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Target Interneuron Preference in Thalamocortical Pathways Determines the Temporal Structure of Cortical Responses Running title: Target interneuron preference determines thalamocortical dynamics

Sensory processing relies on fast detection of changes in environment, as well as integration of contextual cues over time. The mechanisms by which local circuits of the cerebral cortex simultaneously perform these opposite processes remain obscure. Thalamic "specific" nuclei relay sensory information, whereas "non-specific" nuclei convey information on the environmental and behavioral context. We expressed channelrhodopsin in the ventrobasal specific (sensory) or the rhomboid non-specific (contextual) thalamic nuclei. By selectively activating each thalamic pathway, we found that non-specific inputs powerfully activate adapting (slow-responding) interneurons but weakly connect fast-spiking interneurons, whereas specific inputs exhibit opposite interneuron preference. Specific inputs thereby induce rapid feedforward inhibition that limits response duration, whereas, in the same cortical area, non-specific inputs elicit delayed feedforward inhibition that enables lasting recurrent excitation. Using a mean-field model, we confirm that cortical response dynamics depends on the type of interneuron targeted by thalamocortical inputs, and show that efficient recruitment of adapting interneurons prolongs the cortical response and allows the summation of sensory and contextual inputs. Hence, target choice between slow-and fast-responding inhibitory neurons endows cortical networks with a simple computational solution to perform both sensory detection and integration.

INTRODUCTION (455 words)

Cortical circuits can respond to incoming signals with high temporal precision, but can also exhibit persistent activity after removal of the stimulus [START_REF] Goel | Timing as an intrinsic property of neural networks: evidence from in vivo and in vitro experiments[END_REF]. The cellular and network properties that enable different inputs to induce brief or long-lasting responses in the same cortical area are still poorly understood. Inhibitory neurons shape the dynamics of cortical responses and are broadly classified as fast-spiking (FS) and adapting (Ad, also termed regular-spiking) interneurons [START_REF] Kawaguchi | Physiological subgroups of nonpyramidal cells with specific morphological characteristics in layer II/III of rat frontal cortex[END_REF][START_REF] Cauli | Molecular and physiological diversity of cortical nonpyramidal cells[END_REF][START_REF] Ascoli | Petilla terminology: nomenclature of features of GABAergic interneurons of the cerebral cortex[END_REF]. Although Ad interneurons are diverse, they collectively exhibit conspicuously slower intrinsic and synaptic activation time constants than FS interneurons [START_REF] Kawaguchi | Physiological subgroups of nonpyramidal cells with specific morphological characteristics in layer II/III of rat frontal cortex[END_REF][START_REF] Cauli | Molecular and physiological diversity of cortical nonpyramidal cells[END_REF][START_REF] Geiger | Submillisecond AMPA receptor-mediated signaling at a principal neuron-interneuron synapse[END_REF][START_REF] Hu | Dendritic mechanisms underlying rapid synaptic activation of fastspiking hippocampal interneurons[END_REF][START_REF] Goldberg | Rapid developmental maturation of neocortical FS cell intrinsic excitability[END_REF] and are thought to mediate primarily cortico-cortical feedback inhibition [START_REF] Beierlein | Two dynamically distinct inhibitory networks in layer 4 of the neocortex[END_REF][START_REF] Kapfer | Supralinear increase of recurrent inhibition during sparse activity in the somatosensory cortex[END_REF]).

The thalamus is the major information gateway to the cerebral cortex. It comprises "specific" nuclei that convey primary sensory inputs and "non-specific" nuclei that signal higher order information on the environmental and behavioral context [START_REF] Van Der Werf | The intralaminar and midline nuclei of the thalamus. anatomical and functional evidence for participation in processes of arousal and awareness[END_REF][START_REF] Jones | Principles of thalamic organization[END_REF][START_REF] Saalmann | Intralaminar and medial thalamic influence on cortical synchrony, information transmission and cognition[END_REF][START_REF] Ito | A prefrontal-thalamo-hippocampal circuit for goal-directed spatial navigation[END_REF]. Specific thalamocortical (TC) inputs excite more strongly FS interneurons than Ad interneurons [START_REF] Agmon | Correlation between intrinsic firing patterns and thalamocortical synaptic responses of neurons in mouse barrel cortex[END_REF][START_REF] Porter | Diverse types of interneurons generate thalamus-evoked feedforward inhibition in the mouse barrel cortex[END_REF][START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF][START_REF] Tan | Robust but delayed thalamocortical activation of dendritictargeting inhibitory interneurons[END_REF][START_REF] Ji | Thalamocortical Innervation Pattern in Mouse Auditory and Visual Cortex: Laminar and Cell-Type Specificity[END_REF]. The prominent recruitment of FS interneurons by sensory TC inputs causes a rapid feedforward inhibition that results in brief cortical responses [START_REF] Swadlow | Fast-spike interneurons and feedforward inhibition in awake sensory neocortex[END_REF][START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF][START_REF] Cruikshank | Synaptic basis for intense thalamocortical activation of feedforward inhibitory cells in neocortex[END_REF], well suited to detect changes in the sensory flow. The tortuosity of non-specific TC projections has hampered such dissection of their properties in TC slices, but the development of optogenetic tools now allows overcoming this limitation [START_REF] Zhang | Circuit-breakers: optical technologies for probing neural signals and systems[END_REF][START_REF] Cruikshank | Thalamic control of layer 1 circuits in prefrontal cortex[END_REF][START_REF] Hay | Orexin-dependent activation of layer VIb enhances cortical network activity and integration of non-specific thalamocortical inputs[END_REF][START_REF] Audette | POm thalamocortical input drives layerspecific microcircuits in somatosensory cortex[END_REF]. The non-specific rhomboid (Rh) nucleus of the thalamic midline is involved in arousal and spatial cognition [START_REF] Hembrook | Lesions of reuniens and rhomboid thalamic nuclei impair radial maze win-shift performance[END_REF][START_REF] Loureiro | The ventral midline thalamus (reuniens and rhomboid nuclei) contributes to the persistence of spatial memory in rats[END_REF][START_REF] Cholvin | The ventral midline thalamus contributes to strategy shifting in a memory task requiring both prefrontal cortical and hippocampal functions[END_REF][START_REF] Hallock | Transient inactivation of the thalamic nucleus reuniens and rhomboid nucleus produces deficits of a working-memory dependent tactile-visual conditional discrimination task[END_REF]. We recently reported that direct cortical responses to optogenetic stimulation of Rh axons effectively summate with cortico-cortical excitation [START_REF] Hay | Orexin-dependent activation of layer VIb enhances cortical network activity and integration of non-specific thalamocortical inputs[END_REF], suggesting that the duration of these TC responses provides a large time-window for integration.

Here, we aim at identifying properties of specific and non-specific TC microcircuits that determine their different cortical response time-course. The projections of the Rh and those of the ventrobasal (VB) somatosensory relay nucleus converge onto associative area of the parietal cortex [START_REF] Vertes | Efferent projections of reuniens and rhomboid nuclei of the thalamus in the rat[END_REF][START_REF] Jones | Principles of thalamic organization[END_REF]. Using optogenetic paradigms in slices of parietal cortex coupled with a computational approach, we show that specific VB and non-specific Rh inputs both robustly connect excitatory neurons, but differentially recruit FS and Ad interneurons with opposite consequences on neuronal network dynamics.

MATERIALS AND METHODS

Expression of Channelrhodopsin in neurons of the rhomboid and ventrobasal thalamic nuclei

All experiments were carried out in accordance with the guidelines published in the European Communities Council Directive of 24 November 1986 (86/609/EEC) and animal protocol has been approved by the local ethics committee (Ce5/2014/00189). Recombinant lentivirus was chosen as an expression vector for these experiments because of its large size/small diffusion [START_REF] Osten | Lentivirus-based genetic manipulations in neurons In Vivo[END_REF]. Expression of channelrhodopsin 2 (ChR2) in thalamic neurons was performed essentially as described [START_REF] Cruikshank | Thalamic control of layer 1 circuits in prefrontal cortex[END_REF][START_REF] Hay | Orexin-dependent activation of layer VIb enhances cortical network activity and integration of non-specific thalamocortical inputs[END_REF]. Lentivirions encoding a fusion protein containing ChR2 and a yellow variant (YFP) of the green fluorescent protein (GFP) from Aequoria victoria [pLenti-synapsin-hChR2(H134R)-EYFP-WPRE, [START_REF] Zhang | Circuit-breakers: optical technologies for probing neural signals and systems[END_REF]] were prepared by the platform of the Network for Viral Transfer of the Ecole des Neurosciences de Paris (P24 titer: 50-150 mg/mL) as described [START_REF] Maskos | Nicotine reinforcement and cognition restored by targeted expression of nicotinic receptors[END_REF]. Male wistar rats (Janvier, 12-13 days old) were deeply anesthetized with an intraperitoneal injection of ketamine and xylasine (25 mg and 2.5 mg per kg body weight respectively). Rats were restrained in a stereotaxic apparatus (David Kopf instruments). The skull was exposed under aseptic conditions and a small burr hole was drilled at coordinates AP = -1.8 mm and ML = 1.8 mm relative to bregma for the rhomboid (Rh) nucleus and AP = -1.8 mm and ML = 2.6 mm relative to bregma for the ventrobasal (VB) nucleus. The lentivirion suspension (0.8 to 1.5 µL) was injected with a canula (36G70 (canula) and 26G50 (guide) from Cooper) at a depth of 5.5 mm and with an angle of 20°from the medial plane in the Rh nucleus or at a depth of 5.1 mm without angle in the VB nucleus. The canula was slowly pulled out 5 minutes after the end of the injection and the skull skin was sutured. Animals were allowed to recover with their mother and were housed in a BL-2 facility for at least 3 weeks with free access to food and drink.

