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Abstract

Massive corticothalamic afferents originating from layer 6a of primary sensory cortical
areas modulate sensory responsiveness of thalamocortical neurons and are pivotal for
shifting neuronal firing between burst and tonic modes. The influence of the
corticothalamic pathways on the firing mode and sensory gain of thalamic neurons has
only been extensively examined in anesthetized animals, but has yet to be established in
the awake state. We made lesions of the rat barrel cortex and on the following day
recorded responses of single thalamocortical and thalamic reticular neurons to a single
vibrissal deflection in the somatosensory system during wakefulness. Our results
showed that the cortical lesions shifted the response of thalamic neurons towards
bursting, elevated the response probability and the gain of thalamocortical neurons,
predominantly of recurring responses. In addition, after the lesions, the spontaneous
activities of the vibrissa-responsive thalamic neurons, but not those of
vibrissa-unresponsive cells, were typified by waxing-and-waning spindle-like rhythmic
spiking with frequent bursting. In awake rats with intact cortex, identified layer 6a
corticothalamic neurons responded to a single vibrissal deflection with short latencies
that matched those of layer 4 neurons, strongly suggesting the existence of an
immediate corticothalamic feedback. The present results show the importance of

corticothalamic neurons in shaping thalamic activities during wakefulness.



Introduction
The massive corticothalamic feedback projection from layer 6a is a hallmark structure
of the mammalian thalamocortical circuit (Deschénes et al. 1998; Briggs and Usrey
2008; Thomson 2010). The topographic and reciprocal connection between the cortex
and thalamus (Sherman and Guillery 1996; Deschénes et al. 1998; Alitto and Usrey
2003) places layer 6a corticothalamic neurons strategically for dynamically modulating
the information flow of ascending sensory signals through the thalamus in accord with
ongoing behavioral demands. It has been shown that the corticothalamic inputs shape
receptive fields (Murphy and Sillito 1987; Yan and Suga 1996; Zhang et al. 1997;
Temereanca and Simons 2004; Li and Ebner 2007; Jones et al. 2012) and modulate gain,
probability and temporal patterns of sensory responses of thalamocortical neurons
(Przybyszewski et al. 2000; Rivadulla et al. 2002; Temereanca and Simons 2004;
Andolina et al. 2007; Briggs and Usrey 2008, 2011). In comparison with the ascending
“driver” afferents, which carry sensory information, corticothalamic afferents from
layer 6a are classified as “modulators” (Sherman and Guillery 1998, 2006). The net
effect of layer 6a corticothalamic modulators on thalamocortical neurons is a complex
amalgam of monosynaptic glutamatergic excitation and disynaptic feedforward
inhibition via GABAergic neurons in the thalamic reticular nucleus (TRN) (Mease et al.
2014; Crandall et al. 2015), challenging our understanding of their roles.
Thalamocortical neurons operate in tonic or burst firing modes which
demonstrate that a thalamocortical neuron can respond to the same input stimuli with
critically different outcomes (Sherman 2001a; Swadlow and Gusev 2001). Whereas the
tonic mode operates as a faithful relay of sensory input (Ramcharan et al. 2000), the

burst mode functions as a non-linear transformation of input by responding with
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characteristic bursts of action potentials, i.e. low-threshold Ca?* spike (LTS) bursts
(Jahnsen and Llinads 1984a, b; Sherman 2001a; Weyand et al. 2001). Layer 6
corticothalamic input contributes to the control the resting membrane potentials of
thalamic neurons, and can thereby switch their firing mode via voltage-gated T-type
Ca?* channels, which has been shown in slice preparation (McCormick and von Krosigk
1992). Activation of layer 6 corticothalamic input in vivo under anesthesia is sufficient
to shift burst firing of thalamocortical neurons to tonic firing by depolarizing the resting
membrane potentials (Wang et al. 2006; Mease et al. 2014). However, given that net
effect of corticothalamic inputs is activity-dependent and can be excitatory or inhibitory
(Mease et al. 2014; Crandall et al. 2015) and that brainstem-derived modulatory inputs
can also change the resting membrane potentials (Sherman 2001a), it remains to be
established whether corticothalamic modulators are necessary for maintaining
thalamocortical neurons in tonic firing mode during wakefulness.

The present knowledge about the function of corticothalamic neurons in shaping
sensory responses of thalamocortical neurons largely relies on experiments in
anesthetized animals. Whereas accumulating evidence underscores their modulatory
roles on the one hand (Briggs and Usrey 2008), lesion, inactivation or activation of
corticothalamic inputs has often resulted in little, subtle, or no changes in the response
properties of thalamocortical neurons (Kalil and Chase 1970; Diamond et al. 1992;
Ghosh et al. 1994; Reichova and Sherman 2004; Olsen et al. 2012; Lien and Scanziani
2013; Li et al. 2013; King et al. 2016). Thus, the magnitude of corticothalamic
modulation of thalamic responses varies across studies, and the lack of consensus has
been obscuring their functions. However, corticothalamic influences may be understood

better by recording neuronal activities in awake animals, not only because thalamic
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neurons are locked in the burst mode under deep anesthesia (Sherman 2001a; Mease et
al. 2014), but also because corticothalamic neurons become unresponsive or even silent
by anesthesia (Kwegyir-Afful and Simons 2009; Briggs and Usrey 2011). In addition,
corticothalamic modulation of thalamic response probabilities may be associated with a
shift in firing mode under anesthesia (Mease et al. 2014). Thus, it is imperative to
elucidate the role of the corticothalamic pathways in controlling sensory response
profiles of thalamocortical neurons in awake animals.

In the present study, the day after making the lesion of the barrel field of
somatosensory cortex (S1), we addressed how this impacts on the firing mode and
sensory response profiles of thalamocortical and thalamic reticular neurons in the rat

somatosensory system during wakefulness.



Materials and Methods

Animal preparation. The Ethical Committee for the Institute of Laboratory Animals,
Graduate School of Medicine, Kyoto University, approved all experimental protocols.
All efforts were made to minimize the number of animals used and the animal suffering.
Adult Sprague-Dawley rats (250-350 g, male) were handled briefly and adapted to a
plastic cylinder in their home cage. The cylinder mimics the shape of a metal cylinder
that isused to contain the animal’s body while the head is fixed to a stereotaxic
apparatus for recording. A light-weight, sliding head attachment (Narishige) and steel
screw electrodes for electrocorticography (ECoG) were surgically attached to the skull
with screws and dental resin cement (Miky plus; Nissin) under anesthesia produced by
an intraperitoneal injection of chloral hydrate (35 mg/100 g body weight) and
buprenorphine HCI (0.1 mg/kg) for postoperative analgesia. After surgical recovery, the
rats were deprived of drinking water in their home cages, where food was available ad
libitum. The rats were gradually trained for 3 to 5 days to become accustomed to head
fixation in the stereotaxic apparatus. During the training period, water had been
available only at the training apparatus. Once animals became habituated, the rats were
subjected to the second surgery under chloral hydrate anesthesia, and a small (1-1.5
mm) hole was made in the skull above the recording area. The hole was covered with
dental resin cement and/or silicone sealant (DentSilicone-V; Shofu) until the recording

experiment.

S1 lesion. The day before recording from the ventral posteromedial nucleus (VPM) or
TRN, i.e. on the same day as the second surgery mentioned above, cortical area S1 was

lesioned by the deposition of a small crystal of silver nitrate over the pia. The crystal
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was left in place for 15 min to allow diffusion of the chemical to the deep layers. Then,
the cortical surface was rinsed with an excess of saline. The rat was given
buprenorphine HCI (0.1 mg/kg) for postoperative analgesia. Silver nitrate is a strong
cauterizing agent that burns tissue, and this lesion method was previously shown to
produce an immediate, irreversible suppression of cortical activity (Lavallée et al. 2005;
Urbain and Deschénes 2007). Since recordings were carried out the day after sliver
nitrate application, this method of cortical lesion does not involve long-term (>1 day)
adaptation of circuity to the lesion. After the end of experiments, sections were
processed for Nissl staining, and the extent of lesion was identified (Supplementary Fig.

1).

Vibrissal stimulation. The left facial nerve was blocked at the proximal part of buccal
and marginal mandibular branches with a combination of local anesthetics (absorbent
cotton with 2 % xylocaine gel and 0.2 % tetracaine) to prevent vibrissal movement.
Vibrissae were cut 5 mm from the skin. A hand-held probe was used under a dissecting
microscope to identify each neuron’s principal vibrissa, that is, the one which most
effectively evoked a neuronal response. The tip of the vibrissa was then, without glue,
loosely held in a thin groove carved at the tip of a wooden toothpick that is attached to a
ceramic bimorph bender (Physik Instrumente, Karlsruhe, Germany). The vibrissa was
pushed in a given direction at stimulus onset by the bender and returned passively. The
vibrissa was pushed in a given direction at the stimulus onset, but returned passively at a
neutral position at the stimulus offset. Ramp-and-hold waveforms (rise/fall times, 10
ms; total duration, 500 ms or 200 ms; inter-stimulus interval, 1 s) (Furuta et al. 2011)

were used to deflect the vibrissa from its resting positions in four directions spanning
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360° (i.e., in 90° increments relative to the vibrissal rows). Stimuli were repeated 20
times, the probe was rotated by 90°, and the sequence was repeated to evoke action

potentials in the thalamus and S1.

