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SUMMARY

The thalamus transmits sensory information to the
neocortex and receives neocortical, subcortical,
and neuromodulatory inputs. Despite its obvious
importance, surprisingly little is known about
thalamic function in awake animals. Here, using intra-
cellular and extracellular recordings in awake head-
restrained mice, we investigate membrane poten-
tial dynamics and action potential firing in the two
major thalamic nuclei related to whisker sensation,
the ventral posterior medial nucleus (VPM) and
the posterior medial group (Pom), which receive
distinct inputs from brainstem and neocortex. We
find heterogeneous state-dependent dynamics in
both nuclei, with an overall increase in action poten-
tial firing during active states. Whisking increased
putative lemniscal and corticothalamic excitatory
inputs onto VPM and Pom neurons, respectively. A
subpopulation of VPM cells fired spikes phase-
locked to the whisking cycle during free whisking,
and these cells may therefore signal whisker posi-
tion. Our results suggest differential processing of
whisking comparing thalamic nuclei at both sub-
and supra-threshold levels.

INTRODUCTION

Most of our sensory experiences are gained by active explora-

tion of the world, requiring movements of sensory organs. Ro-

dents rhythmically move their whiskers forward and backward

to explore and discriminate objects in their immediate environ-

ment. Active vibrissal sensation is mediated by a hierarchical

array of parallel and nested motor-sensory loops (Kleinfeld

et al., 2006; Kleinfeld and Deschênes, 2011). Sensory vibrissal

information is relayed to the neocortex by trigemino-thalamic

pathways, where the thalamus is the main gateway of vibrissal
C

transmission to the cerebral cortex (for review, see Bosman

et al., 2011). The thalamus is composed of several nuclei, two

of which are thought to be critically involved in the transmission

of whisker sensation to the somatosensory barrel cortex (S1).

These are the ventral posterior medial nucleus (VPM) and the

posterior medial group (Pom), which receive distinct vibrissal

inputs from two nuclei of the brainstem trigeminal complex,

respectively, the principalis (PrV) and the interpolaris (SpVi).

It has been suggested that whisker-object contact and

whisker position during free whisker movement might be en-

coded by different parallel pathways (Yu et al., 2006, 2015).

Convergent studies are consistent with the hypothesis that the

lemniscal pathway, through the VPM, is required for high-resolu-

tion encoding of contact information, necessary for texture and

shape discrimination (for review, see Deschênes et al., 2005).

However, the role of the paralemniscal pathway through the

Pom in the encoding of whisker position and movement remains

controversial (Yu et al., 2006, 2015; Masri et al., 2008; Ahissar

et al., 2008). Our current knowledge of thalamic processing in

the whisker sensorimotor system is based largely on recordings

from anesthetized rats; but, to uncover the functional relevance

of these parallel sensory pathways, measurements in awake an-

imals during whisker-related behavior are required. Here we

combined extracellular or intracellular recordings of thalamic

projection neurons in VPM and Pom together with high-speed

filming of whisker movements and recordings of cortical and

behavioral states in order to advance the understanding of active

sensing in the thalamus of awake mice.

RESULTS

We performed extracellular and intracellular recordings of

thalamic relay cells while simultaneously measuring the electro-

encephalogram (EEG), S1 local field potential (LFP), and electro-

myogram (EMG) of neck muscles together with high-speed

video-tracking of whisker movements in head-restrained mice

(Figure 1A). Thesemeasurements allowed us to analyze thalamic

activity and membrane potential (Vm) or action potential (AP)

firing in relationship to different cortical and behavioral states
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Figure 1. Recording Thalamic Activity in Awake Head-Restrained Mice during Quantified Whisker Behavior

(A) Schematic of experimental setup. Extracellular or intracellular thalamic recordings were performed in awake head-restrainedmice together withmeasurement

of cortical LFP, EEG, and EMG. Whisker movements were filmed with a high-speed camera.

(legend continued on next page)
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(Figure 1). In this paper, we focus on thalamic activity during

waking states.

