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III. Abstract 

A fundamental task for the brain is to determine which aspects of the continuous flow of 

information is the most relevant in a given behavioral situation. The information flow is 

regulated via dynamic interactions between feedforward and feedback pathways. One such 

pathway is via corticothalamic feedback. Layer 6 corticothalamic cells (L6 CT) make both 

cortical and thalamic connections, and as such are key modulators of activity in both areas. The 

functional properties of L6 CT cells in somatosensory processing were investigated in the 

mouse whisker system. Optogenetic activation of L6 CT neurons decreased cortical 

spontaneous spiking, with the net effect that a whisker-evoked response was more accurately 

detected (larger evoked-to-spontaneous spiking ratio), at the expense, however, of reducing the 

response probability. In addition, L6 CT activation switches barrel cortex to an adapted mode 

where cortical processing of high frequency inputs do not adapt anymore and where direction 

selectivity disappear. L6 CT activity can thus tune the tactile system depending on the 

behaviorally relevant tactile input. In somatosensory processing, the concept of detection and 

discrimination are often in opposition. In the present thesis, I will expose evidence that a 

subpopulation of L6 CT cells is useful while the animal is performing a discrimination task. 

 

Key findings of the thesis 

 L6 CTs depress spontaneous activity in most of the excitatory cortical cells 

 L6 CTs decrease whisker evoked responses by a decrease in the response probability 

 L6 CTs increase the evoked-to-spontaneous spiking ratio 

 L6 CTs switch cortex to an adapted mode where responses from persistent inputs no 

longer adapt  

 L6 CTs abolish direction selectivity information in L4 and L5 

 L6 CTs do not affect direction selectivity in the VPM thalamus 
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1 Introduction 

 

1.1 A few words from the author 

We have five senses! Almost everybody knows this saying and can cite the five commonly 

used approaches of perception: smell, taste, sight, sound and touch. One of the main goals in     

in neuroscience is to decipher how these different sensations are transformed from their 

physical and/or chemical properties (e.g. light wavelengths for sight) into electrical information 

that will reach the brain, and how this electrical processing will reach our consciousness (or 

not) to modulate our mental activity and motor behavior. In mammals, these five senses are 

developed to different degrees depending on the strategy used by the animals to survive in their 

environment. The correct development of these senses is indispensable to investigate and 

understand our surroundings properly. In wildness, the correct development of these senses is 

of importance for survival. Interestingly, most of our sensory experiences are gained by 

exploration of the world, requiring active movements of sensory organs (Kleinfeld and 

Deschenes, 2011). In this procedure, motor components and sensory perceptions are tightly 

connected; it is called sensorimotor integration, the process by which the sensory and motor 

systems communicate and coordinate with each other. In other words, senses are tools to 

investigate the world, but we must experience the world to develop our senses. 

By using our sensory organs, we see what our brain has extracted from reality but not the reality 

itself. We see what we expect, and unconsciously dismiss the abnormalities. I illustrate this by 

referring back to lines 2 and 3 where the word “in” is written two times, but those of you who 

have been fitted with efficient suppressors may not have seen it (Asher, 1960). Deciphering 

how the brain processes this sensory information in order to create our own reality is of 

fundamental importance in neuroscience.  
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1.2 Somatosensation and experimental model 

In the present thesis, I will focus on the sense of touch. To efficiently investigate tactile 

processing in a sensorimotor integration context, it is favorable to use an experimental model 

where the sensory stimuli can be well-defined and where certain motor outputs can be precisely 

measured. The rodent whisker-related tactile system with its striking modular cortical 

representation fulfils these criteria and is thus ideal as an experimental system (Lubke and 

Feldmeyer, 2007, Schubert et al., 2007, Fox, 2008, Kanold and Luhmann, 2010, Krieger and 

Groh, 2015). Furthermore, transgenic approaches are available in mice and allow 

experimenters to target specific neuronal populations with high precision. The facial whiskers 

(also called vibrissae) are the main tactile organs for rodents and serve as arrays of highly 

sensitive detectors to identify and locate objects. The whisker surface is not smooth, indeed the 

vibration of the rough structure of the tactile organ are mandatory to discriminate fine structures 

of objects (Swift, 1991, Adineh et al., 2015). The role is analogous to the function of fingertips 

in humans. Rodents (including mice) rhythmically move their whiskers to explore and 

discriminate objects in their immediate environment (Diamond and Arabzadeh, 2013, 

Feldmeyer et al., 2013, Krieger and Groh, 2015). Since mice are nocturnal animals, the whisker 

system is likely to have evolved to compensate for the poverty of visual information during 

much of these rodent’s life (Petersen, 2007). 

Since the 1970s, a detailed description of the anatomical pathways of the vibrissae system has 

evolved in the literature. One characteristic of the whisker system is the noteworthy one-to-one 

correspondence between the peripheral whisker pad and corresponding brain areas in the 

brainstem, thalamus and the primary somatosensory cortex (S1). Tactile information via the 

whisker system is mediated by an array of parallel and nested motor-sensory loops (Hill et al., 

2011), and is transmitted to the neocortex by trigemino-thalamic pathways, where the thalamus 

is the main gateway to the cerebral cortex (Bosman et al., 2011). A common principle (Bale 

and Petersen, 2009) for the organization of sensory systems is a massive expansion in neuronal 

numbers from the periphery to the cerebral cortex. In the rat whisker system, for example, 

∼150 mechanoreceptors innervate each whisker follicle (Lee and Woolsey, 1975), each 

thalamic barreloid contains ∼250-300 neurons (Land et al., 1995), but each cortical barrel 

column contains ∼15,000 neurons (Welker and Van der Loos, 1986). S1 is also called barrel 

cortex (BC) where each whisker is represented by a discrete and well-defined structure in 

layer 4 : the barrels (Woolsey and Van der Loos, 1970). These cortical structures are 

somatotopically arranged in an almost identical fashion to the layout of the whiskers on the 
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snout. Each L4 barrel is contained in a barrel column (100-500μm in diameter), formed by a 

group of interconnected neurons that share common properties and extend vertically through 

the cortical layers to form the column (Lorente De Nó, 1938, Mountcastle, 1957, Mountcastle, 

1997, Fox et al., 2003, Mountcastle, 2003). These large columns are formed by interconnected 

smaller units called “minicolumns” (20–60 μm in diameter) (Favorov and Whitsel, 1988a, 

Favorov and Whitsel, 1988b, McCasland and Woolsey, 1988, Favorov and Diamond, 1990, 

Tommerdahl et al., 1993, Kohn et al., 1997, Bruno et al., 2003, Krieger et al., 2007). The 

underlying anatomical substrate for a minicolumn has been proposed to be a columnar 

organization of pyramidal cells with bundled apical dendrites originating from layer 5 

pyramidal neurons as the core element (Fleischhauer et al., 1972, Peters and Walsh, 1972, 

Escobar et al., 1986, White and Peters, 1993, Casanova, 2005, Krieger et al., 2007). Examples 

of other repeating anatomical structures that could be components of minicolumns include 

dendrite bundles formed by layer 6 pyramidal cells, which in mouse neocortex are separate 

from layer 5 dendrite bundles (Escobar et al., 1986, Lev and White, 1997). But intrinsic 

electrical excitability and the properties of synaptic connections between this subtypes of L5B 

pyramidal cells are independent of the cell clusters defined by bundling of their apical dendrites 

(Krieger et al., 2007). A defined architecture is also described in layer 6 with the term of 

infrabarrels (de Kock et al., 2007, Meyer et al., 2010, Wimmer et al., 2010, Oberlaender et al., 

2012, Constantinople and Bruno, 2013, Crandall et al., 2017) representing a cluster of cells 

aligned vertically within the same cortical column to the layer 4 barrel. I thus decided to study 

somatosensory processing in the context of sensorimotor integration in the in vivo model of the 

mouse. I performed all electrophysiology recordings in the anesthetized state, all pro-and-cons 

of in vivo anesthetized for brain recording experiments are further discussed in regards of the 

literature and results. 
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1.3 Different pathways from the periphery to reach cortex 

Somatosensory information processing of the whisker system is conveyed from periphery to 

cortex along three different parallel pathways which differ by their passage through thalamus. 

Whisking kinematics information is relayed through the postero-medial nucleus of the 

somatosensory thalamus (POm) by the paralemniscal pathway. The exact role of this pathway 

in sensing vibrissa motion is controversial (Ahissar et al., 2000, Golomb et al., 2006, Yu et al., 

2006, Urbain and Deschenes, 2007, Ahissar et al., 2008, Masri et al., 2008, Moore et al., 2015). 

POm sensory neurons are involved in the temporal processing of whisker movement (Ahissar 

et al., 2000, Ahissar and Arieli, 2001, Ahissar and Zacksenhouse, 2001). POm respond weakly 

to vibrissa deflections but rather adjusts a time and intensity dependent regulation on 

somatosensory cortical processing (Lavallee et al., 2005, Castejon et al., 2016).  POm is a 

higher-order nucleus that is reciprocally connected with multiple cortical areas (S1, secondary 

somatosensory cortex (S2), etc) and it is involved in the transfer of sensory and perhaps other 

types of information (Diamond et al., 2008, Groh et al., 2014, Yamawaki and Shepherd, 2015, 

Sherman, 2016). Given its direct anatomical connections emanating from the motor cortex, the 

POm has indeed been proposed to be involved in the pre-cortical encoding of whisker motion 

(Yu et al., 2006, Yu et al., 2015). The functions of POm are not entirely clear; it is however 

known that POm conveys complex multivibrissa signals (Diamond et al., 1992, Ahissar et al., 

2000, Yu et al., 2006, Diamond et al., 2008). Touch information is conducted through the 

VPMvl (ventrolateral part of the ventro-postero-medial nucleus of the thalamus (VPM)) by the 

extralemniscal pathway. Both POm and VPMvl are involved in temporal processing of object 

location. Kinematic and touch information are transmitted through the dorsomedial part of the 

VPM (VPMdm) by the lemniscal pathway. It is not a combination of signals transmitted by the 

POm and VPMvl but represent the highest level of control so far. Indeed, VPMdm sensory 

neurons are conveying information related to the object characterization. 

But why would sensory information be transmitted in parallel pathways (Perl, 1963, Diamond 

et al., 1992, Casagrande, 1994, Kim and Ebner, 1999, Ahissar et al., 2000, Diamond, 2000, He 

and Hu, 2002, Jones, 2003)? In 1959, Bishop proposed that parallel sensory pathways evolved 

in successive steps, incorporating successively higher brain areas to implement novel functions 

(Bishop, 1959). Indeed, the three pathways described here, may have evolved sequentially, by 

adding contact detection to movement control, and identification process to contact detection 

(Yu et al., 2006, Petersen, 2007). The anatomical segregation of the parallel pathway does not 

imply functional separation; these parallel circuits are interacting between each other to form 

the most complete and precise representation of the surrounding. For example, in an object 
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localization task, contact timing (extralemniscal) must interact with whisking information 

(paralemniscal) to extract object location. Sensory neurons in these three different tracks are 

not spiking synchronously (Yu et al., 2006), VPMdm firing is of the shortest latency and the 

lemniscal pathway is considered to be the major sensory pathway for whisker-related 

somatosensory information in the context of sensorimotor integration (Yu et al., 2006). The 

present thesis will therefore mainly focus on the lemniscal pathway. Furthermore, my study 

concentrates on somatosensory processing in the anesthetized in vivo mouse model and the 

paralemniscal pathway is unlikely to contribute strongly to sensory processing since a rapid 

GABAergic inhibition from zona incerta silences the POm nucleus (Trageser and Keller, 2004, 

Lavallee et al., 2005). However, this inhibition depends upon brain state (Trageser et al., 2006) 

and in addition POm receives strong cortical excitatory input (Diamond et al., 1992, Mease et 

al., 2016a, Mease et al., 2016b). The paralemniscal pathway may therefore play important roles 

during awake active exploration, probably contributing to sensorimotor coordination (Petersen, 

2007). 

 

1.4 Focus on the lemniscal pathway 

Clear anatomical pathways separate individual neighboring whiskers in the lemniscal pathway. 

This partition of kinematic information strongly suggests a unique single-whisker signaling 

pathway from the periphery to the barrel cortex. 

Physical information (e.g., vibration of whiskers following a touch event) is conveyed to the 

whisker follicle (Yan et al., 2013, Whiteley et al., 2015) and is transformed into an electrical 

signal by mechanoreceptors in the nerve endings of sensory neurons (Hartmann et al., 2003, 

Neimark et al., 2003, Andermann et al., 2004, Ritt et al., 2008, Jadhav and Feldman, 2010). 

This will lead to a depolarization that can trigger action potentials in sensory neurons of the 

infraorbital part of the trigeminal nerve (Jacquin et al., 1986). Noteworthy, a single sensory 

neuron carries information (action potentials) from one specific whisker. The innervation of 

the hair follicle shows a diversity of nerve endings (Fundin et al., 1997a, Fundin et al., 1997b, 

Fundin et al., 1997c, Ebara et al., 2002), which may be specialized for detecting different types 

of sensory input (Szwed et al., 2003), e.g., the direction in which the whisker was moved. The 

sensory neurons form excitatory glutamatergic synapses in the trigeminal nuclei of the brain 

stem (Petersen, 2007). They project to somatotopically arranged structures called “barrelettes” 

formed by trigeminothalamic neurons in the principalis trigeminal nucleus (PrV) that are all 

dedicated to the processing of the same single whisker (Veinante and Deschenes, 1999). These 
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neurons project to the VPM thalamic nucleus where neurons also form a somatotopically 

arranged structure called “barreloids” (Minnery et al., 2003). Sensory neurons of the VPM 

respond with short and sharp latencies to whisker movement, the principal whisker evoking the 

strongest response compared to all the other whiskers (Simons and Carvell, 1989, Steriade et 

al., 1997, Friedberg et al., 1999, Brecht and Sakmann, 2002). The VPM thalamic neurons send 

axons to the primary somatosensory cortex where they form, in their primary target area, the 

emblematic layer 4, discrete clusters named “barrels” that can be seen in both living and stained 

brain slices (Woolsey and Van der Loos, 1970, Welker and Woolsey, 1974, Pasternak and 

Woolsey, 1975, Woolsey et al., 1975, Petersen and Sakmann, 2000). A weaker anatomical 

innervation of upper layer 6 is also observed (de Kock et al., 2007, Meyer et al., 2010, Wimmer 

et al., 2010, Oberlaender et al., 2012, Constantinople and Bruno, 2013) and has been recently 

described that preferentially L6 corticocortical cells (L6 CC cells) are targeted, so mostly in 

between the infrabarrels so in between the cortical columns (Crandall et al., 2017). Primary 

sensory areas in the cerebral cortex are composed of a stack of six neuronal layers (Callaway, 

1998, Dantzker and Callaway, 2000, Thomson and Bannister, 2003, Douglas and Martin, 2004, 

Lefort et al., 2009). Anatomical and physiological data indicate that these layers are 

interconnected via vertical excitatory axons suggesting that sensory processing in any given 

layer may be modulated by activity in several other layers (Callaway, 1998, Dantzker and 

Callaway, 2000, Douglas and Martin, 2004, Lefort et al., 2009, Thomson, 2010, Feldmeyer, 

2012, Qi et al., 2015, Qi and Feldmeyer, 2016, Feldmeyer et al., 2018). To date, however, the 

exact contribution of each layer to cortical processing is still under investigation. Sensory 

processing is further distributed to other cortical areas through corticocortical horizontal 

synaptic connections from primary to secondary somatosensory cortex and from 

somatosensory to motor cortex (White and DeAmicis, 1977, Welker et al., 1988, Chakrabarti 

and Alloway, 2006). 

Despite the fact that the lemniscal pathway is dedicated for processing a unique whisker from 

periphery to cortex, there are however, two striking characteristics. At the beginning of the 

processing path, sensory information in the trigeminal ganglion is encoded with striking 

reliability (Jones et al., 2004a, Jones et al., 2004b, Arabzadeh et al., 2005) whereas neocortex 

responds with larger variability to identical well-controlled stimuli. This discrepancy is driven 

predominantly by interactions with ongoing spontaneous cortical activity (Petersen et al., 2003, 

Sachdev et al., 2004). There is a gradient for which, the more information gets away 

anatomically from the whisker follicle, the more the information is shared by a large number 
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of neurons. Furthermore, the single-whisker receptive fields found in the trigeminal ganglion 

contrast with the broad receptive fields in the neocortex (Simons, 1978, Moore and Nelson, 

1998, Zhu and Connors, 1999, Brecht et al., 2003, Higley and Contreras, 2003). These 

observations suggest that a primary function of the neocortex is to generate associations of 

different sensory inputs which are processed in a highly context-dependent manner (Petersen, 

2007). The increasing complexity of sensory processing in higher brain areas is likely to be 

mediated, in part, through interactions of parallel ascending pathways for processing whisker-

related information. The lemniscal pathway where information pass through VPMdm is still 

likely to be the major sensory pathway for whisker-related information (Yu et al., 2006, Bale 

and Petersen, 2009).  

 

1.5 Focus on VPMdm nucleus  

Sensory signals “en route” to the cortex undergo signal transformations in the thalamus. 

VPMdm neurons can operate in two firing modes which determine how sensory inputs are 

transmitted to the cortex (Sherman, 2001, Sherman, 2005, Yu et al., 2006, Mease et al., 2014). 

In tonic mode cells respond to sensory input by firing single action potentials, while in burst 

mode, cells fire high-frequency action potentials separated by relatively long intervals of 

silence. While these distinct transmitting modes are associated with behavioral states, the 

influence of cortical activity on these firing modes in vivo is still under investigation. Both 

tonic and burst modes have been described during anesthesia/sleep and wakefulness/behavior, 

with a pronounced shift toward the tonic mode during alertness (Guido and Weyand, 1995, 

Ramcharan et al., 2000, Fanselow et al., 2001, Aguilar and Castro-Alamancos, 2005, Halassa 

et al., 2011). The transition from burst to tonic mode is mediated by the voltage-dependent 

availability of the transient low-threshold calcium current. At hyperpolarized membrane 

potentials, the low-threshold calcium current is de-inactivated and gives rise to bursts, whereas 

depolarization inactivates the low-threshold calcium current and promotes tonic firing (Llinas 

and Jahnsen, 1982, Mease et al., 2014). These firing modes determine the input/output 

properties of thalamic neurons: in tonic firing mode, firing rate codes linearly for stimulus 

strength, as EPSPs are directly linked to action potentials (Sherman, 2001). In contrast, in burst 

mode, stimuli are encoded nonlinearly, as EPSPs are indirectly linked to action potentials via 

the all-or-none low-threshold calcium current conductance. Both the intrinsic properties of 

thalamic neurons and the reciprocal synaptic connectivity between excitatory cells in thalamic 

relay nuclei and inhibitory neurons in the thalamic reticular nucleus (nRT) are modulating the 

VPM sensory neurons firing modes (Warren et al., 1994, Cox et al., 1997, Mease et al., 2014). 
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This fundamental biophysical property has been firmly established for single sensory thalamic 

neurons; however, it is less clear how this affects the relay of sensory signals in the intact in 

vivo brain and will be of investigation in the present thesis. One issue hampering the 

interpretation of burst/tonic responses is that cortex itself is involved in the rapid changes in 

firing modes seen in the awake and anesthetized animal (McCormick and von Krosigk, 1992, 

Landisman and Connors, 2007, Mease et al., 2014, Mease et al., 2016a, Mease et al., 2017). 

Another important thalamic transformation is sensory adaptation (Whitmire and Stanley, 2016, 

Liu et al., 2017). Adaptation is a common characteristic of sensory systems in which neural 

output adjusts to the statistics and dynamics of past stimuli, thereby better encoding small 

stimulus changes across a wide range of scales despite the limited range of possible neural 

outputs (Fairhall et al., 2001, Wark et al., 2007, Mease et al., 2014). Thalamic sensory 

adaptation is characterized by a steep decrease in action potential activity during sustained 

sensory stimulation (Simons and Carvell, 1989, Diamond et al., 1992, Castro-Alamancos, 

2002a, Castro-Alamancos, 2002b, Mease et al., 2014), decreasing the efficacy at which 

subsequent sensory stimuli are transmitted to the cortex. 

 

1.6 Feedback processing 

The transfer of tactile whisker signals from the periphery to the cortex is not simply a one-to-

one relay but a dynamic process involving reciprocal communications, such as the feedback 

pathway between cortex and thalamus (Alitto and Usrey, 2003, Crandall et al., 2015). This 

organization shows that cortex has a strong influence on thalamic activity, and thereby, on its 

own tactile whisker processing input (Temereanca and Simons, 2004, Groh et al., 2014, Mease 

et al., 2014). Indeed, most sensory information enters the mammalian cortex via sensory 

thalamic nuclei, mostly via VPM nucleus for the rodent whisker system.  

Corticothalamic fibers originate in cells located in layers 5 and 6, and produce distinct synapses 

in VPM and POm nuclei. Upper L6 CT cells of barrel cortex leave a fiber collateral in the 

inhibitory part of the sensory thalamus, the nRT and also project mostly to VPM where they 

form rod-like terminal fields in a thalamic barreloid. Thus, thalamocortical cells in VPM and 

corticothalamic cells in layer 6 form closed-loops for the flow of information between a 

thalamic barreloid and a cortical barrel column (Bourassa et al., 1995), with nRT inputs 

modulating this loop. In contrast, lower L6 CT cells innervate large sectors of POm and 

intralaminar thalamic nuclei (Deschenes et al., 1998, Hoerder-Suabedissen et al., 2018). L5-

CT cells leave fiber collaterals in POm as they continue to midbrain and brainstem. There are 
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potentially at least three different types of corticothalamic synapses: upper L6 to VPM, lower 

L6 to POm, and L5 to POm. Corticothalamic synapses in VPM release glutamate and trigger 

EPSPs in thalamocortical and nRT cells by activating AMPA, NMDA and mGLU receptors 

(Golshani et al., 2001). The amplitude of EPSPs evoked in nRT neurons by stimulating single 

corticothalamic fibers is several times larger than EPSPs evoked in thalamocortical neurons, 

and the number of Glu4-receptor subunits at these synapses may provide a basis for the 

differential synaptic strength (Golshani et al., 2001). The stronger corticothalamic EPSPs on 

nRT cells assure that low-frequency corticothalamic activity drives these inhibitory cells and 

triggers robust feedforward inhibition in VPM thalamocortical cells. Corticothalamic synapses 

in POm can produce two different types of responses, which have been ascribed to 

corticothalamic cells originating in layers 5 and 6. POm responses for cells originating in layer 

6 are similar to the responses evoked in VPM by layer 6 cells, while POm responses originating 

in layer 5 are similar to trigeminothalamic synapses (Reichova and Sherman, 2004). 

Consequently, corticothalamic synapses originating in layer 5 have been assigned the role of 

drivers of POm cells (Hoogland et al., 1991, Sherman and Guillery, 1996). The present thesis 

will focus on the anatomical dissection and on the electrophysiological investigation of the L6 

corticothalamic feedback in the context of sensorimotor integration. 

 

1.7 Cortical layer 6 

The neocortical L6 is an input/output layer that has an essential role in modulating both cortical 

and thalamic activities (Temereanca and Simons, 2004, Li and Ebner, 2007, Lam and Sherman, 

2010, Olsen et al., 2012, Kim et al., 2014, Mease et al., 2014, Crandall et al., 2015, Denman 

and Contreras, 2015, Guo et al., 2017, Pauzin and Krieger, 2018). For L6, heterogeneity would 

be the key word and is perhaps the most enigmatic cortical layer (Briggs, 2010, Thomson, 

2010). Among all the cortical layers, L6 contains also the richest diversity of morphologically 

and physiologically distinct neurons (Zhang and Deschenes, 1997, Kumar and Ohana, 2008, 

Chen et al., 2009, Briggs, 2010, Thomson, 2010, Briggs et al., 2016). Indeed, some cells, 

putative CC-cells, (Crandall et al., 2017) receive direct thalamocortical input, placing layer 6 

with layer 4 as a sensory input layer and implying that L6 may play a strategic role in early 

thalamocortical processing (Beierlein and Connors, 2002, Cruikshank et al., 2010, Oberlaender 

et al., 2012, Constantinople and Bruno, 2013, Yang et al., 2014). L6 CC cells form a large 

group of pyramidal cells that send long horizontal axons which form connections across 

cortical columns and cortical areas (e.g. somatosensory and motor cortices). Another class of 
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pyramidal cells in layer 6 projects to the claustrum in addition to sending long horizontal axons 

through the deep cortical layers. Layer 6 contains also inhibitory interneurons. 