Recording of cells in the thalamus. The day after the second surgery, single units were
recorded extracellularly with a micropipette (tip diameter ~1.2 um) filled with a solution
of potassium acetate (0.5 M) and either 2 % tetramethylrhodamine (TMR)-cadaverine
(A1318; Life Technologies) or 2 % TMR-biocytin (T12921; Life Technologies) with
0.0003 % Triton-X without anesthesia, under ketamine/xylazine anesthesia (75 mg/kg, 5
mg/kg, respectively) for comparison with those reported previously under anesthesia.
For recording in the VPM, TRN and principal nucleus of the trigeminal complex (PrV),
the pipette was inserted vertically through the hole in the skull into the recording area
(VPM: 3—-4 mm posterior, 2-4 mm lateral to bregma; Rt: 2-3 mm posterior, 3-4 mm
lateral to bregma; PrV: 9-10 mm posterior, 2.5-3 mm lateral to bregma) with a
microdrive that was installed on a stereotaxic frame (SR-8N; Narishige). The
juxtacellularly-recorded signal was amplified with an intracellular amplifier (IR-183;
Cygnus Technology) and sampled at 10 kHz (bandpass filter, 0.1-3 kHz). To monitor
cortical state, ECoG recordings were simultaneously made from the dural surface of S1
of the right hemisphere through stainless steel screw electrodes with the cerebellum as a
reference (Supplementary Fig. 2). We advanced the tip of the recording electrode in 2
um steps while monitoring the occurrence of spontaneous action potentials. Once we
found a neuron, the principal vibrissa was determined as described above. Action
potentials were recorded initially as negative-orientated waveforms but upon additional

advance of the electrode (generally 3-5 steps) units were recorded as positive-orientated
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waveforms of 1-3 mV. When the principal vibrissa of a neuron was determined with a
hand-held probe as above, a piezoelectric stimulator was subsequently used to achieve
detection of subtle, but significant, neuronal activities of that neuron in response to
deflections of the principal vibrissae. We recorded stimulus-evoked activities of VPM
and TRN neurons that were responsive to vibrissal stimuli with the piezo stimulator. We
also recorded spontaneous activities of VPM and TRN neurons that were responsive
(Fig. 5-7) and unresponsive (Fig. 7) to deflections of the principal vibrissae. VPM
neurons were included in the analysis only when they responded strongly to one vibrissa,

in order to avoid neurons in the posterior medial nucleus (POm).

Recording of cells in S1. Cortical recordings were made in the same way as thalamic
recordings except the following. For recording in the right barrel cortex (stereotaxic
coordinates: 3.3 mm posterior to bregma and 4.5-5.0 mm lateral from the midline), the
micropipette was lowered at an angle of 25-40° from the vertical to record cortical cells
(depth: 0-1900 pum below the pia) in barrel columns of the B-E rows after identifying
single vibrissal selectivity of the presumed layer 4 neurons (depth: 650-950 pum) in the
recording track. The receptive field of each neuron was mapped by stimulating vibrissae
with a hand-held probe, and the principal vibrissa was determined for each neuron in
barrel columns as the vibrissa that evokes responses with the largest amplitude. When
we found neurons in layer 4 responsive to multiple vibrissae, we abandoned the
recording track and moved on to next penetration. By keeping the angle of penetration
constant while exploring the same cortical region, depth readings from the microdrive
proved to be a reliable indicator of unit locations (Supplementary Fig. 3). Because the

aim of these experiments was to identify the response properties of cortical neurons in
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each layer, we primarily sought to record all well-isolated units, when a unit was
encountered. For comparison, we further examined the responsiveness of neurons in the
barrel cortex to vibrissal stimulation under ketamine (75 mg/kg; xylazine, 5 mg/kg)

anesthesia.

Labeling of thalamic and cortical cells. We recorded spiking activity of single neurons
one by one along one penetration track. After recording the last neuron of each track,
we induced anesthesia (v/v, stage 11-111) quickly with 1-2 % isoflurane through a
custom-made facemask over the animal’s snout and juxtacellularly labeled the last
neuron with the neuronal tracer by applying positive current pulses (1-6 nA, 50% duty
cycle at 1 Hz, for 20-30 min) (Pinault 1996) for identification of unit locations and
visualization of the neuronal structure. Thus, while most of the juxtacellularly-recorded
neurons were not identified anatomically, the locations of unidentified neurons were
readily extrapolated from the labeled neurons at the end of the track and the depth
reading of the microdrive for each neuron. Neuronal structures were determined only
for layer 6a neurons. To ensure the stability for cell labeling, we induced anesthesia
with 1-2 % isoflurane after recording the last neuron of each track. The rats were
allowed to recover from anesthesia for at least 2 h prior to the subsequent recording
experiment. The penetrations were separated from each other by >600 um for better
identification of recording sites. After completing this protocol, the skull hole was
covered, all rats were given subcutaneous ketoprofen (Anafen; Merial Inc), and they

were returned to the animal facility.
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Histology and cell reconstruction. Two to three days later or 2-3 h later for
TMR-cadaverine or TMR-biocytin labeling, respectively, rats were perfused under deep
anesthesia with PBS, followed by 200 mL of 3 % paraformaldehyde, 75 % saturated
picric acid, 0.02 % glutaraldehyde in phosphate buffer (0.1 M), and 0.1 M Na2HPO4
(adjusted with NaOH to pH 7.0). After perfusion, brains were post-fixed for 2 h in the
same fixative at room temperature, cryoprotected in 30 % sucrose at 4 °C, and cut at
40-um thickness into free-floating coronal sections on a freezing microtome for
verification of recording sites or lesions.

For TMR-labeled neurons, the free-floating sections were coverslipped with
PBS without drying, and native fluorescence of TMR in wet tissue was observed under
epifluorescence microscopy (Axiophot; Carl Zeiss). The brain sections that contained
one or more TMR-labeled neurons were processed for further immunoperoxidase
staining. All the following incubations were carried out at room temperature. All the
serial sections were incubated overnight with 0.5 pg/mL affinity-purified rabbit
antibody to TMR (Kaneko et al. 1996) and with 1.0 ug/mL affinity-purified guinea pig
antibody to vesicular glutamate transporter 2 (VGIuT2) (Fujiyama et al. 2001) in 5 mM
sodium phosphate (pH 7.4)-buffered 0.9 % saline (PBS) containing Triton X-100
(PBS-X). After a wash in PBS-X, the sections were incubated for 1 h with goat antibody
to rabbit 1gG (1/200; 0112-0881; Capel), and then for 1 h with rabbit PAP (1/400;
323-005-024; Jackson ImmunoResearch). After a rinse in 0.1 M phosphate (pH
7.4)-buffered 0.9 % saline (PB), we applied the biotinylated tyramine-glucose oxidase
(BT-GO) method for signal amplification (Kuramoto et al. 2009). The sections were
incubated for 30 min in the BT-GO reaction mixture containing 0.5 M BT, 3 mg/mL of

GO (257 U/mg; 16831-14; Nacalai Tesque), 2 mg/mL of beta-D-glucose, and 1 %
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bovine serum albumin in 0.1 M PB (pH 7.4), followed by a wash with PBS.
Subsequently, the sections were incubated for 1 h with ABC Elite (1:100; Vector
Laboratories) in PBS-X, and the bound peroxidase in ABC Elite was then developed to
brown by reacting for 30-60 min with 0.02 % diaminobenzidine-4HCI (DAB,;
347-00904; Dojindo) and 0.0001 % H20- in 50 mM Tris-HCI (pH 7.6) to reveal TMR
immunoreactivity. Subsequently, all the sections were incubated for 2 h with 10 ug/mL
biotinylated goat antibody to guinea pig IgG (BA-7000; Vector) in PBS-X containing
1 % normal rabbit serum and then for 1 h with 1/100-dilulted ABC-Elite in PBS-X.
Finally, peroxidase in ABC-Elite was developed red/fuchsia by a 15 min incubation
with 0.01 % Tris-aminophenylmethane (TAPM; 35423-74; Nacalai Tesque) (Kaneko et
al. 1994), 0.07 % p-cresol (09708-22; Nacalai Tesque), and 0.002 % H>O2 in 50 mM
Tris-HCI (pH 7.6) to visualize VGIuT2 immunoreactivity. All the stained sections were
serially mounted onto the gelatinized glass slides and dried. After washing in running
water for 10 min to remove the PBS and drying overnight, the sections were cleared in
xylene and then coverslipped. Labeled neurons were drawn with a camera lucida
apparatus; drawings were scanned, redrawn in Illustrator CS2 (Adobe Systems), and
superimposed on the image of the array of barrels visualized by immunostaining for
VGIuT2 (TAPM/p-cresol) after appropriate rescaling. Photomicrographs were taken
with a Spot RT camera (Diagnostic Instruments) and imported into Photoshop 7.0
(Adobe Systems) for contrast and brightness adjustments.