Distinct States of Wakefulness
Quiet wakefulness (quiet) was characterized by large-amplitude

slow LFP and EEG fluctuations and the absence of whisker

movements (for review, see Zagha and McCormick, 2014; Fig-

ures 1B–1D and S1A). Active cortical states were characterized

by small-amplitude fast LFP and EEG fluctuations, without

whisking (active) or with whisking (whisking). Low-frequency

spectral power (0.5–5 Hz) during quiet states was significantly

larger than during active or whisking states, while high-fre-

quency spectral power (30–80 Hz) during whisking was signifi-

cantly larger than during quiet or active states (averaged across

68 cells recorded from 24 mice; p < 0.001 in both cases, ANOVA

for repeated measures).

Recordings in the Somatosensory Thalamus
We recorded thalamic neurons across distinct vigilance states

(Figure 1D). Last recorded cells were labeled with Neurobiotin

(extracellular, n = 11 of 121 cells; intracellular, n = 9 of 21 cells;

n = 24 mice), allowing their precise location to be determined

in relationship to the boundary between VPM and Pom.

The VPM is densely innervated by PrV and S1, whereas the

Pom is strongly innervated by SpVi, S1, and motor cortex (M1)

(n = 2 mice for trigeminal tracer injections and n = 3 mice for

cortical tracer injections) (Figures 1E, 1F, and S1C). The location

of the recorded neurons within the somatosensory thalamus is,

therefore, likely to be important, and, accordingly, we separately

analyzed neurons in VPM and Pom (Figure 1G; see the Supple-

mental Experimental Procedures). Cells located in the Pom/

VPM transition zone (see the Supplemental Experimental Proce-

dures) behaved as an intermediate and highly heterogeneous

group, in agreement with a previous study (Slézia et al., 2011),

and these cells in the transition zone were not included in our

analyses.

Thalamic Extracellular Firing as a Function of Cortical
State and Behavior
Thalamic AP firing was tightly correlated with cortical and

behavioral states (Figures 2A, 2B, and S2; Fanselow and Nico-

lelis, 1999; Poulet et al., 2012). We found close correlations be-

tween VPM and Pom cell AP firing rate and EEG, LFP, and

EMG envelopes during wakefulness (Figure S1B). Thalamic

firing rates increased significantly when the mouse switched
(B) Grand average Fast Fourier Transform (FFT) of whisker position across quiet, a

shown.

(C) Grand average FFT of S1-LFP across quiet, active, and whisking states (aver

(D) Example experiment across quiet, active, and whisking states with (from top

neck EMG (blue), whisker position (green), and Vm (black) of a cell in the VPM

whisking �54.9 mV. Coronal brain sections counterstained with cytochrome oxi

(E) Coronal section showing the anterograde labeling in the thalamus after BDA (re

in PrV and SpVi nuclei of the trigeminal complex (left) or, respectively, in S1 and M

for parvalbumin (blue) delineates VPM and thalamic reticular nucleus (RT). Red b

(F) Schematic view of the trigeminal and cortical projections to the thalamus is s

(G) Schematic map of the recorded labeled cells (filled symbols) and reconstr

extracellular and intracellular recordings, respectively. This map results from th

posterior relative to bregma.

C

from the quiet to the active state (VPM: quiet 3.8 ± 0.4 Hz,

active 10.9 ± 0.8 Hz, n = 56 cells; Pom: quiet 3.8 ± 0.3 Hz,

active 9.4 ± 0.7 Hz, n = 33 cells; Figure 2C; Table S1). During

quiet and active states, there were no differences in firing rates

comparing VPM and Pom neurons. In contrast, during whisking

we observed a further increase in firing rate, beyond that of the

active state, selectively in VPM (15.3 ± 1.0 Hz, n = 56 cells)

compared with Pom (11.3 ± 0.9 Hz, n = 33 cells). It is important

to note that we observed heterogeneity across recordings in

both VPM and Pom (Figure 2D), with 61% of neurons in VPM

and 42% of neurons in Pom increasing firing rate by more

than 20% during whisking compared to active states, whereas

9% of VPM neurons and 24% of Pom neurons decreased firing

rate by more than 20%.