Slice preparation

Three to four weeks after injection, rats were deeply anaesthetised with an intraperitoneal injection of ketamine and xylasine (100 mg and 25 mg per kg body weight respectively) and 120 U of heparine (Sigma) was injected in the left heart to prevent coagulation. Then, rats were intracardiacally perfused with cold (4°C) sucrose artificial cerebrospinal fluid (ACSF) containing (in mM): sucrose 30, glucose 2.5, NaCl 126, 2.5 KCl, NaHPO4 26, NaH2PO4 3, MgCL2 3 and kynurenic acid 3. Brains were quickly removed and coronal slices (300 µm thick) comprising the parietal association cortex (as defined in [START_REF] Paxinos | The Rat Brain in Stereotaxic Coordinates[END_REF] anteroposterior coordinates: -3.60 to -4.50 relative to Bregma) were prepared in sucrose ACSF using a vibratome (VT1000S, Leica). Slices were transferred in a chamber containing standard ACSF saturated with 95% O2 and 5% CO2. The composition of the standard ACSF was (in mM): 126 NaCl, 2.5 KCl NaHPO4 26, NaH2PO4 3, MgCL2 1, CaCl2 2, sucrose 10, glucose 10. Slices were allowed to recover for 1 hour at 37°C and were then incubated at room temperature (20-25°C) until recording.

Photostimulation

ChR2-YFP-expressing neuronal somata and fibers were visualized with a 535 nm LED (CoolLed) and an YFP filter set (YFP-2427B-000, Semrock). Photoactivation of ChR2 (1-2 ms light pulses) was performed through a GFP filter set (Olympus) using a 465 nm LED (maximal light power 1.5 mW/mm², yielding 2.5 mW at the focal plane of the 60x objective) driven by the data-acquisition software pClamp 10.2 through the Digidata interface board (Molecular Devices). Photostimulation was performed at maximal light power for 1 ms unless otherwise stated.

Whole-cell recordings

Slices were transferred to a recording chamber and continuously superfused at 2 ml/min with oxygenated standard ACSF at room temperature. Patch pipettes (3-6 MΩ) were pulled from borosilicate glass (Harvard Apparatus LTD) on a micropipette puller (Model PP-83, Narishige) and filled with 8 µl of internal solution containing (in mM): 144 K-gluconate, 3 MgCl2 , 10 HEPES, 0.5 EGTA and 3 mg/mL biocytin. The pH was adjusted to 7.2 and the osmolarity to 295 mOsm. For some experiments, we used a Cs-based internal solution containing (in mM):

130 Cs-gluconate, 3 MgCl2, 10 HEPES, 10 EGTA and 2 mg/mL biocytin. Recordings began 8-10 minutes after passing into whole-cell configuration to allow the diffusion of the cesium and the blockade of potassium channels. Whole-cell patch-clamp recordings were made from neurons visualized under infrared videomicroscopy with Nomarski optics. Whole-cell recordings were performed at room temperature (20-25°C) using a patch-clamp amplifier (Multiclamp 700B, Molecular Devices) connected to a Digidata 1440A interface board (Molecular Devices). Signals were amplified and collected using the data-acquisition software pClamp 10.2. Resting membrane potential was measured just after passing into whole-cell configuration, and only cells with a resting membrane potential more hyperpolarized than -50 mV were selected. Membrane potentials were not corrected for junction potential. For the test of their firing behavior, cells were maintained at -60 mV by continuous current injection and submitted to depolarizing current pulses. For the recording of post-synaptic potentials, cells showing a variation of access resistance of more than 20% were excluded from the study.

Recordings of post-synaptic currents were performed at a holding potential of -60 mV unless otherwise stated. Signals were filtered at 1-5 kHz, digitized at 20 kHz, saved to a personal computer, and analyzed off-line with Clampfit 10.2 software (Molecular Devices). Responses to single or repetitive photostimulation were quantified with respect to the baseline immediately preceding the photostimulus. Delays-to-onset of EPSCs were measured from the beginning of the photostimulus. Results are presented as mean ± standard error of mean. Between-group comparisons were performed using Mann-Whitney nonparametric or parametric test that does not assume equal standard deviations. A p. value below 0.05 was considered statistically significant.

AMPA/NMDA ratio and decay kinetics

To determine the AMPA/NMDA ratio of thalamocortical EPSCs, L6 pyramidal neurons were recorded with an intracellular solution containing (in mM): 130 CsGluconate, 3 MgCl2, 10 HEPES, 10 EGTA and 2 mg/mL biocytin. The pH was adjusted to 7.2 and the osmolarity to 295 mOsm. Recordings began 8-10 minutes after passing into whole-cell configuration to allow the diffusion of the intracellular solution and the blockade of potassium channels. Photoinduced EPSCs were recorded at -70 and +50 mV, corresponding to -81 and +39 mV after correction of the junction potential (11 mV in our conditions) in the presence of GABA-A receptor antagonist (Gabazine, 1 µM). Repetitive photostimulation (150-300 trials, interstimulus interval 1.5 s) was performed at each potential. The intensity of the photostimulation was adjusted just below the threshold generating polysynaptic activity and mixed mono/polysynaptic events that sometimes occurred were discarded from the analysis.

Only EPSCs occurring within 5ms after the photostimulus were considered. Measurements of AMPAR and NMDAR-mediated currents were based on the assumptions that (i) currents measured at -70 mV are AMPAR-mediated (due to the voltage-dependent block of NMDAR currents), (ii) the time-to-peak of AMPAR currents is the same at -70 mV and at +50 mV, and (iii) NMDAR currents can be measured at +50 mV due to their slower decay with respect to AMPAR currents. Baseline-substracted EPSCs (20 to 150 individual events) were averaged at each potential. The time-to-peak of the AMPA current was measured at -70 mV. The amplitude of the AMPA current at +50 mV was measured at its extrapolated time-to-peak. The NMDA current was measured on a 10 ms time-window beginning 40 ms after the photostimulus. Decay slopes of light-evoked currents obtained at -70 mv and +50 mV were fitted using a Levenberg-Marquardt algorithm with a single exponential (-70 mV) or a linear combination of two exponential functions (+50 mV) of the form A × exp(-t/τ), where A is the amplitude and τ is the time constant.

Non-stationary noise analysis

To determine the properties of single channels involved in AMPAR-and NMDAR-mediated thalamocortical EPSCs, non-stationary noise analysis was performed on fully discriminated mono-synaptic events as described [START_REF] Sigworth | The variance of sodium current fluctuations at the node of Ranvier[END_REF][START_REF] Hartveit | Studying properties of neurotransmitter receptors by non-stationary noise analysis of spontaneous postsynaptic currents and agonist-evoked responses in outside-out patches[END_REF]. EPSCs were recorded at -70 mV using KGluconate intracellular solution (AMPAR) or at +50 mV using CsGluconate intracellular solution (NMDAR). The intensity of the photostimulation (150-300 trials, inter-stimulus interval 1.5 s) was adjusted just below the threshold generating polysynaptic activity (corresponding to 1-3% of maximal light intensity) and mixed mono/polysynaptic events that sometimes occurred were discarded from the analysis. Only EPSCs occurring within 5ms after the photostimulus were considered. Roughly 100 individual EPSCs were selected for the non-stationary noise analysis of each neuron. EPSCs were aligned on the photostimulus and analysis was performed on the decaying phase of EPSCs. Currents were normalized to the mean peak amplitude and the variance over time of the decay phase was determined using the clampex software (Molecular Devices). Baseline noise variance was subtracted. A time-to-time plot of the variance at time t (σ²(t)) as a function of the averaged current amplitude at time t (IAmp(t)) was fitted by a parabolic curve (2 magnitude polynomial function) of the form:

σ²(t) = -I²Amp(t)/N + i*IAmp(t)
where i is the elementary current of the receptor channel, N is the total number of channels and σ²baseline is the variance of the baseline noise. Then, the single channel conductance (γ) was calculated as follows:

γ = i*(Vhold -ENa + /K + )
where Vhold = -80mV after correction for the junction potential (11mV) and ENa + /K + = 0mV.