After reconstruction of TMR-labeled neurons, or in verifying the extent of S1
lesions across serial sections, the relevant sections mounted on gelatinized glass slides

were counterstained for Nissl with 0.2% cresyl violet for visualization of the
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cytoarchitecture. Cortical layers and barrels were determined according to the Nissl

staining and VGIuT2 immunoreactivity (Supplementary Fig. 3).

Data analysis. Spike events elicited by vibrissal deflections were collected as
peri-stimulus time histograms (PSTHSs) of 20 trials with a bin width of 2 ms. The
response magnitude was defined as the maximum spike number in 200 ms after
stimulus onset among the tested 4 tested directions. We identified the preferred
direction of each cell and used this data in the following analyses. For a given stimulus,
spike times were aligned to the stimulus onset time and the periods of 0-20 ms and
50-200 ms after stimulus onset were considered as ‘onset period’ and ‘late period’
respectively. The probability of response to vibrissal stimulation was determined as the
percentage of trials with a successful spike response (regardless of the number of spikes
per response) to all the trials. We defined response onset of each neuron as either the
first 1 ms bin (post-stimulus) displaying counts that significantly exceeded the level of
the spontaneous activity by the mean + 3 SD of the level calculated over a pre-stimulus
time window of 200 ms or as the first two consecutive bins displaying significantly
larger counts (mean + 2 SD) than the spontaneous activity level. When a response
PSTH of a neuron exhibited either a single bin exceeding the mean + 3 SD of the
spontaneous activity or two consecutive bins exceeding the mean + 2 SD in onset period
or late period, we considered that the neuron responded in the period. Recorded neurons
were classified into three response types (onset type, recurrent type, late type) according
to the presence of sensory responses in onset period and late period: onset type,
recurrent type and late type neurons respectively exhibited responses only in onset

period, in both onset and late periods, and only in late period. Previous quantitative
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analyses have shown that LTS bursts are preceded by a silent period (50-100 ms) (Lu et
al. 1992). Accordingly, LTS bursts were identified on the basis of previously defined
criteria for LTS bursts of rat thalamocortical neurons in extracellular unit recordings: at
least 2 action potentials with an inter-spike interval (IS1) of <4 ms for the VPM (Lacey
et al. 2007; Nakamura et al. 2014) or <10 ms for the TRN but with a preceding silent
period of >50 ms (Lu et al. 1992; Ramcharan et al. 2000). The offset timing of the burst
was also defined as in previous studies: ISI of >10 ms for the VPM (Fanselow et al.
2001) and ISI for >20 ms for the TRN (Marlinski and Beloozerova 2014). The
percentage of successful trials with LTS bursts was calculated as the number of
successful trials that include an LTS burst divided by the total number of trials with a
successful spike response. As to cortical recording, we found only 6 neurons with late
responses, so we focused our analyses to onset responses. When a response PSTH of a
neuron exhibited either a single bin exceeding the mean + 3 SD of the spontaneous
activity or two consecutive bins exceeding the mean + 2 SD in onset period, we
considered that the neuron was responsive. In analyzing the oscillatory nature of
spontaneous spiking activity, we used a multitaper FFT (Mitra and Pesaran 1999) with a
fixed frequency resolution of 0.4 Hz to obtain the power spectral density (PSD) of spike
trains. The PSD was normalized by the total power of all bins (0.3-100 Hz; bin, 0.1 Hz).
Data were analyzed with MATLAB (MathWorks), IGOR Pro (WaveMetrics), and Excel

(Microsoft) software. Results are reported as mean + SD.

Statistical analysis. Non-parametric tests were adopted throughout, because some of our
data did not satisfy requirements for parametric tests. The Mann-Whitney U-test was

used for unpaired samples, whereas the Wilcoxon signed-rank test was used for paired
14



samples. Fisher’s exact test was used to determine whether there is a difference in
proportions between two populations in 2 x 2 contingency table with small sample sizes.
For corrections for multiple comparisons, we used the Bonferroni-Holm correction
(Holm 1979), which controls the family-wise error rate at level. Significance level was

setat p < 0.05.
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Results

Sensory responses of VPM neurons in rats with or without cortical lesions

To establish the effect of cortical feedback onto thalamic relay functions during waking,
we compared the responses evoked by vibrissal stimuli in VPM neurons in rats having
lesions in the barrel cortex with the responses in control animals (Fig. 1). In order to
rule out the possibility of residual corticothalamic function, we made large cortical
lesions that cover the whole barrel cortex with sliver nitrate, which allows us to control
the size of lesions (Lavallée et al. 2005) (Supplementary Fig. 1). In the control rats (19
rats), we recorded 71 single units that responded to the deflection of their principal
vibrissae in the VPM. Of these 71, 62 neurons showed short response latencies (5-18
ms) to the vibrissal deflection (Supplementary Fig. 4). These immediate spikes at short
latencies (0—20 ms) were defined as “onset responses”. They are considered as neuronal
activities driven by ascending input from the PrV (Supplementary Fig. 5, 6 rats). We
also observed “late responses” that occurred between 50 ms and 200 ms after the
stimulus onset in 23 of the 71 neurons (Supplementary Fig. 4). Additionally, the
responses often included LTS bursts in both the onset and late periods (small red bars in
Fig. 1E). The recorded neurons were classified into three groups according to the
presence of the onset and late responses: “onset type” neurons that exhibited only onset
responses (48 of 71 recorded cells), “recurrent type” neurons that had both onset and
late responses (14 of 71), and “late type” neurons that showed only late responses (9 of
71). Because neurons in the PrV (n = 29) exhibited responses of short latencies (7.38
2.98 ms) but not any discharges in the late period (Supplementary Fig. 5), the late
activities in VPM neurons are considered to be caused by intra-thalamic and/or

corticothalamic circuitry.
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In the VPM of 7 rats with a barrel cortex lesion, we recorded 27 single units
responding to the deflection of their principal vibrissa with the same vibrissal stimuli
(Fig. 1G-K). Figures 1G and 1H show the extent of a cortical lesion caused by silver
nitrate application on the surface of the S1. As indicated by the loss of Nissl staining in
coronal sections of the rat brain, lesions extended across the barrel field in the right S1
(Supplementary Fig. 1). VPM neurons in the lesioned rats also responded to vibrissal
deflections in both the onset and late periods (7 rats). Of 27 VPM neurons, 10 and 17
were classified as onset type and recurrent type neurons, respectively, while no late type
neurons were found in the lesioned rats (Fig. 11-L). The cortical lesions resulted in a
higher probability of a response to the sensory stimulus in the VPM both in the onset
and late periods (p = 3.5-10%, p = 1.0- 10, respectively, Mann-Whitney U-test, Fig.
2A), and led to more spikes being included within the LTS bursts during the onset

period (p = 2.9-10°, Mann-Whitney U-test, Fig. 2B). Moreover, a larger proportion of

VPM neurons were responsive during the late period in lesioned rats than in control rats
(p = 0.01, Fisher’s exact test, Fig. 1L). The augmentation of VPM responses was
confirmed in both the onset and late periods at a population level (Fig. 2C). The firing
rates of VPM neurons in the onset and late periods were significantly higher in the
lesioned rats than in the control rats (Fig. 2D). Even when we considered only the
spikes that were included in LTS bursts for the population PSTH, vibrissal
stimulus-evoked responses were significantly increased in the lesioned rats (Fig. 2E, F).
Thus, the response profiles of VPM neurons of awake rats with a cortical lesion showed
a predominance of recurrent type neurons, augmentation of responses in both the onset

and late periods, and increased occurrence of LTS bursts in the onset period.
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Responses of TRN neurons in rats with or without cortical lesions