Analysis of burst firing (bouts of high-frequency spike trains)

showed that the activity of the VPM cells is significantly altered

between whisking and active states, in contrast to the activity

of Pom cells. For this quantification, we defined a burst as a

sequence of APs starting when two spikes occurred within

10 ms, ending when interspike interval (ISI) was more than

15 ms. VPM cells exhibited significantly more bursts during

whisking compared to the active or quiet state (Figures 2E, 2F,

and S2B; Table S1; VPM, n = 49 cells; Pom, n = 29 cells), switch-

ing back to a tonic activity between whisking episodes. Such a

modification of the firing pattern was not observed in Pom cells.

The ISI histograms calculated for VPM cells during whisking

were best fitted with two log-normal distributions (Figure 2G;

n = 28 cells; see the Supplemental Experimental Procedures),

one for the 1- to 10-ms interval and the other for the 11- to

200-ms interval. In contrast, the ISI histograms computed for

Pom cells can be fitted by a single log-normal distribution (Fig-

ure 2G; n = 9 cells), corresponding to the fitting curve of the

11- to 200-ms ISIs of VPM cells. The fraction of 1- to 10-ms

ISIs increased significantly in the whisking state compared with

the active state specifically for VPM cells (Figure S2C). This

was not observed in Pom cells. Furthermore, the mean duration

of 1- to 10-ms ISIs was significantly shorter for VPM cells

compared with Pom cells, while no difference was observed be-

tween the two nuclei in the mean duration of 11- to 200-ms ISIs

(Figure S2D).

In addition, the temporal relationship between thalamic firing

and cortical activity was analyzed by computing averages of

the S1-LFP triggered on thalamic spikes across waking states

(Figure S2E). The population spike-triggered average (STA)

calculated for both VPM and Pom cells revealed correlated
ctive, and whisking states (averaged across 68 cells recorded from 24 mice) is

aged across 68 cells recorded from 24 mice) is shown.

to bottom) sliding window FFT (color graph) of the S1-LFP (blue), EEG (blue),

. Mean Vm for this cell was as follows: quiet �58.5 mV, active �56.1 mV,

dase (right) show the location of the recorded neuron in the VPM.

d) and PHA-L (green) injections in the C2whisker-responsive area, respectively,

1 cortices (middle). Injection sites are illustrated on Figure S1. Immunostaining

ox (right) schematically highlights the thalamic areas seen on the left.

hown.

ucted tracks (open symbols) in the thalamus. Circles and diamonds refer to

e concatenation of seven successive coronal planes from 1.58 to 2.46 mm
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thalamic and cortical activity only during the quiet state (n = 52

and 29 cells, respectively).

Thalamic Membrane Potential Dynamics as a Function
of Cortical State and Behavior
Intracellular recordings (Figures 3A–3C; Table S1) revealed that

Vm in both VPM and Pom (p < 0.05 and p < 0.01, Friedman

test) became more depolarized from quiet to whisking states

(VPM: quiet �62.0 ± 1.8 mV, active �61.2 ± 2.3 mV, whisking

�60.4 ± 2.1 mV, n = 8 cells; Pom: quiet �63.7 ± 2.1 mV, active

�62.8 ± 2.2 mV, whisking �62.1 ± 2.1 mV, n = 6 cells). The

Vm-SD increased significantly during whisking in VPM neurons

(p < 0.01), but not Pom neurons. Remarkably, five of eight

VPM cells did not fire any AP during quiet, active, and whisking

states, while all Pom cells fired spikes in at least one of the three

cortical states (Figure 3D). Intracellular recordings of spontane-

ously silent VPM neurons in awake mice are in agreement with

previous data obtained under anesthesia (Brecht and Sakmann,

2002; Ganmor et al., 2010).