Intracellular labeling and immunohistochemistry

After electrophysiological recordings, slices were fixed overnight at 4 °C in 4 % paraformaldehyde/ 0.1 M phosphate buffer pH 7.4 and then rinsed in phosphate buffer saline (PBS). Residual aldehyde was inactivated by incubation with 50 mM NH4Cl/PBS solution for 10 min at room temperature followed by several washes in PBS. Slices were blocked for 2h in PBS-GT (gelatine, 2%; triton, 0.25%) and then incubated with chicken anti-GFP (1:2000, Aves labs), mouse anti-PV (1:1000, Sigma Aldrich), rabbit anti-NPY (1:1000, a generous gift from Betty Eipper, University of Connecticut Health Center, Farmington, CT; code JH3), mouse anti-SOM (1:1000, Millipore; clone YC7; MAB354) or guinea pig anti-VIP (1:1000, Peninsula Laboratories; T-5030) antibodies for 3 days at 4°C. After several washes in PBS-GT, slices were incubated overnight at 4°C with donkey anti-chicken Alexafluor488 (1:400; Jackson immunoresearch), anti-mouse Alexafluor 647 (1:400; Invitrogen), anti-rabbit Alexafluor 647 (1:400; Invitrogen), anti-mouse Alexafluor 555 (1:400; Invitrogen), anti-guinea pig Alexafluor 647 (1:400; Invitrogen), streptavidin Alexafluor 488 (1:400; Invitrogen) or streptavidin Alexafluor 555 (1:400; Invitrogen) diluted in PBS-GT. Slice were washed in PBS, then incubated 20 min with DAPI (100 ng/mL, Invitrogen) and thereafter extensively washed in PBS. Finally, slices were mounted on gelatin-coated slides in Fluoromount-G (Southernbiotech). Fluorescence images were acquired with a laser scanning confocal microscope (SP5, Leica) using 488, 561 and 633 nm lasers, and analyzed using ImageJ.

Drugs

Drugs and chemicals were obtained from Sigma Aldrich except tetrodotoxin (TTX) from Latoxan and orexin B from Tocris. All drugs were applied through the bath perfusion.

Mean field modeling of thalamic inputs onto the cortical network

In order to assess the computational and functional consequences of the experimental data, we built a neural population model of the parietal cortex using the mean-field approach [START_REF] Wilson | Excitatory and inhibitory interactions in localized populations of model neurons[END_REF][START_REF] Dayan | Network models[END_REF].

First, we aimed at deciphering the dynamical consequences of the biophysical properties of the different interneurons of the parietal cortex. We considered the simplest possible models for excitatory-inhibitory interactions, with a single inhibitory population, where the instantaneous firing rates of each population at time , , is given by:

(  If one of the eigenvalues is positive, the system is unstable and the network's activity exponentially diverges from its initial condition. In this model, the instability arises from the excitatory feedback onto the excitatory population itself.

 If both eigenvalues are negative, the system is stable and the network's activity converges towards its steady state, which is silent in this model for simplicity.

 If the eigenvalues are complex (i.e. with a non-zero imaginary part) the behavior of the network near its fixed point is oscillatory. In this model, oscillations arise in the case of a stable fixed point, hence the network's activity spirals into the fixed point, corresponding to damped oscillations.

The eigenvalues also describe the speed of exponential convergence (or divergence if the system is unstable) and provide the characteristic time constant of the system, here expressed as . The characteristic time constant is of particular importance in this study, as it markedly differs between networks embedding different interneuron populations. The imaginary part of the eigenvalue, divided by , determines the frequency of the oscillations near the fixed point ( ). However, since the transfer function is threshold-linear (eq.1), the derivative is discontinuous and the predicted oscillations may not occur. Moreover, the period of the oscillation may be longer than the characteristic time constant of the decay, hence the oscillatory behavior may not be observed, depending on the precise parameters of the model.

We FS interneurons, were derived from the literature [START_REF] Gil | Adult thalamocortical transmission involves both nmda and non-nmda receptors[END_REF][START_REF] Geiger | Submillisecond AMPA receptor-mediated signaling at a principal neuron-interneuron synapse[END_REF], Gabernet et al. 2005, Huk and 

RESULTS

Expression of channelrhodopsin in thalamic neurons of the Rh and VB nuclei

Injection of a lentivirus driving neuronal expression of channelrhodopsin 2 (ChR2) fused to YFP (see Methods) in the Rh or the VB thalamic nuclei resulted in strong labeling of these nuclei (Fig. 1 COLOR and Supplementary Fig. 1), as reported [START_REF] Cruikshank | Thalamic control of layer 1 circuits in prefrontal cortex[END_REF][START_REF] Hay | Orexin-dependent activation of layer VIb enhances cortical network activity and integration of non-specific thalamocortical inputs[END_REF]. Following injection in the Rh nucleus, YFP fluorescence roughly followed the shape of the Rh nucleus along the vertical, lateral and antero-posterior axes. Fluorescence was nonetheless also observed beyond Rh borders in the neighbor reuniens midline nucleus, and to a lesser extent in centromedian and submedial nuclei that flank the Rh nucleus (Fig. 1A and Supplementary Fig. 1). Following injection in the VB nucleus, extensive YFP labeling was observed essentially confined within both the ventroposteromedian and ventroposterolateral subnuclei that compose the VB nucleus (Fig. 1B). Transduced neurons exhibited rebound depolarization and action potential bursts typical of thalamic neurons [ [START_REF] Jahnsen | Electrophysiological properties of guinea-pig thalamic neurons: an in vitro study[END_REF]Llinas 1984, Crunelli et al. 1987), n=8] and expressed ChR2-YFP at the plasma membrane (Supplementary Fig. 1). Likewise, photostimulation (see Methods) consistently induced bursts of action potentials (n=8) and trains of photostimuli (10 Hz) elicited repetitive inward currents of sustained amplitude (n=3, Supplementary Fig. 1). The Rh nucleus is a preferred thalamic target of the wake-promoting neuropeptides orexins [START_REF] Bayer | Selective action of orexin (hypocretin) on nonspecific thalamocortical projection neurons[END_REF]. In all transduced Rh neurons tested (n=7), application of orexin B (100 nM) converted phasic responses to repetitive photostimulation into a tonic action potential discharge (Supplementary Fig. 1), consistent with the effects of orexin B on the excitability of Rh neurons [START_REF] Bayer | Selective action of orexin (hypocretin) on nonspecific thalamocortical projection neurons[END_REF]. Hence, a large proportion of Rh and VB neurons expressed functional ChR2 without conspicuous alteration of their membrane properties, as reported [START_REF] Cruikshank | Thalamic control of layer 1 circuits in prefrontal cortex[END_REF][START_REF] Hay | Orexin-dependent activation of layer VIb enhances cortical network activity and integration of non-specific thalamocortical inputs[END_REF].

Throughout the rest of this study, recordings were performed in the parietal association cortex, which receives Rh TC fiber innervation (Fig. 1C) with larger vertical extent than other cortical areas [START_REF] Vertes | Efferent projections of reuniens and rhomboid nuclei of the thalamus in the rat[END_REF]) and is also a target of VB TC fibers. Conversely, the parietal association cortex does not receive projections from the centromedian and reuniens neighbor nuclei [START_REF] Berendse | Restricted cortical termination fields of the midline and intralaminar thalamic nuclei in the rat[END_REF]Groenewegen 1991, Vertes et al. 2006). The mean density of TC fibers was estimated by measuring cortical anti-GFP immunofluorescence intensity in the parietal association cortex (-3.60 to -4.50 relative to Bregma, [START_REF] Paxinos | The Rat Brain in Stereotaxic Coordinates[END_REF] following expression of ChR2-YFP in the Rh or the VB nucleus (n=5 slices from 4 animals, n=6 slices from 4 animals, respectively). To ensure localization of cortical layers, anti-GFP immunofluorescence was combined with DAPI staining, whose mean fluorescence profile peaked in layer 4 (L4, n=5 slices, Fig. 1D). Immunofluorescence of Rh fibers was maximal in L6, smoothly decreased to reach minimal value in L2/3 and showed a sharp peak in L1 (n=5 slices, Fig. 1D). This result is consistent with the known distribution of Rh TC fibers across layers in this cortical area [START_REF] Vertes | Efferent projections of reuniens and rhomboid nuclei of the thalamus in the rat[END_REF]. Conversely, the mean density of VB TC fibers in the parietal association cortex was maximal in L4 and exhibited a smaller peak in L6 (n=6, Fig. 1D), in agreement with earlier observations in the somatosensory barrel cortex [START_REF] Meyer | Cell type-specific thalamic innervation in a column of rat vibrissal cortex[END_REF], Wimmer et al. 2010).