As presented previously, layer 6 is an important input layer but it is also a major output layer, 

from which large descending projections to many thalamic nuclei arise. The several subclasses 

of CT neurons constitute around 30–50% of the pyramidal cells in layer 6 (Thomson, 2010) 

and would represent more than 50% for L6a (Kim et al., 2014, Crandall et al., 2017). L6 CT 

neurons feature both a long-range feedback projection to the thalamus and dense local 

connectivity with inhibitory neurons and to a lesser extend to excitatory neurons within the 

cortical column (Bourassa and Deschenes, 1995, Zhang and Deschenes, 1997, Winer et al., 

2001, West et al., 2006, Binzegger et al., 2007, Jones, 2007, Llano and Sherman, 2008, Lefort 

et al., 2009, Thomson, 2010, Bortone et al., 2014, Briggs et al., 2016). L6 CT cells may thus 

influence cortical sensory responses directly via intra-cortical projections and indirectly via 

corticothalamic projections. It can be noticed that L6 CT and CC cells participate in distinct 

subcircuits within the infragranular network (Kumar and Ohana, 2008, Velez-Fort et al., 2014). 

L6 CT neurons are thought to shape the neural response to incoming sensory information in a 

context-dependent manner, modulating receptive-field properties to enhance behaviorally 

relevant information (Sherman, 2005, Sillito et al., 2006, Briggs and Usrey, 2008, Thomson, 

2010, Harris and Mrsic-Flogel, 2013). In addition to providing feedback to the sensory 

thalamus, these neurons are thought to influence the cortical response to sensory input through 

their intracortical axonal projections to the major thalamorecipient layer, layer 4 (Ahmed et al., 

1994, Stratford et al., 1996, Guillery and Sherman, 2002, Binzegger et al., 2004, Sherman, 

2005, Sillito et al., 2006, Briggs and Usrey, 2008, Thomson, 2010, Harris and Mrsic-Flogel, 

2013). Although the standard view of the corticothalamic system is that the primary 

intracortical target of L6 CT neurons is L4, anatomical reconstructions of individual L6 CT 

neurons include examples of neurons with axonal processes ramifying within layer 5, the 

principal output layer of the cortex (Katz, 1987, Zhang and Deschenes, 1997, Thomson, 2010, 

Feldmeyer, 2012). Although quantitative studies using electron microscopy initially suggested 

that L6 CT neurons preferentially target inhibitory neurons within L4, other studies indicate 

that they synapse onto both excitatory and inhibitory neurons (McGuire et al., 1984, White and 

Keller, 1987, Ahmed et al., 1994, Anderson et al., 1994, Staiger et al., 1996, Binzegger et al., 

2004). However, the relative anatomical and functional input of L6 CT cells to L4 and L5 is 

not known. The identity of the cell types targeted by the intracortical axons of L6 CT neurons 

are also not completely clear and will be of investigation in the present thesis. 
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FIGURE 1: AN OVERVIEW, FROM WHISKER TO CORTEX. 
Box: Representation of the noteworthy one-to-one correspondence between the peripheral 

whisker pad and corresponding brain areas in the layer four of the primary somatosensory 

cortex, the well-defined structure called “barrel”. Modified from Figure 1 of Peterson et al., 

2007. 

Main figure: Scheme of the two main parallel pathways (Paralemniscal and lemniscal) with the 

layer 6 corticothalamic feedback. Paralemniscal: Carry whisking kinematics information 

through POm, involved mainly in the temporal processing of whisker movement. POm projects 

mostly to L5a and L1. It can be noticed that lower L6 CT cells project back to POm. Lemniscal: 

Carry information about kinematics and touch. Clear anatomical pathways are separating 

individual neighboring whiskers creating a unique single-whisker signaling pathway from the 

whisker follicle to barrelettes in PrV to barreloid in VPM to barrel (and inter-infrabarrel) in S1. 

It can be noticed in red, that upper L6 CT cells (Ntsr1 cells) project back to VPM mainly and 

to a lesser extend to POm. L6-Ntsr1 cells project all to VPM, a subset of them project also to 

POm (Chevee et al., 2018). Furthermore, inhibitory projections from nRT regulate the 

somatosensory thalamus. 
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1.8 Experimental transgenic model for L6 CT investigation 

In order to study the L6 CT circuit, we choose the GN220 Ntsr1-Cre mouse line where a sub-

population of layer 6 corticothalamic cells with both cortical and thalamic connections are 

labelled (Zhang and Deschenes, 1997, Lefort et al., 2009, Thomson, 2010, Olsen et al., 2012, 

Bortone et al., 2014, Kim et al., 2014, Mease et al., 2014, Crandall et al., 2015, Pauzin and 

Krieger, 2018). The organization of these cells revealed a cortical circuit module, the L6 

infrabarrels (see paragraphs above and (Crandall et al., 2017)). These L6 CT neurons appear to 

be key modulators of activity in both cortical and thalamic areas. Indeed, optogenetics has been 

used to study these cells in vitro in the somatosensory system (Kim et al., 2014). These L6-

Ntsr1 cells were also studied in vivo in the visual (Olsen et al., 2012, Denman and Contreras, 

2015) and auditory system (Guo et al., 2017), and in somatosensory thalamus (Mease et al., 

2014). L6 CT Ntsr1 cells are mostly in the upper part of L6, projecting to two different areas 

of the somatosensory thalamus (Figure 1: projections represented in red): The VPM and the 

POm nuclei. Indeed, all Ntsr1 cells project to the VPM while a subset of them also project to 

the POm (Chevee et al., 2018). L6-Ntsr1 cells also project to the nRT, a modulator of the 

sensory thalamus. 

In all of these studied sensory systems, L6-Ntsr1 cells are identified as glutamatergic pyramidal 

neurons. In the visual and auditory systems, experimental in vivo investigations have shown so 

far that their targeted activation via optogenetic strategies primarily induces a net suppression 

of spontaneous and sensory-evoked activity in the cortex via direct connections onto local fast-

spiking (FS) inhibitory GABAergic interneurons that modulates sensory gain in all layers of 

the cortical column (Olsen et al., 2012, Bortone et al., 2014, Guo et al., 2017). So far, only in-

vitro experiments have shown the same effect in the somatosensory system (Kim et al., 2014). 

In this study, Kim et al., demonstrated that axonal projections of L6 CT neurons to L5a strongly 

activates both the excitatory pyramidal cells and inhibitory FS cells of this output layer of the 

cortex. Whereas activating L6 CT neurons scales down sensory-evoked responses in most 

layers, these CT neuron’s effect on thalamic responses is a mixture of modest facilitation and 

suppression (Temereanca and Simons, 2004, Olsen et al., 2012, Mease et al., 2014, Denman 

and Contreras, 2015). In auditory system, L6 CT activation induces a weaker additive increase 

in spiking in the thalamus with no demonstrable effect on sound detection or discrimination 

(Guo et al., 2017). In the somatosensory system, it was shown that L6-Ntsr1 activation reduced 

the adaptation of thalamic responses to repetitive whisker stimulation, thereby presumably 

allowing thalamic neurons to relay higher frequencies of sensory input (Mease et al., 2014). 
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CT projections were reported to be both suppressive and facilitatory on thalamic activity, 

depending on the precise alignment between L6 and thalamic neurons (Guillery and Sherman, 

2002, Sillito and Jones, 2002, Cudeiro and Sillito, 2006, Sillito et al., 2006, Briggs and Usrey, 

2008). In this scheme, brief activation of L6 may guarantee burst firing via recruitment of the 

reticular nucleus (Halassa et al., 2011), resulting in the cortex of a “wake up call from the 

thalamus”. In contrast, longer periods of L6 activity, for example, as a result of motion may 

promote the tonic mode of operation through the direct L6 corticothalamic depolarization that 

(Mease et al., 2014) have described. In the visual system, no significant effect of targeted L6 

CT activation on thalamic (dLGN) response mode was found (Olsen et al., 2012), whereas 

earlier studies showed alternately no effect after general inhibition of the visual cortical column 

(Andolina et al., 2007), or a change of response modes in both directions after hyperactivation 

of L6 (Sillito and Jones, 2002). These discrepancies could indicate that in addition to 

anatomical alignment, the direction of the mode shift is determined by the relative timing of 

L6 activity and sensory input. Indeed, most recently, some studies have shown that L6-Ntsr1 

cells modulation depends entirely on timing: L6 CT neurons can dynamically mediate either 

synaptic suppression or enhancement, depending on the frequency and time course of their 

activation (Crandall et al., 2015, Guo et al., 2017) and would favor either an enhanced detection 

or an enhanced discrimination of sensory inputs (Lakatos et al., 2008, Guo et al., 2017). 

In conclusion, previous studies of the L6 corticothalamic pathway do not create an entirely 

cohesive picture of its network functions. Furthermore, how somatosensory responses in cortex 

are affected by L6 activity has remained largely unexplored in vivo in the somatosensory barrel 

cortex. Although differences are apparent between different sensory systems, it appears that 

the L6 CT cells in the visual, auditory and tactile system can tune the responsiveness of the 

system to different types of inputs but the relative contribution of intra-cortical versus cortico-

thalamic projections in modulating cortical responses is currently unknown (Olsen et al., 2012). 

Under normal conditions, the motion of sensory organs is adapted based on sensory processing. 

When this process is modified, certain features of tactile perception are impaired. How the 

relatively well characterized brainstem-induced modulation of thalamic neuron differs from 

cortical feed-back to thalamus remains to be elucidated. My working hypothesis is that whereas 

brainstem modulation can induce a global effect on the activity state in thalamus, cortical 

modulation will be important for cycle-by-cycle modulation that is necessary to improve 

discrimination of fine-grain textures. Brain-slice experiments have suggested only a small 

difference in the cortical control of different thalamic nuclei (Landisman and Connors, 2007). 
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Considering the rather different functions of thalamic nuclei for processing sensory 

information, it is likely that in vivo the differences will be more prominent, and also adapted to 

the different response characteristics in thalamus. The synaptic dynamics of corticothalamic 

synapses from L6 remain to be investigated and will be a specific focus of this thesis. 

Furthermore, I will explore L6 corticothalamic processing to clarify how changes in cortical 

excitability could preferentially drive different corticothalamic pathways. The general 

importance of this is to show how cortico-subcortical dynamics can optimize brain processing. 

 

1.9 Layer 6 and cortical extra-features 

The elementary characteristics of whisker stimulus representations continue to be a subject of 

great interest (Kleinfeld et al., 2006). A striking feature of neurons in the whisker-to-barrel 

pathway is that they respond differently depending on the direction in which the whisker is 

displaced (Lichtenstein et al., 1990, Bruno et al., 2003, Timofeeva et al., 2003, Lee and Simons, 

2004, Temereanca and Simons, 2004, Puccini et al., 2006, Bale and Petersen, 2009). At each 

subcortical station along the afferent pathway, neurons respond to a whisker movement with 

transient responses composed of different numbers of spikes depending on the angular 

direction of the whisker’s displacement and how it corresponds to the cell’s preferred deflection 

angle (Simons, 1978, Simons, 1983, Simons and Carvell, 1989, Lichtenstein et al., 1990, 

Shoykhet et al., 2000, Bruno and Simons, 2002, Bruno et al., 2003, Minnery et al., 2003, 

Minnery and Simons, 2003, Timofeeva et al., 2003). In barrel cortex, one contribution to 

directional selectivity comes from latency tuning of excitatory inputs (Wilent and Contreras, 

2005b). Excitatory responses to the preferred direction have shorter latencies compared to those 

of other directions. Other mechanisms are also involved in this direction selectivity, like 

amplitude tuning and changes in spike threshold (Wilent and Contreras, 2005a). In 

computational model, directional selectivity is strongly dependent on the mean deflection 

frequency: selectivity is weakened at high frequencies even when each individual deflection 

evokes strong directional tuning (Puccini et al., 2006). This variability of directional selectivity 

is due to generic properties of synaptic integration by the neuronal membrane, and is therefore 

likely to hold under physiological conditions. Directional selectivity depends thus on the 

stimulus context. It may participate in tasks involving brief whisker contact, such as detection 

of object position, but is likely to be weakened in tasks involving sustained whisker exploration 

(e.g., texture discrimination), more details will be given in the discussion part. 
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In the visual system, neurons in mouse primary visual cortex differentially respond to gratings 

of different orientations (Hubel and Wiesel, 1962, Niell and Stryker, 2008, Olsen et al., 2012). 

Olsen et al., 2012 investigated the effect of L6-Ntsr1 photoactivation via channelrhodopsin on 

orientation tuning in mouse visual cortex. Remarkably, photo-stimulation of L6 resulted in the 

precise scaling of the tuning curve, that is, it reduced visually evoked responses by a similar 

fraction irrespective of presented orientation. Photo-stimulation of L6 did not affect preferred 

orientation, tuning width, or the orientation selectivity index of cortical neurons throughout 

layers 2/3, 4 and 5 (Olsen et al., 2012).  

In the somatosensory system, the L6 CT cells effect on the cortical direction selectivity is still 

under investigation and will be of special focus in the present thesis. Furthermore, it has been 

shown in many different studies, the importance of GABAergic inhibition in the modulation 

of responsiveness depending on input features (Sillito, 1975, Kreile et al., 2011, Li et al., 2012, 

Hagihara and Ohki, 2013). Therefore, since the L6 CT photoactivation is on many sensory 

systems modulating the activity GABAergic interneurons, its effect on direction selectivity will 

be scrutinized. 
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2 Materials and Methods 

All experiments were done according to German animal welfare guidelines and were approved 

by the local government ethics committee (Landesamt für Natur, Umwelt und 

Verbraucherschutz, Nordrhein-Westfalen).  

Animals 

The following mouse lines were used: 

 Ntsr1-cre (GENSAT strain GN220). 

 Ai27(RCL-hChR2(H134R)/tdT)-D, a reporter line used to express channel rhodopsin 

in cre-cells. The positive offspring (male and female) “Ntsr1-ROSA-ChR2” from 

breeding male Ntsr1-cre with female Ai27. 

 Ai14(RCL-tdT), a reporter line used to express td-Tomato in cre-cells. The positive 

offspring (male and female) “Ntsr1-tdTomato” from breeding male Ntsr1-cre with 

female Ai14. 

 Gad2-IRES-cre (Stock number: 010802; Jackson Laboratory). The Gad2-IRES-cre 

mice were a gift from Drs Stefan Herlitze and Melanie D. Mark (Ruhr University 

Bochum). 

Juxtacellular recordings in somatosensory cortex were performed in 43 Ntsr1-cre animals 

injected with AAV-Channelrhodopsin, in 5 Ntsr1-ROSA-ChR2 animals, 16 Ntsr1-cre injected 

with AAV-Archaerhodopsin, 6 Gad2-cre animals injected with AAV-Channelrhodopsin. 

Recordings in thalamus in the ventral posteromedial nucleus (VPM) were performed in six 

Ntsr1-cre-ChR animals, three Ntsr1-ROSA-ChR2 and five Ntsr1-cre-ArchT. 

Anatomy tracing was done on 2 Ntsr1-tdTomato for cholera toxin and on 6 Ntsr1-cre animals 

for rabies virus injections. 

One “Drd1a-tdTomato” animal was used (from breeding male Drd1a-cre with female Ai14) to 

compare its known POm thalamus projection (Hoerder-Suabedissen et al., 2018) with the 

thalamic projection of “Ntsr1-tdTomato”. 

Stereotaxic Viral Injections for electrophysiology 

Stereotaxic injections of 1 to 10 months old male and female Ntsr1-cre mice (median age = 4.9 

months; 70% between 1 to 6 months) were done using ketamine (60 mg/kg), xylazin (12 

mg/kg) anesthesia plus acepromazine (0.6 mg/kg). Same procedure for the six Gad2-cre mice 

(median age = 2.7 months). The body temperature was kept constant (37 ºC) using a heating 
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pad (FHC, ME, USA). Animals were placed in a stereotaxic frame (Model 1900; David Kopf 

Instruments, CA, USA). After a small incision was made in the skin, a craniotomy was made 

over barrel cortex at coordinates 2.9 to 3.1 mm lateral and 1.6 to 1.7 mm posterior to bregma. 

These coordinates were approximately over the C1-C2 barrel. Then 500 (range: 400-800 nl) of 

Adeno-associated viral (AAV1/2-double floxed-hChR2(H134R)-mCherry-WPRE-polA) 

encoding for ChR2-mCherry (GeneDetect, New Zealand), or 500 (range: 400-800 nl) of 

Adeno-associated viral (AAV-CAG-FLEX-ArchT-GFP) encoding ArchT-GFP (UNC vector 

core) were injected at a depth of 0.9 mm under the dura. Mice were sutured and housed in their 

cages until the experiment performed 14-20 days after virus injection. 

Stereotaxic Viral Injections for anatomy 

Characterization of post-synaptic target areas 

Stereotaxic injections of 2 months old Ntsr1-cre mice (n = 2) were done using ketamine (60 

mg/kg), xylazin (12 mg/kg) anesthesia plus acepromazine (0.6 mg/kg). The body temperature 

was kept constant (37 ºC) using a heating pad (FHC, ME, USA). Animals were placed in a 

stereotaxic frame (Model 1900; David Kopf Instruments, CA, USA). After a small incision 

was made in the skin, a craniotomy was made and 200nL of Cholera Toxin Subunit B 

Recombinant (tagged with Alexa Fluor™ 647 Conjugate, Invitrogen™) were injected at 

coordinates 1.2 mm lateral and 1.6 mm posterior relative to bregma at the depth of 3.0 mm for 

targeting POm thalamus. 200nL of Cholera Toxin Subunit B Recombinant (tagged with Alexa 

Fluor™ 488 Conjugate, Invitrogen™) were also injected at coordinates 1.8 mm lateral and 1.6 

mm posterior relative to bregma at the depth of 3.5 mm for targeting VPM thalamus. Mice 

were sutured and housed in their cages for four days before perfusion and brain removal. 

Characterization of pre-synaptic cells 

A modified floxed rabies virus is used for is capacity to specifically target cre-cells and is 

ability to jump synapses retrogradely. The used trans-synaptic tracing viruses were a gift from 

Dr. M.K. Schwarz. 

Stereotaxic injections of 4 to 7 months old Ntsr1-cre mice (n = 6) were done using ketamine 

(60 mg/kg), xylazin (12 mg/kg) anesthesia plus acepromazine (0.6 mg/kg). The body 

temperature was kept constant (37 ºC) using a heating pad (FHC, ME, USA). Animals were 

placed in a stereotaxic frame (Model 1900; David Kopf Instruments, CA, USA). After a small 

incision was made in the skin, a craniotomy was made over barrel cortex at coordinates 2.9 

mm lateral and 1.5 mm posterior to bregma. These coordinates were made to target the center 
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of barrel cortex (approximately over C3 barrel) in order to infect only somatosensory cortical 

cells. Injections were made at a depth of 0.9 mm. 

This injection protocol is executed in two steps. First an injection of 600nL of a mix of two 

rAAVs is injected (300nL of each AAV). One AAV is encoding for the tumor virus A receptor 

(TVA receptor), necessary for the initial rabies virus infection (during the second step), this 

AAV is floxed and coupled with tdTomato, allowing the specific visualization of the cre-cells 

(A132 pAAV-double floxed mCherry WPrepA). The other AAV is encoding for the rabies 

virus glycoprotein, allowing transsynaptic transport of the modified rabies virus (A147 

AAVEFRGiresT800d.floxed). Mice were sutured and housed in their cages until the second 

step, 6 days after the first injection. Same protocol, same anesthesia, same coordinates. 500nL 

of an EnvA pseudotyped, glycoprotein-gene deleted rabies virus expressing EGFP (RABVΔG-

EGFP (EnvA)) was injected at the depth of 0.9 mm. Mice were sutured and housed in their 

cages for 14 days before perfusion and brain removal. 

 

Animal Preparation and Electrophysiology  

To immobilize the animal, anesthesia was first induced by isoflurane 5% (vol/vol) in O2 via a 

vaporizer (EZ-7000; E-Z Anesthesia, PA, USA) at 1L/min. For animal surgery and 

electrophysiology recordings, animals were anesthetized with an intraperitoneal injection of 

urethane (1-1.5 g/kg animal weight; Sigma-Aldrich, USA) with acepromazine (0.5 mg/kg) 

dissolved in in saline (NaCl 0.9 %). When necessary 1-3 more injections of urethane (0.05 g to 

0.1 g/kg animal weight) were done during the experiment to ensure that the animal was not 

spontaneously whisking. To ensure a stable depth of anesthesia the breathing cycle (350-500 

ms from peak to peak) was monitored using a pressure sensitive piezo element (Zehendner et 

al., 2013). The craniotomy made 2 to 3 weeks before, during the virus injection, was still visible 

facilitating the appropriate placement of the recording electrode after re-drilling the skull 

carefully. The animal’s head was fixed on a metal plate allowing stable and long-time 

juxtacellular recordings of single units. Cells were filled with biocytin via electroporation at 

the completion of the recording in order to identify the cell depth relative to pia. All 

electrophysiology recordings were done in the left hemisphere, and whiskers were deflected 

on the animals right whisker pad. Single units were found by the increase of the pipette 

resistance measured in current-clamp. In vivo juxtacellular recordings and biocytin fillings 

were made with 4-6 MΩ patch pipettes (1.5 mm outer diameter, 0.86 mm inner diameter, with 

filament) pulled from borosilicate filament glass (Hilgenberg GmbH, Germany) on a Sutter P-



19 

 

1000 puller (Sutter Instruments, CA, USA). Pipettes were filled with extracellular solution: (in 

mM) 135 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 5 HEPES and 20 mg/ml biocytin (SIGMA 

ALDRICH; USA), pH adjusted to 7.2 with NaOH. The bath solution on top of the animal head 

was saline (0.9 % NaCl). Signals were digitized between 10 and 50 kHz with a DigiData 1300 

(Axon Instruments) and were acquired using pClamp 8 software (Axon Instruments). Spike 

sorting (threshold and template search; pClamp 8) was done to isolate single-units. 

In a subset of experiments (n = 5) dual recordings from both cortex and thalamus were made. 

A second craniotomy was drilled for placement of the VPM thalamic recording electrode. The 

anesthetized animal was placed in a stereotaxic frame (Model 1900; Kopf Instruments), and a 

craniotomy was made 1.85-1.95 mm lateral and 1.50-1.60 mm posterior to bregma. A tungsten 

electrode (World Precision Instrument, Inc. TM31A50, 4.8-5.1 MΩ) was carefully implanted 

in the brain 2.8–3.8 mm deep, parallel to the brain mid axis. The electrophysiological criteria 

used to determine that recordings where from VPM thalamus was only the fact that the neuron 

answered distinctly to only one whisker but each time the correct recording position of the 

electrode was checked post mortem (Figure S7) in coronal brain slices by localizing the 

electrode tip that was dipped before the experiment in a fluorescent dye (DiI; D282, Life 

Technologies GmbH, Germany). Thalamic recordings for Ntsr1-ArchT animals (and Ntsr1-

ChR for the direction selectivity experiment) were done using a glass pipette, as in the cortical 

recordings. The pipette tip was dipped in the fluorescent dye DiI, and in some recordings VPM 

cells were filled with biocytin. Both methods were used to verify the recording position (Figure 

S7). No dual recordings in ArchT animals. 

 

Electrophysiology and optogenetic 

The stimulation light was delivered by a LED light source (M470F1; Thorlabs, Newton, NJ, 

USA) while single neurons were recorded. The output power from the LED driver (DC2100, 

Thorlabs, NJ, USA) was regulated by voltage output from a pulse stimulator (Master-8, AMPI, 

Israel). The power output at the fiber (400 μm diameter; 0.39 NA) tip was measured with a 

power meter (PM100D; Thorlabs, NJ, USA). To activate Ntsr1 cells via channelrhodopsin, the 

photostimulation used for all the experiments was a 470nm blue light for a pulse width of 300 

ms at a power of 2.6 mW with maximal power for the blue light of 6.4 mW.  To photo-inactivate 

Ntsr1 cells via archaerhodopsin, 590 nm yellow light was used with pulse width of 300 ms at 

a power of 2.4 mW. This caused a complete silencing of Ntsr1 cells (Figure 3E).  
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For the direction selectivity experiment a lower light intensity was used. The intensity was of 

around 0.6mW but could vary depending on the strength of the effect seen on the recorded cell. 

Varied from 0.3mW to 1mW. 