Interestingly, background synaptic activity was sufficiently low

that we could identify putative individual excitatory postsynaptic

potentials (EPSPs) in both cell types (Figures 3A and 3B). EPSPs

were detected through an automatic template-matching proce-

dure (see the Supplemental Experimental Procedures) and

manually checked for consistency. EPSP rates increased signif-

icantly during whisking in VPM, but not in Pom, neurons com-

pared to the active state (Figure 3E; VPM: quiet 9.7 ± 2.5 Hz,

active 8.3 ± 2.4 Hz, whisking 12.8 ± 2.0 Hz, n = 8 cells; Pom: quiet

19.3 ± 3.7 Hz, active 22.0 ± 3.9 Hz, whisking 22.9 ± 4.2 Hz, n = 6

cells). Thus, the increased depolarization and Vm-SD observed in

VPM during whisking could be due, in part, to an increase in syn-

aptic activity (Figures 3A, 3E, and S3A).

Using a K-means clustering algorithm, we identified two pop-

ulations of EPSPs in each thalamic nucleus on the basis of their

rise time (Figure 3F; see the Supplemental Experimental Proce-

dures). The rise time of fast-rising EPSPs was significantly

shorter in VPM cells than in Pom neurons (fast-rising EPSPs,

VPM: 0.24 ± 0.01 ms versus Pom: 0.36 ± 0.03 ms, p < 0.05

Mann-Whitney U test; slow-rising EPSPs, VPM: 0.60 ± 0.07 ms

versus Pom: 0.63 ± 0.02ms, p = 0.36), whereas peak amplitudes

were not different between the two nuclei (fast-rising EPSPs,

VPM: 3.7 ± 0.4 mV versus Pom: 2.6 ± 0.5 mV, p = 0.09; slow-ris-

ing EPSPs, VPM: 1.1 ± 0.2 mV versus Pom: 1.6 ± 0.3 mV, p =

0.36; Figures 3G and 3H). Fast-rising EPSPs were significantly

more represented in all VPM cells than slow-rising EPSPs

(86% ± 6% versus 14% ± 6% in whisking; Figure 3I), and their

peak amplitudes were significantly larger than those of slow-ris-
Figure 2. Thalamic Firing as a Function of Cortical State and Behavior

(A and B) Two example thalamic cells recorded extracellularly, respectively, in VP

bottom) the following: sliding window FFT (color graphs) of the S1-LFP (blue), ne

(C) Mean firing rate of thalamic cells recorded extracellularly (VPM, n = 56 cells; Po

measures or between VPM and Pom using unpaired t test.

(D) Distribution of the ratio of mean firing rates in whisking compared to active s

(E) Number of spikes in burst versus the total number of recorded spikes. Burst an

cells; Pom, n = 29 cells). Ratios were compared across states using Friedman te

(F) Firing activity during whisking (green) for the cell shown in (A) at higher time r

(G) Distribution of ISIs and log-normal curve fitting calculated during whisking for

used for this analysis.

C

ing EPSPs (Figures 3G and 3H). The ratio of fast and slow EPSPs

did not change in VPM neurons comparing active and whisking

periods, whereas for Pom neurons there was a significant in-

crease in the fraction of slow-rising EPSPs during whisking

(39% ± 15%) compared to active states (27% ± 9%; Figure 3I).

Whisker Position Encoding in VPM Cells
The Vm of cortical neurons exhibits whisking phase-locked fluctu-

ations through sensory reafference (Poulet and Petersen, 2008),

which are thus likely to be signaled via the thalamus.We therefore

examined the spike timing of VPM and Pom cells relative to the

whisking protraction-retraction cycles. Some VPM cells exhibited

spiking at specific phases of the whisking cycle, which could

occur during protraction (Figure 4A) or retraction (Figure 4B).

For each VPM and Pom cell, we calculated the peristimulus

time histogram (PSTH) of spikes aligned to peak whisker protrac-

tion and fitted a sinusoidal curve to compute phase preference

and modulation strength (Figures 4A and 4B). The firing of VPM

cells appeared to be more strongly modulated during the whisk-

ing cycle compared to Pom cells, without an obvious preferred

phase (Figure 4C). Whereas 19% of VPM cells (8/41 cells) ex-

hibited a whisking modulation index above 0.5, we did not find

any Pom cells (0/24 cells) that were so strongly modulated (Fig-

ure 4D). The mean whisking modulation index across the popula-

tion was significantly (p < 0.001) higher for VPM (0.32 ± 0.03, n =

41 cells) than Pom (0.19 ± 0.02, n = 24 cells) (Figure 4E).