Rh TC inputs elicit longer responses of the cortical network than VB TC inputs

Because VB and Rh nuclei are thought to convey information of different nature to the cortex, we first compared the kinetics of the cortical network response to a single photostimulation (1-2 ms) at maximal light intensity (5 mW) of either VB or Rh fibers. Recordings were performed in pyramidal neurons from L6 (Fig. 2A), which receives a peak density of both types of TC fibers. The nature and localization of all recorded neurons throughout this study was assessed by their electrophysiological properties and morphology examined by infrared live microscopy (Fig. 2A andB) and confirmed by post-hoc revelation of the biocytin contained in the intracellular fluid (Fig. 2A). Photostimulation of thalamic fibers induced a complex excitatory current, reflecting both monosynaptic and polysynaptic network activity, which was abolished by glutamatergic receptor antagonists CNQX and AP5 (n=9, Fig. 2B). We estimated network activation by quantifying the duration of light-induced excitatory and inhibitory post-synaptic currents (EPSCs and IPSCs) at 33 % of maximal amplitude in L6 (Fig. 2 

COLOR). EPSCs and

IPSCs were isolated from each other by recording at the reversal potential of GABAA (-70 mV)

and glutamatergic (0 mV) currents, respectively. We found that 33% widths of Rh TC EPSCs and IPSCs (51.5 ± 13.2 ms and 131.2 ± 17.9 ms, respectively; n=15) were about twice those measured upon VB TC stimulation (26.5 ± 2 ms and 61.4 ± 8.4 ms, n=14, p<0.05; Fig. 2C-D).

These differences were assessed by calculating the ratio of the area vs. the peak amplitude of PSCs, which was significantly larger for Rh than for VB TC EPSCs and IPSCs (p<0.05 for EPSCs, p<0.01 for IPSCs; Fig. 2C-D). These results indicate that Rh inputs induce longerlasting recurrent activity of the cortical network in L6 than VB inputs. Time-to-peak of induced IPSCs was also markedly longer for Rh TC than for VB TC responses (p<0.01, Fig. 2C-D).

This might reflect the summation of inhibitory events or could suggest a differential recruitment of inhibitory interneurons by the two TC inputs. In contrast, no significant difference in EPSC time-to peak was observed (p=0.26), which is likely due to the fast kinetics of AMPA currents that do not allow for the efficient summation of events. In the following sections, we aimed at identifying the mechanisms underlying the different time-course of cortical network responses elicited by Rh and VB inputs.

Properties of Rh TC synaptic currents

The kinetics and voltage-dependence of synaptic currents and the properties of underlying receptor-channels potentially influence the duration of network responses. We examined these properties of Rh TC synapses on L6 pyramidal neurons. Although some EPSC traces exhibited an essentially monophasic decay, most clearly showed the occurrence of polysynaptic activity

(see examples in Fig. 2 and 3), which impairs the measurement of Rh TC synaptic properties.

To isolate direct EPSCs from recurrent cortico-cortical activity without interfering with synaptic properties, we reduced photostimulus intensity to get as close as possible to minimal stimulation condition and obtain monosynaptic events with little contamination from polysynaptic activity. At maximal intensity of stimulation, the mean delay-to-onset values (n=41) showed a main peak centered around 3 ms, presumably corresponding to direct monosynaptic EPSCs, and responses with longer delays-to-onset consistent with indirect polysynaptic responses (Fig. 3A). When stimulus intensity was gradually declined, the delayto-onset smoothly increased to reach 7.6 ± 1 ms at 1% of maximal stimulation intensity (n=6, Fig. 3B). A roughly parallel increase of EPSC failure rate occurred to reach 25 ± 9 % at 1% of maximal light intensity, consistent with a decrease in the effectiveness of Rh fiber photostimulation. The EPSCs obtained at weak stimulus intensities (1-3%) exhibited essentially monotonous decays, indicating they were direct monosynaptic events with little contamination from recurrent polysynaptic activity (Fig. 3E). The delay-to-onset of pooled EPSCs obtained at weak stimulus intensity was 5.3 ± 0.45 ms (n=6 neurons). We thus used a 5 ms window after weak stimulation to select direct EPSCs whereas more delayed events were considered polysynaptic.

We then measured the kinetics of Rh TC synaptic currents in L6 pyramidal cells and the contribution of glutamate receptor-channel subtypes using weak intensity stimulation (1-3% of maximal light intensity, Fig. 3C-E ). The extrapolated AMPAR-mediated current was 22.2 ± 6.4 pA and the NMDAR-mediated current measured on a 10 ms time-window beginning 40 ms after the photostimulus was 13.1 ± 3.9 pA, yielding an NMDA/AMPA ratio of 0.77 ± 0.06 (n=11, Fig. 3C). The decays of EPSCs were fitted with a single or a dual exponential (at -70 or +50 mv, respectively; see Methods), yielding τ-AMPA = 7.6 ± 0.6 ms (n=24) and τ-NMDA = 84.2 ± 12.4 ms (n=12). These synaptic properties are highly similar to those reported for VB TC synapses on pyramidal neurons [START_REF] Gil | Adult thalamocortical transmission involves both nmda and non-nmda receptors[END_REF][START_REF] Gil | Efficacy of thalamocortical and intracortical synaptic connections: quanta, innervation, and reliability[END_REF][START_REF] Bannister | Developmental changes in AMPA and kainate receptor-mediated quantal transmission at thalamocortical synapses in the barrel cortex[END_REF].

Non-stationary noise analysis [ [START_REF] Sigworth | The variance of sodium current fluctuations at the node of Ranvier[END_REF], see Methods] was used to determine the properties of unitary AMPAR and NMDAR channels involved at the Rh TC synapse onto L6 pyramidal cells. This analysis was performed on responses obtained at -70 mV (AMPAR) or + 50 mV (NMDAR) as exemplified in Fig. 4B-C. For the neuron clamped at -70 mV, EPSC amplitudes ranged between 13 pA and 58 pA (mean amplitude = 28.5 pA, Fig. 3D). The mean variance of the baseline noise (1.51 pA², Fig. 3D) was subtracted from the variance of EPSC currents. The plot of the variance versus the mean amplitude was fitted with a parabolic equation, from which we calculated the value of AMPAR single channel conductance. Mean value of AMPAR single channel conductance was 11.5 ± 1.8 pS (n = 18), consistent with earlier observations at the VB TC synapse [START_REF] Bannister | Developmental changes in AMPA and kainate receptor-mediated quantal transmission at thalamocortical synapses in the barrel cortex[END_REF]. For EPSCs recorded at + 50 mV, similar analysis as above yielded values of NMDAR single channel conductance (40.5 ± 2.9 pS, n = 18, Fig. 3D) that are in the range of those reported for somatodendritic NMDA receptors 

Rh TC inputs preferentially target infragranular cortical layers

The complex pattern of intra-and interlaminar cortico-cortical connections potentially influences the decay of cortical responses to afferent inputs [START_REF] Thomson | Interlaminar connections in the neocortex[END_REF]. We thus asked whether the distribution of Rh TC inputs onto diverse neuronal types across cortical layers could explain the persistence of cortical responses to Rh fiber photostimulation. In order to compare direct Rh TC inputs to different cortical layers, we recorded 3-5 cells in a vertical row of each slice (Fig. 4 -COLOR).

To obtain a reliable quantification of direct input amplitude across neurons and slices, light intensity and flash duration had to be set, preventing the use of weak stimulation to isolate direct inputs from recurrent network activation. We thus recorded responses to photostimulation (maximal intensity for 1 ms) in the combined presence of TTX and 4-AP (1 µM and 1 mM, respectively), which allows for triggering presynaptic glutamate release by ChR2 while blocking network activity [START_REF] Hull | Neocortical disynaptic inhibition requires somatodendritic integration in interneurons[END_REF][START_REF] Petreanu | The subcellular organization of neocortical excitatory connections[END_REF]). Application of TTX alone abolished light-induced responses, which were restored by additional application of 4AP (see examples in Fig. 4A-B). Responses in the presence of TTX-4AP were monophasic and had roughly the same amplitude as the direct EPSCs recorded in control condition, but slower onset and decay kinetics (n=6, Fig. 4A-B). Recorded cells were identified as excitatory or inhibitory based on their somatodendritic morphology and dendritic spine density [ [START_REF] Peters | Classification of cortical neurons[END_REF], Fig. 4C and Supplementary Fig. 2]. Excitatory cells were stricto sensu pyramidal neurons in L2/3, L5 and L6 [START_REF] Peters | Classification of cortical neurons[END_REF], spiny stellate and star pyramidal neurons in L4 [START_REF] Feldmeyer | Reliable synaptic connections between pairs of excitatory layer 4 neurones within a single "barrel" of developing rat somatosensory cortex[END_REF][START_REF] Staiger | Functional diversity of layer IV spiny neurons in rat somatosensory cortex: quantitative morphology of electrophysiologically characterized and biocytin labeled cells[END_REF]), according to the layer-specific predominance of these morphological subtypes. Inhibitory neurons were characterized by their non-pyramidal morphology, the low density of their dendritic spines and their electrophysiological properties.