The cortical lesion caused an increase of VPM responses, suggesting that the net effect
of corticothalamic excitatory input may be to suppress VPM neuronal activity in the
intact brain. It is well known that, corticothalamic axons to the VPM send collaterals to
the TRN (Bourassa et al. 1995), which in turn sends inhibitory axons to VPM neurons
(Lee et al. 1994). Hence, corticothalamic input may suppress sensory responses of
thalamic relay neurons by activating the TRN. If so, then the cortical lesion can be
expected to decrease the responses of TRN neurons. We thus compared sensory-evoked
responses of TRN neurons between control rats and lesioned rats (Fig. 3). Neurons in
the TRN were identified on the basis of their long-lasting (60 = 20 ms) burst discharges
as previously reported (Marlinski and Beloozerova 2014). Of 29 TRN neurons recorded
in control rats, 19 were classified as onset type neurons, and the other neurons were
recurrent type neurons (Fig. 3D-F, 3L, 9 rats). In lesioned rats, the majority of the
recorded TRN neurons (17 of 26) were recurrent type neurons (Fig. 31-L). The ratio of
recurrent type neuron in the lesioned rats was significantly larger than that in the control
rats (p = 0.01, Fisher’s exact test, Fig. 3L). No late type neuron was found in the TRN.
After the cortical lesion, a statistically significant increase in the probability of a sensory
response was observed during the late period, but not during the onset period (onset
period; p = 0.95, late period; p = 0.03, Mann-Whitney U-test, Fig. 4A). Figure 4B shows
that a larger proportion of TRN spikes were included in LTS bursts in cortex-lesioned

rats than in control rats (onset period; p = 2.0- 10, late period; p = 0.04, Mann-Whitney

U-test). Population PSTHs of TRN neuron responses (Fig. 4C) show that TRN

responses may be increased, but never decreased, by the cortical lesion throughout the
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response time course. Statistical analyses (Fig. 4D) indicated that the cortical lesions
significantly increased the response magnitude of TRN neurons in both the onset and
late periods (p = 0.03, p = 0.01, respectively, Mann-Whitney U-test). We also confirmed
that the cortical lesions elevated TRN responses as LTS bursts (onset period; p = 0.03,
late period; p = 0.03, Mann-Whitney U-test, Fig. 4F). These results clearly show that
the cortical lesion increased TRN responses, contrary to the prediction of the above
hypothesis. Thus, this raises the question as to what other circuit mechanisms may
underlie the apparent suppression of VPM responses by corticothalamic input in the
intact brain. Because facilitatory corticothalamic influence was induced by repetitive
activation of the corticothalamic circuit in vitro (Crandall et al. 2015), we examined
time-dependent change of neural responses during the sequential vibrissal stimulation
by comparing response magnitudes in the first half (10 deflections) of the 20 deflections
with those in the latter half (10 deflections). No statistically significant difference was
observed between the halves (Supplementary Fig. 6). This inconsistency between the
previous and present studies might be explained by the difference in the stimulus

frequencies: 10 Hz (Crandall et al. 2015), and 1 Hz in the present study.

Cortical lesion led to spontaneous oscillatory firing of VPM and TRN neurons

The present results clearly show that LTS burst firing is augmented in both the VPM
and TRN neurons following cortical lesions. Because LTS bursts rely on strong
depolarization caused by activation of T-type Ca?* channel, which requires long enough
hyperpolarization of the resting membrane potential for its de-inactivation beforehand
(Jahnsen and Llinas 1984a, b), the increase of LTS bursts in the lesioned rats may be

explained by elimination of corticothalamic afferents, whose excitatory actions could
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limit the hyperpolarization of thalamic neurons in intact animals. If corticothalamic
inputs modulate thalamic activity by controlling the baseline membrane potential of
each thalamic neuron, the cortical lesion should influence the spontaneous thalamic
activity as well. Figure 5 shows the results of the analyses for the effect of cortical
lesion on spontaneous activities in the VPM and TRN. In intact rats, VPM neurons and
TRN neurons exhibited spontaneous discharges of a moderate firing rate (mean
spontaneous firing rate of 26 VPM neurons in 7 rats, 6.6 + 4.9 Hz; that of 24 TRN
neurons in 6 rats, 15.1 = 7.7 Hz) during the awake state as confirmed by the
desynchronized ECoGs. Autocorrelograms (Fig. 5B, E) as well as flat power spectra of
spike trains (Fig. 5C, F) illustrate that typical VPM (Fig. 5A-C) and TRN (Fig. 5D-F)
neurons in control rats did not have an oscillatory component in their activities. In
contrast, clear oscillations in the range of 4-15 Hz were observed both for typical VPM
and TRN neurons of cortex-lesioned rats (mean spontaneous firing rate of 22 VPM
neurons in 7 rats, 6.8 £ 5.1 Hz; that of 15 TRN neurons in 5 rats, 8.2 + 5.0 Hz) in the
raw traces, the autocorrelograms, and the power spectra, with a frequent occurrence of
LTS bursts (Fig. 5G-L). In the scatter plots of inter-spike intervals (ISIs) before and
after a spike (Fig. 6A-D), the ~10 Hz oscillatory activities and LTS bursts emerge in the
cortex lesioned rats as dense clusters at ranges of ~100 ms and 2-5 ms, respectively. At
a population level, a statistically significant increase of power in the alpha frequency
band (7-12 Hz) was confirmed both in the VPM and TRN (p = 7.7-10% p = 1.8-10°,
respectively, Mann-Whitney U-test, Fig. 6E—H). Statistical tests also confirmed that

cortex-lesioned rats showed more LTS burst activities than control rats (VPM; p =1.7-

107, TRN; p = 1.5-10%, Mann-Whitney U-test, Fig. 61, J). Thus, cortical lesions had
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profound effects on spontaneous firing patterns of VPM and TRN neurons, including
prominent oscillatory activities and increased LTS bursts.

Because the deprivation of the barrel cortex induced the strong oscillatory
activity in VPM neurons, one may expect that global changes were evoked by the
cortical lesion and that oscillatory activities were exhibited across the whole brain.
However, the EEG in the cortex-lesioned rats did not show clear alpha-wave and thus
do not support presence of the global oscillatory activity (Fig. 7). We further
investigated spontaneous firings of thalamic neurons (in the VPM, ventrolateral nucleus
(VPL), POm and TRN) which did not respond to the vibrissal stimulation. Figure 7A
shows locations of recorded neurons along the pipet penetration track through the POm
and VPM in a cortex-lesioned rat. The vibrissa-unresponsive neurons (Cell 1 and Cell 2)
in the POm exhibited no oscillatory activity, whereas vibrissa-responsive neurons (Cell
3 and Cell 4) in the same penetration exhibited clear oscillation (Fig. 7A-C). Similar
results were obtained even within the TRN (Fig. 7D-F). By examining power spectra of
spontaneous activities, it was confirmed that the alpha power of vibrissa-unresponsive
thalamic neurons in the cortex-lesioned rats was similar to that of the responsive
neurons in cortex-intact rats (VPM: p = 0.13, TRN: p = 0.56, respectively,
Mann-Whitney U-test with Bonferroni-Holm correction, Fig. 7G-J) and significantly

lower than that of the responsive neurons in the cortex-lesioned rats (VPM: p = 1.2-1073,
TRN: p = 1.3-1073, respectively, Mann-Whitney U-test with Bonferroni-Holm

correction, Fig. 7G-J). These results indicate that the alpha-band oscillatory activity

after the lesion of the somatosensory cortex is not a global phenomenon.
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Identification of immediate corticothalamic feedback during wakefulness

Finally, to better understand the changes in thalamic activities following cortical lesions,
we examined sensory responses of corticothalamic neurons in the intact S1 during
wakefulness. Corticothalamic neurons in layer 6a of the sensory cortex are unresponsive
or even silent in anesthetized animals, leaving their functions elusive (Kwegyir-Afful
and Simons 2009; Briggs and Usrey 2011). Nevertheless, a growing body of evidence,
including that from studies of unanesthetized animals, suggests that not only layer 4
neurons but also layers 5/6 neurons are the earliest to respond to sensory stimuli in the
primary sensory areas of cortex (Simons 1978; Maunsell and Gibson 1992; de Kock et
al. 2007; Constantinople and Bruno 2013; Plomp et al. 2014). Because corticothalamic
neurons make up only ~60% of the neurons in layer 6a (Tanaka et al. 2011), it is
important to define whether the layer 6a neurons that respond with a short latency to
tactile sensory stimuli from the thalamus in the awake rat are corticothalamic cells. To
this end, we recorded juxtacellular responses of single neurons across layers in the
barrel cortex to single vibrissal deflection using head-fixed awake rats (Fig. 8A, 8B, 49
rats). In awake rats, significant neuronal responses were observed in all layers except
for layer 1. Of the 409 single units recorded in the barrel cortex, 127 neurons exhibited
phasic responses to the vibrissal stimulation within 40 ms of stimulus onset. The
percentages of neurons responsive to vibrissal stimulations were 27.9 %, 58.8 %,