It is noteworthy that the nine VPM cells with the highest fraction

of spikes in bursts (>45%) all had above-average whisking-mod-

ulation indices (>0.3). In a statistical analysis of individual neurons,

we found that the firing activity of 11 of 23 VPM cells was signifi-

cantly modulated during whisking protraction-retraction cycles

relative to shuffled data (Figures 4A and 4B; see the Supplemental

Experimental Procedures). In contrast, only one of nine Pom neu-

rons was significantly modulated (Figure S4A). Similarly, we

calculated the PSTH of EPSPs aligned to peak whisker protrac-

tion for six VPM and six Pom cells recorded intracellularly (Fig-

ure S4B). The EPSP rates of two VPM cells showed significant

phase-locked modulation with respect to the whisking protrac-

tion-retraction cycles. None of the Pom cells exhibited a signifi-

cant whisking phase-locked EPSP rate modulation.

DISCUSSION

A number of studies in the literature, either in vitro or under anes-

thesia, describe the tight interplay between thalamic activity and

cortical states (for reviews, see Steriade et al., 1993 and McCor-

mick and Bal, 1997). Mechanistic understanding of what drives
M (A) and Pom (B) during quiet, active, and whisking states show (from top to

ck EMG (blue), whisker position (green), and unit activity (black).

m, n = 33 cells). Data were compared across states using ANOVA for repeated

tates is shown.

alysis was computed for cells displaying firing activity in all states (VPM, n = 49

st or between VPM and Pom using Mann-Whitney test.

esolution. The bottom trace indicates burst detection.

VPM (n = 28) and Pom (n = 9) cells. Only cells with more than 100 spikes were
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Figure 4. Thalamic Spike Timing on Whisk-

ing Cycles

(A and B) Example extracellular recordings of unit

activity (black) in two VPM cells during whisking

(green). These cells responded to deflection of the

A2 whisker (A) or alpha whisker (B). Firing could

correlate with the protraction (A) or the retraction

(B) phase of the whisking cycle. Whisking cycles

were collected (A, n = 113 whisking cycles; B, n =

244 whisking cycles), aligned at the peak of pro-

traction and averaged (top green trace), and

spikes occurring on whisking cycles were distrib-

uted in PSTHs (5-ms bins). Average (red line) and

confidence intervals (one SD, dotted red lines)

obtained by shuffling procedure of the spike times

are represented (see Supplemental Experimental

Procedures). The PSTH was fitted with a sinusoi-

dal curve, giving a measure of the preferred phase

and the amplitude of modulation of the cell firing

during the whisking cycle.

(C) Fitting parameters plotted for all cells (VPM, n =

41; Pom, n = 24). Angle represents phase and

radius shows the whisking modulation index (the

fitted sinusoidal curve peak-trough amplitude in

spike counts normalized by the mean spike count

during whisking).

(D) Distribution of the whiskingmodulation index is

shown.

(E) Average whiskingmodulation index in VPM and

Pom (Mann-Whitney test) is shown.
AP firing requires intracellular recordings. However, to our knowl-

edge, so far only a few intracellular studies have been performed

in the thalamus of unanesthetized cats (Hirsch et al., 1983;Woody

et al., 2003) and none in rodents, despite their increasing use as a
Figure 3. Thalamic Vm as a Function of Cortical State and Behavior

(A) Vm recorded in VPM during whisking transitions. Vm (black) was riddled with barrages of EPSPs during whis

point out the enlarged view of an AP waveform (top right). Example trace shows individual fast- and slow-ris

Neurobiotin and recovered in VPM on coronal sections counterstained with cytochrome oxidase (right).