Measures of Response to Whisker stimulation 

Whiskers were cut to a length of 1 cm to ensure equal movements when stimulated.  A hand-

held probe was used to stimulate each individual whisker to search for the whisker that evoked 

the strongest response (the highest number of action potentials evoked in the recorded cell), 

with the shortest latency. The whisker that elicited the strongest response in that particular 

barrel column (or in VPM thalamus) is called Principal Whisker.  Dual-recordings from VPM 

and cortex were “aligned” meaning that the same whisker gave the strongest response in both 

areas. The PW tip was put into glass capillary (i.d. ~900 µm) glued to a piezo wafer (PL127.11; 

Physics Instruments, Germany). Stimulation was controlled with a piezo amplifier and filter 

(Sigmann Elektronik; Germany). Two stimulation protocols were applied: a 0.33 Hz 

stimulation; a 200 ms vertical (up and down) whisker deflection given every 3 seconds. An 8 

Hz stimulation; eight deflections at 8 Hz evoked every 3 seconds. Whisker deflection duration 

for each pulse was 25 ms with a rise/fall time of around 1.5 ms, piezo-deflection amplitude of 

about 1.5 mm, and with 50 stimulation repeats. For the control condition only the piezo is 

triggered (i.e., no photostimulation). To investigate the effect of L6-Ntsr1 cell modulation, the 

blue light (470 nm) for activation via ChR or the yellow light (590 nm) for inhibition via ArchT 

were applied 100 ms before the onset of the first whisker deflection and stopped after the last 

whisker deflection. This delay ensures that the modified L6 activity had sufficient time to affect 

thalamus before the whisker input reaches it, and also that the L6 spiking activity was stable 

throughout the duration of the optogenetic stimulation (Figure S4). 

For direction selectivity experiment: A 4 Hz stimulation protocol was applied, consisting of a 

train of four deflections at 4 Hz evoked every 5 seconds. Whisker deflection duration for each 

pulse was 25 ms with a rise/fall time of around 1.5 ms, piezo-deflection amplitude of about 1.0 

mm, and with 5 stimulation repeats for each angle per turn (piezo motor: IE3-1024; Faulhaber). 

The starting angle is chosen randomly; after five repeats of the 4 stimulations at 4 Hz, the piezo 

is automatically turned by 45 degrees clockwise. A maximum of turn is executed until the cell 

is loose. An average of 3 turns per condition has been executed for each recorded cell (Ntsr1 

data: 3.1 and Gad2: 3.3 turns). For the control condition only the piezo is triggered (i.e., no 

photostimulation). To investigate the effect of L6-Ntsr1 cell activation, the blue light (470 nm) 

for activation via ChR was applied 100 ms before the onset of the first whisker deflection and 
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stopped after the last whisker deflection (so 875 ms in total). This delay ensures that the 

modified L6 activity had sufficient time to affect thalamus and barrel cortex before the whisker 

input reaches it. The L6 spiking activity was stable throughout the duration of the optogenetic 

stimulation (Figure S4). To investigate the effect of Gad-activation, the blue light (470 nm) for 

activation via ChR was applied 10 ms before the onset of each whisker deflection and lasted 

for 80 ms (so 4 * 80 ms per sweep). Short 80 ms pulses were chosen in order to keep a stable 

spiking of non-specific GABAergic cells for each whisker deflection. 

To compare the selectivity of spike response magnitude, I used a direction selectivity index 

(DSI), calculated as the percent decay in amplitude (A) from the preferred direction; that is, 

amplitude = (preferred direction – non-preferred direction)/preferred direction, divided by the 

decay constant of the fit exponential (λ). Thus, this ratio DSI is a measure of the percent 

decrease in response magnitude for each degree away from the preferred direction (Wilent and 

Contreras, 2005b). 

Separating excitatory cells from interneurons  

Neurons were classified as excitatory cells or inhibitory interneurons based on the shape of 

their action potentials using a standard classification method (Armstrong-James and Fox, 1987, 

Juczewski et al., 2016). Fast-spiking units (presumably interneurons) were distinguished from 

regular-spiking units (presumably excitatory cells) based on the spike peak-to-trough duration 

(the interneurons had a very short duration < 0.4 ms), a symmetrical up and down deflection 

(integral for the interneurons is close to zero). Based on these variables, cells were classified 

using the K-means clustering (n = 2 clusters) method. The “fast” waveform used as the primary 

criteria to differentiate excitatory from inhibitory cells, might bias the selection of putative 

GABAergic interneurons to be of the fast-spiking type, rather than regular-waveform 

GABAergic interneurons. To identify a cell as Ntsr1, all excitatory cells showing a significant 

increase activity with the 470 nm light were characterized based on the latency of the first spike 

after the onset the light emission and the standard deviation of this latency over 50 repeats.  

Determining the layer specific position of each cell 

Cortical layer position was based on the distance to pia determined by microdrive depth which 

in some cases (n = 11) was verified by histological staining (median difference in depth 

estimate was 6 µm (data not shown). Each cell was assigned to a respective layer based on the 

recording (microdrive) depth. The depth range was for L2/3: 65 – 319 μm (median depth of 

cells classified as L2/3 was 260 µm); L4: 320 – 539 μm (median: 436.5 µm); L5: 540 – 774 
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μm (median: 650 µm) and L6: >775 μm (median: 902 µm).  These layer borders correspond to 

that determined by anatomical techniques (Groh et al., 2010). 

Histology 

After the experiment, the animal was perfused transcardially with 4% paraformaldehyde in 0.1 

M phosphate buffer. The brain was removed and post-fixated for at least 24 h in 4% 

paraformaldehyde. Cell location and morphologies were determined by tissue staining with 

streptavidin-Alexa-Fluor 488 conjugate (Life and technologies; S11223) or DAB (3,3’-

Diaminobenzidine tetrahydrochloridehydrate; D5637) as previously described (Groh and 

Krieger, 2013).  

Statistical analysis 

Data are presented as mean ± SEM except in Figure 4J which shows mean ± SD (the depth of 

a cell in each respective layer is not considered to be more or less close to a true population 

mean, rather the depth data variability is more appropriate, thus SD instead of SEM is plotted).  

Spontaneous activity 

For Ntsr1 data 

The total number of spikes during a 300 ms control condition (the 300 ms immediately 

preceding the onset of the optogenetic light) and the total number of spikes during the 300 ms 

of photostimulation (occurring every 3 seconds) were summed over 50 sweeps and compared. 

To determine the effect of L6-Ntsr1 modulation on spontaneous spiking in cortex and thalamus 

cells, each cell was tested individually using a 95% confidence interval for Poisson count (Chi-

square distribution), calculated in Excel 2010 using the function ‘CHI2.INV’ or in Excel 2016 

using ‘CHISQ.INV’. The effect was considered significant when the total number of spikes 

during the optogenetic light emission was not within the 95% confidence interval of that for 

the control condition. An index representing the photo-stimulation effect was calculated as: 

Opto-Index (O.I.) = (No-Nc) / (No+Nc). With Nc = number of spikes recorded in control 

condition during (0.3 s x 50) 15 s; No = number of spikes recorded during photo-modulation 

for the same duration. Index varies between -1 and 1, with -1 meaning that with modulation of 

L6-Ntsr1 cells the recorded cell completely stopped spiking. Cells (n = 44 for both Ntsr1-ChR 

and Ntsr1-ArchT; Table S1 and S2) where the spontaneous activity was too low (<5 spikes in 

total in a 30 s recording; 300 ms time window before and during photo-stimulation in each of 

50 sweeps; 30 s = 50*2*300 ms) were not included in the analysis of spontaneous activity. The 

random occurrence of single spikes would, in these cases, unduly influence the result. Notably, 



23 

 

taken together those cells would still show a decrease in the number of spikes, on average from 

1.2 to 0.5 spikes after L6 photo-activation of channelrhodopsin. Furthermore, in the total cell 

count L6-Ntsr1 cells are not included. 

We quantified the increased activity (“rebound activity”) occurring after the offset of L6 

activation (i.e., after the end of the light pulse). The total number of spikes during a 300 ms 

control window (the 300 ms immediately preceding the onset of the optogenetic light) was 

compared to the total number of spikes occurring in a rebound effect window from +200 to 

+500 ms after the offset of the optogenetic light (time window in which the rebound effect 

occurred for all cortical neurons). To identify a rebound effect each cell was tested individually 

using a 95% confidence interval for Poisson count (Chi-square distribution), calculated in 

Excel 2016 (Microsoft) using the function ‘CHISQ.INV’. The cell was considered to have a 

rebound effect if the total number of spikes during the “rebound effect” time-window was 

significantly higher than the control condition. For each cell displaying a significant rebound, 

an index was calculated as: Rebound-Index (RI) = 1 – (Nc / Nr). With Nc = number of spikes 

recorded in control condition during (0.3 s x 50 sweeps) 15 s; Nr = number of spikes recorded 

during rebound time: +200 to +500 ms after the offset of the photo-modulation. This differs 

from the Opto-Index because it can only be a value between 0 and 1; there is a rebound only if 

the rebound spike frequency is significantly higher than the spontaneous. The averaged RI per 

layer can be seen in Figure 4F. Cells where the number of spikes was too low (<5 spikes in 

total in a 30 s recording; two times 300 ms time window in each of 50 sweeps) were not 

included in the analysis. 

The effect of L6-Ntsr1 modulation was also analyzed in a cortical layer level where the 

spontaneous activity (in Hz) of all cells belonging to a particular layer are compared for each 

condition (control and photo-modulation) by a paired t-test or Wilcoxon test depending on the 

normality of the data distribution (tested with Agostino-Pearson omnibus normality test). 

 For Gad2 data 

The total number of spikes during a 320 ms control condition and the total number of spikes 

during the 320 ms of photostimulation (80*4 ms occurring every 5 seconds) were summed over 

40 sweeps and compared. To determine the effect of Gad2 modulation on spontaneous spiking 

in cortex, each cell was tested individually using a 95% confidence interval for Poisson count 

(Chi-square distribution), calculated in Excel 2010 using the function ‘CHI2.INV’ or in Excel 

2016 using ‘CHISQ.INV’. The effect was considered significant when the total number of 

spikes during the optogenetic light emission was not within the 95% confidence interval of that 
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for the control condition. Cells (n = 4) where the spontaneous activity was too low (<5 spikes 

in total in a 25.6 s recording; 320 ms time window before and during photo-stimulation in each 

of 40 sweeps; 25.6 s = 40*2*80*4 ms) were not included in the analysis of spontaneous 

activity. The random occurrence of single spikes would, in these cases, unduly influence the 

result. 

Response to low frequency whisker deflection 

In the “low frequency” whisker stimulation paradigm, whiskers were deflected every 3 s with 

a 200 ms pulse. The whisker-evoked response was calculated during a 100 ms window 

following the onset of the whisker deflection. Data was analyzed with paired two-tailed t-test. 

Response probability to low frequency stimulation 

The “response probability”, was evaluated as a measure of a neuron’s “detectability” to a 

whisker deflection. If one or more spikes occurred in a 100 ms window following the onset of 

the whisker deflection, a value of one is scored, and if no spikes are detected the value is zero. 

The number of successful response (in %) in both condition for each cell belonging to the same 

layer was tested with a paired two-tailed t-test.  

Response to High frequency whisker deflection   

Similar to assessing the response to low frequency whisker deflection, the average number of 

spikes (100 ms time window) per every whisker deflection of a train of 8 stimulations given at 

8 Hz in both condition for each group of cells from the same layer has been tested with two-

way repeated measure ANOVA. 

Thalamic recordings 

The whisker evoked response is the average number of spikes per whisker deflection within 

the 50 ms following the deflection. In the analysis of whisker evoked responses for the dual 

recordings, I used repeated measure Two-way ANOVA to judge the effect of photostimulation. 

The protocol was a 300, 340 or 520 ms light pulse preceding the 200 ms long whisker deflection 

by 100, 140 or 320 ms in order to achieve various degrees of activation of VPM thalamus. 

For direction selectivity experiment: A 4 Hz stimulation protocol was applied, consisting of a 

train of four deflections at 4 Hz evoked every 5 seconds. Five stimulation repeats for each angle 

per turn. The starting angle is chosen randomly; after five stimulations of 4 Hz, the piezo is 

automatically turned by 45 degrees clockwise. For the control condition only the piezo is 

triggered (i.e., no photostimulation). To investigate the effect of L6-Ntsr1 cell activation, the 

blue light (470 nm) for activation via ChR was applied 100 ms before the onset of the first 

whisker deflection and stopped after the last whisker deflection (so 875 ms in total). This delay 
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ensures that the modified L6 activity had sufficient time to affect thalamus before the whisker 

input reaches it. 

In the direction selectivity experiments, the effect of L6-Ntsr1 activation on the responses (50 

ms time window) was tested individually using a 95% confidence interval for Poisson count 

(Chi-square distribution), calculated in Excel 2010 using the function ‘CHI2.INV’ or in Excel 

2016 using ‘CHISQ.INV’ on the responses in Hertz. The effect was considered significant 

when the total number of spikes during the optogenetic light emission was not within the 95% 

confidence interval of that for the control condition.  
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3 Results 

3.1 Efficiency of the mouse lines 

3.1.1 L6-Ntsr1 anatomy: where do they project and who is projecting to them 

To understand the role of L6-Ntsr1 cells, it is important to position these cells in the whisker 

processing pathway by characterizing their inputs and outputs. Even if their projections are 

well characterized in the literature (Olsen et al., 2012, Bortone et al., 2014, Kim et al., 2014, 

Mease et al., 2014, Chevee et al., 2018), little is known about the cells that are responsible of 

their activation. The verification of L6-Ntsr1 projections allowed me to estimate which regions 

are modulated by these cells. Comparing the results with the current literature will grant me 

verifying their projections and checking the quality of my mouse line. Furthermore, 

investigating the cell identity and location of the Ntsr1-projecting cells allows me to estimate 

how these CT cells are activated in physiological conditions. L6-Ntsr1 input/output 

characterization will help in understanding the role of this cell population within the 

somatosensory processing pathway and be beneficial in interpreting the electrophysiology data 

following the photo-modulation of the Ntsr1 cells. 

To characterize L6-Ntsr1 projections, I used the help of a retrograde tracer, the cholera toxin 

B. While injected in both POm and VPM thalamus (see materials and methods) in Ntsr1-

tdTomato animals, the tracer is taken up by axon terminals in the area of injection and thus, by 

transport toward the cell body, label cells that project onto this area. Two small identical 

injections (200nL) were made: one in POm and one in VPM thalamus. The results suggest that 

65% of this population of L6 cells project to the VPM and 18% project to the POm (Figure 2 

A-D). It should be noted that these values apply for the injected target areas only (made small 

on purpose to avoid leaking), so the exact number of labelled cells is not relevant but rather the 

comparison between the two target areas. These somatosensory L6 CT neurons are thus mostly 

VPM projecting cells, in line with the current literature (Mease et al., 2014, Chevee et al., 

2018). To label the cells projecting to L6-Ntsr1 cells, a modified floxed rabies virus that 

specifically labels cells presynaptic to the cre-cells, was used (see materials and methods and 

Figure 2E). Most of the neurons projecting to the L6 population are found in the barrel cortex, 

some are found in motor cortex, secondary somatosensory cortex, thalamus and striatum, and 

appear to label both excitatory and inhibitory cells in the BC. Finding sensory and motor 

function associated cells projecting to the L6-Ntsr1 cells lead me toward the hypothesis that 

both motor and sensory behavior can modulate the activity of these cells.  
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FIGURE 2: CHARACTERIZATION OF THE INPUT/OUTPUT 

PROPERTIES OF THE L6 NTSR1 POPULATION 
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A. L6-Ntsr1 neurons expressing tdTomato (in red) in the barrel cortex and thalamus in a 

Ntsr1-tdTomato animal. Obtained by crossing Ai14 and Ntsr1-cre animals (see material 

and methods).  

B. Ntsr1 neurons appeared to project mainly to the VPM thalamus by looking at the axonal 

projections fluorescence (red). In blue, is the axonal projection of a known POm 

projecting mouse line: drd1a-tdTomato (see material and methods and (Hoerder-

Suabedissen et al., 2018)).   

C. Coronal brain slice showing Ntsr1 cells in red and POm projecting cells in blue due to 

injection of cholera toxin B in POm (see material and methods). 18% of Ntsr1 cells are 

purple (red + blue) so POm projecting. 

D. Coronal brain slice showing Ntsr1 cells in red and VPM projecting cells in green due 

to injection of cholera toxin B in VPM (see material and methods). 65% of Ntsr1 cells 

are yellow (red + green) so VPM projecting. 

E. Coronal brain slice showing Ntsr1 cells in red. Ntsr1 cells that incorporate both AAV 

of the first injection procedure and that were targeted by the RABΔV of the second 

injection step are yellow (see material and methods). Cells in green are the pre-synaptic 

to the yellow ones.  

Scale bar: A = 450μm; B= 180 μm; C and D = 100 μm; E = 120 μm 
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3.1.2 Spiking activity in L6-Ntsr1 cells modulated by photostimulation 

To examine the role of L6-Ntsr1 corticothalamic cells in somatosensory processing, I 

performed in vivo electrophysiology recordings in a transgenic mouse line (Ntsr1-cre) with 

genetically cre-labelled L6 cells (Gong et al., 2007, Olsen et al., 2012, Kim et al., 2014, Mease 

et al., 2014, Velez-Fort et al., 2014, Crandall et al., 2015, Denman and Contreras, 2015, 

Crandall et al., 2017, Guo et al., 2017). Virus mediated expression of channelrhodopsin-2 

(ChR2-mCherry) or archaerhodopsin (ArchT-GFP) in the barrel cortex showed bright 

fluorescence from L6 somata and neuropil (Figure 3A-C). As has been previously shown in 

somatosensory cortex (Kim et al., 2014, Mease et al., 2014), neuronal somata expressing 

mCherry or GFP were restricted to L6 ensuring that optical stimulation of cortex specifically 

modulated the L6-Ntsr1 cell population. These cells make both cortico-cortical and cortico–

thalamic projections (Figure 3A-C) predominately to ventroposteromedial thalamus (VPM) 

and to a lesser extent in the posterior medial nucleus (POm) and the thalamic reticular nucleus 

(nRT) (Lee et al., 2012, Mease et al., 2014, Chevee et al., 2018). To verify that single-unit 

spikes could be evoked by photo-activation, I made juxtacellular recordings from single ChR2-

expressing L6 neurons (n = 14, Figure 3D) while applying blue light (470 nm) to the cortical 

surface via an optical fiber (400 μm in diameter); L6-Ntsr1 spike output scaled with the light 

intensity (Figure S1), and with the standard intensity used (2.6 mW) spiking increased from 

0.07 ± 0.06 Hz to 35 ± 7 Hz. For the direction selectivity experiment, I used a really low light 

intensity (0.6mW), explanation on that in the corresponding result part, and spiking increased 

from 0.04 ± 0.01 Hz to 7.75  ± 6.6 Hz (n = 3). In L6-Ntsr1 neurons expressing ArchT (n = 2; 

Figure 3E), spiking was effectively blocked by photo-inactivation using yellow light at 2.4 mW 

(590 nm; 400 µm optical fiber diameter). 

 

3.1.3 Spiking activity in GABAergic cells modulated by photostimulation 

Evidence suggest that activation of L6-Ntsr1 CT cells in barrel cortex activates a sub-set of 

GABAergic interneurons (Olsen et al., 2012, Bortone et al., 2014, Kim et al., 2014, Guo et al., 

2017). The effect on directional selectivity of recruiting a specific GABAergic microcircuit via 

L6-Ntsr1 CT activation, was compared with a general, unspecific activation of GABAergic 

interneurons.  The Gad2-cre mouse line was used to target ChR2-expression to GABAergic 

interneurons, to thus achieve a non-specific activation of GABAergic interneurons. (Katzel et 

al., 2011, Taniguchi et al., 2011, Harris et al., 2014, Martinez et al., 2017). Virus mediated 

expression of ChR2-mCherry in the BC showed bright fluorescence from somata and neuropil 
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in all layers of BC (Figure 3F and Figure S9). To verify that single-unit spikes could be evoked 

by low intensity photo-activation, I made juxtacellular recordings from single ChR2-

expressing GABAergic cell (Figure 3G) while applying blue light (470 nm; 0.6 mW) to the 

cortical surface via an optical fiber (400 μm in diameter). This activation lead to a decreased 

activity (chi-square test for a Poisson distribution; see material and methods) in most of the 

excitatory cells (16 of 29), an example shown in Figure 3H. Excitatory cells where 

photostimulation did not change spontaneous spiking (10 of 29) were also included in the 

analysis of directional selectivity, whereas the three cells, where there was in increased spiking, 

were excluded.  

3.2 L6-Ntsr1 activation changes spontaneous activity in thalamus and cortex  

We made juxtacellular recordings to characterize the effect of L6-Ntsr1 photo-activation on 

the spontaneous spiking rate of cortical excitatory cells and interneurons, as well as thalamic 

VPM cells (Figure 4). Averaged over all cells, in each respective layer, L6-Ntsr1 activation 

decreased spiking in L2/3 (n = 15), L5 (n = 42) and L6 non-Ntsr1 (n = 31), whereas on average 

spiking in L4 (n = 36) did not decrease significantly (Figure 4A). Analyzing the cells on a 

single cell basis it was, however, clear that the effect on spiking varied substantially (Figure 4 

B-D) between cells, and therefore each cell was tested individually (chi-square test for a 

Poisson distribution; see materials and methods). The majority of the cells showed a significant 

change in spiking (Table 1, 64 of 96 cells; 28 cells excluded, see Methods), which in most 

cases was a decrease (86 %; 55 of 64 cells) in the spontaneous activity. An increase in 

spontaneous activity was found for some cells (14 %; 9 of 64 cells) in all layers, except L2/3 

(Table 1). Furthermore, the decrease in spontaneous activity was dependent on light intensity 

(Figure S2). To compare the relative effect, of both the increase and decrease on spontaneous 

spiking, between layers the data was normalized and plotted as an Opto-Index “OI”. An OI 

value of 0 indicates no effect, positive values an increase and negative values a decrease 

spiking. The cells showing a decreased activity (n = 55 cells) had an average Opto-Index of -

0.67 ± 0.12; -0.63 ± 0.07; -0.59 ± 0.05 and -0.70 ± 0.08 for L2/3, L4, L5 and L6 non-Ntsr1 

cells respectively, and with no significant difference between layers (one-way ANOVA; p = 

0.6608; Figure 4E). The cells showing an increased activity had an average Opto-Index of 0.45 

± 0.10; 0.46 ± 0.08 and 0.75 for L4, L5 and L6, with no significant difference between layers 

(Mann-Whitney test between L4 and L5, p > 0.9999, L6 not included in the analysis since only 

one cell recorded in L6; data not shown). 
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FIGURE 3: CRE-EXPRESSION OF NTSR1 AND GAD2 

MOUSE LINES 
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A. L6-Ntsr1 neurons expressing ChR2-mCherry (in red) in the barrel cortex project mainly 

to the somatosensory thalamus and the reticular nucleus. The largest red area seen in 

somatosensory thalamus corresponds to the VPM part of sensory thalamus. 

B. L6-Ntsr1 neurons expressing ArchT-GFP (in green) in the barrel cortex show the same 

projection pattern as that shown for ChR2-mCherry in panel A. With cortical and 

thalamic projections.  

C. ChR2-mCherry expression in L6-Ntsr1 cells in the primary somatosensory barrel 

cortex. Fluorescent (in red) somata in L6 and dendritic tufts and/or terminals in L5. 

WM = white matter, L6 = Layer 6, the dotted lines represent the layer 4 barrels. 

D. In vivo juxtacellular recording of a L6-Ntsr1 cell expressing channelrhodopsin that 

responds with spikes to the 470 nm light stimulation at varying intensities (blue bar is 

50 ms). Recordings show the overlay of 5 sweeps for each light intensity. 

E. In vivo juxtacellular recording of a L6-Ntsr1 cell expressing archaerhodopsin. Spiking 

was completely stopped in response to the 590 nm light stimulation (50ms; yellow bar) 

at 2.4 mW. Recording is the overlay of 50 sweeps. 

F. GAD2-Interneurons expressing ChR2-mCherry (in red) in the barrel cortex. WM = 

white matter, the dotted line represents a layer 4 barrel. 

G. In vivo juxtacellular recording of a L2/3 interneuron expressing channelrhodopsin that 

responds with spikes to the 470 nm light stimulation at 0.6 mW (blue bar is 80 ms). 

Recordings show the overlay of 5 sweeps. 

H. Image of a pyramidal neuron (in green) associated with a PSTH showing it response to 

the 470nm light stimulation in a GAD2 animal expressing ChR2-mCherry in all layers 

(here 4 stimulations of 80ms at 4Hz). The cell was filled with biocytin after the in vivo 

recording using an electroporation method. Subsequently brain sections were labelled 

with Streptavidin Alexafluor 488 (in green), that binds to biocytin. PSTH shows the 

clear depression of the activity of the excitatory cell upon non-specific GABAergic 

activation. 