Subsequently, they were sub-classified as FS or Ad interneurons based on their electrophysiological properties and on the presence (FS) or absence (Ad) of parvalbumin [ [START_REF] Kawaguchi | Physiological subgroups of nonpyramidal cells with specific morphological characteristics in layer II/III of rat frontal cortex[END_REF][START_REF] Cauli | Molecular and physiological diversity of cortical nonpyramidal cells[END_REF], Fig. 4C and Supplementary Fig. 3]. The responsiveness of excitatory neurons roughly followed the profile of Rh TC fiber density with significant differences between layers (Fig. 4D; e.g. L6 > each other layer, L4 < L5 and L6, p<0.05).

Responses were minimal in L2/3 and L4 (24.2 ± 10.3 pA and 13.3 ±3.9 pA, n=12 and 13, respectively), which contained substantial proportions of unresponsive excitatory neurons (25 and 31 %, respectively). Responsiveness increased in L5 (57.9 ± 19.3 pA, 13% unresponsive cells, n=15) and reached a maximum in L6 (185.1 ± 39.4 pA, 5 % unresponsive cells, n=21).

In L1, which contains only GABAergic interneurons, all cells responded to photostimulation, consistent with the peak of Rh fiber density in this layer, but with moderate intensity (35.7 ± 7.9 pA, n=10). Responsiveness of interneurons (Ad and FS pooled, Fig. 4D) across layers followed the same pattern as that of excitatory neurons. L2/3 interneurons were weakly activated by Rh TC inputs (7.3 ± 2.2 pA, 33 % unresponsive cells, n=12), whereas L5 and L6 interneurons showed strong responses and high response probability (L5 interneurons: 89.0 ± 41.7 pA, 5.3 % unresponsive cells, n=19; L6 interneurons: 142.4 ± 39.8 pA, 10.3 % unresponsive cells, n=29). Hence, Rh TC inputs strongly target infragranular layers but virtually avoid L4, similar to other non-specific nuclei but in marked contrast with specific inputs, which prominently connect L4 in addition to infragranular layers [START_REF] Herkenham | Laminar organization of thalamic projections to the rat neocortex[END_REF], Wimmer et al. 2010[START_REF] Meyer | Cell type-specific thalamic innervation in a column of rat vibrissal cortex[END_REF][START_REF] Constantinople | Deep cortical layers are activated directly by thalamus[END_REF]. The weakness of Rh TC inputs on neurons of L2-4 suggests that these layers do not significantly contribute, for instance through feedforward excitation, to the persistence of cortical network responses we observed in L6.

Rh and VB TC inputs exhibit opposite preference for Ad and FS interneurons

The above observations indicate that the different time-course of L6 responses to Rh and VB TC inputs relies on the differential activation of infragranular cortical circuits by these inputs.

We thus compared the responses of infragranular neurons to Rh and VB TC inputs (Fig. 5 B&W). Photostimulation of Rh TC fibers in the presence of TTX-4AP elicited EPSCs in a majority of FS and Ad interneurons (87% of FS and 94% of Ad neurons, n=15 and n=33, respectively), but of markedly smaller amplitude in FS interneurons (Fig. 5A1). Indeed, the response amplitude of Ad interneurons (159 ± 40 pA) was comparable to that of pooled infragranular pyramidal neurons (132 ± 26 pA, n=36), whereas responses of FS interneurons were significantly smaller (37 ± 11 pA, p<0.05, Fig. 5A1). This is in marked contrast with the situation reported for VB TC inputs, which powerfully connect FS interneurons in the somatosensory barrel cortex [START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF][START_REF] Cruikshank | Synaptic basis for intense thalamocortical activation of feedforward inhibitory cells in neocortex[END_REF]). Accordingly, we found in the parietal association cortex that EPSCs induced by photostimulation of VB TC fibers in the presence of TTX-4AP were larger in FS neurons (143.3 ± 23.9 pA, n=6) than in pyramidal neurons (98.6 ± 40.4 pA, n=19), and had smallest amplitude in Ad neurons (20.2 ± 6.5 pA, n=24, Fig. 5A2), in line with previous observations using optogenetic or electrical stimulation of VB inputs to the barrel cortex [START_REF] Beierlein | Two dynamically distinct inhibitory networks in layer 4 of the neocortex[END_REF][START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF][START_REF] Cruikshank | Synaptic basis for intense thalamocortical activation of feedforward inhibitory cells in neocortex[END_REF][START_REF] Cruikshank | Pathway-specific feedforward circuits between thalamus and neocortex revealed by selective optical stimulation of axons[END_REF]. These results indicate that Rh inputs preferentially target Ad over FS interneurons and confirm that VB inputs exhibit opposite preference.

The population of L6 Ad interneurons comprises two major classes: cells expressing both somatostatin and neuropeptide Y (SOM interneurons) and cells expressing neuropeptide Y but not somatostatin (NPY interneurons); as well as a minor class of cells expressing vasoactive intestinal peptide (VIP interneurons), which are devoid of SOM and NPY and represent less than 5 % of all L6 interneurons [START_REF] Perrenoud | Diversity of GABAergic interneurons in layer VIa and VIb of mouse barrel cortex[END_REF]. In order to identify the Ad interneuron subtypes targeted by thalamic projections, we probed immunoreactivity for these neuropeptides in L6 interneurons tested for responsiveness to photostimulation of either Rh or VB TC fibers in the presence of TTX-4AP (Fig. 5B and Supplementary Fig. 2B). Putative FS neurons, identified from their electrophysiological properties (see Supplementary results and Supplementary Fig. 3), were discarded from this analysis. NPY was detected in 17 out of 32 neurons analyzed (52 %, Fig. 5B2 and Supplementary Fig. 2B), among which 11 and 6 were tested for Rh and VB input responsiveness, respectively. SOM was detected in 17 out of 131 neurons analyzed (13 %, Fig. 5B1 and Supplementary Fig. 2B), comprising 12 Rh-tested and 5

VB-tested neurons. Both NPY+ and SOM+ Ad interneurons received Rh inputs (EPSC amplitude: 160.1 ± 41.5 pA for NPY+ cells and 106.9 ± 52.0 pA for SOM+ cells, Fig. 5B3), but were only weakly connected by VB inputs (EPSC amplitude: 23.3 ± 13.3 pA for 3 responsive out of 6 NPY+ cells, and 40 pA for 1 responsive out of 4 SOM+ cells). As exemplified in Supplementary Fig. 2B, the somatodendritic morphologies of these interneurons corresponded to those reported for SOM (bipolar/bitufted or multipolar with thick primary dendrites) and NPY (neurogliaform-like with thin and ramified dendrites) interneuron types in L6 [START_REF] Perrenoud | Diversity of GABAergic interneurons in layer VIa and VIb of mouse barrel cortex[END_REF]. SOM+ cells (n=17) were either bipolar/bitufted or multipolar (n=9 and 8, respectively). A majority of NPY+ cells were also bipolar/bitufted or multipolar (n=7 and 7 out of 17, respectively) consistent with NPY expression in SOM interneuron type [START_REF] Perrenoud | Diversity of GABAergic interneurons in layer VIa and VIb of mouse barrel cortex[END_REF]), but 3 cells exhibited neurogliaform-like morphology typical of the NPY interneuron type (Supplementary Fig. 2B). Finally, we examined VIP expression in Ad interneurons responsive to Rh stimulation. None of the 63 interneurons tested exhibited detectable immunoreactivity for this neuropeptide. These results indicate that Rh inputs to L6 target both NPY and SOM interneurons, which are the major Ad interneuron subtypes in this layer [START_REF] Perrenoud | Diversity of GABAergic interneurons in layer VIa and VIb of mouse barrel cortex[END_REF]. Conversely, these Ad interneuron types are only weakly connected by VB inputs to L6.

Rh and VB TC inputs elicit different temporal sequences of excitation/inhibition

We next compared the recruitment of L6 FS and Ad interneurons by Rh and VB TC inputs using current-clamp recordings (Fig. 6A COLOR). To avoid biases caused by resting potential variability, membrane potential was set at -60 mV using continuous current injection (Resting potentials: VmAd-Rh=-63.3 ± 1.0 mV and VmAd-VB=-59.9 ± 0.5 mV, n=11 and 6, respectively, p = 0.57; VmFS-Rh=-59.4 ± 0.5 mV and VmFS-VB=-59.3 ± 1.4 mV, n=9 and 11, respectively, p = 0.96). Action potentials followed photostimulation in all FS neurons tested, but with a much shorter delay for VB than for Rh inputs (delay-to-spike=4.1 ± 0.5 ms and 10.6 ± 1.5 ms, n=6 and 11, respectively, p<0.05, Fig. 6A). This is consistent with a direct excitation of FS neurons by VB inputs and an indirect excitation of these neurons by Rh inputs.