12.3 %, 39.8 %, 21.5 and 0 % in layers 2/3, 4, 5a, 5b, 6a and 6b, respectively. For
comparison, we further examined the responsiveness of neurons in the barrel cortex to
vibrissal stimulation in anesthetized rats (Fig. 8D, 12 rats) and found that the percentage
of neurons in layer 6a responsive to vibrissal stimulation was markedly lower in

anesthetized rats than in awake rats (2.9 %, p = 0.04, Mann-Whitney U-test with
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Bonferroni-Holm correction, Fig. 8E). This demonstrates that isoflurane anesthesia
selectively suppresses responsiveness of layer 6a neurons within barrel cortex. Neurons
of layer 6a of awake rats exhibited short response latencies (n = 30, 13.1 £ 2.5 ms) that
matched those in layer 4 (n = 40, 14.9 £ 4.2 ms) (p = 0.18, Mann-Whitney U-test with
Bonferroni-Holm correction, Fig. 8F), i.e. the well-established thalamo-recipient layer,
among all cortical layers (Fig. 8B, C, F, G, H). This suggests that thalamocortical
excitatory input directly drives layer 6a neurons to evoke action potentials. After the
unit recordings, the structures of 24 layer 6a neurons were successfully visualized by
juxtacellular labeling and post hoc histology. Based on their axonal projection targets,
we unequivocally identified two groups of layer 6a neurons; corticothalamic neurons (n
= 16) were identified with their long projection axons reaching the ventral
posteromedial thalamic nucleus (VPM) while corticocortical neurons (n = 8) projected
axons to the ipsilateral cortices or contralateral hemisphere via the corpus callosum, but
not to the thalamus (Fig. 8l, K). In addition to the difference of axonal projection, the
superimposed images of the dendrites showed that the labeled corticothalamic neurons
possessed longer apical dendrites than the corticocortical neurons (Fig. 8M). We found
that 7 of 16 (43.8 %) of corticothalamic neurons in layer 6a showed vibrissal
stimulus-evoked responses (Fig. 8N). These results based on unequivocally identified
corticothalamic neurons shows that the VPM nucleus receives immediate cortical
feedback at a short latency during tactile sensation. This tallies with the anatomical
finding that layer 6 corticothalamic neurons receive more direct thalamocortical inputs
than layer 6 corticocortical neurons in mouse visual cortex (Vélez-Fort et al. 2014).
They also reported that layer 6 corticocortical neurons were more active and broadly

responsive to drifting sinusoidal gratings than layer 6 corticothalamic neurons, hence
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being apparently contradictory to our finding in rat S1. However, the continuous nature
of their visual stimuli suggests that layer 6 neurons are constantly activated by both
thalamocortical and intracortical inputs, defying direct comparison to our experiments
using vibrissal deflection as a discrete event. The absence of cortical responses during
the late period (50-200 ms after stimulus onset) might be due to short-term depression
of thalamocortical synapses at 10 Hz stimuli, which has been reported in S1 layer 4 (Gil
et al. 1997), albeit yet unknown for layer 6. The immediate responsiveness of
corticothalamic neurons may serve to adjust thalamic activity dynamically to the

ongoing changes in the environment.
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Discussion

We have demonstrated that deprivation of corticothalamic feedback by chemical lesions
of the S1 results in a clear shift of firing of VPM and TRN neurons towards the burst
mode. In addition, single VPM neurons showed increased response probability and gain
with a majority of those neurons engaging in recurrent-type responses in response to a
single vibrissal deflection (Fig. 9B). Spontaneous activities of VPM and TRN neurons
after the loss of cortical input are typified by recurring bouts (7-12 Hz) of LTS bursts
separated by pauses of a few seconds (Fig. 9C, D). Finally, we report that identified
layer 6a corticothalamic neurons respond to single vibrissal deflection with a short
latency in awake rats, whereas corticocortical neurons are not driven by the tactile
stimulation, suggesting that the primary sensory cortex sends immediate feedback to the

thalamus (Fig. 9A).

Cortical lesions shift firing of VPM and TRN neurons toward burst mode in awake
rats

Although it has been shown in vitro that corticothalamic excitatory inputs play an
important role in depolarizing the resting membrane potentials of thalamocortical
neurons and thereby controlling their firing mode (McCormick and von Krosigk 1992),
in vivo experiments on this issue with drugs, optogenetics and transcranial magnetic
simulation have been varied across studies: some studies reported that activation of
cortical inputs affects the firing mode of thalamic neurons (Wang et al. 2006; Mease et
al. 2014), while others reported no or little effect of cortical inactivation (Andolina et al.
2007; de Labra et al. 2007) or activation (Olsen et al. 2012). Because corticothalamic

inputs can serve direct excitation and/or TRN-mediated feedforward inhibition of
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thalamocortical neurons (Crandall et al. 2015), the net effect of corticothalamic input
has been elusive. In the present study, we found that, following a cortical lesion, VPM
and TRN neurons responded to a vibrissal deflection significantly more often with an
LTS burst as the first response during the onset period (<200 ms from stimulus onset)
and that they fired more spikes in LTS bursts during spontaneous activity, indicating
that the cortical lesion is sufficient to shift firing of VPM and TRN neurons toward
burst mode during wakefulness. This shift, together with the opposite shift and
underlying depolarization of membrane potentials after optogenetic activation of
corticothalamic inputs (Mease et al. 2014), suggests that the net effect of
corticothalamic inputs might be depolarizing, since lower resting membrane potentials
are associated with increased availability of de-inactivated T-type Ca?* channels, and
hence more LTS bursts.

We found that minor subpopulations of VPM and TRN neurons engaged in the
burst firing mode during waking even in cortex-intact rats. Although the presence and
function of thalamic LTS bursts during wakefulness has been a matter of debate
(Sherman 2001b; Steriade 2001), reports of LTS bursts of thalamocortical neurons
(Guido et al. 1992; Guido and Weyand 1995; Weyand et al. 2001; Massaux and Edeline
2003; Massaux et al. 2004) are increasing and have also been reported in TRN neurons
(Marlinski and Beloozerova 2014) in awake animals. Our finding further corroborates
the presence of LTS bursts in the thalamus of awake animals. Thus, as is the case for the
opposite shift by corticothalamic activation under anesthesia (Mease et al. 2014), the
transition of the firing modes of VPM and TRN neurons in awake rats by cortical lesion
was a gradual shift toward bursting in a continuum, rather than a switch between two

discrete states, at the population level.
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Previous studies on inactivation of the cortex by drugs, optogenetics, or
transcranial magnetic stimulation reported little change in the firing mode of
thalamocortical neurons under anesthesia (Andolina et al. 2007; de Labra et al. 2007,
Denman and Contreras 2015). However, if we can assume that the net effect of cortical
input is depolarizing as mentioned above, removal of cortical input may further
hyperpolarize the membrane potentials of thalamocortical neurons, which may have
been already hyperpolarized by anesthesia, likely leaving them firmly in burst mode
without transition. Taken together, our cortical lesions and previous cortical activation
studies (Wang et al. 2006; Mease et al. 2014) jointly suggest that corticothalamic inputs

can bidirectionally shift the firing mode of thalamocortical neurons.

The impact of corticothalamic afferents on onset response probability of VPM
neurons to single vibrissal deflection

Counterintuitive as it may seem, our results show that the deprivation of excitatory
cortical input by S1 lesion results in greater response probability (Fig. 2A) and gain (Fig.
2D) of VPM neurons to vibrissal deflection during onset period (0-20 ms after stimulus
onset). While the heightened gain is likely attributable to increased burst firing, and
hence more spikes, we propose a simple model that takes three different thresholds into
account (Fig. 9E, F) to relate the widely accepted theory of firing mode-dependent
thalamic gating (Llinas and Steriade 2006; Sherman and Guillery 2013) to the response
probability. By definition, this can also explain the absence of late type neurons, i.e.
those that failed to respond during onset period, in the VPM of cortex-lesioned rats. At
rest, during wakefulness, most VPM neurons in cortex-intact rats are in the tonic mode,

and hence the vast majority of their T-type Ca?* channels are inactivated due to the
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resting membrane potential that is maintained relatively high (~ —60 mV) (Urbain et al.
2015), most likely by baseline activities of corticothalamic inputs (Fig. 8E). EPSPs
evoked by lemniscal inputs need to exceed the high threshold (~ —50 mV) of Na*
channels to elicit a single action potential. Due to fluctuations in the amplitude of
lemniscal EPSPs (Sheroziya and Timofeev 2014), the response probability of VPM
neurons to a sensory stimulus is maintained around 60 % for the onset response.