Scale bar:  A and B = 600 μm; C and F = 150 μm; H = 30 μm 

Inset from D to H: Spike shape of the recorded neuron, scale bar = 1ms 
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Cells in which activation of L6-Ntsr1 cells decreased or had no effect on spiking had a control 

frequency over a relatively broad range (Figure S3; cells (n = 55) with a decrease: range 0.3-

16.1 Hz; median 1.7 Hz; no effect (n = 32): range 0.1-10.7 Hz, median 0.8 Hz, whereas the 

cells (n = 9) that increased their firing, had a comparably much lower range of control activities: 

range 0.1 – 6.1 Hz; median 0.6 Hz; Kruskal-Wallis test, p = 0.0087). 

Interestingly, following the photo-activation there was often an increased spiking occurring 

200 – 500 ms after the offset of the light pulse. Averaged of the entire cell sample, 47% of the 

recorded cells showed this “rebound” response (58 of 124 cells; see Methods). The distribution 

per layer was: L2/3, 47% (7 of 15 cells); L4, 56% (20 of 36 cells); L5, 52% (22 of 42 cells); 

L6, 29% (9 of 31 cells). Furthermore, it appears that the strength of this rebound was depth 

dependent (Figure 4F). The Rebound-Index was the largest in L2/3 and decreased with depth 

(one-way ANOVA, p = 0.0174; post-test for linear trend p = 0.0046; L2/3: 0.88 ± 0.03; L4: 

0.68 ± 0.04; L5: 0.62 ± 0.04; L6: 0.62 ± 0.09). To investigate if the rebound excitation was due 

to GABAergic interneurons, the effect of L6-Ntsr1 activation on interneurons was examined 

(Figure 4G-K). L2/3 interneurons displayed mostly no effect during L6-activation. 1 of 5 cells 

was inhibited by 93%. L4 interneurons displayed a mix of effects: 7 of 15 cells were inhibited 

on average by 78% (from 3.39 ± 1.87 Hz to 0.75 ± 0.48 Hz); no change in four cells, and four 

cells showed an increased spiking (from 0.85 ± 0.52 Hz to 3.24 ± 1.62 Hz). L5 interneurons 

displayed also a mixed effect: 5 of 11 cells inhibited on average by % (from 2.77 ± 0.79 Hz to 

0.93 ± 0.56 Hz), in two cells no change, and four cells an increased spiking (from 0.13 ± 0.08 

Hz to 1.48 ± 0.61 Hz). In contrast to the other layers, in L6 interneurons 3 of 6 cells showed a 

dramatic increase in their spiking with photostimulation (Figure 4I; 0.02 ± 0.02 Hz to 61.11 ± 

13.3 Hz). The L6 interneurons responded to every light pulse with a relatively short and 

consistent response latency (14 ± 0.8 ms, 18 ± 0.5 ms, and 42 ± 0.7 ms after the onset of the 

light pulse; Figure S5). The four L4 cells and the four L5 cells that increased their spiking did 

not respond every time and when responding they had a longer onset latency of (L4: 278 ± 15 

ms (12 % response probability), 158 ± 101 ms (12 %), 74 ± 4.8 ms (90 %) and 143 ± 96 ms 

(42%); L5: 114 ± 13 ms (24 %), 133 ± 87 ms (38 %), 155 ± 54 ms (70 %),186 ± 92 ms (10 %); 

Figure 4K). The strong, reliable and with short latency, activation of L6 interneurons suggests 

a direct activation of the interneurons via L6-Ntsr1 cells (the average latency to the first opto-

induced spike was 8 ± 1 ms in L6-Ntsr1 cells (n = 14). Some interneurons were photo-activation 

decreased or had no effect of spiking also displayed the “rebound effect” (one example in 

Figure 4H), suggesting that they were also inhibited by infragranular interneurons. In summary, 
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the data indicate that the decrease in spontaneous activity recorded in vivo in excitatory neurons 

is due to the activation of infragranular GABAergic interneurons. This is consistent with data 

from somatosensory cortex recorded in the brain slice preparation (Kim et al., 2014) and in 

vivo in the visual cortex (Bortone et al., 2014).   

The L6-Ntsr1 cells have both cortical and thalamic projections. In line with previous results 

(Mease et al., 2014), I found that photo-activation of L6-Ntsr1 cells can increase the 

spontaneous firing rate of VPM cells (Figure 4L; Control: 2.24 ± 0.49 Hz; L6-Ntsr1 activation: 

5.28 ± 1.35 Hz; n = 11; p = 0.0088; paired t-test) with a peak at around 100 ms after the onset 

of the light pulse (Figure 4M). Interestingly, a rebound response occurs also in the VPM cells 

and with a shorter latency than in the cortical cells (Figure 4N). This indicates that the “rebound 

effect” in excitatory cells can be caused by both thalamic and cortical activity. 

3.3 Limited Effect of L6-Ntsr1 Inactivation on Spontaneous Activity 

Whereas the activation of L6-Ntsr1 cells on average decreased the spontaneous activity, their 

inactivation did not produce a clear opposite effect. In most of the cells (83 %, 82 of 99; 16 

cells excluded, see Methods) there was no significant change in spontaneous spiking. In L4, 

the cells that did show a significant change (chi-square test for a Poisson distribution, see 

Methods), all decreased their activity (Table 2; Figure 5A). Averaged over all L4 cells, the L6-

Ntsr1 inactivation decreased the resting activity (n = 28; control: 1.95 ± 0.67 Hz; L6-Ntsr1 

inactivation: 1.44 ± 0.47 Hz; p = 0.0340; Wilcoxon test; Figure 5B). In L5/6, the cells that did 

show a significant change displayed a mix of effects (increase 7/12; decrease 5/12) but no 

significant change on average over the entire L5 and L6 non-Ntsr1 cells (Wilcoxon; L5: p = 

0.8762; L6: p = 0.7960). Interestingly, in the L4 cells where L6-Ntsr1 inactivation decreased 

spontaneous activity, this decrease was, in contrast to the decrease induced by photo-activation, 

not followed by a rebound effect. This difference suggests that different underlying 

mechanisms are responsible for the decreased activity (Figure 5C).  

Spontaneous spiking in GABAergic interneurons (3 cells in L2/3, 2 in L4, 5 in L5 and 7 in L6) 

was not significantly affected by photo-inactivation of L6-Ntsr1 cells (chi-square test for a 

Poisson distribution). In one L5 interneuron spiking decreased.  

In VPM, (Figure 5D) spontaneous spiking was on average not affected (n = 16; control: 2.42 ± 

0.48 Hz; L6-Ntsr1 inactivation: 2.19 ± 0.36 Hz; p = 0.2427, paired t-test). Notably, however, 

in 2 VPM cells, with a relatively high spontaneous activity, there was a significant decrease 

followed by a rebound effect (chi-square test for a Poisson distribution; cell 1: control, 2.9 Hz; 
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L6-Ntsr1 photo-inactivation, 1.8 Hz / cell 2: control, 8.1 Hz; L6-Ntsr1 photo-inactivation, 5.8 

Hz; example in Figure 5E). If a proportion of VPM cells decrease there spiking with photo-

inactivation (and none increase) this will contribute to the reduced activity seen in the cortical 

L4 cells (Figure 5B), which receives a strong VPM input. The much weaker effect on 

spontaneous activity when silencing the L6-Ntsr1 cells could be because the spontaneous 

activity in these cells is already relatively low (0.07 ± 0.06 Hz, n = 14; this average includes 

10 cells that were confirmed to be L6-Ntsr1 cells with photo-activation, but where the 

spontaneous activity was zero in control; two cells (1 and 5.5 Hz spiking rate) were excluded 

since they were identified as outliers using the ROUT method (Motulsky and Brown, 2006) as 

implemented in GraphPad Prism (GraphPad Software, CA, USA). 
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FIGURE 4: EFFECT OF L6-NTSR1 ACTIVATION ON 

SPONTANEOUS SPIKING 
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A. Effect of L6-Ntsr1 activation on the average spontaneous spiking rate in excitatory cells 

in the different cortical layers. The decrease was statistically significant in all layers 

expect layer 4 (L2/3: n=15, p = 0.0288; L4: n=36, p = 0.0811; L5: n=42, p = 0.0056; 

L6 non-Ntsr1: n=31, p = 0.0324. paired t-test) Data are represented as mean ± SEM (in 

all panels except J). 

B. Although the effect on average was a decrease, it was clear that the effect of L6-Ntsr1 

photo-activation varied substantially between cells. Therefore, cells were evaluated 

individually using a chi-square test and the effect was normalized and plotted as an 

“opto-index, OI” ((spiking in opto – spiking in ctrl) / (spiking in opto + spiking in ctrl)). 

Negative/positive OI means that spiking decreased/increased with light stimulation. 

Cells are classified by layer and the cells showing a significant change are shown in 

color. Black dots are cells with no significant effect and they are all placed at OI = zero. 

N = 96. 

C. Example of a decrease in spontaneous spiking induced by L6-Ntsr1 photo-activation 

(L5 excitatory cell, depth: 655 μm). Note the rebound excitation at 1 s. Inset shows 

extracellularly recorded spike shape.  

D. Example of an increase in spontaneous spiking induced by L6-Ntsr1 photo-activation 

(L5 excitatory cell, depth: 642 μm). 

E. Average OI for the excitatory cells showing a significant decrease of their activity 

following the optogenetic light activation of L6-Ntsr1 cells. No significant difference 

between layers (one-way ANOVA, p = 0.6608). 

F. Average “rebound index” ((1 – (spikes in ctrl/ spikes in opto)), the larger the value the 

stronger was the rebound) for excitatory cells showing a significant increase in spiking 

following the offset of the light pulse (one example of a rebound effect seen in panel 

C). The rebound showed a depth dependent effect being the strongest in L2/3 and 

weakest in L5 and L6 (One-way ANOVA; p = 0.0174). 

G. Effect of the L6-Ntsr1 photo-activation on the spontaneous spiking in GABAergic 

interneurons. Effect quantified as an opto-index “OI” and plotted as described for the 

excitatory cells in panel B. Cells showing a significant change are shown in color. N = 

37. 

H. Example of the decreasing effect of L6 Ntsr1 photo-activation on an interneuron (L4 

cell, depth: 323 μm). 
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I. Example of an increase in spontaneous spiking in an interneuron induced by L6-Ntsr1 

photo-activation (L6 GABAergic interneurons, depth: 815 μm). Inset shows the 

extracellularly recorded spike shape typical of a GABAergic interneuron. 

J. There was no depth dependent effect (p = 0.2304, unpaired t-test) of photo-activation 

with interneurons where L6-Ntsr1 photo-activation decreased spontaneous spiking 

(depth 568 ± 59 μm, n=15) and cells where the activity increased (678 ± 69 μm, n=11).  

Data presented as mean ± SD.  

K. Plotted are all interneurons displaying a positive OI (meaning increased spiking with 

L6-activation). Same color code as G. Mean latency of the first spike (measured in 50 

sweeps for each cell) emitted after the 470nm light onset plotted against the standard 

deviation. The L6-interneurons (orange filled circles) where activated on every 

stimulation (filled circle = responded to every light pulse), which was not the case for 

interneurons in other layers (median response probability (minimum one spike) = 31 

%, range: 12-90 %). The three L6 interneurons thus appear to be directly activated by 

L6-Ntsr1 cells. 

L. L6-Ntsr1 activation increased spontaneous spiking in VPM cells. (Control: 2.7 ± 0.6 

Hz; L6-Ntsr1 activation: 7.1 ± 1.6 Hz; p = 0.0085; n = 11; paired t-test) 

M. Recordings from 8 VPM cells with activity increasing with a 470 nm light pulse (blue 

bar = 300 ms). The increase activity peaks 100 ms after the onset of the blue light. 

N. Difference in the latencies of the thalamic and cortical “rebound effect”. The thalamic 

one is triggered sooner in time than the cortical one. Time zero is at the offset of the 

light pulse.  
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Table 1, related to Figure 4. Effect of L6-Ntsr1 activation on 

spontaneous activity in excitatory cells 

Total 

number of 

cells per 

layer 

 

Numbe

r of 

cells 

include

d 

No 

significan

t change 

Decreased spiking Increased spiking 

% cells showing a decrease % cells showing an increase 

Control (Hz) 

L6-Ntsr1 

activation 

(Hz) 

Control 

(Hz) 

L6-Ntsr1 

activation 

(Hz) 

L2/3 15 8  50% (4) 

50% (4) 

zero 

1.22 ± 0.74  0.42 ± 0.33  

L4 36 28 39% (11) 

50% (14) 11% (3) 

3.21 ± 0.82  1.25 ± 0.41  2.53 ± 1.80 5.71 ± 3.42  

L5 42 36 22% (8) 

64% (23) 14% (5) 

3.21 ± 0.71 0.88 ± 0.21 0.57  ± 0.21 1.31 ± 0.35 

L6  31 24 38% (9) 

58% (14) 4% (1) 

2.95 ± 0.88 0.71 ± 0.38 0.07   0.47 

Tota

l 
124 96 32 55 9 

 

Data presented as mean ± SEM  

 



40 

 

 

FIGURE 5: EFFECT OF L6-NTSR1 INACTIVATION ON 

SPONTANEOUS SPIKING 
A. Effect of the L6-Ntsr1 inactivation on the resting activity of excitatory cells using the 

“optogenetic index, OI”. Cells are classified by layer and the cells showing a significant 

change are shown in color (n = 99). 

B. Photo-inactivation of L6- Ntsr1 cells decreased spontaneous spiking in L4 (n = 28; 

control: 1.95 ± 0.67; L6-Ntsr1 inactivated: 1.44 ± 0.47; p = 0.0340; Wilcoxon test). The 

average effect was not significant in the other layers (L2/3: n = 3; ctrl: 3.00 ± 2.42; L6-

inact.: 2.47 ± 2.11; p = 0.2500); (L5: n = 52; ctrl: 2.49 ± 0.62; L6-inact.: 2.52 ± 0.63; p 

= 0.8762); (L6: n = 32; ctrl: 1.52 ± 0.32; L6-inact.: 1.56 ± 0.32; p = 0.7960). Data are 

represented as mean ± SEM 

C. PSTH of a L4 excitatory cell showing a depressed activity with L6-Ntsr1 inactivation. 

Sum from 90 sweeps. 

D. L6-Ntsr1 inactivation did not significantly modify the spontaneous spiking when 

averaging over the total VPM cell population (n = 16; control: 2.42 ± 0.48 Hz; L6-Ntsr1 

inactivation: 2.19 ± 0.36 Hz; p = 0.2427, paired t-test). Data are represented as mean ± 

SEM 

E. PSTH of a VPM cell where L6-Ntsr1 inactivation clearly decreased spontaneous 

activity and where this was followed by a rebound excitation ~100 ms after the offset 

of the light pulse. 
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Table 2, related to Figure 5. Effect of L6-Ntsr1 inactivation on 

spontaneous activity in excitatory cells 

Total 

number of 

cells per 

layer 

 

Numbe

r of 

cells 

include

d 

No 

significan

t change 

% cells showing a decrease 

% cells showing an 

increase Control freq. 

(Hz) 

L6-Ntsr1 

inhibition 

(Hz) 

L2/3 3 2 100% (2) zero zero 

L4 28 23 78% (18) 

22% (5) 

zero 

6.28 ± 3.07 4.12 ± 2.30 

L5 52 48 90% (43) 

4% (2) 6% (3) 

0.70 ± 0.37 0.27 ± 0.20 1.09 ± 0.45 
2.31 ± 

0.66 

L6  32 26 73% (19) 

12% (3) 15% (4) 

3.20 ± 2.03 2.16 ± 1.56  1.23 ± 0.58 
2.90 ± 

1.33 

Total 115 99 82 10 7 

 

Data presented as mean ± SEM  
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3.4 L6-Ntsr1 activation alters whisker-evoked responses  

Having established that photo-stimulation of L6-Ntsr1 cells changes cortical network 

excitability, I next investigated how this will influence whisker-evoked activity. Juxtacellular 

recordings were made from excitatory cells in layers 2 to 6 in barrel cortex while moving the 

principal whisker and photo-activating L6-Ntsr1 cells. The whisker-evoked response (spikes / 

100 ms) was measured in 56 excitatory cells throughout all layers of barrel cortex (Table 3; no 

separation was made between cells where photo-activation increased, decreased or had no 

effect on spontaneous activity).  

L6-Ntsr1 activation caused a significant reduction of the whisker-evoked response in all layers 

except L5. (Table 3; Figure 6A-B). The decrease in the average number of spikes per whisker-

deflection, observed during L6-Ntsr1 activation, can be caused by a reduced response 

probability and/or a reduced number of whisker evoked spikes per successfully detected 

whisker deflection. To disentangle these different possibilities, I did complementary analyses. 

L6-Ntsr1 activation caused a reduced response probability in all layers except L5, contributing 

to the reduced whisker-evoked response (Figure 6C). Furthermore, it appears that activation of 

L6-Ntsr1 cells does not significantly change the number of spikes per successful response 

(defined as at least one spike in a 100 ms time window) for layers 2-5, but only in layer 6 

(Figure 6D). In conclusion, the biggest reduction of the whisker-evoked response, caused by 

photo-activation of L6-Ntsr1 cells, was in layer 6 non-Ntsr1 cells. This is caused by a reduction 

of response probability and a reduced number of spikes per successful response.  
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FIGURE 6: L6-NTSR1 ACTIVATION DECREASE EVOKED 

SPIKING 
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A. Scatter plot showing on the x-axis the average number of spikes elicited per whisker 

deflection (in a 100 ms time window) in control and on the y-axis with L6-Ntsr1 

activation. The top panel is L2/3 (n = 11 cells) and the next panels in the vertical 

direction show, from top to bottom, L4 (n = 13), L5 (n = 18) and L6-non Ntsr1 (n = 

14). 

B. The same data as in panel A, but now shown as the averaged whisker-evoked response 

per layers for each condition. A significant decrease was found for all layers except L5. 

(L2/3: ctrl: 0.40 ± 0.11; L6-act.: 0.22 ± 0.09; p = 0.0181); (L4: ctrl: 0.63 ± 0.10; L6-

act.: 0.39 ± 0.14; p = 0.0048); (L5: ctrl: 0.87 ± 0.14; L6-act.: 0.75 ± 0.16; p = 0.3435); 

(L6: ctrl: 0.95 ± 0.20; L6-act.: 0.34 ± 0.15; p = 0.0012). Data are represented as mean 

± SEM in panels B-D. 

C. The averaged response probability (whisker evoked responses with at least one spike) 

decreased in all layers. Data presented as: (n; RP in control; RP in L6-activation; p-

value paired t-test); (L2/3: 11; 33 ± 10; 19 ± 8; 0.0161); (L4: 13; 39 ± 5; 21 ± 5; 0.0006); 

(L5: 18; 53 ± 7; 45 ± 8; 0.1663); (L6: 14; 57 ± 8; 23 ± 8; 0.0012). 

D. The number of spikes per successful response (at least one spike in the 100 ms 

following the whisker deflection) averaged in each condition for all cells belonging to 

a specific layer (number of cells in this data lower due to RP = 0 for some opto 

condition. Significance is reach for L6 where a 24% decrease on the number of spikes 

per detected incoming information is triggered. Data presented as: (n; Number of spikes 

in control; Number of spikes in L6-activation; p); (L2/3: 8; 1.51 ± 0.36; 1.15 ± 0.12; 

0.4036); (L4: 13; 1.38 ± 0.08; 1.42 ± 0.11; 0.6970); (L5: 16; 1.62 ± 0.11; 1.63 ± 0.14; 

0.8933); (L6: 11; 1.75 ± 0.16; 1.34 ± 0.13; 0.0094). 
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Table 3, related to Figure 6. Effect of L6-Ntsr1 activation on cortical 

responses to whisker deflections recorded in excitatory cells 

 
Control 

Spikes 

per WD 

L6-Ntsr1 

activation 

Spikes per 

WD 

Average 

decrease 

Paired t-

test, p-

value 

L2/3 

(n=11

) 

0.40 ± 

0.11 

0.22 ± 

0.09 
45 % 0.0181 

L4 

(n=13

) 

0.63 ± 

0.10 

0.39 ± 

0.14 
38 % 0.0048 

L5 

(n=18

) 

0.87 ± 

0.14 

0.75 ± 

0.16 
- 0.3435 

L6 

(n=14

) 

0.95 ± 

0.20 

0.34 ± 

0.15 
64 % 0.0012 

 

Data presented as mean ± SEM; WD = whisker deflection 
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3.5 L6 activation increases the evoked-to-spontaneous ratio in cortex  

Photo-activation of L6-Ntsr1 cells decreased the whisker-evoked response and also 

spontaneous spiking. In cells where there was a decreased spontaneous spiking, the relative 

decrease of the spontaneous activity was larger than the decrease in the whisker-evoked activity 

(Figure 7A-C). A larger relative decrease in the spontaneous activity means that with L6 photo-

activation the evoked-to-spontaneous ratio increased. The increased difference between evoked 

and spontaneous spiking can also be expressed by calculating the standard detection theory 

variable d-prime (Macmillan and Creelman, 2005). The spiking histogram used to calculate d-

prime shows the increase sensitivity with L6-activation. A larger d-prime means a better 

detection of a true positive event (Figure 7B). Furthermore, it can be noticed that the 

spontaneous frequency distribution is sharper (SD is smaller) with L6-activation compared to 

control, thus allowing an easier detection of events outside the spontaneous spiking range. 
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FIGURE 7: L6-NTSR1 ACTIVATION INCREASED EVOKED-

TO-SPONTANEOUS RATIO 
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A. Scatter plot showing on the x-axis the relative change in spontaneous activity with L6-

activation and on the y-axis, for the same respective cells, the relative change in the 

whisker-evoked response (WER). Only cells showing a significant decrease in their 

spontaneous spiking are plotted. Color coding same as in Figure 4. Linear regression 

analysis shows that the slope is significantly non-zero (p < 0.0001), with a slope = 1.2. 

A slope > 1 means that the evoked-response is less decreased then the spontaneous 

activity, leading to an increased evoked-to-spontaneous ratio with L6-activation. 

B. A Gaussian spiking distribution generated based on mean and standard deviation from 

the respective spike counts of spontaneous spiking or whisker-evoked response in 

control or with L6-activation (n = 20 cells). Inset: The sensitivity index (d´), a measure 

of the separation of the signal and noise distributions, increased following L6-

activation, implicating a better separation of true from false positive events (Bar graph: 

Control: 2.4 ± 0.3; L6-activation: 6.6 ± 2.0; p = 0.0408; paired t-test). Data are 

represented as mean ± SEM. 

C. Upper panel: raw traces (50 sweeps overlaid). Arrow marks deflection of the principal 

whisker (every 3 seconds). Lower panel: L6-activation decreased both the spontaneous 

and the whisker-evoked response. But since the relative decrease of spontaneous 

spiking was larger the evoked-to-spontaneous ratio increased. Scale bar = 10 ms. 

D. Simultaneous in vivo electrophysiology recording from a VPM cell and a L5 cell in a 

cortical barrel. Each cell pair (n = 13) was recorded with 1-3 different delays, varying 

between 100 (blue), 140 (red) or 320 ms (green), between onset of optogenetic 

stimulation and whisker stimulation. Both cells have the same principal whisker. The 

effect of L6-Ntsr1 activation on the WER in VPM is plotted on the y-axis and the 

corresponding effect of a simultaneous recorded L5 cell on the x-axis. No significant 

linear correlation between the relative change of the whisker-evoked response (R2 = 

0.134; p = 0.0784). 