Conversely, spikes occurred in a majority of Ad neurons (6 out of 9, Fig. 6A) upon stimulation of Rh fibers, but in only 1 out of 11 Ad neurons tested upon stimulation of VB fibers (not shown). We further noticed that spikes elicited by Rh inputs in Ad neurons occurred with a longer delay (8.9 ± 1.5 ms, n=6) than those triggered by VB inputs in FS neurons (4.1 ± 0.5 ms, n=6, p<0.05, Fig. 6A), consistent with the different onset slopes of EPSCs and spikes in these interneuron types (Supplementary Fig. 4). These results indicate that Rh and VB TC inputs differentially recruit FS and Ad interneurons.

We explored the consequences of this differential interneuron targeting on the inhibition of L6 pyramidal neurons (Fig. 6B). The onset of IPSCs was markedly delayed upon Rh fiber stimulation as compared to VB fiber stimulation (8.4 ± 1.0 ms and 4.5 ± 0.1 ms, respectively; p<0.05) in spite of comparable amplitudes (414 ± 116 pA, n=16 and 629 ± 139 pA, n=15, respectively; p=0.2), consistent with results shown in Fig. 2B. Conversely, EPSCs elicited by Rh and VB inputs did not differ significantly (delays to onset: 2.9 ± 0.2 ms and 2.6 ± 0.2 ms, amplitudes: 287 ± 85 pA and 269 ± 61 pA, n=16 and n=15, respectively; p > 0.2 for both).

These results indicate that the differential recruitment of FS and Ad neurons by VB and Rh inputs results in fast and delayed feedforward inhibition, respectively.

Finally, we analyzed the consequences of the differential interneuron targeting by VB and Rh inputs on L6 network dynamics by plotting the post-stimulus time distribution of excitatory and inhibitory events recorded in this study (Fig. 6C). Upon VB stimulation, pyramidal cell EPSCs, FS neuron spiking and pyramidal cell IPSCs were arranged sequentially in a narrow time window. These results are consistent with VB inputs triggering rapid and synchronous firing of FS neurons, leading to fast feedforward inhibition that temporally limits network excitation, as described [START_REF] Swadlow | Fast-spike interneurons and feedforward inhibition in awake sensory neocortex[END_REF][START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF]. Upon Rh TC stimulation, this well-arranged sequence was not observed and events occurred in a far broader time-window (Fig. 6C). The largely overlapping distributions of EPSCs and IPSCs in pyramidal cells, and of these IPSCs and interneuron spiking, suggest that IPSCs resulted from both feedforward recruitment of Ad neurons and feedback excitation of FS cells. These results indicate that the different weights of VB and Rh inputs onto FS and Ad interneurons result in different inhibition kinetics with contrasting results on cortical dynamics.

Computational consequences of the differential activation of FS and Ad interneurons

We assessed the causal role of target interneuron preference in network response using a meanfield model of the parietal association cortex (Wilson andCowan 1972, Dayan andAbbott 2001, Fig. 7 COLOR). We first illustrate how network activity depends on interneuron properties (firing time constants, see Methods, and strength of inhibitory feedback) using the analytical solution of a reduced model comprising an excitatory population and an interneuron population. In the following, we only consider regions of the parameters space resulting in stable dynamics. As FS cells have a faster firing time constant (in the reduced model, the firing time constant depends on both synaptic kinetics and intrinsic properties) than Ad interneurons, and a stronger coupling with pyramidal cells [START_REF] Kawaguchi | Physiological subgroups of nonpyramidal cells with specific morphological characteristics in layer II/III of rat frontal cortex[END_REF][START_REF] Cauli | Molecular and physiological diversity of cortical nonpyramidal cells[END_REF][START_REF] Hu | Dendritic mechanisms underlying rapid synaptic activation of fastspiking hippocampal interneurons[END_REF][START_REF] Goldberg | Rapid developmental maturation of neocortical FS cell intrinsic excitability[END_REF], pyramidal-FS or pyramidal-Ad couples markedly differed in their characteristic relaxation time-constants to equilibrium (Fig. 7A and Supplementary Fig. 5).

Following thalamic stimulation, the pyramidal-FS network quickly relaxes to its basal activity, whereas pyramidal-Ad network slowly decays to its initial state due to recurrent activity. The decay can be associated with damping oscillations, whose frequency depends on the biophysical properties of interneurons (Supplementary Fig. 5).

We next simulated a more detailed mean-field model comprising the three populations (pyramidal, FS and Ad), and additionally separating synaptic kinetics (modeled as separate variables) from intrinsic properties (time constant per se, see Methods). In this model, Rh and VB inputs equally target pyramidal cells, but preferentially activate Ad (Rh) or FS (VB)

interneurons, according to experimental data. Upon VB stimulation the model rapidly relaxes to its initial state, while Rh stimulation evokes a long-lasting network activity with an oscillatory component (Fig. 7B and Supplementary Fig. 5). VB and Rh stimulation yield similar values of pyramidal cell activity at 10 ms post-stimulus (Fig. 7B), confirming that delayed feedforward inhibition through Ad cells targeting is responsible for the prolonged network response. To assess the role of Ad neurons on prolonged network response, we varied TC input weight on Ad cells while TC connection onto pyramidal neurons remained constant. When the weight on Ad cells is set to zero (Pyr-only: connection onto pyramidal cells only), the network response to TC stimulation is brief, due to the feedback from FS neurons (Fig. 7C VB inputs (Fig. 7D), during a time-window that is longer upon recruitment of both Ad and Pyr neurons by Rh inputs than upon Pyr-only activation (Fig. 7D). This suggests that feedforward excitation of Ad interneurons by contextual Rh inputs enables these inputs to influence the processing of sensory VB inputs by the cortical network.

little influence on the processing of primary sensory information in this layer, which exhibits the lowest level of context-dependent integration. All L1 interneurons tested exhibited direct responses to Rh TC inputs, in agreement with the peak of Rh fiber density in this layer and as also reported for TC projections from diverse non-specific nuclei on L1 of the prefrontal cortex [START_REF] Cruikshank | Thalamic control of layer 1 circuits in prefrontal cortex[END_REF]. Given the weak responsiveness of L2/3 neurons to Rh inputs, this suggests that non-specific TC inputs favor inhibition of supragranular pyramidal neurons, which are a target of L1 interneurons (Chu et al. 2003, Wozny and[START_REF] Wozny | Specificity of synaptic connectivity between layer 1 inhibitory interneurons and layer 2/3 pyramidal neurons in the rat neocortex[END_REF]. In contrast, we found that Rh TC inputs elicit robust and long-lasting responses of infragranular layers in the parietal association cortex. L6 contains pyramidal neurons that either send cortico-cortical projections or send inputs to the thalamic nuclei (Zhang and Deschenes 1997[START_REF] Mercer | Excitatory connections made by presynaptic cortico-cortical pyramidal cells in layer 6 of the neocortex[END_REF][START_REF] Kumar | Inter-and intralaminar subcircuits of excitatory and inhibitory neurons in layer 6a of the rat barrel cortex[END_REF]. Although we did not evaluate the relative strength or Rh inputs onto these two types of L6 pyramidal cells, it is likely that the output of cortico-thalamic cells is influenced by Rh input stimulation, either directly or via local recurrent excitation. We thus propose that the different non-specific thalamic nuclei strongly influence the input-output function of infragranular layers in their cognate cortical projection areas according to different sets of environmental and behavioral parameters.