(B) Vm recorded in Pom during whisking transitions (top and enlarged view in the blue box). Arrows point ou

Example trace shows individual fast- and slow-rising EPSPs (bottom right). The cell was labeled with Neur

counterstained with cytochrome oxidase (right).

(C) Median and SD of Vm across quiet (Q), active (A), and whisking (W) states are shown.

(D) Mean firing rates of VPM and Pom cells recorded intracellularly. Five of eight VPM cells were silent durin

(E) Mean EPSP rates of VPM and Pom cells are shown.

(F) Individual EPSP peak amplitudes plotted against their rise time. Cluster analysis uncovered two population

and 0.6 ms for VPM and Pom neurons, respectively (VPM, n = 974 EPSPs; Pom, n = 1,697 EPSPs).

(G) Grand average EPSP time course in VPM and Pom for fast-rising EPSPs (top) and slow-rising EPSPs (b

(H) Average fast- and slow-rising EPSP peak amplitudes for VPM and Pom neurons are shown.

(I) Fraction of EPSPs classified as fast- and slow-rising in active (A) versus whisking (W) states per cell for VPM

for 100% fast-rising EPSPs (and 0% slow-rising EPSPs).

In (C)–(I), the solid line represents the mean ± SEM; data were compared across states using Friedman and

Whitney test (mean ± SEM; VPM, n = 8 cells; Pom, n = 6 cells). In (G) and (I), n = 7 cells since one of eight VP

active states (see E).

Cell Reports 13, 647–656,
model. In this paper, we show that

thalamic firing and subthreshold activity

are dynamically related to a variety of

cortical and behavioral states in awake

mice.

Our data show distinct whisker-related

activity in VPM and Pom, with VPM neu-
rons being more strongly modulated by whisking. However, we

also found extensive heterogeneity within each thalamic nu-

cleus, in agreement with previous studies reporting that these

nuclei consist of an inhomogeneous set of specialized neurons
king (top and enlarged view in the red box). Arrows

ing EPSPs (bottom right). The cell was labeled with

t the enlarged view of an AP waveform (top right).

obiotin and recovered in Pom on coronal sections

g all waking states.

s of EPSPs in each nucleus, with a separation of 0.5

ottom) is shown.

and Pom. Note the superposition of two VPM cells

Wilcoxon tests or between nuclei using the Mann-

M cells did not exhibit any EPSPs during quiet and
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activated by specific conditions (Bruno et al., 2003; Timofeeva

et al., 2003; Petersen et al., 2008). Part of this heterogeneity

might result from differences in the anatomical locations of the

cell bodies within Pom or within VPM barreloids. Diversity in

thalamic responses during whisking also may reflect differences

in motivation, whisking patterns, or other aspects of whisking

behavior exhibited by awake rodents (Lenschow and Brecht,

2015).

We compared two distinct vigilance states without whisker

movement, which we termed quiet and active. When mice

entered a quiet state, slow oscillations appeared in S1-LFP,

and both VPM and Pom thalamic cells displayed abrupt reduc-

tions in spontaneous firing rates (Figure 2) associatedwith Vm hy-

perpolarization (Figure 3). STAs of the S1-LFP revealed that AP

firing in both VPMandPom correlatedwith increased cortical ac-

tivity during quiet states, but not during periods of desynchron-

ized cortical activity (Figure S2). Thus, on average, VPM and

Pom neurons showed a similar activity dependence when

comparing quiet and active states in the absence of whisker

movement.

In contrast, when mice were freely whisking in air, VPM and

Pom cells on average showed distinct changes in activity. Aver-

aged across the population, spike rates and bursting in VPM

neurons, but not Pom neurons, increased during whisking

compared to the active state (Figure 2). AP firing also was

more strongly modulated by the phase of the whisking cycle in

VPM neurons compared to Pom neurons (Figure 4). Mean

EPSP rates also increased in VPM neurons during whisking,

but not in Pom neurons (Figure 3). The synaptic input to VPM

neurons was dominated by fast-rising EPSPs, which are thought

to correspond to lemniscal driver synaptic inputs emanating

from brainstem fibers (Castro-Alamancos, 2002; Deschênes

et al., 2003; Ganmor et al., 2010), since in contrast with higher-

order Pom cells, VPM cells only receive modulatory cortical

inputs from layer 6 in S1 (Veinante et al., 2000; Killackey and

Sherman, 2003). Our results, therefore, suggest that whisking in-

creases firing in PrV, causing an increase in fast EPSPs in VPM

neurons. The increased frequency of fast-rising EPSPs in VPM

cells during whisking is likely to contribute to higher AP firing

rates in VPM cells during whisking, as observed in the majority

of VPM cells recorded extracellularly (Figure 2; Khatri et al.,

2010).