E. Example of a dual in vivo extracellular recording (aligned VPM barreloid neuron, and 

barrel cortex L5 excitatory neuron) in control condition. Arrow marks deflection of the 

principal whisker (every 3 seconds). Upper panel: Extracellular recorded spikes in a 

VPM neuron (50 aligned sweeps). Lower panel: Extracellular recorded spikes in a L5 

excitatory neuron (50 aligned sweeps). Neurons were recorded simultaneously and the 

whisker-evoked response was recorded and plotted in D. Scale bar = 10 ms 

F. Same dual recording as in E but with L6-activation (blue bar). Scale bar = 10 ms 
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3.6 L6 activity can modify cortical and thalamic activity independently 

To investigate how the effect of L6-Ntsr1 activation on thalamic and cortical activity is related, 

dual aligned recordings were performed from aligned barreloid-barrel cells (corresponding to 

the same principal whisker). A tungsten electrode was used to obtain single-unit recordings in 

VPM and subsequently a glass pipette was used to search for a cortical L5 neuron in the aligned 

cortical barrel. I chose to record from layer 5 since it is an output layer and as such might better 

reflect the summed effect of L6-Ntsr1 cell activation in cortex. Furthermore, in layer 5, L6-

Ntsr1 activation had the most diverse effect with both increased and decreased activity, and 

this in combination with using different latencies (100, 140 and 320 ms) between the 

optogenetic light onset and the whisker deflection, allowed that the cortical and thalamic 

responses could be studied over a broader range of activities. A possible correlation between 

the cortical and the thalamic response was quantified by comparing the relative change in the 

whisker-evoked response with L6-Ntsr1 photoactivation (Figure 7D-F). Each data point in 

figure 7D shows on the x-axis the relative change in the whisker-evoked activity measured in 

VPM with and without photoactivation (n = 13 for 24 data points). On the y-axis is plotted the 

simultaneously measured whisker-evoked response in a L5 cell (ratio between response with 

and without L6 photoactivation). The linear correlation between the relative change of the 

whisker-evoked response in cortex and thalamus did not quite reach statistical significance 

(Figure 7D; R2 = 0.134; p = 0.0784). It can be concluded that the effect of L6-Ntsr1 activation 

on the cortical L5 output cannot strongly predict, at least not with a linear correlation, the effect 

of photo-activation on VPM spiking activity. A possible negative trend level correlation could 

be because in some cases L6-activation on the one hand depolarizes VPM neurons so that they 

increase their whisker-evoked response (x-axis), but then on the other hand decreases cortex 

activity (y-axis) via activation of GABAergic interneurons. 

Sensory filtering in VPM thalamus is presumed to be dependent on the thalamic response 

mode, broadly characterized as “burst” vs. “tonic” (Mease et al., 2014, Mease et al., 2017). In 

the present study L6-Ntsr1 photo-activation increased spontaneous firing in VPM, an increase 

which provided an additive effect to the whisker-evoked responses in VPM (n = 13 single-unit 

recordings for 29 data points; more than one data point from some cells because data was 

acquired with different latencies between the optogenetic light onset and the whisker deflection 

onset; Interaction p = 0.4722; two-way ANOVA with repeated measures on both factors; data 

not shown). L6-Ntsr1 activation did not alter the response probability (control: 80.1 ± 2.7%; 

L6-activation: 80.5 ± 3.3%; p = 0.9079; paired t-test; data not shown), nor was there any change 
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in burstiness, quantified as percentage of successful response where at least one burst occurred 

(control: 26.1 ± 3.5%; L6-activation: 29.7 ± 4.1%; p = 0.0889; paired t-test; data not shown). 

That no change was seen in burstiness could imply that in these experiments the VPM cells 

were already quite depolarized, thus being in the “tonic” response mode (Mease et al., 2014, 

Urbain et al., 2015), where further L6 CT driven activation does not change burstiness. 

 

3.7 Effect of L6-Ntsr1 inactivation on whisker responses in cortex and thalamus  

Juxtacellular recordings were done in layers 4-6 and whisker-evoked responses were measured 

with and without L6-Ntsr1 inactivation. In all layers, there was no effect of photo-inhibition 

on the low-frequency (0.3 Hz) whisker-evoked response (no effect of total number of spikes, 

Figure 8A-B, Table 4), response probability (Figure 8C) and number of spikes per successful 

response.  

The effect of L6-Ntsr1 photo-inhibition on whisker-evoked responses was also measured in 

VPM thalamus. Juxtacellular recordings were performed using a glass pipette to obtain single 

cell recordings in VPM. L6 inactivation did not affect the whisker-evoked response (n = 16 

cells; control condition: 0.56 ± 0.18 spikes per whisker deflection (WD); L6-Ntsr1 inactivation: 

0.60 ± 0.25 spikes per WD; p = 0.6413; paired t-test; data not shown), or the response 

probability (n = 16 cells; control condition: 28.6 ± 5.1 %; L6-Ntsr1 inactivation: 27.5 ± 6.4 %; 

p = 0.5885; paired t-test). 
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FIGURE 8: EFFECT OF L6-NTSR1 INACTIVATION ON 

EVOKED SPIKING 

A. Scatter plot showing on the x-axis the average number of spikes elicited per whisker 

deflection (in a 100 ms time window) in control and on the y-axis with L6-Ntsr1 

inactivation. The top panel is L4 (n = 10 cells) and the next panels in the vertical 

direction show, from top to bottom, L5 (n = 19) and L6-non Ntsr1 (n = 12). 

B. The same data as in panel A, but now shown as the averaged whisker-evoked response 

per layer for each condition. No significant changes were found. (L4: ctrl: 1.16 ± 0.30; 

L6-inact.: 1.08 ± 0.30; p = 0.4666); (L5: ctrl: 0.67 ± 0.18; L6-inact.: 0.63 ± 0.18; p = 

0.2708); (L6: ctrl: 0.49 ± 0.13; L6-inact.: 0.46 ± 0.13; p = 0.4889). Data are represented 

as mean ± SEM in panels B-C. 

C. The averaged response probability (RP; whisker evoked responses with at least one 

spike) did not change in any of the layers. Data presented as: (n; RP in control; RP in 

L6-activation; p-value paired t-test); (L4: 10; 69 ± 10 %; 72 ± 9 %; p = 0.3403); (L5: 

19; 54 ± 7 %; 51 ± 8 %; p = 0.1681); (L6: 12; 48 ± 9 %; 43 ± 8 %; p = 0.0838). 
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Table 4, related to Figure 8. Effect of L6-Ntsr1 inactivation on 

cortical responses to whisker deflections recorded in excitatory cells 

 

 

Control 

Spikes 

per WD 

L6-Ntsr1 

activation 

Spikes per 

WD 

Average 

decrease 

Paired t-

test, p-

value 

L4 

(n=10

) 

1.16 ± 

0.30 

1.08 ± 

0.30 
- 0.4666 

L5 

(n=19

) 

0.67 ± 

0.18 

0.63 ± 

0.18 
- 0.2708 

L6 

(n=12

) 

0.49 ± 

0.13 

0.46 ± 

0.13 
- 0.4889 

Data presented as mean ± SEM; WD = whisker deflection 
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3.8 L6-Ntsr1 activation reduces sensory adaptation in cortex 

It has been shown (Mease et al., 2014) that L6 stimulation reduces the adaptation of thalamic 

responses to repetitive whisker stimulation, thereby presumably allowing thalamic neurons to 

more reliably relay higher frequencies of sensory input. To study how L6 activation contributes 

to sensory adaptation in cortex, the whiskers were deflected with 8 Hz trains (Figure 9), similar 

to that done when examining thalamic responses (Mease et al., 2014). In control condition 

whisker-evoked responses (8 deflections at 8 Hz, every 3 seconds) decreased with successive 

whisker deflections (Figure 9A-D; Table 5). Adaptation was quantified comparing the whisker-

evoked response (number of spikes without subtracting spontaneous activity) for the first 

compared to the last (8th) stimulation. Activation of L6-Ntsr1 cells decreased the 1st whisker 

deflection in all layers (control; L6 activation; two-way ANOVA repeated measures on both 

factors with Sidak's multiple comparisons test); L2/3: (0.40 ± 0.13 spikes/stim.; 0.20 ± 0.09 

spikes/stim.; p < 0.05); L4: (1.42 ± 0.47; 0.50 ± 0.26; p < 0.0001); L5: (0.49 ± 0.12; 0.22 ± 

0.06; p < 0.0001); L6: (0.76± 0.15; 0.30± 0.11; p < 0.0001). In contrast to control there was no 

adaptation of the whisker-evoked response when L6-Ntsr1 cells were activated, thus the 

response remained on average constant during the eight whisker deflections (Table 5). The lack 

of adaptation when L6-Ntsr1 cells were photo-activated was not caused by a decrease in L6-

Ntsr1 spiking during the light pulse, because spiking in L6-Ntsr1 cells decreased rapidly after 

the first 100 ms preceding the whisker stimulation but then remained fairly constant during the 

whisker deflection protocol (Figure S4). Photo-inhibition of L6-Ntsr1 cells did not change 

sensory adaptation in cortex (Figure 9E-G; Table 6). 
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FIGURE 9: L6-NTSR1 REDUCED ADAPTATION 
A. to D. Whisker stimulation at 8 Hz (8 deflections at 8 Hz). The first whisker deflection 

response is reduced with L6 activation condition, in line with low frequency data. The 

adaptation is seen in all layers in control, but is lost with L6-activation (blue line and 

symbols). Y-axis shows the average number of spikes evoked by each whisker 

deflection (L2/3: n = 6; L4: n = 9; L5: n = 16; L6 (non-Ntsr1): n = 13). In control the 

whisker evoked responses adapted in each layer (comparing 1st stim to average of 

stimulation 8), but not with L6-activation (“Opto”). (see Table 5 for numbers and 

statistics). Data are represented as mean ± SEM in all panels. 

E. to G. L6-inactivation (yellow line and symbols) had no effect on adaptation to a train 

of 8 Hz whisker deflections. Plot showing the average number of spikes elicited per 

each whisker deflection in the 8Hz train in both conditions (control and L6 inactivation) 

for each layer (E: L4 (n = 3); F: L5 (n = 10); G: L6 (n = 6)). Numbers and statistics in 

Table 6. 
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Table 5, related to Figure 9. L6-Ntsr1 activation abolished adaptation 

to high frequency (8 Hz) whisker deflections 

 

 

 

 

 

 

 

 

 

 

 

Average number of spikes per 100 ms following whisker deflection. Mean ± SEM 

The first stimulation was reduced in all layers, comparing “control” with “opto” separately for 

each layer (L2/3, p < 0.01; L4, p < 0.0001; L5 p < 0.001, L6, p < 0.0001; repeated measures 

two-way ANOVA matching both factors with Sidak's multiple-comparisons test). In control 

the whisker evoked responses adapted in each layer (comparing 1st stim with stimulation 8), 

but not with L6-activation (“Opto”) (repeated measures two-way ANOVA matching both 

factors with Dunnett's multiple comparisons test; *p < 0.05, **p < 0.01, ***p < 0.001, **** p 

< 0.0001. 

 

 

 

 

 

 

 

  1st stim 8th stim Statistics 

L2/3 

 (n=6) 

Control 0.40 ± 0.13 0.20 ± 0.09 ** 

Opto 0.24 ± 0.11 0.22 ± 0.10 ns 

L4  

(n=9) 

Control 1.42 ± 0.47 0.69 ± 0.23 **** 

Opto 0.50 ± 0.26 0.67 ± 0.21 ns 

L5  

(n=16) 

Control 0.49 ± 0.12 0.31 ± 0.09 *** 

Opto 0.22 ± 0.06 0.23 ± 0.08 ns 

L6  

(n=13) 

Control 0.76 ± 0.15 0.41 ± 0.11 **** 

Opto 0.30 ± 0.11 0.39 ± 0.17 ns 
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Table 6, related to Figure 9. Effect of L6-Ntsr1 inactivation on 

cortical responses to high frequency (8 Hz) whisker deflection 

  1st stim 8th stim Statistics 

L4 

(n=3) 

Control 0.53 ± 0.31 0.25 ± 0.17 ** 

Opto 0.53 ± 0.40  0.19 ± 0.09 *** 

L5 

(n=10) 

Control 0.35 ± 0.11 0.13 ± 0.03 **** 

Opto 0.35 ± 0.13 0.12 ± 0.04 **** 

L6 

(n=6) 

Control 0.30 ± 0.14  0.11 ± 0.03 **** 

Opto 0.33 ± 0.18  0.10 ± 0.04 **** 

Average number of spikes per 100 ms following whisker deflection. Mean ± SEM 

No significant effect on the first whisker stimulation comparing control and L6-activation 

(“opto”), and in both conditions the responses adapted (stim 8 smaller than 1st stim; One-way 

ANOVA with Dunnett post test; *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001.) 
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3.9 L6-Ntsr1 and cortical direction selectivity 

 

See (Figure 3F, Figure S9 and result part 3.1.2 & 3.1.3) for cortical expression of a double-

floxed AAV expressing ChR2 in a Gad2-cre and Ntsr1-cre mouse line. Juxtacellular in vivo 

recordings were done from layer 4 and 5 excitatory cells in both Ntsr1-cre and Gad2-cre mice. 

Juxtacellular recordings of the VPM thalamus were made in Ntsr1-cre only. Around 30% of 

the cortical data in Ntsr1 animals have been recorded by Nadja Schwarz, a bachelor student of 

Ruhr-Universität Bochum. 

Whisker-evoked spiking was measured in response to deflections of the whisker in 8 different 

directions (one full turn with 45 degree difference; establish by Simons, D.J. 1983). For each 

cell the direction that elicited the largest average number of spikes was called “principal 

direction” (PD; Figure 10).  In a polar plot of the whisker-evoked responses, to different 

directions, both layer 4 and 5 excitatory cells (L4: n = 25 (13 cells from Ntsr1 animals and 12 

cells from Gad2 animals); L5: n = 24 (12 cells from each mouse line)) show a typical “drop 

shape” (Figure 11A) indicative of orientation tuning (Kida et al., 2005, Wilent and Contreras, 

2005a, Puccini et al., 2006, Bale and Petersen, 2009, Vilarchao et al., 2018). Calculating the 

directional selectivity individually for each L4 cell shows that on average the max response 

was 142% greater (range: 29 – 300%) to the preferred direction than to the response averaged 

over all directions. Furthermore the average OD response in L4 represent 38% of the average 

PD. Calculating the directional selectivity individually for each L5 cell shows that on average 

the max response was 112% greater (range: 29 – 430%) to the preferred direction than to the 

response averaged over all directions. Furthermore the average OD response in L5 represent 

47% of the average PD. No specific direction appear to be the most responsive and the 

repartition of the PD appear to be well distributed (Figure S11). Figure 11B shows the 

normalized whisker-evoked responses, plotted against the distance (in degrees) from the 

Principal direction (PD). In fact, the response decrease with distance (in degrees) from the PD 

is slower in L5 than in L4. The greater direction selectivity index (see material and methods 

and (Wilent and Contreras, 2005a)) for L4 (DSI = 6.59) then L5 (DSI = 3.23) means that L4 is 

more directional selective than L5; this is in line with the fact that selectivity probably 

originates from the anatomically precise convergence of thalamic inputs (Wilent and Contreras, 

2005b).  

Furthermore, to emphasize the fact that excitatory cells in L4 are more orientation tuned than 

L5, I plotted the median first spikes latency (latency of first spike occurring minimally 5 ms 



58 

 

after the whisker deflection (WD) and maximally 100 ms after WD) of the principal direction 

against the median first spikes latency of all other directions (Figure 11C-D). It appeared that 

in L4 the median first spike latency for PD is shorter than the one for all other directions, which 

is not the case for L5. (Layer; n; latency of PD; latency of ALL except PD; Wilcoxon test p-

value) (L4; n = 22; 16.92 ± 2.57 ms; 20.77 ± 3.39 ms; p = 0.0053) (L5; n = 23; 31.44 ± 4.34 

ms; 30.78 ± 3.84 ms; p = 0.6010). Three cells in L4 and one in L5 were excluded since they 

were identified as outliers (latency of PD; latency of ALL except PD in L4: (cell1: 72.40 ms; 

82.10 ms); (cell2: 49.40 ms; 19.01 ms); (cell3: 41.50 ms; 21.25 ms) and in L5: (cell1: 77.40 

ms; 31.30 ms) using the ROUT method (Motulsky and Brown, 2006) as implemented in 

GraphPad Prism (GraphPad Software, CA, USA). 
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FIGURE 10: DIRECTION SELECTIVITY: EXPERIMENTAL 

PROTOCOL 
Scheme of the experimental protocol. The whisker was deflected in 8 different directions 

separated by 45 degree. Here 25 whisker deflections per angle (so 5 turns), the whisker 

deflection time is marked as a vertical red bar at 0.3 seconds in the PSTH. The red circle shows 

the principal direction, meaning in which direction the recorded neuron answers the best in 

terms of spikes per WD in a 100ms time window. The right scheme display the number of 

spikes per WD for each angle in a 100ms time window.  
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FIGURE 11: DIRECTION SELECTIVITY IS SHARPER IN 

LAYER 4 
A. Averaged whisker-evoked response (number of spikes in 100 ms after whisker 

deflection) for each direction. PD = principal direction = direction in which individual 

cell triggered the most APs (see material and methods). It can be noticed that the L4 

profile shape is looking like a drop and that the L5 profile is more roundish. For A to 

D: L4: n = 25; L5: n = 24. 

B. Same data as in A. plotted as distance from PD. So 45 = average WER of +45 and -45. 

It can be noticed that L4 cells displayed a stronger decrease of the WER with distance 

to the PD since the direction selectivity index for L4 = 6.59 and L5 = 3.23. 

C. Median of first spike latency for the principal direction (PD) and for the seven other 

directions (ALL) for 22 L4 excitatory cells in control condition in both mouse lines 

(Ntsr1 and Gad2). Data in ms, p-value of paired Wilcoxon test: ALL: 20.77 ± 3.39 ms; 

PD: 16.92 ± 2.57 ms; p = 0.0053. 

D. Median of first spike latency for the principal direction (PD) and for the seven other 

directions (ALL) for 23 L5 excitatory cells in control condition in both mouse lines 

(Ntsr1 and Gad2). Data in ms, p-value of paired Wilcoxon test: ALL: 30.78 ± 3.84 ms; 

PD: 31.44 ± 4.34 ms; p = 0.6010. 
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3.10 L6-Ntsr1 activation abolished directional information in L4 and L5 excitatory 

cells.  

Juxtacellular recordings were made from excitatory cells in layers 4 and 5 of barrel cortex while 

moving the principal whisker in eight different directions with or without photo-activating 

either L6-Ntsr1 cells conducting to the activation of infragranular FS-GABAergic interneurons 

either photo-activating non-specific GABAergic cells throughout the cortex (Gad2-cre mouse 

line; see Figure 3). The whisker-evoked response (spikes / 100 ms) was measured in 49 

excitatory cells (Ntsr1: 13 L4 and 12 L5 cells; Gad2: 12 L4 and 12 L5 cells). Both L6-Ntsr1 

and Gad2 photo-activation caused a significant reduction of the whisker-evoked responses. It 

can be noticed that for both mouse lines, photo-activation is causing a stronger decrease in L4 

than in L5 for the same light intensity; in line with (Pauzin and Krieger, 2018) for the L6-

activation condition data. 

We used a low light intensity (0.6 mW), so that the whisker evoked response would only be 

slightly reduced. With a smaller reduction, plateau effects can be minimized. Spiking from 

recorded L6-Ntsr1 cells increased from 0.04 ± 0.01 Hz to 7.75 ± 6.6 Hz (n = 3). Based on my 

previous results (Pauzin and Krieger, 2018), this low level of L6 CT activation will reduce 

spontaneous spiking in excitatory cells by 30% (Figure S2). 

To investigate the effect on directional selectivity when either driving a GABAergic circuit via 

L6-Ntsr1 activation or via direct activation of GABAergic cells (Gad2-cre mice), the 

optogenetic light activation was calibrated such that the effect on whisker-evoked response was 

similar between both conditions (Figure 12 A,B; L4: p = 0.4552, unpaired t-test; L5: p = 0.6829, 

unpaired t-test). This means that the average decreasing effect in all directions are similar 

between the two mouse lines, it does not mean that the distribution of the effect between 

directions is similar.  

Interestingly, the effect of photo-activating different GABAergic circuits lead to different 

reduction strength of the evoked response depending on the directional preference of the 

excitatory cell. L6-Ntsr1 activation (leading to infragranular FS-interneurons activation) causes 

a loss of directional selectivity. The whisker-evoked response is decreased  to achieve the same 

number of action potential per whisker deflection independently of the directional preference 

of the cells (repeated measures two-way ANOVA with Sidak's multiple-comparisons test 

shows no significant difference between the responses of each angle; Figure 12C). This effect 

leads to a normalization of the responses, abolishing directional preference in the L4 excitatory 

cells (Direction selectivity index (DSI) for control condition = 9.38 and for L6-act = 0; Figure 
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12D). A direction selectivity index equal to zero indicate that the data can be represented by a 

horizontal line in Figure 12 D and thus the cells display no direction preference.  

For the non-specific GABAergic activation (Gad2 mice), the whisker-evoked response was 

decreased on the same way (in percentage) for all directions (interaction p = 0.3046; two-way 

ANOVA with repeated measures on both factors; Figure 12E). This homogeneous effect leads 

to a decreased but preserved direction selectivity the L4 excitatory cells (Direction selectivity 

index for control condition = 4.66 and for L6-act = 3.72; Figure 12F). Exactly the same 

conclusion for L5 excitatory cells (see statistics in Figure 12 G-J legend). 
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FIGURE 12: NTSR1-ACTIVATION ABOLISHED CORTICAL 

DIRECTION SELECTIVITY 
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A. and B. Normalized decrease of the WER with photo-activation for both mouse line 

(Ntsr1-cre and Gad2-cre). It can be noticed that we have decrease the WER with the 

same strength for both layers in both mouse line (layer, n, p-value of unpaired t-test: 

L4: n = 25; p = 0.4556; L5: n = 24; p = 0.6824). Used to prove that the differences find 

from C to J are not due to a difference in the strength of inhibition caused between the 

two photo-activation.  

C. Averaged WER for layer 4 excitatory cells in Ntsr1 animals for each conditions and 

each directions. Multiple comparison with Two-way ANOVA show significant 

difference between control and Ntsr1-activation condition for PD (****), -45 (***) and 

-90 (*). As a reminder, keep in mind that I used a low light intensity in photo-activation 

condition in order to not shut completely down the sensory responses. It can be clearly 

seen that in Ntsr1 condition, the WER is independent of the whisker deflection 

direction. Interaction between the two conditions: p < 0.0001; two-way ANOVA with 

repeated measures on both factors 

D. Normalized evolution of the whisker evoked response with distance (in degree) from 

the principal direction. Direction selectivity index (see material and methods) for 

control condition is 9.38 and for L6-activation condition = 0. 

E. Averaged WER for layer 4 excitatory cells in Gad2 animals for each conditions and 

each directions. Multiple comparison with Two-way ANOVA show significant 

difference between control and Ntsr1-activation condition for PD (****) and -45 (*). 

Interaction between the two conditions: p = 0.3046; two-way ANOVA with repeated 

measures on both factors. Meaning that the two lines are parallel. 

F. Normalized evolution of the whisker evoked response with distance (in degree) from 

the principal direction. Direction selectivity index (see material and methods) for 

control condition is 4.66 and for Gad-activation condition = 3.72. 

G. Averaged WER for layer 5 excitatory cells in Ntsr1 animals for each conditions and 

each directions. Multiple comparison with Two-way ANOVA show significant 

difference between control and Ntsr1-activation condition for PD (***). It can be 

clearly seen that in Ntsr1 condition, the WER is independent of the whisker deflection 

direction. Interaction between the two conditions: p = 0.0497; two-way ANOVA with 

repeated measures on both factors 
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H. Normalized evolution of the whisker evoked response with distance (in degree) from 

the principal direction. Direction selectivity index (see material and methods) for 

control condition is 4.91 and for L6-activation = 0. 

I. Averaged WER for layer 4 excitatory cells in Gad2 animals for each conditions and 

each directions. Multiple comparison with Two-way ANOVA show significant 

difference between control and Ntsr1-activation condition for PD (***). Interaction 

between the two conditions: p = 0.0298; two-way ANOVA with repeated measures on 

both factors. 

J. Normalized evolution of the whisker evoked response with distance (in degree) from 

the principal direction. Direction selectivity index (see material and methods) for 

control condition is 3.31 and for Gad-activation condition = 1.04. 

For all above: L4: Ntsr1: n = 13; Gad2: n = 12 

            L5: Ntsr1: n = 12; Gad2: n = 12 

*p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001 
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3.11 Standardization of the responses in Ntsr1-photoactivation comes from a 

standardization of the detectability. 