Rh TC inputs preferentially target Ad interneurons

We show that the differential targeting of infragranular FS and Ad interneurons by Rh and VB TC inputs results in contrasting network dynamics, due to the different time constants (both intrinsic and synaptic) of these interneurons. FS cells are the largest cortical interneuron population, accounting for half of all interneurons in L6 [START_REF] Perrenoud | Diversity of GABAergic interneurons in layer VIa and VIb of mouse barrel cortex[END_REF] and are the major interneuron target of VB TC inputs in the parietal association cortex, as reported in primary sensory areas [START_REF] Agmon | Correlation between intrinsic firing patterns and thalamocortical synaptic responses of neurons in mouse barrel cortex[END_REF][START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF][START_REF] Cruikshank | Synaptic basis for intense thalamocortical activation of feedforward inhibitory cells in neocortex[END_REF][START_REF] Ji | Thalamocortical Innervation Pattern in Mouse Auditory and Visual Cortex: Laminar and Cell-Type Specificity[END_REF]. Conversely, FS interneurons receive only weak Rh TC inputs, which strongly target Ad interneurons. Given the broad distribution of Rh TC fibers throughout L6, it is unlikely that their preferential targeting of Ad interneurons results from the reportedly skewed intralaminar density of FS interneurons in favor of upper L6 [START_REF] Perrenoud | Diversity of GABAergic interneurons in layer VIa and VIb of mouse barrel cortex[END_REF]. We found that the majority of infragranular Ad interneurons receive direct Rh TC inputs, suggesting that these inputs target several Ad interneuron types. Indeed, our results indicate that Rh TC inputs to L6 target both NPY and SOM interneuron types, which closely resemble cognate interneuron types found in other cortical layers [START_REF] Karagiannis | Classification of NPY-expressing neocortical interneurons[END_REF][START_REF] Perrenoud | Diversity of GABAergic interneurons in layer VIa and VIb of mouse barrel cortex[END_REF]. It is noteworthy that neurogliaform cells, the major morphological subtype of NPY interneurons [START_REF] Karagiannis | Classification of NPY-expressing neocortical interneurons[END_REF][START_REF] Zaitsev | Interneuron diversity in layers 2-3 of monkey prefrontal cortex[END_REF][START_REF] Perrenoud | Diversity of GABAergic interneurons in layer VIa and VIb of mouse barrel cortex[END_REF], and SOM interneurons both powerfully inhibit FS interneurons, whereas FS-to-Ad connections are weaker (Olah et al. 2007[START_REF] Chittajallu | Neurogliaform cells dynamically regulate somatosensory integration via synapse-specific modulation[END_REF][START_REF] Cottam | Target-specific effects of somatostatin-expressing interneurons on neocortical visual processing[END_REF][START_REF] Pfeffer | Inhibition of inhibition in visual cortex: the logic of connections between molecularly distinct interneurons[END_REF][START_REF] Xu | Neocortical Somatostatin-expressing GABAergic Interneurons Disinhibit the Thalamorecipient Layer 4[END_REF][START_REF] Jiang | Principles of connectivity among morphologically defined cell types in adult neocortex[END_REF]. These connections substantiate a critical feature of our model that enables Ad interneurons to dampen FS cell excitation upon Rh input stimulation, thereby resulting in longlasting responses of the network. Ad interneurons are generally more susceptible to the influence of various neuromodulators than FS interneurons [START_REF] Bacci | Modulation of neocortical interneurons: extrinsic influences and exercises in self-control[END_REF]. This suggests that responses to Rh inputs may vary to a greater extent as a function of behavioral states than responses to primary sensory inputs. Moreover, Ad interneuron types differ in their activation time constants and sensitivity to neuromodulators [START_REF] Cauli | Molecular and physiological diversity of cortical nonpyramidal cells[END_REF][START_REF] Bacci | Modulation of neocortical interneurons: extrinsic influences and exercises in self-control[END_REF][START_REF] Ascoli | Petilla terminology: nomenclature of features of GABAergic interneurons of the cerebral cortex[END_REF][START_REF] Karagiannis | Classification of NPY-expressing neocortical interneurons[END_REF][START_REF] Perrenoud | Diversity of GABAergic interneurons in layer VIa and VIb of mouse barrel cortex[END_REF]. Hence, the dual targeting of NPY and SOM Ad interneuron types may enhance the integrative capability of Rh TC circuits by expanding the range of their cortical response durations and oscillatory behaviors.

Cortical response dynamics depend on TC target interneuron type

We demonstrate that differential targeting between FS and Ad interneurons is the key determinant of the different duration of cortical responses to VB and Rh inputs. The brief cortical responses to FS-targeting sensory TC inputs are well adapted to the detection of sensory stimuli with high temporal fidelity. Conversely, non-specific thalamic inputs convey information on the behavioral and environmental context that likely relies on persistent activity in cortical circuits. We found that Rh inputs induce a slowly decaying recurrent excitation, which forms a mnesic trace of past activation on a time scale relevant to behavior and may thus underlie cortical integration of contextual information. This TC response dichotomy may play a role in the flexible processing of context-relevant sensory signals by the parietal cortex [START_REF] Ibos | Dynamic integration of task-relevant visual features in posterior parietal cortex[END_REF]. Furthermore, our simulations indicate that targeting of Ad neurons by Rh inputs prolongs the cortical response and allows extended integration of VB and Rh inputs.

Accordingly, neurons of the parietal cortex display near-perfect time integration of brief sensory signals [START_REF] Huk | Neural activity in macaque parietal cortex reflects temporal integration of visual motion signals during perceptual decision making[END_REF]. Our model suggests that these temporal properties mainly depend on the state of Ad interneurons, which may underlie "state-dependent computations" [START_REF] Buonomano | State-dependent computations: spatiotemporal processing in cortical networks[END_REF], i.e. information processing that depends on the internal dynamic state of the cortical network. We also give support to the computational hypothesis, according to which attentional effects would be mediated by interneurons with slow time constants [START_REF] Buia | Role of interneuron diversity in the cortical microcircuit for attention[END_REF]. Indeed, we recently reported that responses to Rh inputs (targeting Ad interneurons) effectively integrate the effects of hypothalamic orexins, which signal vigilance states, on the cortical network [START_REF] Hay | Orexin-dependent activation of layer VIb enhances cortical network activity and integration of non-specific thalamocortical inputs[END_REF].

In conclusion, our results show that target choice between slow-and fast-responding interneurons endows cortical circuits with a simple and powerful computational solution to perform both sensory detection and integration. A recent study by Audette and collaborators (2017) reports that higher-order somatosensory inputs from the posterior medial thalamic nucleus target fast or slow interneuron subtypes depending on the recipient cortical layer (L4 or L2). Here we show that non-specific thalamic inputs activate slow interneurons and that, in L6, both fast and slow integration can happen locally in the same micro-circuit. The coexistence of neurochemically distinct slow-and fast-responding inhibitory neurons is assessed in multiple regions of the central nervous system [START_REF] Kawaguchi | Striatal interneurons: chemical, physiological and morphological characterization[END_REF][START_REF] Sosulina | GABAergic interneurons in the mouse lateral amygdala: a classification study[END_REF][START_REF] Yasaka | Populations of inhibitory and excitatory interneurons in lamina II of the adult rat spinal dorsal horn revealed by a combined electrophysiological and anatomical approach[END_REF]) and thus appears to be a widespread built-in property of neural networks.

This suggests that the differential targeting of inhibitory neuron populations by incoming projection pathways can implement two complementary computations, detection and integration, in local microcircuits throughout the central nervous system. 

  1) where denotes the time constant of firing dynamics of the neurons in population a = (excitatory, inhibitory), henceforth called "firing time constant". The firing time constant reflects how fast the firing rate of one population of neurons, is affected by the firing rate of the other populations. Hence, it depends on passive (membrane time constant) and active (voltagegated conductances) intrinsic properties, as well as synaptic kinetics (Wilson & Cowan, 1972, Dayan & Abbott, 2001). The strength represents the average coupling from neural population b to a, and is the static transfer function, that we assumed to be threshold-linear ( if , and otherwise) for simplicity. We used standard methods to solve the system analytically for expressing the steady state of network activity, its stability and the eigenvalues in terms of biophysical parameters of the interneurons population: (2) with being the strength of the coupling between inhibitory and excitatory populations. For this qualitative investigation, we chose a network with balanced excitation and inhibition ( ) and non-trivial recurrent excitation ( and for the figure in the Results, ). We set ms for the rest of this study. Then, equation (2) can be written as a function of the main differing parameters of the interneurons populations, and FB. Hence, we can express the dynamical properties of the model in terms of interneurons' biophysical parameters, as we briefly explain just below [see (Wilson and Cowan 1972) for more information on stability analysis of network models]. Network activity can be stable or not, with and without oscillations, depending on the eigenvalues:

  thus investigated the dynamics of a more detailed mean-field model of cortical network, composed of three populations of neurons, one excitatory (pyramidal neurons, P) and two inhibitory (fast spiking F, and adapting A). The three populations (i = P, F, A) receive average, time-dependent thalamic inputs from the non-specific rhomboid nucleus (Rh), and from the specific ventrobasal (VB) nucleus . These thalamic inputs are excitatory (Fig. 3), hence both and ≥0 for a = P, F, A and all t, but markedly differ in amplitude for the three populations, as we show in this study. The dynamics of thalamo-cortical synapses are included in the time-dependence of the input currents. As we aim at providing a computational comparison of the two types of feedforward inhibition, we did not consider the dynamics induced by corticothalamic feedback. All other types of connections (recurrent and feedback) are potentially present in this model, with strength representing the average synaptic conductance from neural population b to a. In this case, the firing rates of each population at time tsynaptic currents from neural population b to a. Synaptic kinetics can play a fundamental role in the dynamical consequences of feedforward inhibition. Hence, we separated the synaptic dynamics from the firing time constant. We modeled synaptic currents dynamics by the following equations (Destexhe et al. 1998, Brunel and Wang 2003): decay and rise times of average synaptic currents from population b to a, and the delay-to-onset (from presynaptic spike to the onset of the postsynaptic current). Mean-field models of cortical networks usually consider two populations, one excitatory (represented by pyramidal neurons in this study) and one inhibitory. As demonstrated by our experiments, the inhibitory interneurons can be divided in two classes, as they differ by both their responses to thalamic inputs, and by their intrinsic properties. Fastspiking (F) interneurons have a lower firing time constant ( ms) than pyramidal neurons ( ms), and receive mostly specific thalamic inputs from the VB. Firing time constant of Adapting (A) interneurons is larger ms. Furthermore, the A population receives a larger input from the non-specific thalamus (Rh nucleus). Thalamic inputs and were built using the same equations (4a,b) as for cortical synaptic currents, with reflecting the activation of the thalamic population (b = Rh, VB) during 1 ms. Thalamo-cortical and corticocortical synaptic time constants (onset and decay) and thalamo-cortical coupling strength were fitted from the experimental results obtained in this study. Values for the firing time constants in the detailed model, which depend on a set of intrinsic properties that differ between Ad and