After cortical lesion, however, the removal of corticothalamic excitatory tone may
lead to a long enough (> 50 ms) hyperpolarization of membrane potentials (Liu et al.
1995; Ramcharan et al. 2000) of VPM neurons below the de-inactivation threshold of
T-type Ca?* channels (Jahnsen and Llinas 1984b), making T-type Ca?* channels
available for an LTS, i.e. a large calcium spike, even during wakefulness (Fig. 9F). The
amplitude of a lemniscal EPSP may normally be large enough to reach the low
threshold for activation of T-type Ca?* channels (Zhan et al. 1999), thereby faithfully
evoking an LTS that exceeds the high threshold of Na* channels and is crowned by a
burst of action potentials. Indeed, intracellular recordings have demonstrated that
de-inactivation of T-type Ca?* channels can make an otherwise subthreshold current
injection able to evoke an LTS burst (Lo et al. 1991). The unique properties of T-type
Ca?* channels and the baseline corticothalamic glutamatergic tone in a cortex-intact
brain during wakefulness may together be necessary to maintain the onset response
probability of VPM neurons unsaturated. Activation of corticothalamic neurons under
anesthesia not only showed that VPM neurons shift toward tonic firing, but also showed
a decline in their response probability (Mease et al. 2014), displaying the opposite
effects to our results. Hence, it appears that the unsaturated responsiveness is associated

with the tonic mode and may serve to leave room for bidirectional modulation of
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response probability of thalamic relays according to the internal state of the cortical
circuit. Indeed, optogenetic stimulation of corticothalamic axons at a higher or lower
frequency enhances or suppresses thalamic excitability, respectively (Crandall et al.
2015), and the sensory responsiveness of thalamic relay neurons is modulated by
specific behavioral contexts (Fanselow et al. 2001; Lee et al. 2008) or attention
(O’Connor et al. 2002; McAlonan et al. 2008). Thus, we provide evidence for an
important role of corticothalamic input in keeping the response probabilities of VPM

neurons unsaturated.

Covert recurrent activities in the thalamus

During wakefulness, VPM and TRN neurons in cortex-lesioned rats showed
spontaneous oscillatory firing patterns that are closely reminiscent of spiking activities
of thalamic neurons during sleep spindles, even though ECoGs in cortex-lesioned rats
showed desynchronized state (Fig. 5, Supplementary Fig. 1). Sleep spindles appear as
brief (1-3 s) episodes of waxing-and-waning field potentials within a frequency range
of approximately 7-14 Hz recurring every 5-15 s during an early stage of slow wave
sleep or under deep anesthesia (Timofeev et al. 2012). VPM and TRN neurons exhibit
LTS bursts that are tightly phase-coupled to spindle oscillations (Slézia et al. 2011;
Ushimaru et al. 2012). Sleep spindles are considered to originate from the TRN, because
they survive in the TRN in vivo after the removal of the cortex (Morison and Bassett
1945; Villablanca and Schlag 1968; Contreras et al. 1996, 1997) or of all afferents
(Steriade et al. 1987), and also because spindle oscillations in the thalamus are
abolished when isolated from the TRN (Steriade et al. 1985). Notably, spindle-like

oscillations appear in the thalamus in slice preparation without cortical input (von
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Krosigk et al. 1993). Although we could not determine whether the rhythmic burst
firing of thalamic neurons in cortex-lesioned rats was synchronous, these and our
present results imply that the thalamus, particularly the TRN, may possess a covert
spindle-like oscillatory mechanism that occurs in the absence of corticothalamic input.

The responses of thalamic neurons to vibrissal deflections in the late period (late
responses; 50-200 ms after stimulus onset) is unlikely to be due to the ascending
lemniscal input, at least in cortex-intact rats, in which we found no late response at the
PrV. Importantly, the proportion of recurrent-type neurons in the VPM and TRN
markedly increased following cortical lesion. This suggests that the corticothalamic
afferents are suppressing the thalamic late responses that could dilute the impact of
onset responses during normal sensory processing (see below; Fig. 9E, F).

The intervals between the onset and late responses of recurrent-type neurons and
the intervals of spindle-like spontaneous firing of thalamic neurons are similar (~100
ms) in cortex-lesioned rats. Moreover, both of these activities after cortical lesion are
associated with the burst firing mode. Given these similarities, it is tempting to
speculate that the responses of recurrent-type neurons might share, in part, the same
oscillatory mechanism as the spindle-like spontaneous firing. In sensory response, the
synchronized responses of VPM neurons during onset period appear to elicit barrages of
LTS bursts of TRN neurons, which may in turn produce large and long lasting (~100
ms) IPSPs in both VPM neurons via recurrent feedback and TRN neurons via lateral
inhibition between each other, as they do during spindle-like oscillations in the lateral
geniculate nucleus in vitro (von Krosigk et al. 1993; Bal et al. 1995a, b; Kim et al.
1997). At the end of such IPSPs, which may be sufficient for de-inactivation of T-type

Ca?* channels, thalamocortical neurons may fire post-inhibitory rebound bursts without
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excitatory drive (von Krosigk et al. 1993). The loss of corticothalamic glutamatergic
tone and resultant shift toward burst mode might facilitate post-inhibitory rebound as
late responses. Thus, the present data suggest that, after cortical lesion, presumably
hyperpolarized membrane potentials of TRN and VPM neurons may unleash the
spindle-like spontaneous firing patterns and late responses thereof, even during

wakefulness.

Methodological considerations

We found that responses of S1 layer 6 neurons to the vibrissal stimulation were
markedly suppressed in ketamine/xylazine-anesthetized rats in comparison with awake
rats. This is in good agreement with previous studies that showed that ketamine or
isoflurane anesthesia suppressed layer 6 responses to sensory inputs (Einevoll et al.
2007; Sakata and Harris 2009; Roy et al. 2011; Constantinople and Bruno 2013). On the
other hand, responses of layer 6 neurons remained active under urethane anesthesia
(Welker et al. 1993; de Kock et al. 2007), indicating that the suppressive effect is
dependent on the choice of anesthetics. Overall, these results strongly argue the

importance of investigating neural activities in awake states.

We made cortical lesions by applying silver nitrate onto the cortical surface, which led
to elimination of not only neurons of all the layers but also fibers from local cortical
connections or cortico-cortical connections. Thus, we should take the other effects of
the lesions than those described in Figure 9 into account. Besides layer 6 neurons, layer
5 neurons also send their descending axons reaching subcortical structures. Because the

PrV receives axonal projections from layer 5 neurons in S1 and is modulated by
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electrical stimulations in the S1 (Furuta et al. 2010; Malmierca et al. 2014), the present
cortical lesion might affect the activities of PrV neurons. In the cortex-lesioned rats,
(Sanchez-Jimenez et al. 2009) reported that sensory responses of the PrV neurons were
decreased and that no oscillatory activity was observed in the PrV. These results support
that the increased sensory responses and oscillatory firing of VPM and TRN neurons in
the cortex-lesioned rats were mainly caused by the deprivation of direct corticothalamic
inputs. Furthermore, since it is known that thalamic nuclei receive cortical inputs from
neurons in both layer 5 and 6, one might suspect that the effects of the present cortical
lesion on the VPM and TRN neurons are mediated by descending axons of layer 5
neurons. However, S1 layer 5 neurons do not innervate the VPM or TRN but massively
project to the POm (Veinante et al. 2000). Given that layer 6 neurons constitute the vast
majority of direct corticothalamic connections from S1, it is feasible that the effects of
the cortical lesion on VPM and TRN neurons were mainly related to functions of layer 6
neurons. Moreover, we should also consider that VPM neurons in a barreloid might
receive influence not only from the main barrel column homologous to the barreloid but
also from surrounding barrel columns adjacent to the homologous barrel. It has been
reported that adjacent barrel columns may modulate activities of barreloid neurons via
TRN neurons or border-transgressing dendrites of barreloid neurons (Varga et al. 2002;
Lavallée and Deschénes 2004; Li and Ebner 2007). Since our cortical lesion was not
restricted to a single barrel column and covered almost the whole barrel cortex, the
results of the cortical lesion should be regarded to contain effects of ablation of both the
homologous barrel column and surrounding barrel columns. Future experiments in

which activities of layer 6 corticothalamic neurons or neurons in a single barrel column
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are specifically and acutely controlled (e.g. by optogenetics) may contribute to strictly

identifying the role of these neurons.