To investigate how Ntsr1-activation is able to abolish orientation tuning in L4 and L5 

excitatory cells while Gad2-activation do not, I did complementary analysis on the 

characteristic of the responses. Indeed, burstiness (number of bursty events in 100 WD, n.s. so 

not shown), response probability (number of true event detected in 100 WD, Figure 13) and 

spikes per successful response (averaged number of emitted spike for each detected WD, n.s. 

so not shown). The largest difference in terms of average spikes triggered per whisker 

deflection is between the principal direction and its opposite direction; I decided to focus 

analysis on these two directions. In layer 4, in control condition, in both mouse line, detection 

of an incoming information is better if the whisker is deflected in the preferred direction of the 

cell than if it is deflected in the opposite direction (Figure 13A-B). This disparity in detection 

is decreased but conserved while a non-specific GABAergic activation is applied to barrel 

cortex (Figure 13B). This mean that the cell ability to detect an incoming information is still 

dependent on the orientation tuning of the input. (Response probability (RP) in control 

condition: PD: 64 ± 7.7 %; OD: 24 ± 6.4 %; Sidak´s multiple comparison: p < 0.001) (RP in 

Gad-activation condition: PD: 42 ± 6.6 %; OD: 20 ± 6.2 %; Sidak´s multiple comparison: p < 

0.05). Conversely, the disparity in detection between PD and OD responses is abolished during 

Ntsr1-activation. This mean that the whisker-evoked response (average number of spikes per 

WD) and the detectability (number of true event detected (in %)) are not anymore influenced 

by the orientation tuning of the input. All responses become equal; it is a standardization of the 

responses (RP in control condition: PD: 55 ± 6.0 %; OD: 34 ± 6.9 %; Sidak´s multiple 

comparison: p < 0.01) (RP in Ntsr1-activation condition: PD: 25 ± 7.0 %; OD: 21 ± 7.7 %; 

Sidak´s multiple comparison: p = n.s.). The exact same conclusion is applied for the excitatory 

layer 5 cells (Figure 13C-D). (Gad mouse line: RP in control condition: PD: 49 ± 7.8 %; OD: 

23 ± 7.2 %; Sidak´s multiple comparison: p < 0.0001) (RP in Gad-activation condition: PD: 39 

± 8.4 %; OD: 18 ± 8.2 %; Sidak´s multiple comparison: p < 0.001) (Ntsr1 mouse line: RP in 

control condition: PD: 52 ± 6.2 %; OD: 36 ± 6.5 %; Sidak´s multiple comparison: p < 0.05) 

(RP in Ntsr1-activation condition: PD: 37 ± 8.9 %; OD: 30 ± 8.6 %; Sidak´s multiple 

comparison: p = n.s.). 
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FIGURE 13: NTSR1-ACTIVATION STANDARDIZED 

DETECTABILITY OF INPUTS OF DIFFERENT DIRECTION 
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A. Response probability (see material and methods) in control and Ntsr1-activation 

conditions for the preferred (PD) and the opposite to preferred (OD) direction for n = 

13 excitatory cells in layer 4. Repeated measure two-way ANOVA (Sidak´s multiple 

comparison test) found significance between PD and OD in control condition but this 

difference in detectability of the incoming information is lost with Ntsr1-activation. 

B. Response probability in control and Gad-activation conditions for the preferred (PD) 

and the opposite to preferred (OD) direction for n = 12 excitatory cells in layer 4. 

Repeated measure two-way ANOVA (Sidak´s multiple comparison test) found 

significance between PD and OD in both conditions. 

C. Response probability in control and Ntsr1-activation conditions for the preferred (PD) 

and the opposite to preferred (OD) direction for n = 12 excitatory cells in layer 5. 

Repeated measure two-way ANOVA (Sidak´s multiple comparison test) found 

significance between PD and OD in control condition but this difference in detectability 

of the incoming information is lost with Ntsr1-activation. 

D. Response probability in control and Gad-activation conditions for the preferred (PD) 

and the opposite to preferred (OD) direction for n = 12 excitatory cells in layer 5. 

Repeated measure two-way ANOVA (Sidak´s multiple comparison test) found 

significance between PD and OD in both conditions. 

Statistic can be found in result part 3.11  
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3.12 L6-Ntsr1 activation do not affect the grand average of the direction selectivity in 

VPM 

Activation of L6-Ntsr1 CT cells changes whisker evoked activity not only in cortex but also in 

thalamus (Figure 7). To investigate if Ntsr1-activation abolished direction selectivity already 

in the thalamic VPM nucleus, in a new set of experiments the directional selectivity was 

determined for VPM cells with and without L6-Ntsr1 activation. The light intensity of the 

optogenetic LED, and the whisker deflection protocol was the same as for the cortical 

recordings. The whisker-evoked response (quantified as spikes / 50 ms) was measured in 8 

VPM cells. The effect of L6-Ntsr1 photo-activation varied with an increased PD whisker-

evoked response in some cells (n = 1), a decrease in others (n = 2), no significant change in (n 

= 5; calculated for the response in Hz with chi-square test for a Poisson distribution). Averaging 

over all eight cells, L6-activation did not change the PD response or the direction selectivity 

curve (interaction p = 0.9924; two-way ANOVA; Figure 14A). 

The direction selectivity index is the same for both conditions because one curve fits for both 

data using the extra sum-of-squares F test (Keithley et al., 2009) as implemented in GraphPad 

Prism (GraphPad Software, CA, USA); p = 0.4924). Direction selectivity index for both 

condition = 3.08 (Figure 14B). Furthermore, the latency of the first spike seems to not be 

affected by the direction in which the principal whisker has been deflected (Figure 14C).  
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FIGURE 14: NTSR1-ACTIVATION DOES NOT AFFECT VPM 

DIRECTIONAL SELECTIVITY 
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A. Averaged WER for VPM cells in Ntsr1 animals for each conditions and each directions. 

Multiple comparison with Two-way ANOVA show no significant difference between 

control and Ntsr1-activation condition for all angles. Furthermore, there is no 

significant interaction between the two conditions, p = 0.9924. Here the balance of 

excitation/inhibition due to projection to nRT and VPM appear to be different than in 

Figure 4L, M and Figure 7. 

B. Evolution of the WER with the distance from PD (in degree). WER of PD is normalized 

to 1. We can see that WER decreased similarly with distance from PD in both 

conditions. Direction selectivity index for both conditions = 3.08 

C. Raw trace of a VPM recording. The arrow indicates the whisker deflection (5 times in 

four different directions so 20sweeps in total). It can be clearly seen that the latency of 

the first spike is not affected by the direction. Here response probability is 100%, so 

each whisker deflection in every direction produced a first spike of same latency. 

Scale bar in C is 5ms. 
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FIGURE 15: NTSR1-ACTIVATION ABOLISHED 

ADAPTATION WHILE AN UNSPECIFIC INCREASE OF 

INHIBITION DO NOT 
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Whisker stimulation at 4 Hz (4 deflections at 4 Hz) executed on the preferred direction of the 

cell. Only the three first stimulation are displayed. Y-axis shows the average number of spikes 

evoked by each whisker deflection. 

A. (n = 10; (3 cells displaying facilitation were removed)). Two way ANOVA repeated 

measure with Sidak's multiple comparisons test showed adaptation in control 

(comparing 1st stim to stim 3): p = *; but not in L6 activation condition: p = ns. 

B. (n = 11; (1 cell displaying facilitation was removed). Two way ANOVA repeated 

measure with Sidak's multiple comparisons test showed adaptation in control 

(comparing 1st stim to stim 3): p = **; and in Gad-activation condition: p = *. 

C. (n = 10; (2 cells displaying facilitation were removed)). Two way ANOVA repeated 

measure with Sidak's multiple comparisons test showed adaptation in control 

(comparing 1st stim to stim 3): p = ***; but not in L6 activation condition: p = ns. 

D. (n = 8; (4 cells displaying facilitation were removed)). Two way ANOVA repeated 

measure with Sidak's multiple comparisons test showed adaptation in control 

(comparing 1st stim to stim 3): p = ****; and in Gad-activation condition: p = *. 

P-value: p > 0.05 = ns; p < 0.05 = *; p < 0.01 = **; p < 0.001 = ***; p < 0.0001 = **** 

Data are represented as mean ± SEM in all panels. 
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3.13 Adaptation and directional selectivity 

The contribution of L6 CT cells to sensory processing can vary depending on the sensory input 

characteristics (Temereanca and Simons, 2004, Li and Ebner, 2007, Mease et al., 2014, 

Crandall et al., 2015, Denman and Contreras, 2015, Guo et al., 2017, Pauzin and Krieger, 

2018). An object detection task, for example, requires fewer touches, whereas a more complex 

task where object characteristics is analyzed would require more touches. To analyze how L6 

CT modulates directional selectivity during, not only during a “detection” task mimicked with 

the low frequency stimulation reported above, the whiskers were stimulated with a train of 4 

Hz whisker deflections, to mimic a more complex tactile processing task. Since my previous 

work (Pauzin and Krieger, 2018) claimed that the role of Ntsr1 cells appeared to be beneficial 

while the animal is whisking with high frequency, I decided to explore how adaptation evolved 

with following trains of whisker deflections with the activation of the two different GABAergic 

circuits. 

In Figure 15, the averaged whisker-evoked responses for the three first stimulation of the 4Hz 

train of whisker deflections are plotted. I decided to not show the fourth one, since the rebound 

effect (see Figure 4) interfered with the calculation of the whisker-evoked response, increasing 

it abnormally. Furthermore, here are plotted only cells displaying adaptation in control, cells 

displaying facilitation in control were removed (a cell was considered as facilitatory if the 

response of the third stimulation of the train divided by the first one was superior at 1). 

In L4 and L5, responses in control displayed adaptation, meaning that the cortical response to 

stimulation 1 is significantly stronger than the response to stimulation 3. This adaptation 

process is preserved in both layers with the unspecific GABAergic activation but is loss with 

the L6-activation. This phenomenon is an additional proof that the specific indirect activation 

of GABAergic interneurons by L6-Ntsr1 cells switches the cortex to an adapted mode. This 

switch is operated before the first input reaches cortex and additional whisker deflections failed 

to reduce the response even more. 
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4 Discussion 

4.1 Summary 

Activity in the somatosensory cortex and sub-cortical areas involved in tactile processing is 

dynamically regulated depending on behavioral context (Simons and Carvell, 1989, Nicolelis 

and Fanselow, 2002, Wilent and Contreras, 2005b, Fraser et al., 2006, Lee et al., 2008, Hirata 

et al., 2009, Musall et al., 2014, Whitmire et al., 2016). The cortical L6 cells could play an 

important role in this process because they can regulate both cortical and thalamic activity 

(Wörgötter et al., 2002, Thomson, 2010, Sherman, 2016). 

In this thesis, I showed that activation of a genetically defined population of L6 corticothalamic 

cells decreases both cortical spontaneous spiking and whisker evoked responses, but the net 

effect is actually an increased evoked-to-spontaneous spiking ratio. Presumably leading to an 

improved tactile encoding depending on behavioral situation (Figure 16).  

 

 

 

 

FIGURE 16: OVERVIEW 
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Furthermore, dual recordings from an aligned VPM barreloid and cortical barrel showed that 

the network effect of L6 activation is multi-faceted. For a given activation level of L6, the 

change in the VPM and the change in cortical L5 output activity are not strongly correlated. 

My interpretation of these data is that L6 activation can modulate the activity in the cortex and 

thalamus independently. In the present experimental paradigm, L6 activation appears to mostly 

excite the VPM, presumably because of the fast depression of the nRT mediated inhibition of 

the VPM (Mease et al., 2014, Crandall et al., 2015). The cortical effects of L6 activation are 

mediated mostly via infragranular GABAergic cells, putatively fast spiking GABAergic 

interneurons. This effect on low-frequency whisker deflections is combined with a reduced 

adaptation to repetitive whisker deflections in all layers of the barrel cortex, as well as in 

somatosensory thalamus (Mease et al., 2014). The reduced adaptation in VPM thalamus leads 

to an improved relay of high frequency input to cortex (Figure S8); cortex being simultaneously 

hyperpolarized by L6-activation. This thalamic and cortical switch of processing is presumably 

advantageous in a behavioral context (Musall et al., 2014, Ollerenshaw et al., 2014, Mohar et 

al., 2015), such as e.g., a discrimination task where the whisking frequency is high. L6 CT 

activation is thus switching the cortex to an adapted state via the specific activation of 

infragranular GABAergic interneurons. In this adapted state, cortical excitatory cells are 

answering to whisker deflection more accurately (less false positive), at the expense of 

response probability (less true positive) probably compensated by population coding and 

without directional feature (Figure 16). This adapted state does not appear to be reach with a 

similar strength of unspecific GABAergic activation. 
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4.2 Detailed discussion 

In the present thesis, I investigated how one of the major cortical output, the L6 CT cells, 

directly impact cortical and thalamic function in the somatosensory processing. In this last part 

of the thesis, I will discuss about all results presented here to incorporate them with the most 

recent literature and explain why I suggest that these L6 CT cells are of great importance while 

the animal performs a discrimination task. 

 

Layer 6 and recent literature 

Each L4 barrel in the mouse appears as an ellipsoid shaped cell-dense ring that surrounds a less 

cell-dense hollow (Woolsey and Van der Loos, 1970, Welker and Woolsey, 1974). The claim 

that barrel cortex contains no cytoarchitecture outside of L4 is now obsolete (Feldmeyer et al., 

2013). The recent identification of infrabarrels in L6 topographically aligned with L4 barrels 

(Crandall et al., 2017) are composed mostly of CT cells that span the full thickness of L6a. L6 

occupies about one third of the cortical thickness. Deep in L6, close to the white matter, a light 

plexus of fibers divides L6, the upper part constituting L6a and the lower narrow stratum of 

cells constituting L6b (Zhang and Deschenes, 1997). L6 inhibitory interneurons appear not to 

respect infrabarrel boundaries.  

L4 is the primary recipient layer of thalamic afferents in the lemniscal pathway, yet collaterals 

of these same axons also innervate L5 and L6 (Chmielowska et al., 1989, Diamond et al., 1992, 

Beierlein and Connors, 2002, Diamond et al., 2008, Cruikshank et al., 2010, Wimmer et al., 

2010, Oberlaender et al., 2012, Constantinople and Bruno, 2013, Feldmeyer et al., 2013, Yang 

et al., 2014), suggesting a role for infragranular layers in early thalamocortical processing. 

Constantinople and Bruno, 2013 demonstrated that somatosensory responses in L5 and L6 of 

the rat barrel cortex might not require L4, implying that thalamus activates directly supra- and 

infra-granular layers in parallel. L6a receives direct excitatory input from VPM, with CC cells 

responding more strongly than CT cells (Crandall et al., 2017). Two additional pathways 

(paralemniscal and extralemniscal) also process information to thalamus and project to S1 

(Killackey and Sherman, 2003). Unlike the lemniscal pathway, these pathways are thought to 

convey different information and project to septa in S1 (Pierret et al., 2000, Yu et al., 2006, 

Bokor et al., 2008, Furuta et al., 2009). Excitatory afferents from POm to L6a were even more 

selective to L6 CC than those from VPM (Zhang and Deschenes, 1997). L6 cells are therefore, 

in a unique position to integrate information from at least two parallel thalamocortical 
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pathways. It would be interesting to know whether the differences in CT and CC responses 

reflect properties of different afferent pathways, a convergence of inputs from within or across 

pathways, or synapse distributions along each neuron’s somatodendritic axis; however, my 

approach cannot distinguish the relative contributions of these pathways to the responses of L6 

CT cells. L6 CT fibers produce distinct synapses in VPM and POm nuclei. Upper L6 CT cells 

of barrel cortex leave a fiber collateral in the inhibitory part of the sensory thalamus, the nRT 

and also project mostly to VPM barreloid. In contrast, lower L6 CT cells innervate large sectors 

of POm and intralaminar thalamic nuclei (Deschenes et al., 1998, Hoerder-Suabedissen et al., 

2018). This highlights a thalamo-infracorticothalamic loop, probably implicated in the 

refinement of sensory information in the thalamus and cortex, with nRT inputs modulating this 

loop. 

To study how cortical activity can interact with these different sub-cortical pathways we used 

the GN220 Ntsr1-Cre mouse line where a sub-population of L6 CT cells are labelled (Olsen et 

al., 2012, Bortone et al., 2014, Kim et al., 2014, Mease et al., 2014, Crandall et al., 2015, Pauzin 

and Krieger, 2018). The organization of these cells is what constitutes the L6 infrabarrels 

describe in “Crandall et al., 2017”. Optogenetic modulation of these L6 CT cells have been 

studied in cortex in vitro in the somatosensory system (Kim et al., 2014); in vivo in the visual 

(Olsen et al., 2012, Denman and Contreras, 2015) and auditory system (Guo et al., 2017), and 

in somatosensory thalamus (Mease et al., 2014). In all these sensory systems, the labelled cells 

are identified as glutamatergic pyramidal neurons. These previous studies of the L6 CT 

modulation of activity via optogenetic tools, do not create an entirely cohesive picture of their 

network functions. Furthermore, how somatosensory responses in cortex are affected by L6 

activity has remained largely unexplored in vivo in the somatosensory barrel cortex. 

Furthermore, the fact that the role of L6 CT cells appear to have a diverse function in different 

sensory systems was the reason why we decided to focus mainly on the cortical role of L6 with 

regard to sensorimotor integration in the in vivo model of the mouse. 
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Effects of urethane anesthesia 

In the experiments presented throughout this thesis, I used the urethane-anesthetized mouse to 

study the role of corticothalamic feedback in sensorimotor integration. Urethane is a widely 

used anesthetic for animal studies because of its minimal effects on cardiovascular, respiratory 

systems and maintenance of spinal reflexes (Maggi and Meli, 1986, Albrecht and Davidowa, 

1989, Dringenberg and Vanderwolf, 1995). 

While general anesthetics alter synaptic mechanisms (Nicoll et al., 1975, Franks and Lieb, 

1994, Nishikawa and MacIver, 2000, Pittson et al., 2004); urethane was found to preserve 

synaptic signal transmission (Bindman et al., 1988, Sceniak and Maciver, 2006). So the 

thalamo-cortico-thalamic loop described in this thesis is not impaired in terms of synaptic 

transmission. The sensory response strength of cortical and thalamic cells systematically varies, 

however, with the depth of anesthesia (Armstrong-James and George, 1988, Armstrong-James 

and Callahan, 1991), thus the rate of respiration and the reflex status were monitored in all 

experiments in order to keep a stable and a similar depth of anesthesia between animals.  

It was also shown that urethane non-selectively affected excitatory and inhibitory currents 

(Hara and Harris, 2002, Koblin, 2002), and since I showed here that L6 CT activation will 

increase inhibition, it is important that the anesthetic itself does not alter the 

excitation/inhibition balance. 

Urethane has been reported to produce some depressive effects on neuronal excitability 

(Mercer et al., 1978, Scholfield, 1980, Dyer and Rigdon, 1987, Albrecht and Davidowa, 1989). 

In the result part of this thesis, I showed that optogenetic inactivation of L6-Ntsr1 cells had 

minor effects on somatosensory processing in both thalamus and cortex. Since the spontaneous 

firing rate of L6-Ntsr1 cells was rather low (on average 0.07 Hz, n=14 cells); the slight effect 

of their inactivation is not surprising. Studying the inactivation of L6 CT cells in awake animals 

could thus be more relevant. 

The main role of the thalamus is to sift in relevant sensory inputs to the neocortex, this transfer 

of information is dependent on the behavioral state of the animal. PrV neurons are able to 

follow high-frequency sensory inputs during urethane anesthesia, whereas VPM neurons 

cannot (Ahissar et al., 2000). Similarly, the low-pass filtering of sensory inputs in the VPM 

during urethane anesthesia has been shown to be affected (Castro-Alamancos, 2002a) so that 

whisker stimulation above 2 Hz display a strong depression of the responses in time. 

Furthermore, the receptive field (number of whiskers evoking a response) of a VPM cells 

appear to be enlarged during urethane anesthesia (Simons and Carvell, 1989, Armstrong-James 
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and Callahan, 1991, Diamond et al., 1992, Minnery and Simons, 2003, Aguilar and Castro-

Alamancos, 2005), due to feedback inhibition from the reticular nucleus (nRT) and the level 

of depolarization of VPM neurons themselves. These two factors have been shown to be 

instrumental in affecting the temporal response properties of VPM cells during activated states 

(Castro-Alamancos, 2002b, Minnery and Simons, 2003). L6 CT effects on somatosensory 

thalamus were concentrated to the VPM nucleus, where the transitions between firing modes 

are dynamic and extremely fast in the anesthetized thalamus, similar to that found in thalamus 

in awake animals (Guido et al., 1992, Bezdudnaya et al., 2006, Mease et al., 2014); thus, the 

principal actions of L6 on thalamic and cortical input/output properties, which are described 

here, likely also will apply in awake conditions, but in a more refined and spatio-temporally 

precise manner. 

Cortical barrel neurons in rodents display single whisker receptive fields under deep barbiturate 

anesthesia but not during urethane anesthesia (Simons and Woolsey, 1979, Armstrong-James 

and Fox, 1987). In all experiments presented in this thesis, a hand-held probe was used to 

stimulate each individual whisker to search for the principal whisker (see material and 

methods). Since thalamic receptive field are enlarged with urethane anesthesia and cortical 

neurons displayed multi-whisker receptive field, the choice of the principal whisker has to be 

determined with certainty. If a clear choice could not be made, the recorded cell was discarded 

from the analysis.  

The optogenetic modulation is always executed acutely in the same animal, leading to a brief 

neuronal modulation in time. Thus plasticity effects produced by complete and permanent 

changes in neuronal activity (e.g. using tetanus toxin) are not likely to contribute to the 

observed results. In summary: With each animal being its own control, the same depth of 

anesthesia, intact synaptic transmission and a normal excitation/inhibition balance, anesthesia 

is not expected to create the obtained results.  

It is known that L6 cells can project to both VPM and POm (Zhang and Deschenes, 1997), and 

indeed the L6 Ntsr1 cells also project to POm (Mease et al., 2014, Pauzin and Krieger, 2018). 

In my thesis I have concentrated on the VPM projection. The paralemniscal pathway is unlikely 

to contribute strongly to sensory processing since a rapid GABAergic inhibition from zona 

incerta silences the POm nucleus in the anesthetized mouse (Trageser and Keller, 2004, 

Lavallee et al., 2005). I acknowledge that I am aware of the Ntsr1 cells projection to POm 

(Chevee et al., 2018), it would be interesting to investigate the effect of these L6 CT cells on 

the paralemniscal pathway. I would recommend to record the neuronal activity on awake 

animals. 
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L6-Ntsr1 affects spontaneous activity in cortex and thalamus 

In this thesis, I showed that photoactivation of L6-Ntsr1 cells caused a general decrease in 

spontaneous spiking in cortex. Averaged over the entire recorded cortical cell sample (n = 124; 

Table 1) photo-activation lead to reduced spontaneous activity for around 57% of the excitatory 

cells and an increased spontaneous activity in only 9%. In L4 relatively few cells decreased 

spontaneous spiking, and in contrast to the other layers there was no cell where whisker-evoked 

response probability decreased to zero. This is presumably due to the fact the L4 receives a 

large part of the thalamic inputs, and since L6-Ntsr1 activation can also increase VPM activity 

(Figure 4L), this counterbalances the cortical inhibition. 

Interestingly, following L6-Ntsr1 activation, around 50% of the cortical excitatory cells 

showed an increased spiking occurring 200 – 500 ms after the offset of the light pulse. 

Furthermore, some interneurons also displayed this “rebound effect” (Figure 4H), suggesting 

that they were also inhibited by infragranular interneurons. 

The cause of the predominately reduced spontaneous activity is the activation of mostly 

infragranular GABAergic interneurons by L6-Ntsr1 cells (Figure 4I) that appear to inhibit 

excitatory cells in all layers. The activation of these interneurons occurred with a short and 

consistent latency, as expected of a direct activation by L6-Ntsr1 cells. Furthermore, the fast 

activation of these putative GABAergic cells (0.02 ± 0.02 Hz to 61.11 ± 13.3 Hz) triggering 

action potential with highly symmetrical shape with really short time from peak to trough (̴ 

0.3ms), is characteristic of fast spiking GABAergic interneurons (Petilla Interneuron 

Nomenclature et al., 2008, Cardin et al., 2009). The fact that L6-Ntsr1 cells can activate, fast-

spiking GABAergic interneurons has been shown in vivo in visual cortex and in brain slices 

from somatosensory cortex (Bortone et al., 2014, Kim et al., 2014). L6-Ntsr1 cells can thus 

affect cortical excitability. Furthermore, it has been claimed that L6-Ntsr1 neurons directly 

excite neurons in L5a in both V1 and barrel cortex (Kim et al., 2014). I was not able to identify 

these projections in the experiments presented here. Despite the fact that I found L5 cells 

increasing their activity with light, I have no indication that it was due to a direct excitation 

from L6-Ntsr1 cells. Furthermore, excitatory cells increasing their activity with co-activation 

of L6-Ntsr1 cells were found in all layers of cortex except L2/3.  