  B&W). EPSCs were recorded at -70 mV (i.e. -81 mV after correction of the junction potential), where the contribution of NMDA receptor (NMDAR)mediated currents is minimal, and at +50 mV (i.e. +39 mV), where both AMPAR and NMDAR contribute to synaptic currents. Indeed, EPSCs recorded at -70 mV exhibited rapid decays, consistent with the fast kinetics of AMPARs, and were abolished by the AMPAR antagonist CNQX (10 µM, n=4; Fig.3C). Conversely, currents recorded at +50 mV additionally comprised a slow phase mediated by NMDARs, which was abolished by the NMDAR antagonist AP-V (50 µM, n = 4; Fig.3C). In the presence of AP-V, mean EPSC amplitudes obtained at -70 mV (-30.5 ± 7.7 pA) and +50 mV (18.2 ± 4.7 pA, n=4) were consistent with a linear I/V curve indicative of the involvement of calcium-impermeable AMPARs. An index of the NMDAR/AMPAR current ratio at +50 mV was determined (see Methods), based on the observation that the mean time-to-peak of AMPAR-mediated currents exhibited similar values at -70 mV and +50 mV in the presence of AP-V (5.3 ms and 5.6 ms respectively, n=3

  in pyramidal cells(Binshtock et al. 2006). The absence of NMDA current at -70 mV and the high mean unitary conductance of NMDARs rule out a substantial contribution of GluN2C/Dcontaining receptors(Binshtock et al. 2006[START_REF] Hildebrand | GluN2B and GluN2D NMDARs dominate synaptic responses in the adult spinal cord[END_REF]) that may explain the longlasting cortical responses to Rh inputs. Hence, the above observations indicate that Rh TC synapses are not endowed with peculiar properties that could account for the different duration of L6 cortical responses elicited by Rh and VB TC inputs.

  central panel), but nonetheless longer than the response to VB inputs, confirming the role of feedforward activation of FS interneurons in temporal precision. Furthermore, increasing the weight of TC inputs on Ad interneurons proportionally increases the network response duration (Fig. 7C right panel). Hence, the recruitment of Ad interneurons is crucial for the persistence of responses to Rh inputs because Ad neurons inhibit FS neurons, thereby dampening feedback inhibition of Pyr neurons. Finally, prior activation of Rh inputs increases the peak response to subsequent
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 1 Figure 1: Expression of ChR2 in Rh and VB thalamic nuclei and in TC fibers
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 3 Figure 3: Properties of the glutamatergic Rh TC synapse onto L6 pyramidal neurons
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 5 Figure 5: Rh and VB TC inputs exhibit opposite preference for Ad and FS interneurons
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DISCUSSION (1359 words)

Our findings reveal an unsuspected role of interneuron diversity and of thalamic targetpreference in the variety of cortical dynamics underlying sensory processing. The distinctive intrinsic and synaptic activation time-constants of FS and Ad interneurons are well described [START_REF] Kawaguchi | Physiological subgroups of nonpyramidal cells with specific morphological characteristics in layer II/III of rat frontal cortex[END_REF][START_REF] Cauli | Molecular and physiological diversity of cortical nonpyramidal cells[END_REF][START_REF] Geiger | Submillisecond AMPA receptor-mediated signaling at a principal neuron-interneuron synapse[END_REF][START_REF] Hu | Dendritic mechanisms underlying rapid synaptic activation of fastspiking hippocampal interneurons[END_REF][START_REF] Goldberg | Rapid developmental maturation of neocortical FS cell intrinsic excitability[END_REF]), but the consequences of their differential recruitment on the time course of cortical responses have been overlooked. Earlier studies established the critical role of FS interneuron-mediated fast feedforward inhibition in limiting the duration of cortical responses to specific thalamic inputs [START_REF] Swadlow | Fast-spike interneurons and feedforward inhibition in awake sensory neocortex[END_REF][START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF]. Here, we show that Ad interneurons do not merely serve in cortico-cortical inhibition, but are also major targets of Rh inputs that mediate delayed feedforward inhibition and enable prolonged cortical responses.

Rh projections robustly activate infragranular layers of the parietal association cortex

The early view of non-specific thalamic nuclei as a diffuse projection system that globally upregulates cortical activity [START_REF] Moruzzi | Brain stem reticular formation and activation of the eeg[END_REF]Magoun 1949, Jasper et al. 1953) has been challenged by anatomical characterization of their well-defined and complementary innervation of cortical areas [START_REF] Berendse | Restricted cortical termination fields of the midline and intralaminar thalamic nuclei in the rat[END_REF][START_REF] Vertes | Efferent projections of reuniens and rhomboid nuclei of the thalamus in the rat[END_REF][START_REF] Van Der Werf | The intralaminar and midline nuclei of the thalamus. anatomical and functional evidence for participation in processes of arousal and awareness[END_REF]. The cortical lamination of Rh fibers follows the characteristic pattern of non-specific TC projections, which markedly differ from sensory TC inputs that strongly target L4 [START_REF] Vertes | Efferent projections of reuniens and rhomboid nuclei of the thalamus in the rat[END_REF][START_REF] Van Der Werf | The intralaminar and midline nuclei of the thalamus. anatomical and functional evidence for participation in processes of arousal and awareness[END_REF][START_REF] Herkenham | Laminar organization of thalamic projections to the rat neocortex[END_REF], Wimmer et al. 2010[START_REF] Meyer | Cell type-specific thalamic innervation in a column of rat vibrissal cortex[END_REF][START_REF] Constantinople | Deep cortical layers are activated directly by thalamus[END_REF]. Likewise, we found that responses to Rh TC inputs were minimal in L4, suggesting that non-specific thalamic nuclei, which convey contextual information [START_REF] Van Der Werf | The intralaminar and midline nuclei of the thalamus. anatomical and functional evidence for participation in processes of arousal and awareness[END_REF][START_REF] Saalmann | Intralaminar and medial thalamic influence on cortical synchrony, information transmission and cognition[END_REF][START_REF] Ito | A prefrontal-thalamo-hippocampal circuit for goal-directed spatial navigation[END_REF] The cartoons depict the thalamocortical circuits used to build mean-field models that predict the firing rates of the neuronal populations as a function of their intrinsic properties, cortical connectivity and thalamic inputs. (A) A reduced model comprising only an excitatory and an inhibitory population predicts that the system is unstable below a certain inhibitory feedback, but otherwise returns to its initial state (stable) with a characteristic time constant that depends on the properties of inhibitory neurons. The decay of the response is monotonous or oscillatory depending on interneuron properties and their coupling with excitatory neurons. 
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SUPPLEMENTARY RESULTS

FS and Ad interneurons exhibit different membrane properties

Interneurons were identified from their non-pyramidal morphology with aspiny/sparsely spiny dendrites and were classified as parvalbumin-positive or -negative after post-hoc labeling (Suppl. Fig. 3). Parvalbumin-positive interneurons presumably corresponded to FS neurons and conversely, parvalbumin-negative interneurons were considered as Ad interneurons [START_REF] Kawaguchi | Physiological subgroups of nonpyramidal cells with specific morphological characteristics in layer II/III of rat frontal cortex[END_REF][START_REF] Cauli | Molecular and physiological diversity of cortical nonpyramidal cells[END_REF]. Furthermore, electrophysiological properties assessed identification of recorded cells as FS or Ad interneurons. In control conditions with Kgluconate intracellular solution, spike waveforms and firing patterns readily allowed discriminating between the two interneuron classes [START_REF] Kawaguchi | Physiological subgroups of nonpyramidal cells with specific morphological characteristics in layer II/III of rat frontal cortex[END_REF][START_REF] Cauli | Molecular and physiological diversity of cortical nonpyramidal cells[END_REF], as shown in Suppl. Fig. 3