The fast rise of these EPSPs combined with their large ampli-

tude may drive precisely timed AP firing, able to precisely code

whisker position/phase during the whisking cycle. Indeed, we

identified a subset of VPM cells whose firing activity was driven

by the whisking protraction-retraction cycles. Furthermore, our

recordings in awake mice revealed an increase in bursts of

APs associated with whisking specifically in VPM cells. Barrages

of fast EPSPs appear to drive these bursts of APs, andwe did not

observe any low-threshold calcium spikes in our awake record-

ings. It is likely that T-type calcium channels are inactivated at

the depolarized membrane potentials of VPM cells during whisk-

ing, and bursts driven by calcium spikes are thus unlikely (for

review, see Llinás and Steriade, 2006). While the burst mode

typically has been associated with anesthetized states and

slow wave sleep, considerable evidence indicates that thalamo-

cortical bursts also can occur in awake but inattentive quiet an-
654 Cell Reports 13, 647–656, October 27, 2015 ª2015 The Authors
imals (Ramcharan et al., 2000; Swadlow and Gusev, 2001; Fan-

selow et al., 2001; Bezdudnaya et al., 2006). Bursts also were

described during sensory processing, where they were shown

to be reliably triggered by visual stimulation (Guido andWeyand,

1995; Wang et al., 2007). Burst firing has been suggested

to play a specific role in information processing in the hippocam-

pus (Lisman, 1997) and to facilitate transmitter release in the

midbrain dopaminergic neurons (Gonon, 1988), as well as to

be effective in activating cortical circuits (Swadlow and Gusev,

2001; Swadlow et al., 2002). Taken together, bursts would there-

fore allow rapid and efficient transmission of strong sensory

events to be conveyed to the cortex. Burst firing in VPM neurons

phase-locked to whisking might thus be an effective input to S1

cortex, enabling positional coding in Vm of neurons in S1

(Crochet and Petersen, 2006).

Although at a population level Pom cells did not increase AP

firing rate during whisking compared to active states, we found

that 42% of Pom cells increased firing by more than 20% and

24% of Pom cells decreased firing by more than 20% during

whisking (Figure 2). What could be the underlying mechanisms

for this observation? During whisking, Pom cells showed a

decrease in fast-rising EPSPs, thought to arise from brainstem

and S1-L5 driver inputs to Pom cells (Hoogland et al., 1991;

Bourassa et al., 1995; Veinante et al., 2000; Lavallée et al.,

2005; Groh et al., 2008, 2014). Thus, increased firing activity in

some Pom cells during whisking does not appear to result

from an increase in trigeminal inputs. In agreement with previous

data (Aldes, 1988; Urbain and Deschênes, 2007a; Matyas et al.,

2010), our tract-tracing experiments in mice indicated that

cortical inputs from the motor cortex specifically innervate the

Pom. Given its direct anatomical connections emanating from

the motor cortex, the Pom indeed has been proposed to be

involved in the pre-cortical encoding of whisker motion (Yu

et al., 2006, 2015). Movement-related input to Pom also may

be conveyed indirectly by modulation of the sensory cortex by

motor cortex (Lee et al., 2008, 2013; Zagha et al., 2013) and/or

by the VPM itself (thalamo-cortico-thalamic loop).