In line with previous results (Mease et al., 2014), we found that photo-activation of L6-Ntsr1 

cells can increase the spontaneous firing rate of VPM cells (Figure 4L,M) with a peak at around 

100 ms after the onset of the light pulse. Interestingly, a rebound response occurred also in the 
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VPM cells and with a shorter latency than in the cortical cells (Figure 4N). L6-Ntsr1 activation 

both excites VPM directly, and also indirectly – via nRT – inhibits VPM. If a population of 

VPM cells are inhibited by nRT the release of inhibition could cause a synchronized excitation 

in VPM causing the rebound excitation. The shorter latency in VPM also suggest that this 

rebound excitation contributes to the rebound excitation in cortex (Reinhold et al., 2015).  

Changes in spontaneous spiking has also been seen in the visual (Olsen et al., 2012) and 

auditory (Guo et al., 2017) system, but in contrast to what was found in these two systems, 

photo-inactivation did not have a clear opposite effect to photo-activation in barrel cortex. This 

can, at least in part, be due to difference in the resting activity of the L6-Ntsr1 cells. L6 CT 

cells are often reported to have low spontaneous rates and weak sensory responses in vivo 

(Swadlow, 1989, Oberlaender et al., 2012). L6 CT in the mouse are less intrinsically excitable 

than L6 CC cells due to their higher spike threshold and rheobase (Kumar and Ohana, 2008). 

Photo-inactivation efficiently shuts down L6-Ntsr1 spiking (Figure 3E), but, presumably due 

to the relatively low spontaneous activity in the L6-Ntsr1 cells (0.07 ± 0.06 Hz, n = 14 including 

10 cells where spontaneous spiking was zero), there was not a strong effect on spontaneous 

spiking activity in cortical L2-6 excitatory cells (no change in 83 % of 99 recorded cells). 

Spontaneous activity was reduced in only a few L4 cells. L4 being the main thalamo-cortical 

input layer, the decreased activity, seen in few VPM cells with photo-inactivation (Figure 5E) 

could lead to the decreased spontaneous activity in L4. Notably, in the around 22 % of the cells 

where spontaneous spiking actually decreased, no rebound spiking was recorded after the offset 

of the photo-inactivation. When cells were inactivated by photo-activation of L6-Ntsr1 cells, 

there was often a rebound excitation presumably due to synchronized activity following the 

release from inhibition. The lack of a rebound suggests that L6-inactivation decreases 

spontaneous spiking through a different mechanism, presumably a decrease in direct excitation 

from VPM thalamus. It would be interesting to investigate the mechanisms underlying a 

decrease in thalamocortical transmission. Is it a direct decrease of excitation from L6 to VPM 

thalamus or an indirect decrease via activation of nRT? 

Bortone et al., (2014) claimed that L6-Ntsr1 cells in primary visual cortex provide excitation 

via their cortical projections to most excitatory and inhibitory neurons across all cortical layers. 

However, due to their particularly strong excitation of fast spiking inhibitory cells, the resulting 

disynaptic or multisynaptic inhibition overpowers the modest direct excitation mediated by L6 

CTs (Bortone et al., 2014). This direct excitation provided by L6-Ntsr1 cells was not 

identifiable for the majority of cells in my dataset. Paired whole-cell patch-clamp recordings 
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would be the appropriate technic for further investigation of the intracortical connectivity.  

Anyway, my data would be consistent with the report that L6 CT cells preferentially innervate 

cortical inhibitory neurons and that connections between excitatory L6 CT and excitatory L6 

CC neurons are relatively sparse and not reciprocal, (Beierlein and Connors, 2002, Mercer et 

al., 2005, West et al., 2006, Lefort et al., 2009). Identifying molecular markers that would 

selectively label the L6 fast spiking interneurons activated by L6-Ntsr1 cells will be of great 

help for future anatomical and functional studies. 

The amount of effect exerted by L6-Ntsr1 in S1 and VPM thalamus may have a spatial profile 

(in the context of somatotopic organization within the lemniscal pathway), reflecting the ratio 

of direct excitation and di- or multi- synaptic inhibition received by each neuron (Murphy and 

Sillito, 1987, Bortone et al., 2014). Meaning that the L6 CT activation of a specific cortical 

column has probably different effects on its own cortical column than on the neighboring ones 

(not investigated in this thesis). In my experiment paradigm, ChR injection infected around 6 

cortical column per animal, so the synchronous photoactivation of the L6 CT of six barrel 

column was studied rather than an undoubtedly more fine regulation in behaving animals.   

Furthermore, because of the multisynaptic nature of inhibition, the onset of L6 CT activity may 

transiently excite the target neurons before the onset of inhibition. By contrast, the net effect 

of activating L6 CT neurons in the primary auditory cortex is excitatory in all layers (Guo et 

al., 2017). This sign reversal does not reflect the absence of disynaptic inhibition evoked by L6 

CT neurons, because the strong activation of FS interneurons during light stimulation has also 

been observed in this study. Apparently, in A1, the combined effect of feedforward excitatory 

inputs from the L6 CTs and disynaptic inhibition from FS interneurons tips toward net 

excitation across the column. These differences may reflect important differences in the set 

point of local inhibitory networks between brain areas, as has also been suggested from the 

opposite effects of locomotion on sensory-evoked responses in A1 and V1 for example (Niell 

and Stryker, 2010, Fu et al., 2014, Schneider et al., 2014, Zhou et al., 2014, McGinley et al., 

2015, Guo et al., 2017). 
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Whisker-evoked responses in cortex  

Concept of detection vs discrimination 

The effect of photo-activation on sensory processing was tested with two tactile input 

frequencies, mimicking different behavioral contexts (Moore, 2004, Ollerenshaw et al., 2014). 

The low frequency (0.3 Hz) whisker deflections are mimicking a detectability task, where only 

the object position matters. The uncovering of this object is the important feature while the 

nature of this object (size, shape, texture, etc.…) can hardly be solved without multiple 

successive touches. The high frequency (8 Hz) whisker deflections in the anesthetized animal 

mimics, on the other hand, a discriminability task. 

With active exploration of the environment, the somatosensory system is placed into a so called 

“adapted state”, reducing the magnitude of the cortical response, but improving the ability of 

the system to discern some of the finer features of sensory stimuli (Fanselow and Nicolelis, 

1999, Kohn and Whitsel, 2002, Moore, 2004, Maravall et al., 2007). Indeed, detectability of 

sensory inputs can be sacrificed in favor of improved discriminability and the process of 

adaptation may regulate this trade-off (Moore et al., 1999, Sherman, 2001, Moore, 2004).  

Adaptation lead to an overall decrease in time of the responses in regard to persistent 

stimulation. (Ahissar et al., 2000, Fairhall et al., 2001, Chung et al., 2002, Higley and 

Contreras, 2006, Maravall et al., 2007, Khatri et al., 2009, Ollerenshaw et al., 2014). 

Choosing the two different protocols of whisker deflections is thus important for mimicking 

two different behavioral situations. In the low frequency paradigm, inputs are arriving when 

the pathway is in the non-adapted state meaning that the cortical response was recorded in 

absence of any prior deflection of the vibrissae (Ollerenshaw et al., 2014). In this state, whisker 

inputs are more likely to generate a large cortical response with the recruitment of a large 

number of cortical neurons. The functional role of the large unadapted responses that occur at 

low frequencies during quiescent states has been proposed to serve as a mechanism of 

heightened sensitivity for detecting stimuli, alerting an “inattentive animal” to the presence of 

an unexpected stimulus (Fanselow and Nicolelis, 1999, Moore et al., 1999, Sherman, 2001, 

Chung et al., 2002, Khatri et al., 2009, Diamond and Arabzadeh, 2013, Ollerenshaw et al., 

2014). Indeed, detectability (how good inputs can be detected) is significantly improved in the 

absence of whisking (Ollerenshaw et al., 2012), potentially part of an active strategy by the 

animal to facilitate information flow in this very specific context.  

In the high frequency paradigm, the adaptation caused by passively moving the whisker 

multiple time (like in my experimental paradigm) is leading to a similar cortical state as when 



85 

 

the animal is freely whisking, thus switching the system from a state in which it is more 

sensitive, to one in which it is more selective to sensory inputs (Moore et al., 1999, Castro-

Alamancos, 2004, Moore, 2004, Leiser and Moxon, 2007, Poulet et al., 2012, Ollerenshaw et 

al., 2014). Even in humans, sensory adaptation can lead to improved discriminability of tactile 

stimuli (Vierck and Jones, 1970, Goble and Hollins, 1993, Tannan et al., 2006). Interestingly, 

in the barrel cortex of rodents, receptive fields of cortical neurons are restrained during adapted 

states as compared to non-adapted states, posited as a potential mechanism for enhanced spatial 

acuity (Vierck and Jones, 1970, Simons and Carvell, 1989, Lee and Whitsel, 1992, Sheth et al., 

1998, Moore et al., 1999, Castro-Alamancos and Oldford, 2002, Tommerdahl et al., 2002, 

Wörgötter et al., 2002, Simons et al., 2005). Sensory adaptation caused by repetitive sensory 

stimulation has been proposed as a way to focus sensory representations in neocortex (Sheth et 

al., 1998, Moore et al., 1999, Kohn and Whitsel, 2002). Changes in the thalamocortical path 

may also play a role in this process (Castro-Alamancos and Oldford, 2002). How adaptation 

may modulate the relationship between object contact detection versus discrimination of object 

surfaces is unknown. Across sensory modalities and across features within a sensory modality, 

the adaptive changes could act to improve the ability of the system to discriminate between 

stimuli, consistent with the theoretical notion that adaptation acts to enhance information 

transmission in sensory pathways (Moore et al., 1999, Moore, 2004, Ollerenshaw et al., 2014). 

Increasing or decreasing the degree of sensory adaptation shifts the system from transmitting 

information about one aspect of the environment to another, potentially a hallmark of sensory 

processing in the natural sensory world (Lesica and Stanley, 2004). 

 

Detection mimicking task 

By deflecting the principal whisker once every three seconds, I found that L6-Ntsr1 cells 

decreased the whisker evoked response in all layer except in L5. Decreasing spontaneous more 

strongly, L6 activation is actually leading to an increased sensory responsiveness by increasing 

the evoked-to-spontaneous spiking ratio. The reduced activity is mediated via L6 CT activation 

of infragranular inhibitory interneurons, putatively fast spiking interneurons. With the implicit 

assumption that ongoing spontaneous activity represents the “noisy” background against which 

a tactile stimulation can be detected, an increased evoked-to-spontaneous ratio would mean 

improved detection accuracy (accuracy = true positive / all positive). A decreased response 

probability in combination with an increased evoked-to-spontaneous ratio reduces the false 

positives (low alpha level), at the expense of power (reduced response probability). In other 
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words, the appearance of a spike in a cortical cell during the L6-Ntsr1 activation condition 

increases the probability that this spike is coding for tactile information. In essence we get “un 

neurone vérité” – a truthful neuron. This response gain modulation via regulation of inhibition 

is a fundamental cortical operation, crucially involved in sensory representation and 

sensorimotor integration (Garabedian et al., 2003, Moore, 2004). It may underlie the effects of 

attention on cortical responses to tactile stimuli. VPM inputs to the cortex can directly activate 

L6 (Constantinople and Bruno, 2013) thus tactile activity itself is directly influencing the L6-

mediated gating.  

The reduction of the whisker-evoked response in a layer specific manner, was mostly due to a 

decrease in the response probability (Figure 6C). Furthermore, L6 displayed the strongest 

reduction of sensory responses, this was due to a loss of detectability plus a reduction in the 

number of spikes triggered per successful detected input (Figure 6D). Burstiness of the 

response as well as average latency of the sensory responses were not affected (data not shown). 

The fine balance of excitatory and inhibitory cortical networks is essential for gating incoming 

TC input (Higley and Contreras, 2006, Sun et al., 2006, Miceli et al., 2017), it is thus surprising 

that L4 excitatory cells latency was not affected in L6 CT activation condition. 

 

The L6 photo-activation started 100 ms before the whisker deflection to achieve a “steady-

state” condition, meaning that the L6-Ntsr1 spiking stays at a constant rate (Figure S4), where 

both cortex and thalamus has been affected by the optogenetic modulation before that the input 

reached it. From experiments were the onset time was varied (Figure S6) it is, however, clear 

that activation of L6-Ntsr1 cells can induce its effect even when activated simultaneously with 

the whisker deflection. This shows that L6 activity can regulate the whisker evoked response 

over a large temporal range, and with a fast onset. The L6 modulation is thus rapid enough to 

be able to modulate whisker evoked activity on a cycle-by-cycle basis.  

The effect on the whisker-evoked response was the most heterogeneous in L5 excitatory cells 

(Figure 6A) – both increase and decrease - likely due to L6 projections directly to L5a (Kim et 

al., 2014) thus, on the one hand, exciting them via this direct connection, and on the other hand 

decreasing activity via di/poly-synaptic inhibition. Notice here that the recorded cells in L5 

were not divided into L5a and L5b; considered nowadays as two genuine layers (Schubert et 

al., 2006). It would be interesting to know more precisely how L6 CT modulate these two layer 

5. My data cannot distinguish L5a and L5b well enough to investigate this further.  

To analyses to what extent the L6 induced effect on thalamus predicts what the net effect on 

cortical output will be, dual recordings were made from the VPM thalamus and the cortical 



87 

 

output layer 5 (Figure 7). No clear (linear) correlation was found between the VPM activity 

and L5 output (Figure 7D). The fine tuning of the relative changes in VPM and cortical activity 

appears to be regulated by the L6 firing frequency (Crandall et al., 2015) and it remains to be 

investigated in which behavioral situations L6 activity would influence thalamic and cortical 

activity to different degrees. The p-value of the linear correlation was close to reach 

significance (p = 0.0784), indicating a negative correlation between the thalamic and cortical 

effects. It could be interpreted as: the stronger the L6 CT activation, the stronger the thalamic 

activity is increased due to direct excitation and rapid nRT depression. On the other hand, the 

stronger the L6 CT activation, the stronger the cortical activity is decreased via projections 

onto GABAergic cells. 

Keeping in mind that L6 CT cells are weakly answering to sensory inputs (Velez-Fort et al., 

2014, Crandall et al., 2017), it is perhaps not surprising that L6-Ntsr1 inactivation did not have 

a clear opposite effect to photo-activation. In L4 spontaneous activity decreased in a few cells 

(5 of 23 cells; Table 2 and Figure 5). Averaging over the whole L4 cell sample there was, 

however, no significant effect on the whisker-evoked response (Figure 8). Response probability 

(Figure 8C) was not affected by L6-Ntsr1 inactivation in neither thalamic nor excitatory 

cortical cells.  

Guo et al., (2017) proposed that L6 CT cells could reset the phase of low-frequency rhythms 

and thus dynamically regulate the importance of the input. Indeed, stimuli that arrive at 

expected times are more rapidly and accurately processed than stimuli that occur at unexpected 

times (Jones et al., 2002, Wright and Fitzgerald, 2004, Nobre et al., 2007, Jaramillo and Zador, 

2011, Buran et al., 2014). A time-dependent modulation of neural and perceptual salience may 

arise from fluctuations in the underlying low-frequency cortical electric field not only because 

perceptual salience is modulated by oscillation phase, but because phase itself can be actively 

controlled through attention and expectation (Luo and Poeppel, 2007, Schroeder and Lakatos, 

2009). Here I propose, in line with Guo et al., (2017), that L6 CT neurons may be able to 

resolve the competing demands of detection and discrimination by coordinating their spiking 

at appropriate moments during the analysis of a sensory scene, probably by a communication 

between the motor system and the somatosensory system. The anatomical study (Figure 2) is 

thus reinforcing this idea since the cells responsible of L6 CT activation (pre-synaptic cells) 

are not exclusively found in BC, but also in motor cortex. If the animal changes its whisking 

behavior to solve a task, motor cortex modulation of L6 activity in the barrel cortex at the 
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appropriate time would optimize thalamic and cortical processing toward the resolution of the 

special demands of the present task (Zhang and Deschenes, 1998, Lee et al., 2008). 

 

Discrimination mimicking task 

The understanding of the physiology underlying perception must be based on knowledge of 

the properties of the neural circuits involved in the brain’s sensory systems. As a part of the 

somatosensory system, the whisker system is critical to many species (mouse, rat, hamster, 

gerbil, chinchilla, porcupine, etc, (Fox, 2008))  for the ability to obtain information about the 

surrounding world. Thus, it is a logical inference that the whisking frequency itself is an 

essential element of barrel cortex information processing. Mice whisk in the frequency range 

of 5-20 Hz during exploration. Suppression of spontaneous activity after initial whisker 

movement last around 130 ms. Recovery from this suppression coincide with subsequent 

excitation by a second deflection at around 8 Hz (Garabedian et al., 2003). At low frequencies, 

inhibition does not suppress the “noisy” spikes that occur between longer inter-stimulus 

intervals (>130 ms). At higher frequencies (>10 Hz), interactions between the slow inhibition 

and thalamocortical depression effectively diminish the response and undermine the 

consistency of a greater number of spikes from cycle to cycle. These band-pass characteristics 

of S1 neurons overlap closely with the reported range of whisking sampling frequencies of the 

vibrissae, suggesting that whisking frequencies reflect the optimal range for sensory 

information processing in the vibrissa to cortex pathway (Garabedian et al., 2003). Sampling 

tactile information at 8 Hz could mediate a compromise between having an ample number of 

spikes per stimulus and collecting information at an optimal rate (Garabedian et al., 2003). 

Furthermore, it is known that L6 depolarization controls not only the firing mode but also the 

adaptation in the VPM (whiskers deflected at 8 Hz in this study) (Mease et al., 2014). To 

reproduce this scheme (Figure S8), I stimulated the principal whisker repetitively at 8 Hz, a 

frequency known to evoke adaptation (Ahissar et al., 2000, Castro-Alamancos, 2002a, Mease 

et al., 2014). 

A key function of L6 corticothalamic cells appears to be that they can regulate sensory 

adaptation in both cortex and thalamus (Maravall et al., 2007). With my results, I would claim 

that the subpopulation of L6 CT cells targeted in the Ntsr1-cre mouse line is regulating 

adaptation in both cortex and thalamus simultaneously. I haven’t observed a cortical effect 

without a thalamic one and vice-versa; L6 CT activation switches both areas synchronously. 

Keep in mind that L6 CT activation can regulate thalamus and cortex independently (when one 
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goes up the other goes down). The investigation of other population of CT cells that could 

modulate the activity of thalamus only would be of great interest for future studies. 

At the most general level, theoretical considerations suggest that adaptation may be an efficient 

coding mechanism that maximizes available channel capacity, in the sense that the nervous 

system normalizes (e.g., reduce) the magnitude of the response to a stimulus as a function of 

stimulus strength (e.g., increase in stimulus frequency) (Whitmire and Stanley, 2016, Whitmire 

et al., 2016). These views only indirectly address the following intuitive problem related to 

touch: given that the magnitude of a single-neuron’s response provides a major source of 

information about the stimulus (e.g. stimulus location or stimulus intensity), adaptation 

increases the ambiguity of the response, limiting the information conveyed about the most 

recent stimulus. Therefore, it has been suggested that there is a trade-off between tracking the 

dynamics of sensory input and optimal coding of current context (Fairhall et al., 2001, Panzeri 

and Diamond, 2010, Liu et al., 2017, Pitas et al., 2017). L6-Ntsr1 activation decreases 

adaptation to high frequency (8 Hz) whisker deflections in thalamus (Figure S8 and (Mease et 

al., 2014)) and abolish it completely in cortex (Figure 9). L6-Ntsr1 activation appear to switch 

cortex to an adapted mode. In agreement with earlier studies (Simons, 1978, Ahissar and 

Zacksenhouse, 2001, Castro-Alamancos and Oldford, 2002, Chung et al., 2002, Garabedian et 

al., 2003), I found that almost all responses of individual neurons adapted to repetitive 

stimulation and this adaptation was more robust with increasing frequency (unpublished data). 

The magnitude of adaptation within the VPM is significantly smaller than that observed in the 

cortex (Diamond et al., 1992, Hartings and Simons, 1998, Sosnik et al., 2001, Chung et al., 

2002). Data from whole cell recordings in barrel cortex have demonstrated that repetitive 

vibrissa stimulation depressed EPSPs evoked at the thalamocortical synapse and that 

depression at this synapse can account for the consistently observed cortical adaptation in 

spiking activity (Chung et al., 2002). 

My prediction is that stronger L6-Ntsr1 activity – switching cortex to an adapted mode – would 

be beneficial when the frequency of tactile input is high, such as during texture or vibration 

discrimination. The higher the input frequency/stimulation strength the more difficult it is for 

an individual cell to follow each input. During L6-Ntsr1 activation condition, spontaneous 

activity is considerably reduced, so the probability that a triggered spike is coding for tactile 

information (and not spontaneous) is increased. This phenomenon is caused by an increased 

cortical GABAergic activity, in particular the infragranular FS GABAergic cells activated by 

L6-Ntsr1 cells. This increased inhibition also decreased the cells probability to respond to 



90 

 

inputs; a decreased response probability doesn’t mean that the cell never fires with increasing 

frequency only less frequent, and this decrease in a single cells response probability is 

compensated by population coding (Abbott and Dayan, 1999, Farkhooi et al., 2013, Liu et al., 

2017). Neurons share the work in order to process the signal with higher accuracy (less 

spontaneous spike) and each input of the high frequency train can be followed by population 

coding. 

Once more, not surprisingly, L6-Ntsr1 inactivation did not display an opposite effect to photo-

activation. L6 CT inactivation had no significant effect on the responses of persistent whisker 

deflections (Figures 9E-G). 

 

Corticothalamic loops 

Corticothalamic loops have been hypothesized to help increase the sensitivity of thalamic and 

cortical responses during brief thalamic bursting modes but not to play this role during tonic 

thalamic firing (Nicolelis and Fanselow, 2002). This result being in line with a previous study 

(Mease et al., 2014) who proved that L6 CT activation can switch VPM cell firing mode from 

burst to tonic. 

Urethane anesthesia shift thalamic firing toward burstiness (Steriade et al., 1993, Huh and Cho, 

2013).  The fact that any change in burstiness was found with L6-activation could imply that, 

in my experiments, the VPM cells were already quite depolarized, thus being in the tonic 

response mode (Mease et al., 2014, Urbain et al., 2015), where further L6 CT-driven activation 

does not change burstiness. In this thesis, thalamic responses displaying bursts where 

representing 26% of the responses and L6 CT photoactivation did not modify these firing 

properties. The presented thalamic depolarization could be due to ascending neuromodulatory 

input and/or descending excitatory input from the cortex, both of which are known to cause 

thalamocortical cells to change from bursting to tonic mode (Castro-Alamancos, 2002a). 

Furthermore, low dose of urethane anesthesia (1.5 mg / kg of animal) is often reported as a 

light anesthesia state (Armstrong-James and Callahan, 1991, Bartho et al., 2007, Fox, 2008) 

and this could be a reason for the non-pronounce shift to burstiness of the thalamic cells in this 

set of experiment. 

High frequency whisker deflections would sends an ascending excitatory volley to the VPM 

thalamus (via the trigeminothalamic pathways). The signals are then detected by VPM neurons 

and transmitted to the S1 cortex, in part as bursts. The following combination of L6 CT 

activation and the excitatory signal from the periphery also activates the reticular formation of 

brainstem, which sends cholinergic input to the thalamus. This cholinergic input depolarizes 
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VPM neurons but inhibits nRT cells, leading to an overall reduction in GABAergic inhibition 

of VPM (Destexhe et al., 1998, Destexhe, 2000) and the L6 CT activation would decreases the 

amplitude of the IT-mediated calcium spiking (Mease et al., 2014). The combination of these 

events (VPM depolarization, reduction in RT-mediated inhibition and reduction of IT-

mediated calcium spiking) would allow VPM neurons to remain sufficiently depolarized and 

hence switch from a bursting to a tonic mode of firing. By remaining in tonic mode, VPM 

neurons would be able to respond more rapidly and accurately to the multi-whisker stimuli that 

would likely be experienced as the whiskers move over objects and surfaces during the 

whisking behavior.  

 

Whisking frequency map in barrel cortex 

It has been shown that in the somatotopic frequency map in the somatosensory cortex the part 

of barrel field, corresponding to the rostral part of the whisker’s pad, is more sensitive to the 

higher frequency while the caudal part more sensitive to the low frequency (Andermann et al., 

2004). Furthermore, it has been reported that sensory transduction and neural processing of 

whisker frequency information parallels the transduction and neural representation of the 

auditory stimuli in the auditory cortex (Sadovsky and MacLean, 2013, Tsytsarev et al., 2016). 

However, in contrast to the auditory system, in the whisker system the neurons most sensitive 

to the particular frequency are not organized into a morphological pool, therefore the 

frequency-selective functional map can’t be observed in the neocortex. Whisker stimuli with 

different frequencies led to different activation patterns in the barrel field. In the set of 

experiments presented here, the injection of different opsins was made to target the C2 barrel 

(see material and methods). So it would mean that the recorded neurons presented here have a 

slight shift in processing low frequency inputs. It would be interesting to study the impact of 

L6 CT activation in a more rostral cortical column. 