Concluding remarks

Our cortical lesion experiments show that deprivation of corticothalamic afferents do
affect the firing mode, and hence sensory gain and response probability and
spontaneous firing patterns as well, of thalamocortical neurons during wakefulness. The
results indicate that the corticothalamic modulators are indispensable for shaping

normal sensory responses in the thalamus. The profound impact of corticothalamic input
on thalamic activities presented here indicates that the thalamus is not a simple relay.
Rather, the thalamus and cortex may constitute a highly integrated processing unit that
dynamically regulates thalamocortical transmission of sensory information according to

behavioral contexts.
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Figure 1. Typical response profiles of VPM neurons to vibrissal deflection in intact
and cortex-lesioned rats. A. A micrograph of a Nissl-stained coronal section including
the intact barrel cortex. Scale bar: 1 mm. B. The barrel cortex (the rectangle in A) is
shown at a higher magnification with layers identified according to Nissl staining. Scale
bar: 200 um. C. A representative micrograph illustrates the somatodendritic structure of
a VPM neuron. Scale bar: 100 um. D. Cyan, magenta, and green traces, respectively,
show typical response patterns of onset, recurrent, and late types of VPM neurons to
principal vibrissal deflection in intact rats. Simultaneously recorded ECoG is also
shown for the onset type neurons at two time scales (top). Stimulus duration: 500 ms.
Filled circles indicate LTS bursts. E. Raster plots represent the spike discharges of the
same neurons shown in D with black and red markers for non-burst spikes and spikes
included in LTS bursts, respectively. The dashed gray vertical line represents the time
of the stimulus onset. F. PSTHs (bin width, 2 ms) represent responses of the same
neurons as in D and E to 20 stimulations. G. Focal lesion of the barrel cortex by topical
application of silver nitrate on the pia. The extent of the lesion is evident as a reduction
of Nissl staining. Scale bar: 1 mm. H. Paucity of Nissl staining illustrates that the lesion
extended over the entire thickness of the barrel cortex (the rectangle in G). Scale bar:
200 um. I-K. Similar to D—F, but for cortex-lesioned rats. No late type VPM neuron
was found in cortex-lesioned rats. L. Proportions of neuron types in the VPM (n =71

cells for intact, n = 27 for cortex-lesioned rats, *p < 0.05, Fisher’s exact test).
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Figure 2. Sensory responses of VPM neurons in intact and cortex-lesioned rats. A.
The response probabilities of VPM neurons to sensory stimulation are compared
between the intact and cortex-lesioned rats for the onset (left) and late (right) periods. B.
The percentages of the first response being a LTS burst during the onset (left) and late
(right) periods are compared between the intact and cortex-lesioned rats. ***p < 0.001,
Mann-Whitney U-test in A and B. C. Population PSTHs show the averaged responses of
all the VPM neurons to vibrissal deflection in intact and cortex-lesioned rats (left). A
detailed view of the PSTHSs during the late period are also shown (right; 50-200 ms
after stimulus onset). D. The firing rates were higher in lesioned rats than in intact rats
both in the onset period (***p < 0.001, Mann-Whitney U-test) and the late period (***p
< 0.001, Mann-Whitney U-test). E and F. Similar to C-D, but only for spikes included
in LTS bursts. Firing rates were higher in lesioned rats than in intact rats both in the
onset period (***p < 0.001, Mann-Whitney U-test) and the late period (**p < 0.01,

Mann-Whitney U-test) (F).

50



D Onset type

ECoG 05s Oqm 'y =
[ R Onset type
aasieeeescuiaatagil LA SO BN ey Téme
ECoG BT osmy & £ 4 - L
Ly 10ms & 204 I L0t 4’_'_‘*‘_!“'2
A ) T
Jw-"'wt |3mv 0 200 400 0 200 400
— Vibrissal deflection 9 0 . Recurrent type
Recurrent type f Tu .'!"..'"'.ﬂl "o 9812z ms
S B104 uifha
%AHJHWWJM_HWNJ[H% i
100 'n '
m m W — Imv ﬁ&:} m‘_l_l_l_|_|
[ L L] 0 200 400 0 200 400
, Vibrissal deflection Time from onset (ms) Time from onset (ms)
| Onsettype ECoG D5s J 0 K Onset type
= [o5mv § S Latency 12 ms
h :_ﬁﬂ] LI IIIIII " LI
= ECoG T Josmv S L R
8 . ..‘.j 10 ms = 204 m 0 i mar 02
o w {mw M ' 0 200 400 0 200 400
% 1L [4mv Recurrent type
L _ Vibrissal deflection 2 B&102ms
x Recurrenttype
) =
£ A e A oA g
(&) thaﬂl_.\wwﬁlgmv §
Vibrissal deflection « 0 200 ADD 0 200 400
Time from onset (ms) Time from onset (ms)
TRN
W Onset type

W Recurrent type

Intact rat

Cortex-lesioned rat

Figure 3
Typical response profiles of TRN neurons in intact and barrel-lesioned rats.

51



Figure 3. Typical response profiles of TRN neurons in intact and cortex-lesioned
rats. A. A micrograph represents a Nissl-stained coronal section showing the intact
barrel cortex. Scale bar: 1 mm. B. Layers of the barrel cortex are indicated. Scale bar:
200 um. C. A representative micrograph illustrating the somatodendritic structure of a
TRN neuron. Scale bar: 100 um. D. Cyan and magenta traces, respectively, show
characteristic response patterns of onset and recurrent types of TRN neurons to principal
vibrissal deflection in intact rats. A simultaneously recorded ECoG is also shown for the
onset type neurons (top). No late type neurons were found in the TRN. Stimulus
duration: 500 ms. Filled circles indicate LTS bursts. E. Raster plots represent the spike
discharges of the same neurons shown in D with black and red markers for non-burst
spikes and spikes included in LTS bursts, respectively. The dashed gray vertical line
represents the time at the stimulus onset. F. Each PSTH (bin width, 2 ms) represents
responses of the same neuron as in D and E to 20 stimulations. G. Focal lesion of the
barrel cortex by topical application of silver nitrate on the pia. The extent of the lesion is
evident as a reduction of Nissl staining. Scale bar: 1 mm. H. Paucity of Nissl staining
illustrates that the lesion extended over the entire thickness of the barrel cortex. Scale
bar: 200 um. I-K. Similar to D—F, but for the TRN of cortex-lesioned rats. L.
Proportions of neuron types in the TRN (n = 29 cells for intact rats; n = 26 for

cortex-lesioned rats; *p < 0.05, Fisher’s exact test).
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Figure 4. Sensory responses of TRN neurons in intact and cortex-lesioned rats. A.
The response probabilities of TRN neurons to sensory stimulation are compared
between the intact and cortex-lesioned rats for the onset period (left, *p < 0.05,
Mann-Whitney U-test) and late the periods (right, p = 0.95, Mann-Whitney U-test). B.
The percentages of the first response being an LTS burst during the onset (left) and late
(right) periods are compared between the intact and cortex-lesioned rats. C. Population
PSTHs show the average responses of all the TRN neurons to vibrissal deflection in
intact and cortex-lesioned rats (left). PSTHs show a detailed view of the response during
the late period (right; 50—-200 ms after stimulus onset). D. The firing rates were higher
in lesioned rats than in intact rats both in the onset period (*p < 0.05, Mann-Whitney
U-test) and late period (*p < 0.05, Mann-Whitney U-test). E and F. Similar to C-D, but
only for spikes included in LTS bursts. Firing rates were higher in lesioned rats than in
intact rats in both the onset period (*p < 0.05, Mann-Whitney U-test) and late period (*p

< 0.05, Mann-Whitney U-test) (F).
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Figure 5. Typical spontaneous firing patterns of VPM and TRN neurons in intact
and cortex-lesioned rats. A. Spontaneous activity of a typical VPM neuron in an intact
rat during quiet wakefulness is shown at three time scales with a simultaneously
recorded ECoG at the top. Note that ECoG exhibits desynchronized cortical state. B.
Autocorrelogram for 60 s of spike train of the same neuron as in A normalized to the
maximum bin with a 2 ms resolution. Inset shows close-up of the autocorrelogram,
illustrating a refractory period. C. Power spectrum of the spike train of the neuron in A
and B. D-F. Similar to A-C, but for a typical TRN neuron of an intact rat. G-L. Similar
to A-C, but for a typical VPM neuron (G-I1) and TRN neuron (J-L) of cortex-lesioned
rats. Filled circles in G and J indicate LTS bursts. Asterisks in H and K denote peaks in

power spectra.
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Figure 6

Spontaneous activities of VPM and TRN neurons in intact and cortex-lesioned rats.
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Figure 6. Spontaneous activities of VPM and TRN neurons in intact and
cortex-lesioned rats. A-D. Relationships between ISI before spike (x axis) and ISI after
spike (y axis) for all of the recorded VPM and TRN neurons in intact and
cortex-lesioned rats are presented (A. VPM of intact rat, n = 26 cells, B. TRN of intact
rat, n = 21 cells, C. VPM of lesioned rat, n = 24 cells, D. TRN of lesioned rat, n = 15
cells). Each spike is represented by a single dot. Note the logarithmic axes. Dashed lines
indicate thresholds used for detecting LTS bursts in the VPM and TRN; the first ISl in a
burst must be <4 ms and <10 ms, respectively (see Materials and Methods for further
details). E and F. The mean percentages of all spikes included in LTS bursts for all
VPM neurons (intact rat, n = 26 cells; lesioned rat, n = 21 cells; ***p < 0.001 in E) and
all TRN neurons (intact rat, n = 24 cells; lesioned rat, n = 15 cells; ***p < 0.001 in F)
are compared between intact and lesioned rats. G. The mean power spectra of spike
trains of all the VPM cells normalized by all frequency bins (bin size, 0.1 Hz; ranging
0.3-100 Hz). Shaded areas indicate £ 1 SEM. I. The mean alpha (7-12 Hz) power of all
the VPM neurons is compared between intact and cortex-lesioned rats (intact rat, n = 26
cells; lesioned rat, n = 21 cells; ***p < 0.001, Mann-Whitney U-test with
Bonferroni-Holm correction). H and J. Similar to G and I, but for TRN neurons (intact
rat, n = 24 cells; lesioned rat, n = 15 cells; ***p < 0.001 in I, Mann-Whitney U-test with