In Pom neurons, we described a significant increase in slow-

rising EPSPs in whisking compared with active states, which

could constitute putative corticothalamic synaptic events

(Reichova and Sherman, 2004). The increase in the rate of

slow-rising EPSPs during whisking in Pom (Figure 3) might,

therefore, result from increased firing of corticothalamic neu-

rons, which could increase firing rate in some Pom neurons dur-

ing whisking. Our data do not rule out the possibility that trigem-

inal EPSPs in Pom may be shunted during whisking. It has been

proposed that large multisynaptic GABAergic inputs arriving

from extrareticular sources, the anterior pretectal nucleus (Bokor

et al., 2005) and the zona incerta (Barthó et al., 2002), may have a

major impact on Pom activity during whisking (Trageser and Kel-

ler, 2004; Lavallée et al., 2005; Urbain and Deschênes, 2007b).

While we did not observe significant IPSPs in Pom neurons

during whisking, our data do not rule out the possibility that

shunting inhibition strongly contributes to the dampening of

firing rates and excitatory synaptic activity in Pom cells (Lavallée

et al., 2005). Indeed, we found about one-fourth of Pom cells

decreased their firing specifically during whisking. In addition,

the presence of multiple slow EPSPs during whisking might



contribute to increased membrane conductances of Pom cells

and, by this means, participate in shunting excitatory driving in-

puts. Together with other recent studies (Groh et al., 2008, 2014;

Slézia et al., 2011), our results suggest that Pom cells might be

specialized for the processing of cortical feedback during active

exploratory behavior; Pom may act as an integrator more than a

detector of peripheral inputs.

Together, our data relate a heterogeneous and highly diverse

awake state-dependent activity both in VPM and Pom. These re-

sults suggest a difference in coding whisker-related motion by

VPM and Pom cells, and they shed light on the contribution of

their respective excitatory inputs to the mechanisms underlying

their firing activity.

EXPERIMENTAL PROCEDURES

Animals, Surgery, Training, and Data Collection

All experiments were carried out in accordance with the Swiss Federal Veter-

inary Office. Male 8- to 12-week-old C57BL6J mice were implanted under

deep anesthesia with a lightweight metal head-holder and a recording cham-

ber above the thalamus and S1. In addition, stainless steel screws and wires

were inserted, respectively, over the skull and into neck muscles for the moni-

toring of EEG and EMG. After 2 days of recovery, repetitive daily training ses-

sions of increasing duration were performed to habituate the mice to the head

restraint. At the end of this training period, quiet wakefulness, slowwave sleep,

and REM sleep episodes typically were observed, attesting that the restraint

was well tolerated.

Small craniotomies were made under anesthesia over the C2 barrel column,

functionally identified through intrinsic optical imaging, and over the thalamus.

After 4–5 hr of recovery from anesthesia, electrophysiological recordings were

performed while the whisker movements of the mouse were filmed simulta-

neously under infrared illumination using a high-speed camera (Figure 1A). Sin-

gle units in the thalamus were recorded with glass micropipettes filled with a

solution containing 1.5% Neurobiotin in 1 M potassium acetate (50–80

MOhms). Only high-quality sharp intracellular recordings with little (�0.3 nA,

n = 2 cells) or no applied holding current (n = 12 cells) were taken into account.

Cells exhibited >50 mV amplitude and <0.6 ms half-width spontaneous or

evoked APs (<15% increase was tolerated in spike half-width during record-

ings). LFP recordings, in layer 4 or 5 of the S1-C2 column, were performed

with glass micropipettes. Cell locations were determined by the intracellular

or juxtacellular labeling of the last recorded unit (Pinault, 1996) and the recon-

struction of each pipette track. At the end of the experiments, mice were

perfused and brain sections processed for Neurobiotin histochemistry.

Data Analysis

Data analysis was performed with AxoGraph, Spike2, MiniAnalysis (Synapto-

soft), MATLAB, IgorPro, OriginPro, and Excel software. Unless otherwise

stated, results are reported as mean ± SEM. Statistics were performed using

Statview and XLSTAT. The Bonferroni/Dunn correction was used when a post

hoc test was applied. Significance levels were as follows: *p < 0.05, **p < 0.01,

and ***p < 0.001.
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