 

Direction selectivity 

At all levels of the sensory processing pathway, single neurons can be found that are tuned to 

certain features of the sensory input. In the visual system, neurons in mouse primary visual 

cortex are tuned to different orientations (Hubel and Wiesel, 1962, Niell and Stryker, 2008, 

Olsen et al., 2012). Response selectivity is organized by the input organization in different 

subregions of cortex (Schummers et al., 2002, Monier et al., 2003). In primary auditory cortex, 

excitation and inhibition are seemingly balanced,tuning is largely a product of the tuning of the 

total synaptic input (Wehr and Zador, 2003).  
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In the somatosensory system neurons in the trigeminal nucleus, thalamus and cortex of the 

rodent whisker system are sensitive to the direction of whisker deflection (Simons and Carvell, 

1989, Lichtenstein et al., 1990, Minnery and Simons, 2003). The selectivity of the primary 

afferents is due to the restricted distributions of receptors around the follicle (Zucker and 

Welker, 1969, Lichtenstein et al., 1990, Shoykhet et al., 2000). The afferents impose their 

selectivity on the neurons of the PrV, which in turn project to neurons in the VPM thalamus, 

where a map of direction preference emerges along the length of the barreloids. VPM cells 

with similar direction selectivity are clustered within barreloids (Temereanca and Simons, 

2003, Timofeeva et al., 2003). In the thalamic input layers of barrel cortex, selectivity probably 

originates from the anatomically precise convergence of tuned thalamic inputs (Wilent and 

Contreras, 2005b). In L4, there are “minicolumns” in which convergent thalamic inputs share 

a similar direction preference (Mountcastle, 1957, Hubel and Wiesel, 1974, Hubel and Wiesel, 

1977, Favorov and Whitsel, 1988a, Favorov and Whitsel, 1988b, McCasland and Woolsey, 

1988, Favorov and Diamond, 1990, Tommerdahl et al., 1993, Kohn et al., 1997, Bruno et al., 

2003, Krieger et al., 2007). Direction selectivity may be sharpened by increased inhibition, 

which modulates the membrane potential (Bruno and Simons, 2002, Wilent and Contreras, 

2004, Wilent and Contreras, 2005b). Inhibition sharpens selectivity by limiting the ability of 

weaker inputs to evoke an action potential (Miller et al., 2001, Pouille and Scanziani, 2001, 

Monier et al., 2003, Wehr and Zador, 2003, Douglas and Martin, 2004). Spike threshold 

increases as the direction of deflection diverges from the principal direction (Hodgkin and 

Huxley, 1952, Noble and Stein, 1966, Traub and Miles, 1991, Fleidervish et al., 1996, Martina 

and Jonas, 1997). The main thalamic input layer, L4 is also displaying shorter latency of the 

first spike following a whisker deflection if it was moved in the preferred direction of the 

recorded cells (Wilent and Contreras, 2004, Wilent and Contreras, 2005b, Wilent and 

Contreras, 2005a). 

In visual system, Olsen et al., 2012 investigated the effect of L6-Ntsr1 photoactivation on 

orientation tuning in cortex. Remarkably, photo-stimulation of L6 reduced visually evoked 

responses by a similar fraction irrespective of presented orientation. Photo-stimulation of L6 

did not affect preferred orientation, tuning width, or the orientation selectivity index of cortical 

neurons throughout layers 2/3, 4 and 5 (Olsen et al., 2012). But visual orientation grating and 

tactile direction selectivity are two different phenomenon, and the genetically defined 

population L6 CT-Ntsr1 appear to show different effect depending on the sensory system. L6-

Ntsr1 cells have both cortical and thalamic projections and I investigated their role in 
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modulating directional selectivity in VPM thalamus and in barrel cortex. In S1, recordings of 

single excitatory cells were recorded in both the main input layer, L4 and the main output layer, 

L5 to have an overview of how the cortical input/output feature selectivity is affected by L6-

Ntsr1 activation. 

Whiskers were deflected in eight different directions (Figure 10) in three different conditions. 

The first one, control condition, without any optogenetic modulation. Secondly, with co-

photoactivation of L6-Ntsr1, leading to an increased cortical inhibition via infragranular FS 

interneurons (Pauzin and Krieger, 2018). Lastly, with co-photoactivation of unspecific 

GABAergic interneurons, leading also to a hyperpolarized cortex (Katzel et al., 2011, 

Taniguchi et al., 2011, Harris et al., 2014, Martinez et al., 2017) via photoactivation of Gad2 

positive cells.. The idea behind the third condition, is to compare the specific cortical inhibition 

imposed by the L6 CT cells via infragranular GABAergic interneurons with a global 

hyperpolarization of the neocortex via unspecific GABAergic cells. In this set of experiments, 

I used a low light intensity in all photo-activation conditions in order to just slightly decrease 

cortical somatosensory responses. 

 

Effect of different GABAergic circuits on the direction selectivity  

In cortex 

During a detection mimicking task (whisker deflection at low frequency, in the present 

experiments every 5 seconds), where the position of an object is the main cue to solve the task, 

the cells directional selectivity is useful to localize an object. As has been previously shown, I 

found that excitatory cells in both L4 and L5 displayed direction selectivity (Figure 11 A, B). 

It appears that L4 is more selective than L5 while comparing the direction selectivity index 

(DSI); probably due to the fact that L4 is the main recipient of tuned input from VPM thalamus 

(Wilent and Contreras, 2005b). Furthermore, the median latency of the first spike emitted is 

shorter in L4 for the preferred direction compared to the others. This known characteristic of 

cortical cells (Wilent and Contreras, 2005a, Puccini et al., 2006) was not found in my data for 

L5; suggesting again a sharper tuning of whisker direction in L4 excitatory cells (Figure 11 C, 

D). 

The activation of two different GABAergic populations decreases whisker–evoked responses 

of these excitatory cells. I could by modulating the light intensity, achieve the same reduction 

of the average whisker-evoked response (averaged over all directions) in both mouse lines 

(Gad2 and Ntsr1;) and thus allowing the comparison of the effect of two different GABAergic 
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circuits on direction selectivity. It can be noticed that three excitatory cells displayed increased 

activity with co-activation of GABAergic cells in the in Gad2 mouse. The increased activity 

presumably due to disinhibition. 

The first intriguing phenomenon, is the fact that for both mouse lines, photo-activation lead to 

a stronger reduction of the whisker-evoked responses in L4 compared to L5. In (Pauzin and 

Krieger, 2018), we showed that Ntsr1-activation on average decreased WER in all layers of 

barrel cortex except in L5. In Figure 12 G, the effectiveness of the L5 response reduction is 

dependent on the direction of the whisker deflection; being significant only for the principal 

direction. This phenomenon could contribute to the non-significant decrease seen in L5 with 

L6-activation (Pauzin and Krieger, 2018). 

The fact that the unspecific GABAergic increase of activity (using Gad2) decreased the whisker 

evoked responses of L4 excitatory cells more powerfully than for L5 excitatory cells, push me 

toward the hypothesis that cortical inhibition is more efficient to reduce the cortical input than 

the cortical output (Figure 12 A and B).  

The unspecific GABAergic activation (Channelrhodopsin activation in Gad2-cre mouse line) 

reduced the whisker-evoked response of all directions with the same strength (in %). Direction 

selectivity is thus reduced, but conserved (Figure 12 F, J). In contrast, L6-Ntsr1 activation, 

leading to the specific activation of infragranular GABAergic interneurons (putatively fast 

spiking), reduced the whisker-evoked response with different strength resulting in an equal 

response on average for all directions (Figure 12 D, H). This normalization of the responses 

leads to a loss of the direction selectivity, which thus was not the case for the unspecific 

GABAergic photoactivation condition (Figure 13).  

My explanation for the difference between the two mouse lines is based on the fact that 

different populations of interneurons were recruited with the optogenetic light stimulation. 

Indeed, different interneuron population display different strength of direction tuning. In rat 

barrel cortex for example, L2/3 chandelier cells have broad sensitivity to the direction of the 

whisker deflection while L1 deep-projecting GABAergic neurons are well tuned (Zhu et al., 

2004, Zhu and Zhu, 2004). In the mouse barrel cortex, somatostatin neurons are inhibited 

during whisker deflections via VIP interneurons while fast spiking and parvalbumin 

interneurons are activated (Gentet, 2012, Gentet et al., 2012). 

In my experimental paradigm, the Gad2 activation lead to an activation of a proportional 

amount of interneurons displaying or not displaying direction selectivity, responding or not 
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responding to the whisker deflection and thus the responses of excitatory cells are reduced but 

keep the same characteristics in average. We are basically increasing the “natural” inhibition. 

On the other hand, Ntsr1-activation leads to an increase activity of a specific population of fast 

spiking interneurons, so we are deranging the “natural” inhibition toward a specific inhibition. 

Indeed, even if CT neurons are known to display direction preferences ((Li and Ebner, 2007, 

Kwegyir-Afful and Simons, 2009); not investigated in this thesis) it appear that the GABAergic 

interneurons activated by Ntsr1 are not displaying direction selectivity characteristic (Figure 

S10; results have to be taken with precaution since only one of these cells have been recorded). 

So, photo-activation is deregulating the direction selectivity toward an abolishment of it by 

levelling the responses. Furthermore, these interneurons are displaying a clear facilitation with 

train of whisker deflections (Figure S10) directing me to claim that Ntsr1 cells are useful while 

the frequency of inputs is high. To strengthen this idea, (Pauzin and Krieger, 2018) have 

claimed that L6 modulation is rapid enough to be able to modulate whisker evoked activity on 

a cycle-by-cycle basis. (Figure S6). 

In thalamus 

Sensory thalamus serves to gate information flow, switching between dynamics that would 

facilitate detection of transient inputs at the level of cortex and those that would enable 

transmission of details of the input required for discrimination (Sherman, 2001, Mease et al., 

2014). Direction selectivity displayed by cortical neurons depending on the direction of the 

whisker deflection is abolished (at least for L4 and L5) with L6-Ntsr1 activation, while it is 

preserved for VPM sensory cells. This is another example of how L6-Ntsr1 cells can control 

the thalamic and cortical activity independently. A 2007 study conducted by Li and Ebner 

showed that electrical stimulation of L6 in the rat somatosensory cortex sharpens the directional 

selectivity curves of VPM neurons that are tuned to the same direction as the stimulation site 

in the cortex and rotates the directional preference of VPM neurons initially tuned to a different 

direction toward the direction that cortical neurons prefer. In my experimental paradigm, the 

optogenetic activation of L6 CTs is broad and synchronous leading to an increase spiking of 

cells displaying undoubtedly different direction preferences.  

Computational neuroscience methods have been successfully applied for modelling the 

frequency and  directional selectivity in the whisker system by tuning the synaptic amplitude 

and latency (Puccini et al., 2006). It was shown that directional selectivity is modulated by the 

frequency of an ongoing stimulus. Directional selectivity is based on the synaptic tuning which 

is sensitive to the stimulus temporal structure. Directional selectivity may be prominent in 
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behavior, primarily in the discrimination of the object location, but more likely to be negligible 

in other behavioral acts such as texture discrimination, which is based on the frequency 

selectivity. In fact, during a discriminability mimicking task, the object has already been 

detected and position in space and need to be characterized. 

 

Effect of different GABAergic circuits during a discrimination mimicking task 

In Figure 9 of this thesis, I showed that L6 CT activation switches barrel cortex to an adapted 

state where sensory responses given at 8Hz do not adapt anymore. In this new set of 

experiment, I deflected the principal whisker at four times at 4Hz and compared the L6 CT 

activation effect on adaptation against an unspecific increase of inhibition (using Gad2-cre 

mouse line). I used a 4 Hz stimulation instead of the previous 8 Hz stimulation for two reasons: 

first to check if the abolishment of adaptation is seen with different input frequencies with co-

activation of L6 CT. Secondly, because with lower frequency, the number of action potentials 

per whisker deflection is increased and by that I augment the power of my analysis (especially 

that adaptation has to be scrutinized after a reduction of the whisker-evoked responses via 

GABAergic activation; Figure 15). 

Only the three first whisker deflection responses are analyzed due to the L6 CT data. Indeed, 

the rebound effect seen in Figure 4 appear to be triggered earlier in time with a low light 

intensity (used in these experiments). I interpret this shorter latency due to the fact that with 

stronger light intensity, the effect produced (here increase inhibition) lasts longer after the light 

offset (can be seen in Figure 3D), the release of inhibition with a stronger light intensity appear 

thus after a longer time than with a low light intensity. 

In both L4 and L5, the unspecific GABAergic activation decreases each response of the train 

but preserve the adaptation. Contrariwise, L6 CT brings all responses to a similar strength, 

abolishing adaptation, the cortex seems to be already in an adapted state from the first whisker 

deflection (Figure 15).    

It has to be noticed that in order to see a nice adaptation process in control condition and in 

both layers, I decided to plot the preferred direction. In this direction, the decrease of the WER 

in L6 CT activation condition is stronger than the decrease caused by Gad2-activation. The 

different effect concerning adaptation could only come from a difference in the strength of 

inhibition. 
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Photo-activation (low light intensity) in both mouse line failed to reduce the response of any 

whisker deflection of the train in OD direction. Meaning that a response should be strong 

enough to be affected by these two GABAergic circuits.  
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How Ntsr1 cells are physiologically activated? 

Sensory perception is in general terms thought to rely on three basic pathways of information 

transfer. In the case of tactile perception in the whisker system, sensory information is 

transmitted from the whisker pad in a bottom up fashion via thalamus to cortex where it is 

transmitted via horizontal connections to other cortical areas, and then top-down connections 

control the earlier processing stages. Intriguingly, the L6 CT cells can regulate both cortical 

and thalamic excitability. Activation of L6 can switch thalamic cells from burst to tonic 

response mode to facilitate transmission of high frequency inputs. The question is then: in 

which behavioral situations are L6 cells modulating activity in cortex and thalamus? A switch 

to “tonic” response mode where presumably more complex object features can be more 

faithfully relayed, can be driven either by corticothalamic input (Sherman and Guillery, 1996, 

Mease et al., 2014) or an increase in the ongoing bottom-up sensory adaptation (Whitmire and 

Stanley, 2016, Whitmire et al., 2016). Another scenario is that cross-modal activation, 

presumably relayed via higher-order thalamic nuclei (Rouiller and Welker, 2000), can cause 

activation of L6. And finally L6 cells could be driven by motor cortex (Zhang and Deschenes, 

1998, Lee et al., 2008) during active sensing. If the animal changes to active exploration of an 

object, which necessitates to discriminate, e.g., different textures, motor cortex input to L6 in 

somatosensory barrel cortex would make sense in order to optimize thalamic activity via a 

cortical feedback mechanism.  Thus presumably it is a combination of changes in the sensory 

input and a change in active whisking, and thus increased motor cortex activity, that optimize 

L6 activity depending on the behavioral task. 
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Popular science explanation 

Imaging sitting on your bed at night with the lights on. Suddenly, blackout! So you decide to 

leave your room. You are “blinded”, you get up from your bed and you walk slowly in the 

direction of the door doing high amplitude movements with your arms until you touch the door. 

After the first touch, your motor strategy will unconsciously change to low frequency 

movements of your arms to palp the door and find the handle. This switch in motor output, and 

the probable increase of attention, helps the somatosensory system to identify the fine details 

of that door, until the handle is found. In this example, you unconscientiously switched feature 

detection to feature discrimination. To only detect the door, the low frequency with large 

amplitude movements of your arms appear to be the best strategy; after the localization of the 

door, a switch in the motor output to high frequency and low amplitude movement is executed 

to identify the handle. 
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Open questions 

For future experiments, since I hypothesized that L6-Ntsr1 cells are especially useful during 

high frequency input processing, it is necessary to study L6-Ntsr1 modulation in different 

behavioral contexts, for example, a head-restricted discriminability task such as pole 

localization, texture discrimination, frequency discrimination, etc (Helmchen et al., 2018). 

Since L6-Ntsr1 activation appear to switch neocortex to an adapted state, where the directional 

stimulus detection is reduced, I wonder if it is the same for other characteristics of the response 

like velocity, amplitude, principal whisker versus surrounding whisker deflection responses. 

The investigation of different cortical responses features with L6-Ntsr1 activation would refine 

the precise role of these CT cells. 

Furthermore, all electrophysiology data presented here are recorded from the anesthetized 

mouse model. It would be of great importance to study Ntsr1 modulation in the awake model. 

Especially for the inhibition of L6-Ntsr1 cells since only slight effects have been found here in 

somatosensory system while awake recordings in other sensory systems showed a reversed 

effect of Ntsr1 inactivation compared to its activation (Olsen et al., 2012, Guo et al., 2017). 

Furthermore, POm recordings were not included in this thesis. Recordings of somatosensory 

POm in awake animal would help in understanding L6-Ntsr1 feedback in its entirety. In 

addition, since L6-Ntsr1 cells leave a fiber collateral in the nRT, it would be of great importance 

to dissect how cortex can modulate the inhibition of somatosensory thalamic nuclei via the 

reticular nucleus. 

(Chevee et al., 2018) showed that the L6-Ntsr1 population is composed of at least two sub-

populations. One with corticothalamic cells projecting only to the VPM part of sensory 

thalamus and another one composed of cells projecting to both VPM and POm sensory 

thalamus. Injection of a floxed retrograde Channelrhodopsin virus in POm would make 

possible the specific activation of Ntsr1 CT cells projecting to both POm and VPM. This 

modulation of a more specific L6 CT population would undoubtedly refine and improve our 

knowledge concerning corticothalamic feedback in tactile processing. 
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Conclusions 

A genetically defined population of L6 corticothalamic cells regulates both cortical and 

thalamic activity simultaneously. Activation of these L6 corticothalamic cells decreases both 

cortical spontaneous spiking and whisker evoked responses, but the net effect is actually an 

increased evoked-to-spontaneous spiking ratio. L6 corticothalamic activation switches cortex 

to an adapted mode where persistent inputs responses do not adapt anymore; they are already 

“adapted”. Cortical excitatory cells are answering to whisker deflection more accurately (less 

false positive), at the expense of response probability (less true positive) and without 

directional feature. This adapted state does not appear to be reach with an unspecific increase 

of inhibition of similar strength.  

Our prediction is, therefore, that stronger L6 corticothalamic activity, leading to a cortical 

switch toward an adapted state, would be beneficial when the frequency of tactile input is high, 

such as during texture or vibration discrimination. The higher the input frequency, the more 

difficult it is for an individual cell to follow each input. Thus, spontaneous activity, representing 

the background noise is tremendously decrease, this is leading to the fact that the low 

occurrence of a spike has great probability to be coding for an input. This hyperpolarization 

effect, removing almost entirely the background noise is influencing the responsiveness of the 

neocortex to incoming information. Indeed, response probability is decreased for each 

individual cell. So an individual neuron spikes only when it has to process an input but many 

input will be undetected. In essence we get “un neurone vérité” – a truthful neuron. Less true 

positive is compensated by population coding. Neurons share the work to process the signal 

with higher accuracy. 
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6 Appendix: 

6.1 Supplemental figures 

Figure S1. L6-Ntsr1 spiking scaled with light intensity 
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Spiking in L6-Ntsr1 cells (n=8) evoked with a 50 ms blue (470 nm) light pulse.  
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Figure S2. The decreased spontaneous activity induced by L6-Ntsr1 photo-activation 

was dependent on the light (470 nm) intensity. 
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Graph shows the average decrease from 6 excitatory cells.  
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Figure S3. Spontaneous spiking in cortical cells modulated by L6-Ntsr1 

photoactivation 
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L6-photoactivation decreased spontaneous spiking over a broad range of control activities. The 

few cells where photoactivation increased spontaneous spiking, were cells with a relatively low 

spiking activity in control. (X-axis) is the number of spikes in control condition counted in a 

15 second time window reported in Hz. Y-axis is the relative change triggered by L6-Ntsr1 

activation (number of spikes with L6-activation / number of spikes in control). 

Red = cells showing a significant increase in spontaneous activity with L6-Ntsr1 activation 

Blue = cells showing a significant decrease in spontaneous activity with L6-Ntsr1 activation 

Green = cells with a non-significant effect of L6-Ntsr1 activation 
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Figure S4. L6-Ntsr1 spontaneous spiking as a function of time after blue light onset 
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Normalized spiking frequency as a function of time after onset of blue light. The light pulse 

was 1000 ms long. Spiking decreases after the first 100 ms and then remains constant. Whisker 

evoked responses were evoked 100 ms after light onset. (n = 8, L6-Ntsr1 pyramidal cells). 
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Figure S5: Infragranular FS interneurons activated by direct projections from Ntsr1 

 

 

A. In vivo juxtacellular recording of an infragranular interneuron (depth: 880 μm) activated 

by Ntsr1 cells in response to the 470-nm light stimulation at varying intensities (blue 

bar, 50 ms). Recordings show the overlay of 50 sweeps for each light intensity. 

B. Appearance of 1st spike after the onset of the 470nm light (12 mW) is of short latency 

(average = 6.9 ms) and the variation of this latency is low (standard deviation = 3.5 

ms). Furthermore, the 1st spike of short latency is present in all sweeps. These features 

are characteristic of a direct activation via L6 CT cells. 
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Figure S6.  The whisker-evoked response as a function of time between blue light 

onset and whisker deflection 
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The whisker-evoked response can be progressively retrieved by increasing the delay between 

the whisker stimulation onset and the blue light pulse. “-100” = light started 100 ms before the 

whisker deflection; this was the standard delay used. “100” = light started 100 ms after the 

whisker deflection. The number of spikes is normalized to control condition, i.e., without 

photo-activation of L6-Ntsr1 cell. (n = 11, (one L2/3 cell; six L4 cells and four L5 cells)). 
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Figure S7. Position of the in vivo electrode when recording from VPM thalamus  

 

A. Brain slice showing that the anatomical position of the in vivo tungsten recordings in 

VPM thalamus was verified after each experiment by the DiI staining of the electrode. 

Note that the DiI labelling (red vertical trace) overlaps with the ChR2-mCherry 

labelling in VPM thalamus.  

B. A coronal brain section from a mouse brain atlas (Allen Brain Atlas). Aligning the 

experimental brain section with the atlas shows that the recording site (white rectangle) 

was in VPM.  

C. In vivo recording using a glass pipette from a thalamic cell. The cell was filled with 

biocytin during the recordings, and brain slices were subsequently stained with DAB. 

The labelled cell was in the area marked with a white rectangle. The area has dense L6 

corticothalamic innervation (ArchT-GFP) and corresponds to the VPM are in the atlas 

Area where the cell has been filled. 
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Figure S8. Effect of L6-activation on VPM thalamus. The results of Mease et al., 2014 

could be retrieved 

 

 

 

 

Top: Activation of L6 alters the relay of high-frequency sensory stimuli. Here an example of a 

VPM neuron stimulated with four whisker deflections delivered at 4Hz (x-axis) with and 

without L6 photoactivation (40 sweeps). 
Bottom: Illustration of the phenomenon seen in A. Four whisker deflections at 4Hz (time: 300, 

550, 800 and 1050 ms on the y-axis) displayed for 25 traces (x-axis). The reduce adaptation in 

L6-activation condition can be clearly seen. 
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Figure S9. Gad-2 cre expression from pia to white matter 

 

All layers Gad2-postive interneurons are expressing ChR2-mCherry (in red) in the barrel 

cortex.  
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Figure S10. Infragranular FS interneuron activated by L6-Ntsr1 cells features. 

 

Top: Average response of an infragranular interneuron activated by Ntsr1 cells in response to 

4 whisker deflections delivered at 4Hz in control condition and in eight different direction (160 

repeats in total; 20 repeats per direction). Paired t-test between the 1st and 4th stimulation 

showed a significant difference (p = 0.0396). 

Bottom: Average response of the same cell (interneuron activated by Ntsr1 cells) for each 

direction (20 repeats per direction). Here only the reponse of the 1st stimulation of the 4Hz train 

is plotted. One way ANOVA showed no significant difference between the responses (p = 

0.6418). Meaning that this GABAergic interneuron display no direction selectivity.  
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Figure S11. Distribution of the principal direction. 

 

For each angle, the number of cells displaying this direction as PD is plotted. 

L4: n = 25 (Ntsr1 = 13, Gad2 = 12) / L5: n = 24 (Ntsr1 = 12, Gad2 = 12) 

One way ANOVA between the number of cell in each direction showed no significance, p = 

0.6798. Calculated for both layers together. 
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