Bonferroni-Holm correction).
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Figure 7
Spontaneous activities of vibrissa-responsive and unresponsive neurons in cortex-lesioned rats.
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Figure 7. Spontaneous activities of vibrissa-responsive and -unresponsive neurons
in cortex-lesioned rats. A. Extrapolation of all the recording sites along an example
penetration (yellow dashed line) through the POm and VPM is shown. At the end of the
penetration, the last cell (Cell 4) responsive to vibrissal deflection was juxtacellularly
labeled with a fluorescent tracer TMR (indicated by red arrows). In post hoc analyses,
the positions of recorded neurons were extrapolated from the location of the labeled
neurons and the depth measurements from the pia during recording, and were
reconstructed on an image of the thalamus. Scale bar equals to 1.0 mm. B. A magnified
micrograph of the TMR-labeled neuron in A. Scale bar equals to 100 um. C.
Spontaneous activities of the recorded neurons in the penetration into the POm and
VPM (represented in A) are shown. D-F. Similar to A-C, but for recordings from the
TRN of a cortex-lesioned rat. G. The mean power spectra of spike trains of all neurons
are compared between the vibrissa-unresponsive cells in the VPM/ POm/VPL
(Unresp./Lesion, n = 15 cells) of cortex-lesioned rats, the vibrissa-responsive cells in the
VPM of cortex-lesioned (Resp./Lesion, n = 21 cells) and the vibrissa-responsive VPM
cells in intact rats (Resp./Intact, n = 26 cells). Shaded areas indicate £ 1 SEM. H. The
mean alpha (7-12 Hz) power of the recorded neurons is compared between three groups
(Unresp./Lesion, n = 15, Resp./Intact, n = 26, Resp./Lesion, n = 21, ***p < 0.001,
Mann-Whitney U-test with Bonferroni-Holm correction). I and J. Similar to G and H,
but for TRN neurons (Unresp./Lesion, n = 14 cells, Resp./Lesion, n = 15 cells,
Resp./Intact, n = 24 cells, ***p < 0.001, Mann-Whitney U-test with Bonferroni—-Holm

correction).

60



B Vibrissal defiection C| Awake rats | I:)| Anesthetized rats |

Latency 17 ms Res[f}onsiveness to vibrissa Latency Pﬁesponsiveness to vibrissa
|D.1 Layer 1 ) Layer ]
1 1
—  014ln=127) (n=282) (n=127) —— 014 (n=29) (n=83)
@]
0.2 . © @ 0.24
14 ms o
@
i | ]
T £03 eB o £031 o
7] @ D %
= 044 ] ? 204
0 3 o] 8
ms = o £
805 . % 00 S 05
T T T D 2
— N g ¢ o N
T 0.6 B = 061
R 55 E @ o 5 £
i 25ms —EI]_?— i o0 - :O:[].?— .
5b 4
0.8+ : 0.8- ¥
Ba ® ‘. Ba %
} 0.9 . ® 094
1 6a 13ms g
6b 1 . . N . . 6b 1 |
i ive 0 10 20 30 40
400 0 100 200 300 Responsive Unresponsive ms) Responswe Unresponsive
Time from onset (ms)
E Responsiveness to vibrissa F Latency (awake) G Population PSTHs (awake) H Population PSTHs (awake)
Layer Layer
213 E—_’ 213 I
Vibrissal deflection
s s e
02 Layer 2/3 (n=12) 0.2
5a i fa [ | yili ——am=40)
£ i Sa(n=7) z
b 5b o Bo1 : ——5b(n=39) 801
* =] _ =
6a . Awale 6a & g baln=2) &
F777) Anesthetized P W
0 10 20 30 40 50 60 70 0 10 20 30 40 50 -100 0 100 200 300 0 10 20 30
Responsive neuron (%) Latency (ms) Time from stimulus onset (ms) Time from stimulus onset (ms)
o I J
= Vibrissal deflection
E I
o c
©
c 2 Latency 11 ms
g3 01
m .
2cC T Y S I
t -100 0 100 200 300
8 Time from onset (ms)
—_ carpus
S callosum
L - Vibrissal deflection
= c . ——
Se
Q
o3
= e e '
o I | T | 1
(&) -100 0 100 200 300
~. To corpus callosum Time from onset (ms)
M N Corticothalamic neuron Corticocortical neuron
n=16) n=8
Corticothalamic neuron Corticocortical neuron
(n=16) (n=8) B Responsive
9 [] Unresponsive
& I‘
Figure 8

Corticothalamic neurons in layer 6a of the barrel cortex respond to vibrissal deflection
with short latency during wakefulness.



Figure 8. Corticothalamic neurons in layer 6a of the barrel cortex respond to
vibrissal deflection with a short latency during wakefulness. A. Micrographs of a
typical TMR-labeled neuron in each layer of the barrel cortex. Scale bar: 100 pm. B.
PSTHs illustrate the responses of the same neurons shown in A to deflection of the
principal vibrissa in the preferred direction. C. The distributions of vibrissa-responsive
and -unresponsive neurons are shown in relation to the normalized cortical depth (left).
The response latencies of neurons with phasic responses are plotted against the
normalized cortical depth (right). D. Depth distribution of neurons that showed a
response or no response to vibrissal deflections under ketamine-xylazine anesthesia. E.
The percentages of vibrissa-responsive neurons among all the recorded neurons in each
layer in awake and anesthetized rats. The percentage of vibrissa-responsive neurons in
layer 6a of anesthetized rats was significantly lower than that of awake rats (*p < 0.05,
Fisher’s exact test with Bonferroni-Holm correction). F. The average response latencies
of neurons in each layer (n = 12 cells for layer 2/3, n = 40 for layer 4, n = 7 for layer 5a,
n = 39 for layer 5b, n = 29 for layer 6a) are shown. The latency of layer 6a neurons was
shorter than that of neurons in layers 2/3, 5a, and 5b (*p < 0.05, Mann-Whitney U-test
with Bonferroni-Holm correction). G. Population PSTHSs of neurons in each layer of the
barrel cortex with a 2 ms bin. H. Same data as in G but showing the first 30 ms of the
response. I. An example of identified corticothalamic projection neurons that sent
efferent axons into the thalamic VPM. Scale bar: 200 um (left), 500 um (middle) and 1
mm (right). J. The same neuron in | showed an onset response to vibrissal deflection. K.
An example of identified corticocortical projection neurons whose efferent axons
project to the contralateral hemisphere through the corpus callosum. Scale bar: 200 um

(left), 500 um (middle) and 1 mm (right). L. The same neuron as K did not respond to
62



vibrissal deflection. M. The soma and dendrites of 16 corticothalamic and 8
corticocortical neurons are overlaid, centered on their somata. N. The proportion of all

identified corticothalamic and corticocortical neurons that are responsive.
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Figure 9
Schematic view of output dynamaics of thalamic neurons
in intact and cortex-lesioned rats.
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Figure 9. Schematic view of output dynamics of thalamic neurons in intact and
cortex-lesioned rats. A-D. Summary of sensory-evoked and spontaneous activity of
thalamic neurons in intact and cortex-lesioned rats. A. By way of VPM neurons,
lemniscal inputs activate TRN and corticothalamic neurons in Layer 6 of the barrel
cortex. In turn, corticothalamic neurons give feedback to the VPM and TRN neurons
with a short latency. B. In cortex-lesioned rats, VPM and TRN neurons enhanced late
responses to lemniscal inputs with LTS bursts. C and D. Spontaneous activity in VPM
and TRN neurons in intact and cortex-lesioned rats. Filled circles indicate LTS bursts. E.
Figure represents presumed membrane potential dynamics of thalamic neurons in intact
rats. Horizontal lines indicate each threshold. F. Presumed dynamics of thalamic

membrane potentials in cortex-lesioned rats.
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