 2001) or visual
stimulation (Clapp et al., 2006). Acetyl-
choline signaling might also be important in
modulating both the induction and the ex-
pression of rhythmic stimulation-related plasticity (Shulz et al,,
2000). The momentary state of the cortex at the time of stimulus
arrival is also likely to be crucial: whether a particular pattern of
sensory input induces cortical plasticity was shown to depend on the
phase of spontaneous cortical activity (Erchova and Diamond,
2004). The influence of rhythmic sensory input itself on ongoing
cortical oscillations and the interactions between these phenomena
with respect to plasticity remain to be elucidated.

An important new observation of the present study is that



5334 - J. Neurosci., April 22, 2009 - 29(16):5326 5335

exposure of adult mice to an enriched environment resulted in a
lasting increase in the amplitude of whisker-evoked responses in
the somatosensory cortex and occluded further potentiation by 8
Hz stimulation. The effects of environmental enrichment on the
SEP illustrates that interactions with the environment influence
further sensory cerebral processing and are in line with previous
findings of increased auditory-evoked potentials after auditory
environmental enrichment in adult rats (Percaccio et al., 2007).
Our results provide a strong argument in support of the idea that
8 Hz-induced potentiation is behaviorally relevant. The occlu-
sion of the effect of 8 Hz stimulation by environmental enrich-
ment further indicates that rhythmic sensory inputs might play a
role in shaping cortical processing in natural settings during ac-
tive somatosensation. A similar occlusion of experimental plas-
ticity by natural behavior is seen when testing long-term poten-
tiation in brain slices prepared from rats previously trained on a
sensorimotor task (Rioult-Pedotti et al., 2000). Likewise, the syn-
aptic strengthening that occurs in the spared barrel column when
all but one whisker are removed hinders subsequent generation
of NMDA receptor-dependent long-term potentiation at layer IV
to layer II-III synapses in mouse brain slices (Clem et al., 2008).
Nevertheless, further plasticity remains possible at these synapses
through metabotropic glutamate receptors (Clem et al., 2008),
raising the possibility that several distinct plasticity mechanisms
interact in shaping cortical processing as a function of sensory
experience.

In conclusion, using surface potential mapping and intracor-
tical recordings, we demonstrate the potential of naturally occur-
ring rhythmic sensory stimuli to induce large-scale and long-
term plasticity in cortical networks. To our knowledge, this is the
first study that reports on the spatiotemporal dynamics of such
stimulus-induced and frequency-specific plasticity in the mature
somatosensory—motor cortex. Overall, our data, along with ear-
lier reports in other sensory modalities and species (Clapp et al.,
2005, 2006; Teyler et al., 2005), suggest that rhythmically pat-
terned natural stimuli can change the cerebral processing of sen-
sory information and that this type of plasticity might be a wide-
spread feature of the mammalian brain. Future studies could
focus on the physiological relevance of our findings. Specifically,
it would be important to explore the implications of the plasticity
that we identified at the large-scale network level with respect to
synaptic plasticity, cortical receptor fields, perceptual learning
and performance in sensorimotor tasks.
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